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CHAPTER I

INTRODUCTION

Background and Rationale

Cancer is still one of the leading life-threatenting diseases on people around the world as
well as in Thailand. It has been estimated by the World Health Organization (WHO) that new
cases of cancer per year will rise up to 16 million by the year 2020 [1]. Cancer cells are arisen
from multistep processes of the progressive transformation of normal cells into highly malignant
cells. It is generally accepted that the underlying etiology of cancer is the consequence of both
dysregulated proliferation and evasion of programmed cell death by apoptosis. Chemotherapy
with anticancer drugs is one of the recent modalities of cancer treatment. Many of the currently
used anti-cancer drugs were developed on the fact that cancer is basically a disease of rapid or
sustained cell proliferation. However, burden of cancer treatment with these anticancer drugs
often comes from adverse drug reactions and cytotoxic effects on rapid dividing normal cells.
Drug resistance is also the other critical problem leading to treatment failure. The phenomenon of
drug resistance is in part due to the failure of apoptosis induction [2]. Therefore, new therapeutic
strategies as well as new therapeutic agents for cancer are still required.

Apoptosis is a form of programmed cell death that enables the selective removal of
unwanted cells from tissue without inflammatory response. It is essential for homeostasis in
multicellular organisms [3]. Defective apoptosis of damaged and potentially harmful cells is
considered to result to the development of cancer. Advanced knowledge on apoptosis not only
provided the knowledge and understanding the development of cancer but also lead to the
developments of therapeutic targets and strategies. To date, the molecular mechanisms of many
currently use anticancer drugs have been clarified that they induce cell death by apoptotic
induction. Several proteins that play role in the apoptosis process have been found to be mutated
in cancer cells. These molecules may be new targets for cancer therapy or cancer prevention.

Drug discovery from medicinal plants has played an important role in cancer therapy.
Many plant active constituents and their derivatives have been clinically used to treat cancer.

Much effort has been made to search for new anticancer agents from plants. The candidates



should have apoptotic inducing properties on cancer cells, exhibit less toxicity to normal cells at
therapeutic concentrations. These compounds may also be used as lead compounds for the
synthesis and development of novel anticancer drugs.

Essential oils are one of the bioactive constituents which are found abundantly in plants.
They are used worldwide in pharmaceuticals, cosmetics, perfume, food & beverages and
aromatherapy. Many of them have been reported to be anti-infective agents against viruses,
bacteria and fungi. In recent year, they becomes the focus as one of the novel plant products for
the development of new anticancer agents.

Citral (3,7-dimethyl-2,6-octadienal) is a key component of essential oil found in several
Thai medicinal and edible plants such as lemon grass (Cymbopogon citratus), lemon balm
(Melissa officinalis), and Litsea cubeba. Essential oils containing citral from some medicinal
plants have been investigated for possible anticancer potential in many cancer cell lines as well as
in vivo. Citral was reported to induce apoptosis and arrest the cell cycle in human breast cancer
cells MCF-7 [4]. This study intended to investigate anticancer potential of citral on human B cell

lymphoma, Ramos cells, and explored its mechanisms of action as anticancer agent.

Objectives
1. To study the effects of citral on apoptosis induction and cell cycle arrest on human
B-lymphoma cells.
2. To study the selectivity of citral on tumor cells by comparing to normal cells.
3. To investigate the mechanism of apoptosis induction and cell cycle arrest of citral on

human B-lymphoma cells.

Hypothesis

Citral has ability to induce the cell cycle arrest and apoptosis in human B-lymphoma

cells.

Keywords

Apoptosis / Cell cycle / Ramos cells / Citral



CHAPTER 11

LITERATURE REVIEWS

Under normal conditions, cellular homeostasis is regulated by the balance between cell
proliferation and cell death. When this balance is disturbed it may result in hyperplasia and
progress to cancer [5]. Cancer is a cellular disorder characterized by progressive accumulation of
a mass of cells as a result of excessive cell proliferation over cell death. Cancer cells arise when
normal cells lose the normal regulatory mechanisms that control their growth and proliferation.
They lose differentiation and become immortal. Many currently used anticancer agents were
developed to overcome excessive cellular proliferation by causing cytostasis or cytotoxicity.
These cytotoxic agents kill cancer cells by either necrosis or apoptosis.

Necrosis is an accidental cell death. It typically occurs as a result of cell injury or
exposure to cytotoxic chemicals. The characteristics of necrotic cells are a rapid loss of
membrane integrity, swelling of intracellular organelles including endoplastic reticulum, Golgi
apparatus, or mitochondria and the release of cellular contents into the extracellular space. These
cellular contents collectively called danger-associated molecular patterns (DAMPs) or alarmins,
include the high mobility group protein B1, uric acid, certain heat shock proteins, single-stranded
RNA and genomic DNA. These molecules trigger inflammation by stimulating one or more
pattern-recognition receptors on neutrophils, macrophages, dendritic cells and natural killer cells
[6-7] and cause the information of an inflammatory process that damages the cells and
surrounding tissues.

In contrast, apoptosis is a most common physiological process of cell death. It is the
programmed cell death which is extremely well organized. Apoptosis process involves DNA
fragmentation, membrane blebbing, cell shrinkage and disassembly into membrane-enclosed
vesicles known as “apoptotic bodies”. These apoptotic bodies are rapidly eliminated by
phagocytosis without triggering inflammation at the surrounding areas [8]. Many currently used
cytotoxic drugs kill cancer cells by apoptotic induction. Not only apoptotic induction, the
induction of cell cycle arrest is also the common activity shared by many anticancer drugs. Many
stimuli such as radiation, mitotic inhibitors and topoisomerase inhibitors have been found to arrest

cancer cells at specific phase of the cell cycle. Inhibition of the cell cycle can result in severe cell



damage and provoke apoptosis [9]. The detailed of apoptosis and cell cycle arrest are described

below.

Programmed cell death by apoptosis

Apoptosis is a process of cell death usually utilized in multicellular organisms to
eliminate unwanted cells in a diversity of settings. It involves a series of dramatic changes in the
cellular components which lead not only to cell death, but also to prepare apoptotic cells for
removal by phagocytes and prevent unwanted immune responses. Apoptosis is characterized by
cellular biochemical and morphological changes. These include cell shrinkage, chromatin
condensation, multiple of 200 bp DNA fragmentation, plasma membrane convolutes or blebbing,
and the formation of membrane bound vesicles named as apoptotic bodies, but most organelles
remain intact. These apoptotic bodies are recognized and engulfed by phagocytes without
initiating any inflammatory response (Fig. 1) [10].

Many events during the apoptotic process are initiated and executed by cysteine
aspartate-specific proteases called caspases. These caspases specifically target several hundred
proteins for proteolysis in a controlled manner that minimizes damage neighboring cells and

avoids the release of alarmins [11].



Figure 1: Ultrastructural features of cell death by apoptosis [12].
a. Schematic drawings illustrating the progression of morphologic changes observed in apoptotic
cells.

b. Photomicrographs comparing a normal cell (top) and apoptotic cell (bottom).



Caspases

Caspases (cysteine aspartate-specific proteases) belong to a highly conserved cysteine-
dependent aspartate-specific acid protease family. These enzymes contain a cysteine residue at
their catalytic site and specifically cleave their protein substrates after aspartic acid residues [13].
Twelve human caspases (caspases 1-10, caspase-12 and caspase-14) have been identified to date
[14].

All caspases are synthesized and exist within the cell as pro-enzymes or inactive
zymogens. These zymogen are single polypeptide chains of 32-55 kDa containing 3 domains.
There are a 17-21 kDa central large internal domain (p20) containing an active site, a 10-13 kDa
small C-terminal domain (p10) called small catalytic subunit, and a variable length (3—24 kDa)
NH,-terminus called prodomain. The p20 and pl0 subunits are separated by a small linker
sequence in many pro-caspases. The active form of a caspase consists of p20 and p10 subunits
which each contain residues that are essential for catalysis and substrate recognition. The longer
prodomain contain distinct domains that are required for the activation of the caspases while the
function of the short prodomian remains unknown. There are 2 different types of these domains
known as the death effector domain (DED) and the caspase-recruitment domain (CARD) [15-16].
Selective proteolytic cleavages at 2 specific aspartic acid residues [Asp(P1)-X(P1) bonds] of
these procaspases results in the release of large and small subunits. Two large and two small
subunits form an active heterotetramer protease to initiate or execute apoptosis (Fig. 2) [17].

Based on the structure and function of prodomians, mammalian caspases are classified
into 3 major groups (Fig. 3). Inflammatory caspases are the group I caspases with a long
prodomains (caspase-1, caspase-4, caspase-5, caspase-12, caspase-13 and caspase-14) that play a
role in cytokine maturation and inflammatory responses. The group II caspases are initiator
caspase containing a long prodomain with either DED domain(s) (caspase-8 and -10) or a CARD
(caspase-2 and -9). These enzymes play role as initiator caspase in apoptosis. The group III
caspases are effector caspases (caspase-3, caspase-6, and caspase-7) containing a short prodomain

(20-30 amino acids) [13, 18]. They play role as executioner caspases during apoptotic process.
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Figure 3: The caspase family. Three major groups of caspases [18].



Caspase signaling

Caspases involved in apoptosis are the initiator caspases including caspase-2, -8, -9, and
-10, and the effector caspases which are caspase-3, -6, and -7. By their prodomains, the initiator
caspases are recruited to and activated at death inducing signaling complexes in response to either
the ligation of cell surface death receptors (DRs), the extrinsic apoptosis pathway or the
intracellular signals, the intrinsic apoptosis pathway [19]. The induction of apoptosis through both
pathways results in the activation of initiator caspases. DRs, through adaptor molecules, recruit
initiator caspases-2, -8, or -10, while intrinsic death signals result in the activation of caspase-9.
Activation of initiator caspases is the first step of a highly regulated, irreversible, selfamplifying
proteolytic pathway. Initiator caspases are able to cleave procaspases to become activate effector
caspases (caspases-3, -6, and -7). Both the extrinsic and intrinsic death pathways use the common
effector caspases to induce apoptosis [20].

Once activated, the effector caspases are in charge for the proteolytic cleavage of a
numerous cellular targets, leading to cell death. These enzymes cause perturbation of various cell
architectures by cleavage of specific substrates. These proteolytic cleavage induce the cellular
phenotypic changes to apoptotic cell (Fig. 4), for example. Caspases cleave inhibitor of caspase-
activated DNase (ICAD) to release caspase-activated DNase (CAD), which can then catalyze
DNA cleavage [21-22]. They mediate the cleavage of lamins at the nuclear lamina, causing
nuclear fragmentation, and proteolysis of nuclear envelope proteins [23]. Proteolysis of proteins
at focal adhesion sites and cell-cell adhesion sites causes cell detachment and retraction.
Proteolysis of the Rho effector, ROCKI, leads to actin contraction and plasma membrane
blebbing as well as DNA fragmentation [24]. The cleavage of tubulin and microtubule-associated
proteins leads to changes in the microtubule cytoskeleton and contribute to apoptotic body
formation [25-26]. Caspases cleave the Golgi-stacking proteins causing the Golgi apparatus
fragmentation [27-28]. They cleave the mammalian sterile-20 kinase, MST1, to an active kinase.
This kinase then translocates to the nucleus and phosphorylates histone H2B to initiate chromatin
condensation [29]. Moreover, caspase-mediated proteolysis of multiple translation initiation

factors (elFs) causing translation disruption [30].



Figure 4: Caspases coordinate demolition of key cellular structures and organelles [31].

