Anti-proliferative effects of cinnamaldehyde on human hepatoma cell lines
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Abstract

Cinnamaldehyde has been shown to exert diverse health beneﬁts on humans. We investigated the molecular effects of cinnamaldehyde on the growth regulation mechanism and the Janus kinase signal transducers and activators of the transcription (JAK–STAT) signalling pathway in human hepatoma cells. We found that cinnamaldehyde caused inhibition of cellular mitogenesis, partly by promoting apoptosis in two human hepatoma cancer cell lines – HepG2 and Hep3B. Ampliﬁed changes in caspase 3 activity, Bcl-2 protein expression, and mitochondrial cytochrome c release were displayed in cinnamaldehyde treatments in these cells. The ability of cinnamaldehyde to induce growth arrest was also veriﬁed by the observation that it signiﬁcantly decreased the protein levels of cyclin D1 and proliferative cell nuclear

antigen (PCNA) but increased the protein levels of p27 Kip1and p21Waf1/Cip1. Especially, the JAK2–STAT3/STAT5 signalling pathway was markedly blocked by cinnamaldehyde in human hepatoma cells. Suppressor of cytokine signalling 1 (SOCS1) and SOCS3 expressions were slightly activated by cinnamaldehyde. The speciﬁc JAK2 inhibitor, AG490, signiﬁcantly prevented the phosphorylation of STAT3 and STAT5 proteins and enhanced the effect of cinnamaldehyde-inhibited cellular mitogenesis. Hence, these results suggest that cinnamaldehyde has a potent inhibitory effect against human hepatoma cell growth, and the JAK2–STAT3/STAT5 and that the apoptotic pathways may be important targets of cinnamaldehyde.
1. Introduction

Hepatocellular carcinoma (HCC) is now the ﬁfth most common human cancer, with high mortality and is the third leading cause of cancer death worldwide (Shariff et al., 2009; Shen, Hsu, & Cheng, 2010; Yang & Roberts, 2010). HCC is much more common in Taiwan and southeast China than in the United States and European Union, ranking among the most common type of cancer in these regions, and is more common in men than in women (Lin, van den Esschert, Liu, & van Gulik, 2011; Shariff et al., 2009; Yang & Roberts, 2010). The overall survival of patients with HCC is gloomy, and currently, there is no effective chemoprevention or systematic treatment (Kerr & Kerr, 2009). HCC commonly develops from liver cirrhosis, in which there is continuous hepatocyte hyperplasia, metastasis, and inﬂammation; this suggests that cell cycle controllers, tumour suppressor and promoter genes, DNA damage, growth factors/cytokines, proteinases, angiogenic factors, metabolic genes, and reactive oxygen species (ROS) are involved in the process of hepatocarcinogenesis (Lawless, O’Byrne, & Gray, 2010; Whittaker, Marais, & Zhu, 2010). Cinnamaldehyde is a principle and a bioactive compound isolated from the leaves of Cinnamomum osmophloeum kaneh (Chang, Chen, & Chang, 2001; Cheng, Liu, Tsai, Chen, & Chang, 2004). Studies have demonstrated that cinnamaldehyde has anti-bacterial activities (Chang et al., 2001), anti-tumourigenic effects (Ka et al., 2003; Shin et al., 2006), immunomodulatory (Chao et al., 2005, 2008; Tung, Chua, Wang, & Chang, 2008) and anti-fungal activities (Cheng, Liu, Hsui, & Chang, 2006), and anti-diabetic effects (Subash, Prabuseenivasan, & Ignacimuthu, 2007; Zhang, Xu, Guo, Meng, & Li, 2008). The outcome of treatment with cinnamaldehyde may be cell- and tissue-speciﬁc. For example, although it is known to cause allergic contact dermatitis in skin (Smith, Moore, Elahi, Smart, & Hotchkiss, 2000), it is also reported to be immunomodulatory and reduces activation of  lipopolysaccharide-stimulated macrophages (Chao et al., 2005, 2008), possibly via an antioxidant action (Tung et al., 2008). In other instances, however, cinnamaldehyde may increase ROS, reduce mitochondrial membrane potential, release cytochrome c, activate caspases and cause apoptosis in human leukaemic cells (Ka et al., 2003). Thus there are disparate outcomes from cinnamaldehyde treatments. The Janus kinase (JAK)–signal transducer and  activator transcription factor (STAT) signalling pathway is known to be a major cascade associated with the  signal transduction for many cytokines/growth factors (Yu, Pardoll, & Jove, 2009). The interactions of these cytokines/growth factors with speciﬁc surface receptors trigger the activation of JAKs and then STATs. The activation of JAK and STAT depends on phosphorylation at the speciﬁc tyrosine residues. One well-characterized member of the STAT family is the STAT3 protein, with a strong oncogenic potential which is frequently overexpressed in a variety of solid tumours, hematological malignancies and transformed cell lines (Constantinescu, Girardot, & Pecquet, 2008). The suppressor of the cytokine signalling (SOCS) protein family is known to act as a negative regulator of the JAK–STAT pathway (Croker, Kiu, & Nicholson, 2008). Of these, SOCS1 and SOCS3 have been shown to inhibit phosphorylation and activation of interferon-induced STATs by inhibiting the interferon receptor-associated JAKs. The interaction of STAT with SOCS can lead to the activation and upregulation of various genes that contribute  to  cellular  proliferation  and  carcinogenesis  (Croker et al., 2008; Yu et al., 2009). One potential mechanism by which hepatitis B virus X protein can cause liver cancer may involve intracellular distribution and consecutively modulation of the proliferative important STAT/SOCS signalling, with upregulation of STAT3 (Bock et al., 2008). However, the effect of cinnamaldehyde treatment on the JAK/STAT/SOCS pathway in hepatocarcinogenesis is still unknown. Our previous studies have found that the ability of cinnamaldehyde to inhibit high glucose-induced hypertrophy was veriﬁed by the observation that it  signiﬁcantly decreased cell size, cellular hypertrophy index, and protein levels of collagen IV, ﬁbronectin, and a-smoothmuscleactininrenaltubularepithelialcells(Chao, Chang, Shih, & Huang, 2010). Furthermore, the phosphorylation of extracellular signal-regulated kinase/c-Jun N-terminal kinase/ p38 mitogen-activated protein kinase induced by high glucose was also inhibited by cinnamaldehyde. Nevertheless, the consequence of cinnamaldehyde treatment for the growth regulation mechanism and the apoptotic pathway in human hepatoma cells has yet to be elucidated. Human hepatoma HepG2 and Hep3B cells represent  well-characterized, reliable models that have been widely used to study the molecular and biochemical variations in anti-tumour effects. Therefore, the objective of the current study was to explore the molecular effects of cinnamaldehyde on the growth regulation and the JAK–STAT signalling pathway in these cells, and to provide evidence for the anti-tumour activity. 

