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Abstract: Evidence suggests that phytochemicals can safely modulate cancer cell biology
and induce apoptosis. Here, we investigated the anti-cancer activity of morin, a flavone
originally isolated from members of the Moraceae family in human leukemic cells,
focusing on apoptosis. An anti-cancer effect of morin was screened with several
human leukemic cell lines. U937 cells were most sensitive to morin, where it induced
caspase-dependent apoptosis in a dose-dependent manner. It also induced loss of MMP
(4¥Pn) along with cytochrome c release, down-regulated Bcl-2 protein, and up-regulated
BAX proteins. The apoptotic activity of morin was significantly attenuated by Bcl-2
augmentation. In conclusion, morin induced caspase-dependent apoptosis through an
intrinsic pathway by upregulating BAD proteins. In addition, Bcl-2 protein expression is
also important in morin-induced apoptosis of U937 cells. This study provides evidence that
morin might have anticancer properties in human leukemic cells.
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1. Introduction

Considerable interest has been drawn to the possibility of preventing or controlling cancer using
flavonoids from fruit because high intake of fruit and vegetables is associated with low incidence of
cancer [1,2]. In addition, many studies suggest that phytochemicals can safely modulate cancer cell
biology and induce cancer cell death [3,4]. Morin (3,5,7,2',4'-pentahydroxyflavone) is a flavone
originally isolated from members of the Moraceae family. It has been reported to have some properties
that regulate the inflammatory response, and halt carcinogenesis and cancer progression [5,6].
However, few studies have been conducted regarding the anti-cancer effects of morin, and the
molecular mechanisms of the anti-cancer effects are poorly elucidated in human leukemic cells.

Apoptosis is an active-energy requiring process (a type I programmed cell death) which harbors a
distinctive phenotype, such as blebbing, cell shrinkage, nuclear fragmentation, chromatin condensation,
and chromosomal DNA fragmentation [7,8]. This has been suggested to be one of the major mechanisms
of the anti-cancer effects of fruits and vegetables. Most of apoptosis triggered phytochemicals are
caspase-dependent, which usually occurs through two major pathways (the intrinsic pathway and the
extrinsic pathway); the former is mitochondria-mediated, and the latter death receptor-mediated.
However, the mechanisms of morin-induced apoptosis in cancer cells especially of mitochondrial
proteins are not fully elucidated. Therefore, we investigated the anti-cancer activity along with the
mechanisms focusing on apoptosis in human leukemic cells.
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2. Results
2.1. Morin Inhibited Proliferation and Induced Apoptosis of U937 Human Leukemic Cells

To investigate the anti-cancer activity of morin, HL-60, K562, THP-1, and U937 human leukemic
cells were treated with indicated concentrations (up to 500 uM) of morin for 48 h. A trypan blue
exclusion method (Figure 1A) and an 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) test (Figure 1B) revealed that U937 cells were the most sensitive to morin and K562 cells the
least sensitive. The growth of U937 cells was inhibited by morin treatment in a dose-dependent
manner, and ICso for 48 h treatment was less than 300 pg/mL (Figure 1A,B). To investigate the
mechanism of the cell death of U937 cells, we performed DNA fragmentation tests which revealed
a typical ladder pattern of DNA fragmentation, which indicates internucleosomal cleavage associated
with apoptosis (Figure 1C). Next, we performed cell cycle analysis to assess the population of cell
death and to determine whether morin induces cell cycle arrest. As shown in Figure 1D, morin induced
significant accumulation of cells with sub-G1 DNA content (apoptotic cell population) and
substantially decreased the GI1 fractions; in contrast, the S phase and G2M population were mildly
increased. Finally we measured the early apoptotic cells (Annexin V*/propidium iodide (PI)") by flow
cytometry. The early apoptotic cells were increased in a dose-dependent manner (Figure 1E). These
results suggest that the type of cell death induced by morin is apoptosis.