Phagocytosis is the terminal phase of apoptosis in most tissues. Several molecules have
been proposed to act as signals for the engulfment of apoptotic cells by phagocytes such as
macrophages and dendritic cells (Fig. 5). Proteolytic cleavage by caspases leads to the exposure
of phosphatidylserine (PS) as well as other phagocytic signals on the surface of apoptotic cell.
When PS is exposed on the outer plasma membrane leaflet [32-33] it is recognized by a specific
receptor on phagocytes, possibly thrombospondin (TSP), milk fat globule—-EGF factor-8 protein
(MFG-E8) or CD36 [34-35]. The PS exposure can also induce opsonization of apoptotic cells by
the complement factor, iC3b. This may promote the uptake of apoptotic cells by integrins
(complement receptors CR3 and CR4) [36]. Calreticulin that is exposed on the apoptotic cell is
bound by CD91 [37], whereas oxidized low-density lipoprotein (ox-LDL)-like sites is recognized
by scavenger receptors, including scavenger receptor A (SR-A) and oxidized low-density

lipoprotein-1 (LOX1) [38].
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Figure 5: Apoptotic cells display ligands that promote their engulfment by phagocytes [31].

Caspase activation pathways

There are three major pathways to caspase activation (Fig. 6); the extrinsic pathway or
the death receptor-mediated pathway, the intrinsic pathway or the mitochondria-mediated
pathway, and the granzyme B-mediated pathway [31].

Caspase activation by the extrinsic pathway involves the binding of extracellular death
ligands to transmembrane death receptors, recruitment of adaptor proteins, activation of initiator
and effector caspases, proteolysis of caspase substrates, and cell death. Signals from the extrinsic
pathway can crosstalk with the intrinsic pathway through caspase-8-mediated proteolysis of the
BH3-only protein, BID, which can activate the intrinsic pathway [39].

For the intrinsic pathway, diverse non-receptor mediated stimuli that induce cell stress or
damage initiate the assembly of BCL-2 protein family members, BAK-BAX oligomers, within
mitochondrial outer membranes. These oligomers cause changes in the inner mitochondrial
membrane that result in loss of the mitochondrial transmembrane potential and release of
intermembrane space proteins, such as cytochrome c, into the cytosol. Cytochrome c interacts
with adaptor proteins causing and activation of initiator caspases, subsequently activation of

effector caspases, resulting in apoptosis [40].
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The granzyme B-dependent pathway of caspase activation is one of the killing
mechanisms of cytotoxic T lymphocytes (CTL) and natural killer (NK) cells. It involves secretion
of the transmembrane pore-forming molecule, perforin, with a subsequent permit entry of
cytoplasmic granules, especially granzymes B, through the pore and into the target cell.
Granzyme B has similar substrate specificity to caspases. It cleaves its substrates after aspartic

acid residues of BID as well as caspase-3, -6 and -7 to trigger apoptosis [31].

Figure 6: Caspase activation pathways [31].
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The extrinsic pathway of apoptosis

The extrinsic pathway is initiated by the activation of cell surface death receptors (DRs)
after binding to their specific ligands. These DRs are the members of the tumor necrosis factor
receptor (TNFR) superfamily. The well known members and their specific ligands include
FasL/FasR, TNF-Q/TNFR1, Apo3L/DR3, Apo2L/DR4 and Apo2L/DR5 [41-43]. Members of the
TNF receptor superfamily share similar extracellular cyteine-rich domains (CRD) and
intracellular death domains (DDs) of about 80 amino acids at the cytoplasmic tail. The CRD are
critical for receptor self-association (CRD1) and receptor—ligand interactions (CRD2 and CRD3)
[44]. The DD plays an important role in transmitting the death signal from the cell surface to the
intracellular signaling cascades. These receptors initiate apoptotic signaling cascades within
seconds after binding to their specific death ligands and result in apoptosis within hours. Upon
ligand binding, they undergo oligomerization and/or conformational change. They then recruit
both an adaptor molecule, either Fas-associated death domain (FADD) or TNF receptor-
associated death domain (TNFADD), and procaspase-8 or procaspase-10 to form the death
inducing signaling complex (DISC). At the DISC, the auto-catalytic activation of procaspase-8
occurs and becomes active caspase-8. This caspase then triggers execution phase of apoptosis

[45].

Signaling by Fas/FasL

Fas (apo-1 or CD95) is a 45-52 kDa glycoprotein. It is a transmembrane receptor widely
expressed in various tissues and constitutively present on activated T and B lymphocytes. It binds
specifically to Fas ligand (FasL) which is a transmembrane protein expressed mainly in T
lymphocytes and natural killer cells. FasL is also expressed on many tumor cells, including
melanomas, astrocytomas, lymphomas and various carcinomas [46]. It expression is induced in
activated lymphocytes and can be cleaved from the cell surface by metalloprotease to become
soluble FasL. This soluble FasL is found in vivo and can trigger apoptosis [47]. The Fas-FasL
signaling pathway of apoptosis is shown in Fig. 7.

Once ligation with FasL, Fas undergoes trimerization and recruits an adapter protein

called the Fas-associated death domain (FADD), which interacts with the homologous death
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domain (DD) of Fas. FADD contains not only DD but also a death effector domain (DED) which
can associate with other DED-containing proteins such as pro-caspase-8 or procaspase-10. The
oligomerization of Fas, FADD and procaspase-8 is termed the death-inducing signaling complex
(DISC), which plays role as a platform to initiate cascade of the caspase activation. At the DISC,
pro-caspase-8 undergoes autoproteolytic cleavage to generate active caspase-8. Active caspase-8
is released from the DISC and subsequently cleaves downstream pro-caspases, such procaspase-3,
-6 or -7, to produce active effector caspases [48], which results in the cleavage and activation of a
vast number of downstream substrates eliciting the morphological and biochemical characteristics

of apoptosis.

Figure 7: The Fas-FasL pathway of apoptosis [49].
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Cells using Fas signaling pathway of apoptosis have been identified into 2 types [50]. In
type I cell, there is sufficient active caspase 8 for directly activating effector caspases including
caspase-3, -6, and -7. In type II cell, the activation of effector caspases cell need to be amplified
by the mitochondrial pathway. The type II cell has limited activation of caspase-8 at the DISC
due to either insufficient procaspase-8 expression or high levels of caspase-8 inhibitor FLICE
Inhibitory Protein (FLIP). Limited active caspase-8 cannot proceed apoptotic signaling through
the direct pathway. Therefore, the caspase cascade needs to be amplified via the mitochondrial
pathway [51]. The mitochondrial amplification loop is depends on the cleavage of Bid, a
cytoplasmic pro-apoptotic BCL-2 family protein, to a truncated protein, tBid, by active caspase-8
(Fig. 6). tBid translocates to the mitochondria to efficiently activates BAX, the other pro-
apoptotic BCL-2 family member. BAX initiate the release of cytochrome ¢ and second
mitochondria-derived activator of caspases (Smac/DIABLO) into the cytosol to drive the
formation of the caspase-9 —activating apoptosome in the mitochondria pathway of apoptosis

[52].

The mitochondrial pathway of apoptosis

The mitochondria or intrinsic pathway originates from apoptotic signals resulting in a
perturbation of intracellular homeostasis. A vast number of stimuli, such as ultraviolet radiation,
reactive oxygen and reactive nitrogen species, chemotherapeutic agents, heat shock, growth factor
withdrawal and DNA damage, mediate apoptosis via this pathway [53]. These stimuli cause
changes in the inner mitochondrial membrane permeabilization which leads to an opening of the
mitochondrial permeability transition (MPT) pore, loss of the mitochondrial transmembrane
potential (A{ym) and release of two main groups of pro-apoptotic proteins normally sequestered
in the intermembrane space into the cytosol. The first group composed of cytochrome ¢, second
mitochondria-derived activator of caspase/direct IAP-binding protein with low isoelectric point
(Smac/Diablo), and the high temperature requiment protein HtrA2/Omi, which is the
mitochondrial serine protease [49, 54]. All of them activate the caspase dependent mitochondrial
pathway. The second group consists of apoptosis-inducing factor (AIF), endonuclease G (EndoG)

and caspase-activated DNase (CAD), which are released from the mitochondria at a late phase of
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apoptosis after the cell has committed to die. They play role in apoptosis in either a caspase
independent or dependent manner.

Cytochrome c interacts with apoptotic protease-activating factor-1 (Apaf-1), ATP/dATP,
and procaspase-9 forming an apoptosome [55]. Apaf-1 contains a CARD, which involves in its
interaction with caspase-9, and a WD-40 repeat domain that may play role to maintain protein
inactivity in the absence of cytochrome c. Interaction of cytochrome ¢ and Apaf-1 in the presence
of ATP/dATP, Apaf-1 undergoes a conformational change by self aggregation [56]. The CARD
of Apaf-1 is exposed and induces the recruitment of procaspase-9 which is subsequent
autoproteolytic cleaved to active caspase-9. Caspase-9 then directly activate effector caspases,
caspases-3, -6 and -7 (Fig. 8), which results in the sequentially cell death by proteolytic clevage
of numberous downstream targets. Smac/DIABLO and HtraA2/Omi which are also released from
the mitochondria into the cytosol [57], can binds to the inhibitor of apoptosis proteins (IAPs) and
disrupting its association with active caspase-9, thus allowing caspase-9 to activate caspase-3,

resulting in apoptosis.

Figure 8: The intrinsic pathway of apoptosis signaling [58].
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The group Il pro-apoptotic proteins from mitochondria intermembrane space, including
AIF and EndoG, can induce apoptosis in a caspase-independent manner. Once release from the
mitochondria, AIF translocates and causes chromatin condensation and large-scale DNA
fragmentation to fragments of approximately 50-300 kb pieces [59]. EndoG also translocates to
the nucleus and cleaves nuclear chromatin to nuclear DNA fragments [60].

The mitochondrial membrane permeabilization (MMP) is regulated by a various BCL-2
(B-cell lymphoma 2) family proteins. These proteins are classified based on their BCL-2
homology domains (BH1-4 domains) into three groups, the anti-apoptotic BCL-2, the pro-
apoptotic BCL-2 and the BH3-only proteins (Fig. 9) [61-62]. The anti-apoptotic BCL-2 proteins,
including BCL-2, BCL-w, BCL-XL, Al and MCL-1, contain BH domains 1- 4. Most of them
contain transmembrane domains (TM) and typically associate with membranes. They are
integrated in the endoplasmic reticulum (ER), the nuclear envelope and the outer mitochondrial
membrane. These proteins block apoptosis, their functions at the ER and the nuclear envelope are
less clear than those on mitochondria. They prevent cytochrome c release from mitochondria via
directly bind to and inhibit the pro-apoptotic BCL-2 proteins. This leads to preserve cell survival
[63]. The pro-apoptotic BCL-2 proteins, BAK and BAX, contain BH 1-3 domains. They are
critical for inducing permeabilization of the outer mitochondrial membrane by forming a dimer or
high-order oligomers to creating the proteolipid pore. This pore is responsible for pro-apoptotic
proteins, cytochrome ¢ and DIABLO/SMAC, release which leads to caspase activation [64]. The
pro-apoptotic BH3-only proteins, including BAD, BID, BIK, BIM, BMF, Harakiri (HRK), Noxa
and PUMA (p53-upregulated modulator of apoptosis), contain a conserved BH3 domain that can
bind and regulate the anti-apoptotic BCL-2 proteins to induce apoptosis. These proteins are pro-
apoptotic and play role as initial sensors of apoptotic signals. BH3-only proteins act as pathway-
specific sensors for various types of stimuli that provoke cell stress or damage. Activation of
these proteins is a crucial for overcoming the effect anti-apoptotic BCL-2 proteins [58] and
promoting the assembly of BAK-BAX oligomers within mitochondrial outer membranes. These
oligomers permit the efflux of intermembrane space proteins into the cytosol and result in

apoptotic induction.
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Figure 9: The BCL-2 family of proteins [63].

In addition to the regulatory roles of the BCL-2 family proteins on the apoptosis pathway
described above, the tumor suppressor gene, p53, has also been proven to play an important role
in the regulation of apoptosis. A numerous stimuli that induce DNA damage result in the p53
activation and subsequent result in apoptosis [65]. p53 plays a principal role in cell cycle arrest or
apoptosis when DNA damage. It is a sequence-specific DNA binding protein and activates
expression of numerous genes involve in growth arrest and apoptosis. Relating to apoptosis, many
pro-apoptotic genes containing a p53-responsive element have been reported. These include
BAX, the BH3-only, Noxa and PUMA genes [66-67]. Apaf-1 has also been identified as a direct

target of p53 activation [68].