2. Materials and methods

2.1. Reagents

Anti-JAK2, -STAT3, -STAT5, -p27Kip1, -p21Waf1/Cip1,  -Bcl-2,  -c-Myc, -cytochrome c, -PCNA, -SOCS1, -SOCS3, and -cyclin D1 antibodies were purchased from Santa Cruz Biotechnology, Inc., Santa Cruz, CA. Anti-phospho-JAK2, -phospho-STAT3, and  -phospho STAT5 antibodies were obtained from Upstate Biotechnology Inc., Charlottesville, VA. Staurosporine, dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay kit, caspase 3 activity assay  kit, and anti-b-actin antibodies, and all other chemicals were purchased from Sigma–Aldrich Chemical, St. Louis, MO. Lactate dehydrogenase (LDH)-cytotoxicity assay kit was purchased from BioVision, Mountain View, CA. AG490 was purchased from Calbiochem, La Jolla, CA. HRP-conjugated goat anti-rabbit or anti-mouse secondary antibody, streptavidin-peroxidase, and the enhanced chemiluminescence  kit  were  obtained  from  Amersham  Corp,  Arlington Heights, IL. N,N0-methylenebisacrylamide, acrylamide, SDS, ammonium persulfate, Temed, and Tween 20 were purchased from BioRad Laboratories, Hercules, CA. FBS, DMEM, antibiotics, molecular weight standards, trypsin–EDTA, trypan blue dye, and all medium additives were obtained from Life Technologies, Gaithersburg, MD. 