The granzyme B-mediated pathway of apoptosis

Grandzyme B is a serine protease that plays a pivotal role in natural killer (NK) cell and
cytotoxic T lymphocyte (CTLs) functions to clear viral infected cell or tumor cells [69]. Both NK
cells and CTLs use 2 major mechanisms to kill target cells including the death receptor, Fas-FasL,
pathway and the granule exocytosis pathway [70]. There are 2 important proteins involve in the
granule exocytosis pathway. One is a pore-forming protein, perforin, that form pore by

polymerization on target cell to facilitate the delivery of the other granule components inside the



18

cell. The other is granzyme B, a serine protease that shares substrate specificity with many
caspases [71]. Granzyme B enters target cells by the help from perforin as described above. In the
cytosol it cleaves and activates procaspase-3 (Fig. 6). However, it cannot fully process
procaspase-3. Other pro-apoptotic mediators such as cytochrome c, Smac/Diablo, and Htra2/omi,
from mitochondria may involve in the full activation may involve [72-73]. Granzyme B is also
signals apoptosis through to the mitochondria via the cytosolic, pro-apoptotic protein Bid. It has
been reported that granzyme B cleaves Bid to truncated Bid (tBid) within the first few minutes of
exposure to target cells [74]. tBid translocates to mitochondria and recruits BAX to mitochondria
through a caspase-independent mechanism. This leads to the release of cytochrome ¢ and other

pro-apoptotic proteins results in apoptotic induction [74-75].

Inhibitor of apoptosis proteins

Inhibitor of apoptosis proteins (IAP) is a family of structurally related anti-apoptotic
proteins originally identified in baculoviruses. IAPs inhibit apoptosis through their ability to bind
to specific caspases. To date, 8 mammalian as well as 6 human IAPs are identified. The human
IAPs are NAIP (neuronal apoptosis inhibitory protein), c-IAP1/HIAP-2, c-IAP2/HIAP-1,
XIAP/hILP (X-linked mammalian inhibitor of apoptosis protein), survivin and BRUCE [76].
Their molecules contain one or more repeated of a highly conserved 70 amino acids domain
called baculovirus IAP repeat (BIR) at the N-terminus and one conserved RING domain at the C-
terminus [77-78]. The BIR domains are zinc finger like domains which can chelate zinc ions.
These zinc fingers bind to specific caspases resulting in blocking the catalyzing grooves of the
caspases. XIAPs is the best characterized human IAPs. It contains 3 BIR domains (BIR1, BIR2
and BIR3) which are functionally different. It specifically inhibits the activity of the initiator
caspase-9 and effector caspases-3 and -7 (Fig. 10). Its BIR 3 inhibits caspase-9 by binding to
caspase-9, while its BIR 1 and BIR 2 selectively target caspases-3 and -7. The [APs inhibit the
extrinsic pathway of apoptosis via inhibiting procaspase-3 [79]. XIAP, c-IAP1, and c-IAP2
regulate the intrinsic pathway of apoptosis by inactivating caspases via binding directly to
procaspase-9. The expression and the activity of IAPs are inhibited by BAX and other pro-

apoptotic proteins Smac/DIABLO and Omi/HtrA2 [80-83].
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Figure 10: Proteins of the inhibitor of apoptosis (IAP) family [54].

The cell cycle and cancer

Human tumorigenesis is a multistep and age-dependent process [84]. Cancer consists of
somatic mutant cells which result from multiple genetic mutations accumulated over time.
Uncontrolled cell proliferation, one of the main hallmarks of cancer, is directly involved in
mutations of either oncogenes and/or tumor suppressor genes. Mutation of oncogenes usually
results in the increase activity of their gene products which are proteins function in cell growth
and survival. In contrast, mutations in tumor suppressor genes causing a recessive loss of function
of their gene products which are proteins involve in growth arrest or apoptosis [85]. Mutations of
oncogenes and/or tumor suppressor genes commonly affect the cell cycle.

The cell cycle is a sequence of events which leads to cell growth and replication. It is
tightly controlled by many regulatory mechanisms that either allow or arrest its progression.
There are 4 major phases in the cell cycle including G1, S, G2, and M phases. (Fig.11). In the cell
cycle, cells in the G1 phase produce RNAs and proteins required for DNA synthesis and
chromosome replication during the S phase. After complete DNA synthesis, the cells progressing

to the G2 phase in which cells synthesize RNAs and proteins essential for cell duplication during
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mitosis or M phase [86]. The M phase is divided into prophase, metaphase, anaphase and
telophase. The cytokinesis after the M phase produces two identical daughter somatic cells.

The cell progression through each phase of the cell cycle in an orderly manner is
controlled at the points referred to as the cell cycle checkpoints. The regulation at these
checkpoints ensure that each phase of the cell cycle takes place only once in the right sequence
and the cell undergoes completed transition in each phase before progression into the next phase
[87]. There are 3 checkpoints in the cell cycle including the G1/S checkpoint at the onset of S
phase, the G2/M checkpoint at the entry of mitosis, and the metaphase/anaphase or spindle
checkpoint at the exit of mitosis (Fig. 11). The G1/S and G2/M checkpoints are the DNA damage
checkpoints. The G1/S checkpoint functions in response to DNA damage to prevent entry into S
phase until the damage is repaired. The G2/M checkpoint regulates during G2 phase to prevent
entry into M phase before the DNA synthesis is complete. The spindle checkpoint controls during
early mitosis to prevent the initiation of anaphase until the mitotic spindle is completely formed

and all chromosome kinetochores are properly attached to spindle fibers [88].

Figure 11: The stages of the cell cycle and checkpoints [86].
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Key regulatory proteins in the cell cycle checkpoints are the cyclin-dependent kinases
(CDK). CDKs are proteins in a family of serine and threonine protein kinases. There are 4 CDKs
function during the cell cycle, CDK1 at G2 and M phases, CDK2 at G1 and S phase, and CDK4
and CDK6 at G1 phase. CDKs are active at specific points in the cell cycle. They become active
kinases after association with their regulatory subunits named cyclins to be CDK-cyclin
complexes. Each CDK associates with its specific cyclin. During the cell cycle, the CDK proteins
remain stable, but cyclins are cyclically synthesized and destroyed at specific times in the cycle.
Thus the CDK kinase activity is regulated in a timely manner [89]. Different CDK-cyclins are
required at different phases of the cell cycle (Fig. 12).

The kinase ctivity of CDKs is not only regulated by cyclin association but also by
phosphorylation or dephosphorylation on conserved threonine and tyrosine residues. Full
activation of CDKs requires phosphorylation of Thr161 in CDK1, Thr160 in CDK2, and Thr172
in CDK4 by the CDK7-cyclin H complex, also called CAK. These phosphorylations induce
conformational changes of CDKs and enhance the binding of cyclins [90]. The Weel and Mytl
kinases phosphorylate CDK1 at Tyrl5 and/ or Thrl4 results in inactivating the kinase.
Dephosphorylation at these residues by the phosphatase enzyme Cdc25 is essential for activation

of CDK1 [91].

Figure 12: Activity of mammalian cyclin-CDK complexes through the course of the cell cycle

[92].
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A cell is committed to enter the cell cycle when it is activated by growth factors. These
factors bind to specific receptors on the cell surface and relay activated cascade signals into
cytosol and nucleus to push the cell through the cell cycle [93]. D cyclin is the first cyclin to be
induced when GO cells are stimulated to enter the cell cycle. Unlike other cyclins, D cyclin does
not oscillate during the cell cycle, but its level is regulated by the presence of growth stimuli. This
cyclin associates with and activates CDK4 and CDK6. The primary substrate for CDK4-cyclin D
and CDK6-cyclin D kinases is the retinoblastoma protein (Rb). Rb is a tumor suppressor protein
that plays a critical role in regulating G1 progression. It is a key regulator at the restriction point.
It binds to and regulates many cellular proteins, including proteins in the E2F family of
transcription factors [94]. E2F transcription factors regulate the expression of many proteins
involved in cell cycle progression and DNA synthesis such as CDKI1, cyclin E and A, DNA
polymerase O, thymidine kinase, and dihydrofolate reductase. These transcription factors are
inactive when they bind to Rb. Phosphorylation of Rb by D cyclin kinases causes the dissociation
of Rb from E2F [95]. This results in the expression of the E2F-regulated genes. The activation of
E2F leads to the expression of cyclin E which is the next cyclin needed during the progression of
cells through G1. Cyclin E associates with CDK2 to be CDK2-cyclin E complex which is
required for the transition of cells from G1 to S phase [96].

Expression of cyclin A is also regulated in part by E2F. This cyclin accumulates at the
G1/S phase transition and persists through S phase. It associates with CDK2 in G1/S phase and
then with CDKI1 in late S phase. Cyclin A-associated kinases required for entry into S phase,
completion of S phase, and entry into M phase [97]. This kinases are found to co-localize with the
sites of DNA replication, suggesting that they may participate in or prevent DNA replication.
Some E2F transcription factors are negatively regulated by this kinase. Cyclin A-associated
kinases phosphorylate the E2F heterodimerization partner called DP1, resulting in an inhibition of
E2F DNA-binding activity [97].

The M phase is regulated by CDKI1 associated with cyclins A, B1, and B2 [98]. The
CDKl/cyclin complexes phosphorylate multiple proteins required for chromosome condensation,
retraction of the nuclear envelope, assembly of the mitotic spindle apparatus, and alignment of
condensed chromosomes at the metaphase plate. These kinase complexes activate the anaphase
promoting complex (APC). This complex induces the ubiquitin-mediated proteolysis of anaphase

inhibitor called securin, resulting in the degradation of the cross-linking proteins connecting sister
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chromatids [99]. This leads to the initiation of anaphase by allowing free sister chromatids to
segregate to opposite spindle poles. In late anaphase, the APC also induces the ubiquitin-mediated
proteolysis of the mitotic cyclins, leads to inactivation of CDK1 [100]. As a result, the cells enter
telophase characterized by separated chromosome decondensation, the nuclear envelope
reformation around daughter-cell nuclei, and the Golgi apparatus reassembly. Finally, the

cytoplasm divides at cytokinesis, producing the two daughter cells.

CDK inhibitors

CDK inhibitors (CKI) are the other regulators of CDK activity. CDK activity can be
counteracted by cell cycle inhibitory proteins termed as CDK inhibitors (CKI). These CKIs bind
to CDK or to the CDK-cyclin complex and inhibit CDK activity. They are classified to two
families according to their substrate specificity, including the inhibitors of CDK4 (INK4) family
and the CDK inhibitory Protein/Kinase Inhibitor protein (Cip/Kip) family (Fig. 13) [101]. The

(INK4b) (INK4a) (INK4c)

INK4 family includes pl5 , pl6 , pl8 , p19

(INK4d)

. These CKls specifically
inactivate G1-CDK (CDK4 and CDK6) by forming stable complexes with the CDK enzymes

(Wafl, Cipl) (Cip2)

before associating with cyclin D [102]. The Cip/Kip family includes p21 , p27 ,

(Kip2)

p57 . These CKIs inactivate CDK-cyclin complexes. They inhibit the activity the G1 CDK-
cyclin complexes, and to a lesser extent, CDK1-cyclin B complexes [103]. p21 inhibits DNA
synthesis by binding to and inhibiting the proliferating cell nuclear antigen (PCNA). CKIs are
regulated both by internal and external signals. The expression of p21 is transcriptional regulated
by the p53 [104]. The expression and activation of p15 and p27 is regulated by transforming
growth factor B (TGF-P), resulting in growth arrest [105]. CKIs mediate cell cycle arrest in
response to several anti-proliferative signals. Dysfunction of CKIs has been identified in many

human cancers [106], suggesting a role of CKls in preventing abnormal cell proliferation and

tumor formation.
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Figure 13: The cell cycle inhibitory proteins (CKI) [107].

Essential oils as anticancer agents

Several plant-derived anticancer drugs including vincristine, vinblastine, taxanes,
epipodophyllotoxin derivatives and camptothecin derivatives have been approved for clinical use.
Many compounds isolated from medicinal plants have been widely investigated for cancer
treatment. These include essential oils which are bioactive constituents found abundantly in plants
as secondary metabolites. They are widely used in medicine, cosmetics, food and beverages and
aromatherapy. Many essential oils or their constituents are known as potent anti-infective agents
against viruses, bacteria and fungi. In recent year, essential oils from Guacatonga (Casearia
sylvestris Sw.), Sweet fern (Comptonia peregrine L.), Guava (Psidium guajava L.), Sweet basil
(Ocimum basilicum L.), Tanacetum gracile and lemon grass (Cymbopogon flexuosus) have been
reported to exhibit cytotoxicity to many human cancer cells [108-110]. Several Thai edible plants
such as Lemongrass (Cymbopogon citratus D.C.), Holy Basil (Ocimum sanctum) and Sweet Basil
(O. basilicum) also have been shown to possess antitumor activity in mice [111]. Many of these

plants contain citral in their essential oils.
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Citral

Citral (3,7-dimethyl-2,6-octadienal) is a key component of essential oil found in several
Thai medicinal and edible plants such as lemon grass (Cymbopogon citratus), lemon balm
(Melissa officinalis), and Litsea cubeba. It is the mixture of two isomeric acyclic monoterpene
aldehydes, the trans-isomer referred to geranial or citral and the cis-isomer called neral or citral B
[112]. Both isomers have the same molecular formula, C, H, O, but different structures, as shown

in Fig.14.

The physical and chemical properties of citral are; colorless to light yellow liquid, lemon-
like odor, MW 162.24 g/mole, boiling point: 229°C, specific gravity 0.893, vapor pressure 0.2

mm of Hg at 20°C and vapor density: 5.2.

. _-CHO N

CHO

Geranial (trans-citral) Neral (cis-citral)

Figure 14: Chemical structure of the citral [113].

Citral is used as a food additive and as a fragrance material in cosmetics because of its
strong lemon flavor and odor and bitter—sweet taste [114]. It is also an important material in the
manufacture of some chemicals, such as vitamin A and (methyl)ionone [115]. It has a long
history of acceptance by US and European regulatory bodies and has been accorded GRAS
(generally recognized as safe) status. The average daily intake of citral in humans was estimated

to be 5 mg/kg.
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The pharmacokinetic properties of citral were studied in rats and mice. It had rapid
metabolism and complete within 72 h mainly in the urine but also via the lungs and in the feces.
There were 2 major metabolites of citral had been detected including 2,6-dimethyl-2,6-
octadiendioic acid and 2,6-dimethyl-2-octendioic acid [116].

The toxicity studies demonstrate that citral has no major toxicity and carcinogenic
potential in both rats and mice. It has low acute toxicity, with variation in the LD,, values
depending on the strains and species of animals used and the route of administration. The oral
LD, in rats is 4.96 g/kg body weight and the dermal LD, in rabbits is 2.25 g/kg body weight.
There was no macroscopic changes in rats after administration of citral to rats at levels of 10,000,
2500 or 1000 ppm in the diet for 13 week [117]. The short-term (28-day) studies on citral given
by gavage to rats revealed a maximum non-lethal daily dose of 2.4 g/kg body weight. At this
dose, citral caused hepatomegaly, microsomal enzyme induction and peroxisome proliferation
[118]. It was also reported that citral had no mutagenic effect in in vitro studies [119].

The pharmacological properties of citral were evaluated in many aspects. The examples

of pharmacological effects of citral are;

Anti-infective effects

Citral has in vitro broad spectrum activities against many microorganism including gram-
positive and gram-negative bacteria, fungi, and some protozoa. It has been reported to have
antimicrobial activities against Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa, Candida albicans, methicillin-resistant S. aureus (MRSA), Aspergillus niger,
Klebsiella pneumonia, Propionibacterium acnes [120], Bacillus sp., L. monocytogenes, S. aureus,
A. hydrophila, and E. faecalis [121]. It also had potent in vitro antifungal activities against several
Candida species (C. albicans, C. glabrata, C. krusei, C. parapsilosis and C. tropicalis) [113],
Colletotrichum coccodes, Botrytis cinerea, Cladosporium herbarum, Rhizopus stolonifer and
Aspergillus niger [122]. The antiviral activity of citral against Herpes simplex virus-1 was also
reported [123]. Further more, the antiparasitic effects of citral on different organisms have been

suggested in several studies [124].
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Anti-cancer effect

Citral was found to possess anticancer effect against several cancer cell lines. In several
hematopoietic cancer cells, treatment with citral induced 58-90% cell death with the IC, = 47
pg/ml. Treatment of human U937 and HL60 and mouse RL12 and BS-24-1 leukemic cell lines
for 4-24 h with citral 45 pg/ml, resulted in activation of caspase-3 activity and induces apoptosis.
Citral induced DNA ladder in BS-24-1cells after 70 min exposure. Additionally, treatment of
leukemic cells with citral metabolism products, geranic acid or geraniol, or the citral derivatives
citronellal and citronellol, did not activate procaspase-3 or induce DNA ladder, indicated that the
0.B-unsaturated aldehyde group of citral is crucial for procaspase-3 activation [125]. Citral
inhibited MCF-7 cell growth with the IC,; at 48 h = 180 uM. It arrested the cell cycle in G2/M
phase and induced apoptosis. It also inhibited cyclo-oxygenase activity, resulted in decrease in

prostaglandin E, synthesis 48 h after citral treatment [4].



CHAPTER III

MATERIALS AND METHODS

1. Materials

1.1 Test compounds

Citral and mint oil were purchased from Sigma-Aldrich (USA).

1.2 Cell culture

- Human peripheral blood mononuclear cells (human PBMCs)

Heparinized blood was obtained from healthy male blood donors, age between 20 to 35
years old, with informed consent at the National Blood Bank, Thai Red Cross Society. Human
PBMCs were isolated from the whole blood by ficoll gradient centrifugation. The cells were
maintained in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine serum, 0.5% L-
glutamine, 100 pg/ml streptomycin and 100 units/ml penicillin; at 37°C in a humidified

atmosphere of 5% CO,.

- Human B-Lymphoma cells (Ramos cells)

The human B-Lymphoma cells, Ramos cells, were purchased from the American Type
Cell Culture (ATCC) (Rockville, MD). The cells were maintained in RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum, 0.5% L-glutamine, 100 pg/ml streptomycin and

100 units/ml penicillin at 37°C in a humidified atmosphere of 5% CO,.
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1.3 Equipments and Instruments

The following instruments were used in this study; autoclave (Hirayama, Japan),
fluorescence flow cytometer (Coulter, USA), biohazard lamina-flow hood (Science, Germany),
Incubator (Thermo, USA), Light microscope (Nikon, Japan), refrigerator 4°C and -20°C (Sanyo,
Japan), pipette (Falcon, USA), pH meter (Mettler tuledo, Switzerland), autopipette (Gilson,
France), centrifuge (Eppendorf, Germany), gel documentation (Bio-Rad, USA), PCR thermal
cycler (Eppendorf, Germany), gel electrophoresis (Bio-Rad, USA), T25 tissue culture flasks

(Corning, USA), 24-well microplates (Corning, USA).

1.4 Reagents

The following reagents and reagent kits were used in this study; annexin V apoptosis
detection kit (Santa Cruz Biotechnology, USA), caspase inhibitor Z-VAD-FMK (Promega, USA),
anti-Fas ligand antibodies (Biolegend, USA), fetal bovine serum (Gibco, USA), RPMI 1640
medium (Gibco, USA), L-glutamine (Gibco, USA), penicillin/streptomycin (Gibco, USA),
etoposide (Ebewe Pharma, Austria), heparin (Leo, Denmark), Histopaque®-1077 (Sigma, USA),
0.4% trypan blue dye (Sigma, USA), Platinum” Taq DNA polymerase (Invitrogen, USA),
Improme-HTM reverse transcription system (Promega, USA), agarose (Bio-Rad, USA), dNTP mix
(Vivantis, Malaysia), absolute ethanol (Merck, Germany), TRIzol" Reagent (Invitrogen, USA),

and diethyl pyrocarbonate (DEPC) (Molekula, UK)
2. Methods
2.1 Preparation stock solutions of citral and mint oil
The stock solutions of citral and mint oil were prepared by dissolving in 70% ethanol.
The solutions were stored at 4'C. The working solutions of both oils were prepared by diluting the

stock solutions with sterile double distilled water to 5% ethanol solutions. The final concentration

of ethanol in treated cells would be 0.5%.
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2.2 Preparation of human peripheral blood mononuclear cells (PBMCs)

Human PBMCs were isolated from heparinized blood by Ficoll (Histopaque-1077)
density gradient centrifugation as the followings:

1. Equally mix the blood sample with RPMI 1640 medium containing 2 pl/ml heparin at
room temperature.

2. Slowly layer 9 ml of the mixture on 5 ml Ficoll solution in a 15 ml sterile
polypropylene tube at room temperature.

3. Centrifuge the tube at 3,200 rpm for 30 min at room temperature.

4. Carefully remove the top layer solution without disturbing the interface.

5. Collect cells from the interface into a new 15 ml sterile polypropylene tube.

6. Wash the cells twice with 12.5 ml RPMI 1640 medium (+ 2 ul/ml heparin) by
centrifugation at 1,200 rpm for 10 min at room temperature.

9. Discard the supernatant and resuspend the pellet with 5 ml the completed RPMI
medium (RPMI 1640 medium with 10% fetal bovine serum, 0.5% L-glutamine, 100 pg/ml
streptomycin, and 100 units/ml penicillin).

10. Determine viable cells by staining with 0.4% trypan blue dye solution at the ratio 1:1
and counting the number of the cells on a hemocytometer. The cells were adjusted to required
density with the completed RPMI 1640 medium.

In this study, PBMCs were used at the density of 1x10° cells/ml, with cell viability more

than 90%.
2.3 Determination of apoptotic induction by citral
Apoptotic cells were determined by detecting the exposure of phosphatidylserine (PS) on

the outer cell membrane with annexin-V-FITC staining and by analyzing the decrease of DNA

content with PI staining.
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2.3.1 Analysis the exposure of phosphatidylserine

Citral at the final concentrations of 37.5, 75 and 150 uM in 0.5% ethanol was used in this
experiment. 0.5% ethanol, 10 pg/ml etoposide, and 0.5% v/v mint oils in 0.5% ethanol were used
as the negative, the positive and the oil controls, respectively. The assay was performed in
duplication according to the following procedures (n=3).

1. Incubate 900 pl of Ramos cells in the completed RPMI 1640 medium, at the density of
1x10° cells/ml, with 100 ul of each sample in a well of 24-well plates at 37°C in a humidified
atmosphere of 5% CO, for 3, 6 and 12 h.

2. Collect the cells in each well to a micro-centrifuge tube and centrifuge at 12,000 rpm
25°C for 1 min.

3. Removed the supernatant, wash the cells twice with 500 pl cold PBS, and separate the
cells by centrifugation at 12,000 rpm, 25°C for 1 min.

4. Discard the supernatant, resuspend the cell pellet in 100 pl of the assay buffer and
transferred into a flow cytometer tube.

5. Add 1 pl of 0.05 pg/ml PI and 0.5 pl of annexin V-FIT C in each tube.

6. Incubate the tubes in the dark condition at room temperature for 15 min.

7. Subsequently add 400 pl of the assay buffer into each tube and immediately analyze
the cells (10,000 cells/sample) by fluorescence flow cytometer.