2.2. Collection of essential oil from C. osmophloeum leaf

The leaves of 13-year-old C. osmophloeum were collected fromthe  Da-Pin-Ting  of  the  Taiwan  Sugar  Farm  located  in  Nantou County in central Taiwan. The fresh leaf oils of C. osmophloeum were obtained by using water distillation in a Clevenger-type apparatus for 6 h and their constituents determined by GC–MS (Chao et al., 2008). The sampling of essential oil was performed by a mass spectrometer, which was equipped with a PoLaris Q mass selective detector in the electron impact (EI) ionization mode (70 eV), and using a RTx-5 capillary column (30 m 
 0.25 mm; ﬁlm thickness 0.25 μm).The oven temperature was held at 80oC for 1 min to 200 oC and held for 5 min at a rate of 4 oC/min. The injection temperature was 250 oC, detector temperature was  280 oC, and helium was used as a carrier gas at a split ratio of 10:1. Iden-tiﬁcation of the major components of C. osmophloeum leaf oil was conﬁrmed by comparison with standards, by spiking, and on the basis of their mass spectral fragmentation, using the Wiley GC–MS library. The quantity of compounds was obtained by integrating the peak area of the spectrograms.

2.3. Puriﬁcation of cinnamaldehyde

Leaf oils (1.5 g) of C. osmophloeum were puriﬁed by semi-pre-parative HPLC on a model L-7150 instrument (Hitachi, Japan) with a 250 x 10 mm i.d., 5 μm Luna Silica (absorption wavelength k = 254 nm) (Phenomenex, American) column, ethyl acetate/hexane (15:85) mobile phase, 4 ml/min ﬂow rate, and Hitachi L-7490 RI detector (Chao et al., 2008). Pure cinnamaldehyde (yield% = 85% and purity > 98%) was obtained (t R= 9.04 min).

2.4. Culture conditions

The human hepatoma (HepG2 and Hep3B) and non-malignant Chang’s liver cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were grown in culture ﬂasks  (Nunclon,  Denmark)  and  maintained  in  DMEM supplemented with 100 i.u./ml of penicillin,  100 lg/mlstreptomycin and 10% FBS in a humidiﬁed 5% CO2 incubator at 37 
C. In this study, cells were exposed to serum-free (0.1% FBS) DMEM supplemented with cinnamaldehyde or the JAK2 kinase inhibitor AG490 for 4 h prior to timed exposure to DMEM containing 10% FBS. For cell number analysis, cells cells per well) were seeded in  6-well  (9.6 cm2/well)  culture plates (Nunclon) and grown in the added test agents. Subconﬂuent cells were harvested by using 0.25% trypsin–EDTA. Cells were resuspended in equal volumes of medium  and  trypan  blue  (0.05%  solution)  and  counted  using  a haemocytometer. Trypan blue dye exclusion was used to assess cell viability. Each experimental data point represents the mean of duplicate wells from three independent experiments.

2.5. Cell viability assay

Cell viability (MTT) assay was performed to evaluate the proliferation of human hepatoma cells. Cells were plated and incubated for 24 h in wells of a 96-well plate. Then cinnamaldehy 20, 100μM),staurosporine(0.1lM),orAG490(5lM)wereadded

to the wells. Cells with no added treatment were used as control.

After treatment, 10 llofsterileMTTdyewasaddedtoeachwell, and the cells were incubated for 6 h at 37 
C. Then 100 llofacidic isopropanol  (0.04 M  HCl  in  isopropanol)  were  added  and  thoroughly mixed. Spectrometric absorbance at 595 nm (for formazan dye) was measured with the absorbance at 655 nm for reference. According to cell viability assay and cell number analysis, the lower and non-toxic concentration of cinnamaldehyde (20 μM) was used in subsequent experiments.

2.6. Cytotoxicity assay

LDH content was determined by using a LDH-cytotoxicity assay kit, which is based on a coupled enzymatic reaction that results in the conversion of a tetrazolium salt into a red formazan product. The increase in the amount of formazan produced in culture supernatant directly correlates with the increase in the number of lysed cells.  The formazan was quantiﬁed spectrophotometrically by measuring its absorbance at 490 nm. A group of wells was treated with 1% Triton X-100 solution for maximum LDH  release. The mean of the background value was subtracted from all other values. Cytotoxicity in experimental samples was expressed as a percentage of the LDH release of 10% FBS-treated cells (control).