8. Assess types of death cells as follow; the annexin V-FITC /PI cells as viable cells, the
annexin V-FITC cells as apoptotic cells, the PI cells as nonapoptotic cells, and the annexin v-

FITC /P cells as late apoptotic or secondary necrotic cells.

2.3.2 Analysis of cellular DNA content

1. Incubate 900 pl of Ramos cells in the completed RPMI 1640 medium, at the density of
1x10° cells/ml, with 100 ul of each sample in a well of 24-well plates at 37°C in a humidified
atmosphere of 5% CO, for 6 and 12 h.

2. Collect the cells in each well to a flow cytometer tube and centrifuged at 1,500 rpm

4°C for 5 min.
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3. Removed the supernatant, wash the cells twice with 500 pl of cold PBS, and separate
the cells by centrifugation at 1,500 rpm 4°C for 5 min.

4. Discard the supernatant and resuspend the cell pellet in 150 pl cold PBS.

5. Slowly add 350 pl absolute ethanol while continuously shaking the tube.

6. Incubate at -20°C for 15 min, then separate the cells by centrifugation at 1,500 rpm 4°C
for 5 min.

6. Removed the supernatant, wash the cells twice with 500 pl of cold PBS and separate
the cells by centrifugation at 1,500 rpm 4°C for 5 min.

7. Discard the supernatant and resuspend the cells pellet in 500 pul of the assay buffer.

8. Add 5 pl of 4 mg/ml RNase and incubate at room temperature for 30 min.

9. Add 5 pl of 0.05 pg/ml PI and incubate the tube in dark condition at room temperature
for 15 min.

10. Analyze the cells (100,000 cells/sample) by fluorescence flow cytometer.

2.4 Determination of mechanisms of citral on apoptotic induction

The effect of citral on the extrinsic pathway of apoptosis was determined by using an
antibody against the death receptor ligan, Fas ligan (FasL), to inhibit Fas and FasL interaction.
The activity of citral on the intrinsic pathway of apoptosis was investigated by studying the
mRNA expression of various anti-apoptotic and pro-apoptotic proteins. A pan caspase inhibitor,

Z-VAD-FMK, was also used to analyze the caspase-dependent activity of citral.

2.4.1 Fas-Fas ligand dependent pathway

1. Incubate 900 pl of Ramos cells in the completed RPMI 1640 medium, at the density of
1x10° cells/ml, with 20 pl of FasL antibody in a well of 24-well plates at 37°C in humidified
atmosphere of 5% CO, for I h.

2. Add 100 pl of each sample solution into each well.

3. Incubated the cell at 37°C in humidified atmosphere of 5% CO, for 6 h.

4. Performed the next procedures as in the step 2"-10" 0f 2.3.1.
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2.4.2 Mitochondria dependent pathway

The mRNA expressions of p53 gene, pro-apoptotic genes (BAX and BAK) and anti-

apoptotic genes (BCL-XL and BCL-2) were determined as in the following procedures;

2.4.2.1 Preparation of total RNA

1. Incubate 900 pl of Ramos cells in the completed RPMI 1640 medium, at the density of
1x10° cells/ml, with 100 ul of each sample in a well of 24-well plates at 37°C in a humidified
atmosphere of 5% CO, for 6 h.

2. Collect the cells into centrifuge tube 15 ml and separate the cells by centrifugation at
1,200 rpm 25°C for 10 min.

3. Removed the supernatant, lyse and homogenize in 1 ml of TRIzol" reagent by passing
the cell up and down through a pipette, transfer and incubate the lysate to a microcentrifuge tube
for 5 min at room temperature.

5. Add 0.2 ml of chloroform, vigorously shake the tube by hand for 15 sec., and incubate
at room temperature for 2-3 min.

6. Centrifuged at 12,000 rpm 4°C for 15 min. and transfer the aqueous phase to a fresh
tube.

7. Add 0.5 ml of isopropyl alcohol, incubate at room temperature for 10 min, and
centrifuge 12,000 rpm at 4°C for 10 min.

8. Removed the supernatant, wash the RNA pellet with 1 ml of 75% ethanol, mix by
vortexing, separate the pellet by centrifugation 7,500 rpm at 4°C for 5 min.

9. Removed the supernatant and air-dry the RNA pellet (for 5-10 min).

10. Dissolve the pellet in DEPC-treated water, incubate at 55-60°C for 10 min, and stored
at -70°C until use.

The amount of RNA in the sample was determined by spectrophotometer at 260 nm. The
protein contamination in it was checked by the ratio of optical densities of the RNA sample at 260

nm. and 280 nm. which must be > 1.8.
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2.4.2.2 Preparation of complementary DNA (cDNA) by reverse transcription-polymerase

chain reaction

One pg of total RNA was reverse transcribed to cDNA synthesis using Improme m

reverse transcription system reagent with oligo(dT),; primer following the manufacturer protocol.

2.4.2.3 Determine mRNA expression of pro- and anti-apoptotic genes by PCR

PCR was performed using gene-specific primers (table 1) for p53, BCL-2, BCL-XI, BAX
and BAK. The GAPDH gene was used as the internal control. PCR was carried out in a 50 pl
reaction mixture containing PCR buffer, 0.5 ul cDNA of p53, GAPDH, BAK and BCL-Xl or 1 pl
cDNA of BAX and BCL-2, 1.5 mM MgCl,, 0.2 mM mixed dNTP, 0.4 uM of each primers and 1
unit of p1atinum® Taq DNA polymerase. The PCR conditions were: 94°C for 2 min., followed by
35 cycle of 30 sec. denaturation at 94°C, 30 sec. annealing at appropriate Tm, 1 min extension at
72°C, and finally 10 min extension at 72°C. PCR products were analyzed by electrophoresis in
1.5% agarose gel at 100 V. The gel was stained with ethidium bromide in 1XTBE buffer. PCR
products were imaged and determined its density by gel documentation. The density of the PCR
products were expressed as % of internal control (ratio of the band density divided by that of the

housekeeping gene (GAPDH) x 100)
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Table 1: The gene-specific primers used for RT-PCR

. Production
Gene Primer sequences Tm C
length (bp)
GAPDH | Forward: 5’-AAG GTC GGA GTC AAC GGA TTT GGT-3’ 60 530
Reverse: 5’-ATG GCA TGG ACT GTG GTC ATG AGT-3’
pS3 Forward: 5’-CAT GAG CGC TGC TCA GAT AG-3’ 56 643
Reverse: 5’-CTG AGT CAG GCC CTT CTG TC-3’
BAK Forward: 5’-TGA AAA ATG GCT TCG GGG CAA GGC-3’ 55 642
Reverse: 5’-TCA TGA TTT GAA GAA TCT TCG TAC C-3’
BAX Forward: 5’- ATG GAC GGG TCC GGG GAG -3’ 58 315
Reverse: 5’- TCA GAA AAC ATG TCA GCT GCC -3°
BCL-XI | Forward: 5’- CAA TGG ACT GGT GAG CCC A -3’ 55 307
Reverse: 5’- AGT TCA AAC TCG TCG CCT G -3’
BCL-2 | Forward: 5’-GGT GCC ACC TGT GGT CCA CCT-3’ 58 458
Reverse: 5’-CTT CAC TTG TGG CCC AGA TAG G-3°

2.4.3 Caspase dependent pathway

Ramos cells were pretreated with 50 uM Z-VAD-FMK, a pan caspase inhibitor, 1 h.

before adding the sample solution. The assay was performed in duplication as in 2.4.1 (n=3).

2.5 Determination of the effect of citral on cell cycle

1. Incubate 900 pl of Ramos cells in the completed RPMI 1640 medium, at the density of
1x10° cells/ml, with 100 ul of each sample in a well of 24-well plates at 37°C in a humidified
atmosphere of 5% CO, for 3 h.

2. Removed the supernatant, wash the cells twice with 2 ml of RPMI 1640 medium and
separate the cells by centrifugation at 1,200 rpm 25°C for 10 min.

5. Discard the supernatant and resuspend the cells pellet in 1ml of the completed RPMI

1640 medium.
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6. Transfer the cells suspension into each well of 24-well plates and incubated the cells at
37°C in humidified atmosphere of 5% CO, for 48 h.

8. Performed the next procedures as in the step 4"12" 0f2.3.2.

2.6 Statistical analysis

Data were presented as mean plus or minus standard error (mean = S.E.). Statistical
comparisons were made by one-way ANOVA followed by Tukey’s post hoc test. All statistical
analysis was performed according to the statistic program, SPSS version 17. Any p-value < 0.01

was considered statistically significant.



CHAPTER IV

RESULTS

1. Citral induced apoptotic cell death in human B-lymphoma cells

To investigate the apoptotic induction effect of citral on lymphoma cells, Ramos cells
were treated with 37.5, 75 and 150 uM citral for 3, 6 and 12 h. The types of cell death were
determined by annexin V-FITC/PI staining assay with fluorescent flow cytometer. Fig. 15
represents a histogram from the assay, which demonstrates the profiles of cell death by 150 uM
citral as in the following: annexin V-FITC positive cells are early apoptotic cells, PI positive cells
are necrotic cells, double annexin V-FITC/PI positive cells are necrotic and late apoptotic cells,
and double annexin V-FITC/PI negative cells are viable cells. The results demonstrated that citral
induced cell death as early as 3 h, at the concentration of 75 and 150 uM. It statistically increased
Ramos cells death in a concentration- and time-dependent manner, as shown in Fig. 16,17 and
Table 2. It induced the cell death mostly by apoptosis after 3 and 6 h exposure. After 12 h of
exposure, the increased in late apoptosis and necrosis were detected but the death cells were still
mainly apoptotic cells (Fig. 16 and Table 2). In this study, the solvent control (0.5% ethanol), the
oil control (0.5% v/v mint oil), and the positive control (10 pg/ml etoposide) had very little
cytotoxic effect on Ramos cells. Even though etoposide did not cause Ramos cells death after 3 to
12 h exposure, it induced Ramos cells death after 24 h of treatment. Etoposide induced Ramos
cells death mainly by both apoptosis and necrosis/late apoptosis. These results suggest that citral
induces Ramos cells death mainly by apoptosis in a short time after treatment.

The apoptotic effect of citral was confirmed by analyzing sub-diploid cells with PI
staining assay. Ramos cells were treated with 37.5, 75 and 150 uM citral for 6 and 12 h. The cells
were fixed, stained with PI, and then analyzed for cellular DNA content by fluorescent flow
cytometer (Fig. 18). The population of apoptotic cells was defined as a sub-diploid or sub-Gl
population in a histogram of the cell cycle. After 6 and 12 h of citral exposure, sub-diploid
population of Ramos cells statistically increased in a concentration- and time-dependent manner,
when compared to the solvent (0.5% ethanol) and the mint oil control (Fig. 19 and 20). These

results correlated with the study by detecting phosphatidyl serine exposure above.



38

The harmful effect of citral on normal cells was also determined in human PBMCs from
normal subjects. The cells were treated with citral in the same procedure as the treated Ramos
cells for 3, 6, and 12 h. The apoptotic cells were determined by annexin V-FITC/PI staining
assay. Citral had no cytotoxic effect on PBMCs after 3 h of treatment, when compared to the
solvent and the mint oil controls. It induced apoptosis, in a concentration- and time-dependent
manner, after 6 and 12 h of exposure (Fig. 21). Its effect on PBMCs was much less than on
Ramos cells after 3 and 6 h of treatment. It had higher cytotoxic to the normal cells at the longer
time of exposure, as 12 h (Fig. 22), but this effect was still less than its effect on the lymphoma
cells. These results demonstrate that within a short time citral can induce apoptosis in lymphoma

cells with much higher potency than its apoptotic effect on normal cells.
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Figure 15: A representative dot plot histogram from annexin V-FITC/PI staining assay using

fluorescent flow cytometer of 150 uM citral treated Ramos cells for 6 h. Cells in each quadrant
(V1-V4) were interpreted as in the following; V1: necrotic cells (annexin V /PI +), V2: necrotic
and late apoptotic cells (annexin V'/PI +), V3: viable cells (annexin V /PI ), and V4: early

apoptotic cells (annexin V'/PI b}
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Figure 16: The concentration-dependent effect of citral on Ramos cells apoptosis. The cells were

treated with 37.5, 75 and 150 puM citral for 3, 6 and 12 h. The percentage of apoptotic cells

(annexin V'/P1 ) were determined by annexin V-FITC/PI staining assay using fluorescent flow

cytometer. The data is expressed as mean + S.E. of three independent experiments (n=3).

a p <0.01 denotes statistically significant difference from 0.5% ethanol.

* p <0.01 denotes statistically significant difference between 75 and 150 uM citral compared
with 37.5 uM citral.

# p <0.01 denotes statistically significant difference when compared between 150 uM and 75 pM

of citral.
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Figure 17: The time-dependent effect of citral on Ramos cells apoptosis. The cells were treated

with 37.5, 75 and 150 uM citral for 3, 6 and 12 h. The percentage of apoptotic cells (annexin

V'/P1 ") were determined by annexin V-FITC/PI staining assay using fluorescent flow cytometer.

The data is expressed as mean + S.E. of three independent experiments (n=3).

* p <0.01 denotes statistically significant difference as compared to 3 h.

# p <0.01 denotes statistically significant difference when compared between 12 h and 6 h.
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Table 2: The effect of citral on Ramos cells death. The cells were treated with 37.5, 75 and 150
uM of citral for 3, 6 and 12 h. The patterns of cell death were determined by annexin V-FITC/PI

staining assay using fluorescent flow cytometer. The data is expressed as mean = S.E. of three

independent experiments (n=3).

% Death cells
Treatment % Viable cells % Total death
Apoptosis PI positive | Double positive

3h
0.5% Ethanol 93.77 +£0.42 5.73+0.37 0.10+0.00 0.33+0.03 6.17+0.38
Mint oil 87.13 £ 0.83a 11.20 £ 0.35 0.73+0.19 0.90 +£0.21 12.83 £ 0.45a
Etoposide 10 pg/ml | 80.83 + 1.03a 1823 +1.25a | 0.23+0.09 0.73+0.12 19.20 + 1.07a
Citral 37.5 uM 87.70 £ 0.82 11.50 +£0.85 0.50 +£0.12 0.33£0.12 12.33 £ 0.80
Citral 75 uM 72.57 +1.09a* | 26.07 + 1.44a* | 0.63 +0.24 0.73+0.13 27.43 + 1.10a*
Citral 150 uM 56.97 £ 1.90a*#| 41.10 + 1.93a*#| 1.10£0.11a 0.83+0.12 43.03 £ 1.90a*#
6h
0.5% Ethanol 9333+1.13 6.22+1.05 0.10+0.05 0.32+0.13 6.63+1.15
Mint oil 86.65 +0.29 1242 + 041 0.35+0.19 0.53+0.14 13.30+0.28
Etoposide 10 pg/ml | 84.77 +2.47 13.17+2.18 0.62+0.28 1.43 +0.68 1522 +2.47
Citral 37.5 uM 56.80+4.68a | 40.72+4.30a | 0.72+0.22 1.77 +0.87 43.20 +4.69a
Citral 75 uM 29.17+2.87a* | 65.47+291a* | 3.85+0.71a 1.52+0.56 70.83 +2.87a*
Citral 150 uM 9.40 +2.27a*# | 83.30 + 1.49a*#| 4.72 + 0.99a* 2.55+0.79 90.57 + 2.28a*#
12h
0.5% Ethanol 94.13 £ 0.58 5.63 £0.60 0.03+0.03 | 0.17+0.03 5.83+£0.59
Mint oil 87.10 + 1.74 8.23+0.39 0.63+0.44 | 4.00+1.01 12.87 +1.77
Etoposide 10 pg/ml | 73.97 +1.50a | 6.10+1.85 323+ 1.77 16.70 + 1.96a 26.03 +1.50a
Citral 37.5 pM 31.63+4.37a | 53.53+2.62a 12.07 £2.12 | 2.77 + 0.46 68.37+4.37a
Citral 75 pM 6.97 + 1.49a* 71.83 +3.16a* | 17.03 +3.56a| 4.20 + 1.36 93.07 £ 1.47a*
Citral 150 uM 1.17 + 0.03a* 61.97+3.37a 17.57 £3.99a| 19.33 +2.40a*# | 98.87 + 0.03a*
24 h
0.5% Ethanol 95.62 +0.52 3.78 £ 0.64 0.07+0.04 | 0.55+0.08 4.40+0.53
Etoposide 10 pg/ml | 54.92 +0.69a | 25.62 + 1.38a 1.25+0.33 18.20 + 0.38a 45.07+0.71a

ap <0.01 denotes statistically significant difference from 0.5% ethanol.

* p <0.01 denotes statistically significant difference between 75 and 150 uM citral compared with

37.5 uM citral.

# p <0.01 denotes statistically significant difference when compared between 150 uM and 75 pM of citral.
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Etoposide 10 pg/ml 150 uM Citral
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Figure 18: A representative histogram for determining sub-diploid cells population by PI staining
assay using flow cytometer. Ramos cells were treated with 37.5, 75 and 150 uM citral for 12 h
before being fixed, RNase treated, and stained with PI. The population of apoptotic cells was
determined in a DNA histogram as a sub G1 hypodiploid population by flow cytometer. The
percentage of hypodiploid cells was indicated in each sub-figure. (A) 0.5 % ethanol; (B) mint oil;

(C) etoposide 10 pg/ml; (D, E, F) 37.5, 75 and 150 uM of citral.
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Figure 19: Citral induced sub-diploid population in Ramos cells. The cells were treated with
37.5, 75 and 150 uM citral for 6 and 12 h before being ethanol-fixed, RNase treated, and stained
with PI. The percentage of sub-diploid cells were determined by fluorescent flow cytometer. The
data is expressed as mean = S.E. of four independent experiments (n=4).

a p <0.01 denotes statistically significant difference from 0.5% ethanol.

* p <0.01 denotes statistically significant difference between 75 and 150 uM citral compared

with 37.5 uM citral.
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Figure 20: The comparison of citral induced sub-diploid population in Ramos cells between 6 h
and 12 h of treatment. The cells were treated with 37.5, 75 and 150 uM citral for 6 and 12 h
before being ethanol-fixed, RNase treated, and stained with PI. The percentage of sub-diploid
cells were determined by fluorescent flow cytometer. The data is expressed as mean = S.E. of
four independent experiments (n=4).

* p <0.01 denotes statistically significant difference as compared to 6 h.
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Figure 21: The effect of citral induced apoptosis in normal cells. Human PBMCs cells were
treated with 37.5, 75 and 150 puM citral for 3, 6 and 12 h. The percentage of apoptotic cells
(annexin V+/PI_) were determined by annexin V-FITC/PI staining assay using fluorescent flow
cytometer. The data is expressed as mean + S.E. of three independent experiments (n=3).

a p <0.01 denotes statistically significant difference from 0.5% ethanol.

* p <0.01 denotes statistically significant difference between 75 and 150 pM citral compared

with 37.5 uM citral.
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Figure 22: The comparison of citral induced apoptosis in between normal cells and Ramos cells.

Human PBMCs and Ramos cells were treated with 37.5, 75 and 150 pM of citral for 3, 6 and 12

h. The percentage of apoptotic cells (annexin V'/PI) were determined by annexin V-FITC/PI

staining assay using fluorescent flow cytometer. The data is expressed as mean = S.E. of three

independent experiments (n=3).

* p <0.01 denotes statistically significant difference as compared to PBMCs.
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2. Characterization of apoptosis induced by citral in Ramos cells

The apoptotic induction activity of citral was characterized whether it induced apoptosis
via the mitochondrial pathway by determining the expression of some BCI-2 and p53 proteins or
via the extrinsic pathway by using the Fas ligand (FasL) inhibitor, anti-FasL antibody. The
caspase dependency of the citral activity was also evaluated by using a pan-caspase inhibitor, Z-
VAD-FMK.

The mitochondria pathway of apoptosis is regulated by proteins in the Bcl-2 family.
Some of these proteins (e.g., BCL-2, BCL-XL) prevent apoptosis while the others (e.g., BAX,
BAK) promote apoptosis. The expressions of these proteins are partly regulated by p53 protein. In
this study, the effect of 75 and 150 puM citral on the expressions of p53, pro-apoptotic (BAX and
BAK), and anti-apoptotic (BCL-2 and BCL-XL) proteins in Ramos cells was determined by RT-
PCR after 6 h of treatment. Citral significantly decreased the mRNA expression of BCL-2 (Fig.
23). The BCL-2 expressions were significantly decreased from 56.85 + 5.48 % in the solvent
(0.5% ethanol) treated cells to 6.77 + 6.57% and 3.52 + 3.08% in the 75 and 150 uM citral treated
cells respectively. Citral did not have any effect on the mRNA expressions of p53, BCL-XI, BAX
and BAK. These results suggest that citral induces Ramos cells apoptosis using mitochondrial
pathway by down regulating BCL-2 expression.

To evaluate whether the extrinsic pathway involved in the apoptotic effect of citral, the
anti-human Fas ligand antibody, was used to inhibit Fas-Fas ligand interaction. Ramos cells were
pretreated with the antibody before being treated with citral for 6 h. The percentage of apoptotic
cells were determined by annexin V-FITC/PI staining assay using fluorescent flow cytometer.
The result in Fig. 24 demonstrated that the antibody did not change the apoptotic induction
activity of citral on Ramos cells. No difference was observed between the antibody-pretreated and
the non-pretreated conditions at all concentrations (37.5, 75 and 150 pM) of citral. The Fas-Fas
ligand interaction doesn’t play role in the apoptotic induction of citral.

It is well known that the signal from the intrinsic pathway of apoptosis is mainly driven
through caspase activation. However, the caspase independence of this pathway has been
reported. To determine whether citral induced Ramos cells apoptosis depends on caspase
activation, a pan-caspase inhibitor, Z-VAD-FMK, was used to pre-treat the cells before treating

with citral. The cells were pretreated with the caspase inhibitor for 1 h prior to be treated with
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citral for 6 h. The caspase inhibitor significantly inhibited citral-mediated apoptosis, from 40.71 +
4.30% to 7.06 = 1.21%; from 65.46 + 2.91% to 19.40 = 0.83% and from 83.30 + 1.48% to 51.60
+ 6.75% at 37.5, 75 and 150 uM of citral respectively (Fig. 25). These results indicated that the

apoptosis triggered by citral was mediated mainly by caspase activation.
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Figure 23: The effect of citral on mRNA expression of p53 and BCL-2 family proteins. Ramos
cells were treated with 75 and 150 uM of citral for 6 h. The total RNA from the treated cells was
reverse transcribed and amplified with specific primers by RT-PCR. The PCR products were run
on 1.5% agarose gel and analyzed by gel documentation. (A.) A representative of the PCR
products of p53 and BCL-2 family proteins from citral-treated cells. Lanes: 1. GAPDH; 2. p53; 3.
BAK; 4. BCL-XL; 5 BAX and 6. BCL-2. (B.) Densitometric analysis the PCR products relative
to GAPDH represented as % of control. The data is expressed as mean + S.E. of three
independent experiments (n=3).

* p <0.01 denotes statistically significant difference from 0.5% ethanol.
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Figure 24: The involvement of Fas-FasL interaction on citral induced apoptosis. Ramos cells
were pretreated with 200 ng/ml of anti-FasL antibody for 1 h before being treated with citral for 6
h. The percentage of apoptotic cells was determined by annexin V-FITC/PI staining assay using
fluorescent flow cytometer. The data is expressed as mean + S.E. of three independent

experiments (n=3).
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Figure 25: The involvement of caspase activation on citral induced Ramos cells apoptosis. The
cells were pretreated with 50 uM of Z-VAD-FMK for 1 h prior to treated cells with citral for 6 h.
The percentage of apoptotic cells were determined by annexin V-FITC/PI staining assay using
fluorescent flow cytometer. The data is expressed as mean = S.E. of three independent
experiments (n=3).