2.7. Caspase 3 activity assay

Caspase-3 activity was measured using a colorimetric activity kit and the manufacturer’s instructions. This assay measures the hydrolysis of acetyl-Asp-Glu-Val-Asp  p-nitroanilide  (Ac-DEVD- pNA) by caspase-3 that  results in the release of  p-nitroanilide (pNA). Absorbances were measured at 405 nm and the results calculated using a standard curve derived from known concentrations of pNA. 

2.8. Western blot analysis

One day before treatment, 1.5 
 106 cells were seeded in T-75 ﬂasks. Cell growth medium was replaced 24 h after seeding, followed by addition of test compounds after medium change. For protein  analysis,  total  cell  lysates  were  harvested  and  lysed  in SDS–polyacrylamide  gel  electrophoresis  (SDS–PAGE)  sample buffer  (0.375 M  Tris–HCl,  pH  6.8,  30%  glycerol,  10%  SDS,  2% b-mercaptoethanol,   0.1%   bromophenol  blue),   and   heated   for

3 min at 95 
C. Samples were resolved by 10% SDS–PAGE, and then transferred to Protran membranes (0.45 lm,SchieicherandSchuell, Keene, NH, USA). The membranes were blocked in blocking solution and subsequently probed with primary antibodies. The membrane was incubated in 4000
 diluted HRP-conjugated goat anti-rabbit or anti-mouse secondary antibody. The protein bands were detected using the enhanced chemiluminescence (ECL) system. For the JAK2/STATs activation assay, proteins were resolved by SDS–PAGE and transferred to Protran membranes. The membranes were probed with anti-phospho-JAK2 (1 lg/ml),anti-phospho-STAT3 (1 lg/ml),anti-phospho-STAT5(1lg/ml), anti-JAK2 (0.75 lg/ml), anti-STAT3(1lg/ml), andanti-STAT5(1lg/ml) antibodies. Immunoreactive proteins were detected with the ECL system as described above. The intensity of Western blot bands was quantiﬁed by densitometric analysis. Results were expressed as the ratio of intensity of the protein of interest to that of b-actin or the indicated protein from the same sample.

2.9. Assay of cytochrome c release To obtain cytosolic fractions, cells were harvested and washed once in cold PBS, and then incubated with mitochondria isolation buffer (300 mM sucrose, 10 mM KCl, 1.5 mM MgCl 2, 20 mM HEPES, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 1lg/mlleupeptin, 10lg/mlpepstatin,10lg/mlaprotinin)onicefor30min.

Then, cells were disrupted by 20 passages through a 26-gauge needle. The disrupted cells were centrifuged at 750g for 10 min at 4 
C. The resulting supernatant was then twice centrifuged at 12,000g for 20 min at 4 
C, and the supernatant was collected as the cytosolic fraction. For assay of cytochrome c release, the cytosolic fraction  was  electrophoresed on 12% SDS–PAGE, and Western blot analysis was then performed using anti-cytochrome c antibody.

2.10. Statistical analysis

Analysis and graphing of data were performed with Prism 3.0 (GraphPad Software, San Diego, CA). Data were expressed as means ± SEM. Statistical analysis was performed by ANOVA for multiple group comparison and by Student’s t-test for direct comparison of two groups. P values <0.05 were considered signiﬁcant.

3. Results

3.1. Cinnamaldehyde attenuates cellular mitogenesis in humanhepatoma cells To  determine  whether  cinnamaldehyde  modulated  cellular mitogenesis in human hepatoma (HepG2 and Hep3B) and nonmalignant  Chang’s  liver  cell  lines,  cells  were  seeded  in  culture plates in equal numbers and left to grow to 30–40% conﬂuence in  medium  containing  10%  FBS.  Cells  were  washed  twice  with PBS  buffer  and  maintained  in  medium  containing  0.1%  FBS  for 48 h. The growth-arrested cells were then treated with cinnamaldehyde or DMSO in the presence of 10% FBS for 3 days. DMSO was  added  as  solvent  control.  The cell viability assay (Fig.  1A) and cell number analysis (Fig. 1B) showed that raising the ambient cinnamaldehyde  concentration  (1,  2,  10,  20,  100 lM)causesa dose-dependent decrease in cellular mitogenesis when compared with control (5% FBS) in HepG2 and Hep3B cells. The high concentration (100 lM)ofcinnamaldehydecausedsigniﬁcantdecreasein cellular mitogenesis when compared with the control in Chang’s liver  cells.  The  ﬁnding  suggested  that  hepatoma  (HepG2  and Hep3B)  cells  were  relatively  more  sensitive  than  were  nonmalignant Chang’s liver cells when these cells were treated with