* p <0.01 denotes statistically significant difference from without Z-VAD-FMK.
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3. The effect of citral on the cell cycle

The effect of citral on the cell cycle was also investigated in this study. Ramos cells were
treated with 37.5, 75 and 150 uM of citral for 3 h, washed, and then further incubated with fresh
medium for 48 h. The cellular DNA content of the treated cells were analyzed by flow cytometer
after being fixed, RNase treated, and stained with PI. Fig. 26 showed the DNA content profile of
the cells treated with 0.5% ethanol and mint oil as the typical cellular distribution in G0/G1, S and
G2/M phase. One pg/ml etoposide, which was used as the positive control, induced some cell
death as shown in the sub-G1 DNA content. The viable cells were accumulated at the G2/M
phase in Fig. 26 in the etoposide treated condition. This drug is known that it can arrest the cell
cycle at the G2/M phase. In this experiment, citral also induced cell death by apoptosis in a dose-
dependent manner. The 11.9%, 23.3% and 81.0% of sub-G1 DNA contents was detected when
the cells were treated with 37.5, 75 and 150 pM, respectively. However, citral did not change the
pattern of the viable cell distribution in the cell cycle. These results indicate that citral induces

Ramos cells apoptosis but has no effect on the cell distribution in the cell cycle.
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Figure 26: A representative histogram for determining effect of citral on the cell cycle in Ramos
cells. The cells were treated with 37.5, 75 and 150 pM citral for 3 h, then washed and incubated
in fresh medium for 48 h. The treated cells were fixed, RNase treated, and stained with PI. The
cell cycle patterns were determined by fluorescent flow cytometer. (A) 0.5 % ethanol; (B) mint
oil; (C) etoposide 1 pg/ml; (D, E, F) 37.5, 75 and 150 uM of citral; (G) 1.5 h treated with 150 uM

of citral.



CHAPTER V

DISCUSSION AND CONCLUSION

This study aimed to evaluate the anti-cancer effects of citral on human B-lymphoma
cells, Ramos cells. Apoptotic induction activity of citral was investigated by detecting the
exposure of phosphatidylserine (PS) on the cell surface of apoptotic cells by using annexin V
which specifically binds to this phospholipid. PS exposure on the extracellular surface is one of
the characteristic of cells undergoing apoptosis. It translocates from the inner to the outer leaflet
of the plasma membrane at the early stage of apoptosis [31]. Patterns of Ramos cells death
induced by citral was determined by annexin V-FITC/PI staining monitored by fluorescence flow
cytometer. Staining cells simultaneously with annexin V and PI allows the resolution of viable
cells (double-negative), early apoptotic cells (annexin V-positive), necrotic cells (Pl-positive),
and necrotic and late apoptotic cells (double-positive). Because only cells with annexin V-
positive are truly representative of apoptotic cells, the percentage of this cell population was
quantified as apoptotic cells in this study. Citral induced Ramos cells death in the concentration-
dependent (37.5, 75 and 150 uM) and the time-dependent (3, 6 and 12 h) manner. Citral, at 75
and 150 pM, induced cell death as early as 3 h after exposure. At the lowest concentration used in
this study, 37.5 uM, it decreased cell survival almost 50% and 70% after 6 and 12 h of exposure,
respectively. Citral acted faster with the higher potency on Ramos cells than its cytotoxic effect
on human breast cancer cells, MCF-7 with IC,, 180 pM at 48 h [4]. The results in this study
demonstrated that citral mainly induce Ramos cells death by apoptotic induction. The only
apoptotic cells (annexin V positive) were detected at all concentrations used in the study after 3
and 6 h exposure. Some necrosis (PI positive) and necrosis/late apoptosis (double positive) were
also detected when the cells were treated with 75 and 150 pM citral for 12 h. The positive control
in this study, etoposide, didn’t cause Ramos cells death after 3 to 12 h exposure. It induced these
cell death after 24 h of treatment. The delayed effect of etoposide in these cells may due to its
mechanism of action in cell cycle specific pattern. Etoposide is a topoisomerase Il inhibitor that
acts by stabilizing a DNA-topo II cleavable complex, resulting in DNA strand breaks. It induces
cells in S and G2 phases of the cell cycle undergo cell cycle arrest or apoptosis. It effect observed

after a considerable time of treatment in many cancer cell lines [126].
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The apoptotic effect of citral on Ramos cells was confirmed by analyzing hypodiploid or
sub-diploid DNA of ethanol-fixed citral-treated cells with PI staining and flow cytometer. The
effect of citral on these cancer cells in this assay was correlated with the study by detecting
phosphatidylserine exposure. However the percentage of sub-diploid or apoptotic cells was not as
high as the results from annexin V-FITC/PI staining assay. It is predicted that some apoptotic
cells may progress to apoptotic bodies which are unable to be collected during fixing and washing
steps before detecting by flow cytometer.

The harmful effect of citral on normal cells was also evaluated for selectivity and safety
of this agent. Citral had no cytotoxic effect on human PBMCs from normal male subjects after 3 h
of treatment. It induced apoptosis in PBMCs much less than in Ramos cells after 6 and 12 h of
exposure. These results demonstrate that within a short time citral can induce apoptosis in these
lymphoma cells with much higher potency than its apoptotic effect on normal cells.

The apoptotic pathway induced by citral was explored in this study. Citral, at 75 and 150
UM, dramatically decreased the mRNA expression of BCL-2. It didn’t have effect on the mRNA
expression of other BCL-2 family members, BCL-XL, BAX and BAK. A number of proteins in
the BCL-2 family play roles in the mitochondrial apoptosis pathway. They either suppresses (anti-
apoptotic) or promotes (pro-apoptotic) changes in mitochondrial membrane permeability [63].
BCL-2 and BCL-XL are anti-apoptotic proteins that preserve mitochondrial membrane integrity
and prevent cell death. In contrast, BAK and BAX are pro-apoptotic BCL-2 members that are
expressed abundantly and selectively during apoptosis to promote this type of cell death. The
BCL-2 protein forms heterodimer with the BAX protein in different molar ratio. This ratio is
critical for cells in several tissues to undergo or evade from apoptotic process [127]. A high BCL-
2 to BAX ratio favors cell survival while a low ratio provokes apoptosis. Down-regulation of
BCL-2 expression may lead to a decrease BCL-2 to BAX ratio and an increase of free BAX.
These free BAX molecules can then translocate to mitochondrial membrane, form homodimer
and trigger the caspase activation by alteration of mitochondrial membrane permeabilization. This
results in the release of apoptosis promoting factors into the cytoplasm. Previous studies have
shown that each cell type is protected from apoptosis by at least one member of anti-apoptotic
BCL-2-like proteins. It was suggested that BCL-XL may play a more important role than BCL-2
in protecting B-cells from apoptosis. The overexpression of BCL-XL in immature mouse B-cells,

WEH1-231, protects these cells from apoptosis induced by many stimuli [128-129]. In this study
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citral had very little effect on the expression of BCL-XL mRNA. The results in this study suggest
that citral may induce Ramos cells apoptosis through mitochondrial pathway by down-regulating
BCL-2 expression. It cannot rule out that citral may have effect on other anti- and pro-apoptotic
BCL-2 like proteins at the other levels, either translational or pos-translational levels. It is known
that the activity of BCL-2 family proteins is strictly control at transcriptional, translational and
post-translational levels. Their protein levels and the protein—protein interactions among these
proteins also play critical roles in controlling their activity. Previous studies reported that the
phosphorylation of BCL-XL might inhibit its anti-apoptotic function [130]. The effect of citral on
proteins levels and phosphorylation of BCL-2 family members is needed to be elucidated.

The p53 is a tumor suppressor protein that is activated by DNA damage, oxidative stress,
cellular calcium overload and other cellular stresses. It promotes apoptosis through the direct
activation of pro-apoptotic BAX and the BH3-only proteins PUMA and Noxa gene expression.
Citral didn’t have any effect on the mRNA expressions of p53 as well as pro-apoptotic BCL-2
proteins, BAX and BAK. These results suggest that citral induces Ramos cells apoptosis
independent on p53 activation.

The effect of citral on Ramos cells via the extrinsic pathway, Fas-Fas ligand interaction,
was rule out in this study. Citral could still induce Ramos cells apoptosis in the presence of anti-
Fas ligand antibody which inhibits Fas-Fas ligand interaction.

It is well known that caspases always play roles in the initiation of apoptosis in various
cell types. Many apoptogenic factors from mitochondria such as cytochrome C and Smac/Diablo
trigger caspase activation when they are released into cytosol. However, some apoptogenic
factors can induce apoptosis in caspase-independent manner. These include EndoG, AIF and
HtrA2/Omi [131]. HtrA2/Omi can trigger both caspase-dependent and caspase—independent
apoptosis. The degree of caspase dependence is varying among apoptotic stimuli [131-132]. The
caspase dependency of the citral activity was evaluated by using Z-VAD-FMK as a caspase
inhibitor. Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone (Z-VAD-FMK) is
a potent, cell permeable pan caspase inhibitor that irreversibly binds to the catalytic site of
caspases and inhibit many caspase activities. Z-VAD-FMK attenuated the percentage of Ramos
cells undergoing apoptosis in response to all concentrations citral used in the study. The activity
of this inhibitor on the citral-treat cells was depending on the concentrations of citral. Apoptosis

induced by 37.5 uM citral was abolished by Z-VAD-FMK. The inhibitor decreased apoptotic



57

induction activity of 75 uM citral more profound than its activity at 150 pM. These findings
indicated that the apoptosis triggered by citral was mediated mainly by caspase activation.
However, caspase-independent pathway of apoptosis may also be involved at high concentration
of citral. This explanation needs to be investigated further.

Cell cycle arrest is one of the cytotoxic mechanisms of many anticancer agents. Citral
was reported to exhibit cell cycle arrest in G2/M phase in human breast cancer cells MCF-7 [4].
The effect of citral on the cell cycle of Ramos cells was also investigated in this study. The results
showed that citral didn’t change the pattern of the viable cell distribution in the cell cycle while 1
pg/ml etoposide induced cells accumulated at the G2/M phase. These results indicate that citral
induces Ramos cells apoptosis without any change in the cell distribution in the cell cycle.

Base on the above results, citral appears to induce Ramos cells undergoing apoptosis in a
concentration- and time-dependent manner. It might induce Ramos cells apoptosis through the
mitochondrial pathway by down-regulating BCL-2 expression and mediated mainly by caspase
activation. Its apoptosis effect was independent on any apparent changes in cell cycle distribution.
The results from this study suggest that citral may be developed as an agent for the management
of lymphoma cancer. Indeed, more in depth studies both in vitro as well as in vivo in appropriate

relevant animal models are needed to strengthen this suggestion.
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APPENDIX A

Buffers and Reagents

1. RPMI 1640 stock solution 1 liter

RPMI powder 10.4
NaHCO, 1.5
Glucose 4.5
Sodium pyruvate 0.11
HEPES (1M) 10
Penicillin/Streptomycin 10
ddH,0 900

Adjust pH to 7.2 with 1M HCI

Add ddH,O to 1 liter and Sterilized by filtering through a 0.45 membrane filter

2. Complete RPMI 1640 medium 200 ml

RPMI stock 180
Fetal Bovine Serum 20

3. 10x Phosphate Buffered Saline (PBS) 1 liter
NaCl 80.65
KCl1 2
KH,PO, 2
Na,HPO, 11.5
ddH,0 900

Adjust pH to 7.4 with 1M HCI

Add ddH,0 to 1 liter and Sterilized by autoclaving

g 09 O 09

ml

ml

ml

ml

gQ 09 O 09



4. 10x Assay Buffered 100 ml
HEPES (1M)
CaCl, (0.1M)
NaCl (5M)
ddH,0

5. Tris-HC1 IM pH 8.0 100 ml
Tris-base
ddH,0
Adjust pH to 8.0 with conc. HCI

Add ddH, 0 to 100 ml and Sterilized by autoclaving

6. EDTA 0.5M pH 8.0 100 ml
EDTA
ddH,0
Adjust pH to 8.0 with NaOH

Add ddH,O to 100 ml and Sterilized by autoclaving

7. 1x TE Buffered 100 ml
Tris-HC1 1M pH 8.0
EDTA 0.5M pH 8.0
ddH,0

Sterilized by autoclaving

8. 5x TBE Buffered 1 liter
Tris-base
Boric acid
EDTA 0.5M pH 8.0

Sterilized by autoclaving

10
28
25
37

12.114
&0

18.612
80

0.2
98.8

54
27.5
20

ml
ml
ml

ml

ml

ml

ml
ml

ml

ml
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APPENDIX B

Results

0.5 % Ethanol

Mint oil

Citral 75 uM

Citral 150 uM

Figure 27: The effect of citral on mRNA expression of p53 and BCL-2 family proteins (nl).
Ramos cells were treated with 75 and 150 uM of citral for 6 h. The total RNA from the treated
cells was reverse transcribed and amplified with specific primers by RT-PCR. The PCR products
were run on 1.5% agarose gel and analyzed by gel documentation. Lanes: 1. GAPDH; 2. p53; 3.