cinnamaldehyde.
3.2. Effects of cinnamaldehyde on apoptosis and cytotoxicity in human hepatoma cells In order to assess whether cinnamaldehyde inhibited cellular mitogenesis through an apoptotic mechanism, we analyzed, in detail, changes in caspase 3 activity, expression of the antiapoptotic protein Bcl-2 and the apoptogenic protein cytochrome c. As shown in Fig. 2A, obvious differences were observed regarding the caspase 3 activities between cinnamaldehyde (20 μM)andcontrolcultures

in  HepG2  and  Hep3B  cells.  In  addition,  the  apoptotic-inducer, staurosporine  (0.1 lM),markedlyincreasedcaspase3activity. The  effects  of  cinnamaldehyde  and  staurosporine  on  the  membrane integrity and cytotoxicity of these cells were also clariﬁed by evaluating the release of LDH into the experimental medium. We found that cinnamaldehyde (20 μM) slightlyenhancedthe LDH release when compared with control (Fig. 2B). Similar effects were also found in cinnamaldehyde-treated non-malignant Chang’s liver cell lines (data not shown). Furthermore, cinnamaldehyde treatments had signiﬁcant effects on Bcl-2 and cytosolic cytochrome  c  expression,  as  compared  with  control  in  HepG2  and Hep3B cells (Fig. 3). Moreover, the pronounced dec and increase in cytosolic cytochrome c were detected after staurosporine treatment. However, cinnamaldehyde (20 lM)treatments had no obvious effect on Bcl-2 and cytosolic cytochrome c expression as compared with the control in Chang’s liver cells (data not shown). We suggest that a moderate concentration of cinnamaldehyde (20

lM) may promote apoptosis or increase cytotoxicity in hepatoma cells.

3.3. Effects of cinnamaldehyde on cell cycle regulatory molecules

To gain further insight into the mechanism exerted by cinnamaldehyde, we next wished to determine whether cinnamaldehyde is responsible for inhibition of cell cycle progression in hepatoma cells. Western blot analysis revealed that cinnamaldehyde cannot affect synthesis of c-Myc (Fig. 4) in HepG2 and Hep3B cells. Furthermore, cinnamaldehyde markedly reduced cyclin D1 and PCNA syntheses. However, expressions of p27 Kip1 and p21 Waf1/Cip1 were signiﬁcantly induced by cinnamaldehyde. These results indicated that suppression of cyclin D1 and PCNA synthesis and induction of p27 Kip1 and p21 Waf1/Cip1 are the underlying mechanisms by cinnamaldehyde  to  promote inhibition of cell  cycle  progression in hepatoma cells.

3.4. Effects of cinnamaldehyde on the JAK–STATs activation and SOCS expression

Evidence is accumulating to indicate that JAK–STATs activation may be an important feature of hepatocellular carcinoma (Bock et al., 2008; Constantinescu et al., 2008; Yu et al., 2009). To investigate  whether  cinnamaldehyde  and  the  JAK2–STATs  pathway played roles in hepatocellular proliferation, cinnamaldehyde and the JAK2 kinase inhibitor, AG490, were used to pretreat HepG2 and Hep3B cells. Interestingly, we found that cinnamaldehyde signiﬁcantly reduced phospho-JAK2, phospho-STAT3 and  phosphor STAT5 without obviously affecting JAK2, STAT3 and STAT5 protein levels in these cells (Fig. 5A–C). Phosphorylation of JAK2, STAT3 and STAT5 were also signiﬁcantly inhibited by administration of AG490. On the other hand, the SOCS protein family is known to act  as  a  negative  regulator  of  the  JAK–STAT  pathway  (Croker et al., 2008). We found that cinnamaldehyde markedly enhanced both SOCS1 and SOCS3 protein syntheses (Fig. 5D). Taken together, these observations demonstrate that the JAK2–STAT3/STAT5 pathway may be an important signal mediator in the cinnamaldehyde modulated biological responses in HepG2 and Hep3B cells. 

3.5. Effect of the JAK2 kinase inhibitor on cellular mitogenesis in human hepatoma cells To achieve a better understanding of the JAK–STAT pathway in volved in cellular mitogenesis in human hepatoma cells, we further examined the effects of the JAK2 kinase inhibitor, AG490, on cell viability and cell numbers in HepG2 and Hep3B cells. As depicted in Fig. 6, AG490 signiﬁcantly suppressed cellular mitogenesis in these cells in a dose-dependent manner. In addition, we examined the question of whether or not cinnamaldehyde plus AG490 displayed the enhanced antiproliferative effects in HepG2 and Hep3B cells. Compared with  20lMcinnamaldehyde-or 5lMAG490-treated cells, reinforced growth inhibition were observed in these cells treated with cinnamaldehyde (20 μM)plusAG490(5μM). These results indicated that down-regulation of the JA STAT5 activation is the important mechanism for cinnamaldehyde to promote inhibition of cellular mitogenesis in human hepatoma cells.

4. Discussion

Numerous studies have previously suggested that cinnamaldehyde and its derivatives have inhibitory effects on hyperglycemia, angiogenesis, mutagenesis, tumourigenesis, and inﬂammatory responses. We have recently shown that cinnamaldehyde in high glucose-induced cellular hypertrophy in renal interstitial ﬁbroblasts may serve a potential anti-ﬁbrotic function through a mechanism  dependent on its activation of the  ERK/JNK/p38  MAPK pathway (Chao et al., 2010). Previous works by others have shown an inhibitory effect of cinnamaldehyde on cell cycle progression and tumour cell growth (Jeong et al., 2003; Ka et al., 2003). Moreover, the cinnamon-derived dietary Michael acceptor transcinnamic aldehyde impairs melanoma cell invasiveness (Cabello et al., 2009). However, no clear mechanistic explanation was reported. Therefore, the present work further investigates the mechanism of action of cinnamaldehyde that modulates the inhibitory effect on growth and proliferation in human hepatoma cells. We found that cinnamaldehyde caused inhibition of cellular mitogenesis, partly by promoting apoptosis in two human hepatoma cancer  cell  lines  –  HepG2  and  Hep3B.  In  addition,  the  ability  of cinnamaldehyde to induce growth arrest was veriﬁed by the observation that it signiﬁcantly decreased the protein levels of cyclin D1 and PCNA but increased the protein levels of p27 Kip1 and p21 Waf1/ Cip1 . Activation of the JAK2–STAT3/STAT5 signalling pathway was markedly blocked by cinnamaldehyde. On the other hand, the speciﬁc JAK2 inhibitor signiﬁcantly enhanced the effect of cinnamaldehyde-inhibited cellular mitogenesis. Hence, this study suggested that cinnamaldehyde has a potent inhibitory effect against human hepatoma cell growth, and the JAK2–STAT3/STAT5 signalling and the apoptotic pathway may be important targets of cinnamaldehyde. The dietary ﬂavouring cinnamaldehyde was reported to induce apoptosis in a variety of tumour cells (Ka et al., 2003; Koppikar et al., 2010; Shin et al., 2006). It has been known to trigger apoptosis through mitochondrial permeability transition in human promyelocytic leukaemia HL-60 cells, by activating the proapoptotic Bcl-2 family proteins (Ka et al., 2003). In cervical cancer cells, cinnamaldehyde induced apoptosis through increase in intracellular calcium signalling, as well as loss of mitochondrial membrane potential (Koppikar et al., 2010). Therefore, we investigated whether cinnamaldehyde could exhibit the apoptotic activity in hepatoma cells. We found that cinnamaldehyde acted directly on HepG2

and Hep3B cells to induce cytotoxicity in a manner that causes caspase-dependent apoptosis. Cinnamaldehyde induced cytotoxicity toward hepatoma cells at concentrations that are minimally toxic to non-malignant Chang’s liver cells. Investigating the mechanism by which hepatoma cells undergo apoptosis in response to cinnamaldehyde treatment, we found that apoptosis occurred in manner that depended upon caspase 3 activation. Furthermore, exposure of hepatoma cells to cinnamaldehyde modulated the expression of key apoptotic regulatory proteins, including the important Bcl-2family member, Bcl-2, which is an antiapoptotic protein. Finally, cinnamaldehyde increased the release of cytochrome c from mitochondria in hepatoma cells. Thus, in this study, we suggest that cinnamaldehyde caused inhibition of cellular mitogenesis, partially 
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