BAK; 4. BCL-XL; 5. BAX and 6. BCL-2.
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0.5 % Ethanol

Mint oil

Citral 75 uM

Citral 150 uM

Figure 28: The effect of citral on mRNA expression of p53 and BCL-2 family proteins (n2).
Ramos cells were treated with 75 and 150 uM of citral for 6 h. The total RNA from the treated
cells was reverse transcribed and amplified with specific primers by RT-PCR. The PCR products
were run on 1.5% agarose gel and analyzed by gel documentation. Lanes: 1. GAPDH; 2. p53; 3.

BAK; 4. BCL-XL; 5. BAX and 6. BCL-2.
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0.5 % Ethanol

Mint oil

Citral 75 uM

Citral 150 uM

Figure 29: The effect of citral on mRNA expression of p53 and BCL-2 family proteins (n3).
Ramos cells were treated with 75 and 150 pM of citral for 6 h. The total RNA from the treated
cells was reverse transcribed and amplified with specific primers by RT-PCR. The PCR products
were run on 1.5% agarose gel and analyzed by gel documentation. Lanes: 1. GAPDH; 2. p53; 3.

BAK; 4. BCL-XL; 5. BAX and 6. BCL-2.
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A. D
0.5 % Ethanol 37.5 uM Citral

B E
Mint oil 75 uM Citral

C. F
Etoposide 150 uM Citral

1 pg/ml
G.

150 uM Citral

1.5 h treated

Figure 30: The effect of citral on the cell cycle in Ramos cells (n1). The cells were treated with
37.5, 75 and 150 puM citral for 3 h, then washed and incubated in fresh medium for 48 h. The
treated cells were fixed, RNase treated, and stained with PI. The cell cycle patterns were
determined by fluorescent flow cytometer. (A) 0.5 % ethanol; (B) mint oil; (C) etoposide 1 ug/ml;

(D, E, F) 37.5, 75 and 150 uM of citral; (G) 1.5 h treated with 150 uM of citral.
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A. D.
0.5 % Ethanol 37.5 uM Citral
B E
Mint oil 75 uM Citral
C. F
Etoposide
150 uM Citral
1 pg/ml
G.

150 uM Citral

1.5 h treated

Figure 31: The effect of citral on the cell cycle in Ramos cells (n2). The cells were treated with
37.5, 75 and 150 uM citral for 3 h, then washed and incubated in fresh medium for 48 h. The
treated cells were fixed, RNase treated, and stained with PI. The cell cycle patterns were
determined by fluorescent flow cytometer. (A) 0.5 % ethanol; (B) mint oil; (C) etoposide 1 pg/ml;

(D, E, F) 37.5, 75 and 150 pM of citral; (G) 1.5 h treated with 150 uM of citral.
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A. D
0.5 % Ethanol 37.5 uM Citral

B E
Mint oil 75 uM Citral

C. F
Etoposide 150 pM Citral

1 pg/ml
G.

150 uM Citral

1.5 h treated

Figure 32: The effect of citral on the cell cycle in Ramos cells (n3). The cells were treated with
37.5, 75 and 150 uM citral for 3 h, then washed and incubated in fresh medium for 48 h. The
treated cells were fixed, RNase treated, and stained with PI. The cell cycle patterns were
determined by fluorescent flow cytometer. (A) 0.5 % ethanol; (B) mint oil; (C) etoposide 1 pg/ml;

(D, E, F) 37.5, 75 and 150 pM of citral; (G) 1.5 h treated with 150 uM of citral.



78

Table 3: The effect of citral on normal cells death. Human PBMCs cells were treated with 37.5,
75 and 150 pM of citral for 3, 6 and 12 h. The patterns of cell death were determined by annexin
V-FITC/PI staining assay using fluorescent flow cytometer. The data is expressed as mean + S.E.

of three independent experiments (n=3).

% Death cells
Treatment % Viable cells % Total death
Apoptosis PI positive | Double positive

3h
0.5% Ethanol 89.82 +0.63 8.00£0.70 0.27+0.12 1.92+0.08 10.20 + 0.65
Mint oil 90.50 + 0.70 7.37+1.08 0.35+0.30 1.80 £ 0.10 9.52+0.68
Etoposide 10 pg/ml | 92.82 +1.63 530+ 1.65 0.55+0.40 1.32+0.43 7.17+1.68
Citral 37.5 uM 90.62 +0.28 7.20+0.25 0.27+0.07 1.87 +0.08 9.35+0.25
Citral 75 uM 90.82 +0.08 7.20 £ 0.30 0.32+0.17 1.62 +0.08 9.15+0.05
Citral 150 uM 89.92 +0.88 7.85+1.25 0.70 + 0.50 1.52+0.13 10.07 + 0.88
6h
0.5% Ethanol 91.11+0.13 2.53+2.08 5.66 +2.66 0.70 £ 0.68 8.90+1.08
Mint oil 89.25 +0.65 2.81+2.29 7.05+3.46 0.90+0.85 10.76 + 0.67
Etoposide 10 pg/ml | 89.75 +2.51 431+3.94 5.06+2.49 0.88 +£0.85 10.26 +2.49
Citral 37.5 pM 90.91 +0.19 2.76 £2.12 5.68+2.74 0.61 £0.59 9.06 +0.20
Citral 75 uM 82.83 +£3.06 11.28 +1.80 5.06 +£2.50 0.81+0.69 17.16 + 3.04
Citral 150 uM 67.46 + 4.61a*#| 21.40 + 2.63a* 8.98+4.22 2.13+1.08 32.51 +£4.59a*#
12h
0.5% Ethanol 93.66 +2.59 3.55+3.08 223+1.11 0.55+0.53 6.33+£2.59
Mint oil 93.03 £2.49 3.33+£3.03 2.88+1.46 0.70 £ 0.70 6.91+2.49
Etoposide 10 pg/ml | 85.11 +5.10 5.60£5.38 7.18+3.47 2.11+2.09 14.90 +5.10
Citral 37.5 pM 91.01 +3.58 5.16+£3.94 291+1.38 0.90+0.85 8.98 +£3.58
Citral 75 uM 74.80+ 0.28a 2091 +0.12 3.25+0.65 1.03+0.81 25.20+0.28a
Citral 150 uM 47.18 £ 0.27a*#| 40.86 £ 5.77a*#| 8.95+2.67 3.00+1.34 52.81 + 6.27a*#

a p <0.01 denotes statistically significant difference from 0.5% ethanol.

* p <0.01 denotes statistically significant difference between 75 and 150 pM citral compared

with 37.5 uM citral.

# p <0.01 denotes statistically significant difference when compared between 150 pM and 75 uM

of citral




Table 4: The involvement of caspase activation on citral induced Ramos cells apoptosis. The cells were pretreated with 50 uM of Z-VAD-FMK for 1 h prior to
treated cells with citral for 6 h. The patterns of cell death were determined by annexin V-FITC/PI staining assay using fluorescent flow cytometer. The data is

expressed as mean = S.E. of three independent experiments (n=3).

% Death cells
Treatment % Viable cells % Total death
Apoptosis PI positive Double positive
Without Z-VAD-FMK
0.5% Ethanol 9333 +1.13 6.21 +1.05 0.10 +0.05 0.31+0.13 6.63+1.15
Mint oil 86.65 +0.29 12.41 +0.41 0.35+0.19 0.53+0.14 13.30£0.28
Citral 37.5 uM 56.80 +4.68 40.71 +4.31 0.71 +0.22 1.76 + 0.87 43.20 + 4.69
Citral 75 uM 29.16 + 2.87 65.46 +2.91 3.85+0.71 1.51 +0.56 70.83 +2.87
Citral 150 uM 9.40 +2.27 83.30 + 1.49 4.72+0.99 2.55+0.79 90.56 +2.28
With Z-VAD-FMK
0.5% Ethanol 93.06 + 0.82 6.53 +£0.84 0.00 +0.00 0.40 £0.15 6.93 +0.82
Mint oil 94.86 + 0.85%* 4.66 + 0.69* 0.00 + 0.00 0.46 +0.19 5.13+0.85%
Citral 37.5 uM 92.23 +1.32%* 7.06 +1.22% 0.06 +0.03 0.63 +0.09 7.76 + 1.32%
Citral 75 uM 79.00 + 0.85%* 19.40 + 0.84* 0.30 + 0.20* 1.33 +0.50 21.03 +0.87*
Citral 150 uM 45.60 + 6.53* 51.60 + 6.75* 0.10 + 0.00* 2.70+0.26 54.40 £ 6.53*

* p <0.01 denotes statistically significant difference from without Z-VAD-FMK.
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Table 5: The involvement of Fas-FasL interaction on citral induced apoptosis. Ramos cells were pretreated with 200 ng/ml of anti-FasL antibody for 1 h before
being treated with citral for 6 h. The patterns of cell death were determined by annexin V-FITC/PI staining assay using fluorescent flow cytometer. The data is

expressed as mean = S.E. of three independent experiments (n=3).

% Death cells
Treatment % Viable cells % Total death
Apoptosis PI positive Double positive
Without Anti-FasL
0.5% Ethanol 93.33+1.13 6.21 +£1.05 0.10 +0.05 0.31+0.13 6.63 +1.15
Mint oil 86.65 +0.29 12.41 +£0.41 0.35+0.19 0.53+0.14 13.30 £ 0.28
Etoposide 10 ng/ml 84.76 +2.47 13.16 +2.18 0.61 £0.28 1.43 +0.68 15.21+£2.47
Citral 37.5 uM 56.80 + 4.68 40.71 +4.31 0.71£0.22 1.76 + 0.87 43.20 +4.69
Citral 75 uM 29.16 +2.87 65.46 £2.91 3.85+0.71 1.31+0.41 70.78 £2.82
Citral 150 uM 9.40 £2.27 83.30+1.49 4.71+0.99 2.55+0.79 90.56 +2.28
With Anti-FasL
0.5% Ethanol 9246 +1.16 7.16 £ 1.16 0.01+.017 0.33 £0.07 751 £ 1.15
Mint oil 85.11+0.76 14.20 £ 0.57 0.13+0.03 0.56 +0.20 14.9+0.75
Etoposide 10 pg/ml 85.83 £2.89 12.46 +2.40 0.35+0.23 1.36 £0.77 14.18 +£2.89
Citral 37.5 uM 60.70 +4.66 37.36 +4.41 0.66 +0.15 1.25+0.51 39.28 +4.68
Citral 75 uM 28.28 +2.90 67.00 +2.79 2.56 +0.29 2.20+0.59 71.76 £2.90
Citral 150 uM 11.36 £3.37 82.46 +£2.96 4.11 +£0.99 2.01+£0.71 88.60 + 3.38
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