2.2. Morin Induces Caspase Activation and Subsequent Cleavage of Poly ADP Ribose Polymerase (PARP)

Next, we determined whether morin-induced apoptosis was caspase-dependent. Western blotting
analyses revealed that morin activated procaspase-3, procaspase-8, and procaspase-9 in a dose-dependent
manner (Figure 2A). Morin also induced the cleavage of PARP, B-catenin, and PLCyl which are the
substrates of caspases (Figure 2A). We next performed capase activity assays. Morin activated caspase-3
and caspase-9 rather than capase-8 in a dose-dependent manner (Figure 2B). This finding indicates that
morin induced capase-3 and caspase-9, which are associated with mitochondria-mediated apoptosis.
We confirmed the finding with a caspase-3 inhibitor, z-DEVD-fluoromethylketone (fimk). MTT and
DNA fragementation assay revealed that z-DEVD-fmk significantly reduced morin-induced cell
death (Figure 3A,B). In addition, Annexin V staining also revealed that z-DEVD-fimk significantly
reduced morin-induced cell death Figure 3C). These findings thus suggest that morin induces
caspase-dependent apoptosis.
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Figure 1. Growth inhibition and apoptosis induction by morin in U937 leukemic cells.
The growth inhibition and cytotoxicity of morin are in a dose-dependent manner. U937
cells were seeded at the density of 5 x 10* cells/mL. The cells were treated with indicated
concentrations of morin for 48 h. (A,B) Cell viability was analyzed by (A) trypan blue
exclusion method and (B) MTT assay. The data are shown as means = SD of three
independent experiments. * p < 0.05 vs. control; (C) DNA fragmentation test. A ladder
pattern of DNA fragmentation indicates internucleosomal cleavage associated with
apoptosis; (D) Cell cycle analysis. The cells harboring sub-G1 DNA content represents the
fractions undergoing apoptotic DNA degradation by morin treatment and (E) Flow
cytometry for the dual staining of Annexin V and PI. Annexin V'/PI” cells indicate the
cells undergoing early apoptosis. The proportion was expressed by percentage. The results
are from one representative of two independent experiments that showed similar patterns.

2.3. Morin Induced Loss of MMP (A¥w) Modulating Bcl-2 Family Members, BAD and Bcl-xL

Mitochondrial depolarization plays a critical role in apoptosis induction [9]. We measured the
changes in MMP (4¥n) after morin treatment. As shown in Figure 4A, morin induced the loss of
MMP (4¥n) in a dose-dependent manner. Next, to determine which apoptotic pathway is involved in
the morin-induced apoptosis, we measured the expression of death receptors and their ligands (TRAIL
receptors (DR4, DRS), TRAIL, Fas receptor (Fas), and Fas ligand (FasL)). Western blot analysis
revealed that morin did not influence either death receptor expressions or their ligands (Figure 4B).
We next assessed the levels of Bcl-2 and inhibitor of apoptosis (IAP) family members. Western blot
analysis revealed that morin upregulated BAD protein and downregulated Bcl-xL protein (Figure 4C),
suggesting that these regulatory roles are involved in morin-induced apoptosis.
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Figure 2. Activation of caspases and subsequent cleavage of PARP during the morin-induced
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Figure 3. The role of caspase 3 in morin-induced apoptosis in U937 cells. The cells
(5 x 10* cells) were incubated at the indicated concentrations of morin with or without
a caspase 3 inhibitor (z-DEVD-fmk) for 48 h. (A) Cell viability was assessed by MTT
assay. The data are shown as means + SD of three independent experiments. * p < 0.05 vs.
control; 7 p < 0.05 vs. morin-treated group; (B) DNA fragmentation test; (C) Flow
cytometry for the dual staining of Annexin V and PI. The proportion was expressed by
percentage. The results are from one representative of two independent experiments that
showed similar patterns.
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Figure 4. The effects of morin on mitochondrial membrane potential (4¥x), and Bcl-2
family members in U937 cells. (A) Morin induced Loss of MMP (4¥x) in a dose-dependent
manner. The cells were stained with JC-1 and incubated at 37 °C for 30 min. The mean JC-1
fluorescence intensity was assessed by a flow cytometer; (B,C) The effects of morin on
the expression of (B) death receptors (C) Bcl-2 and IAP family members in U937 cells.
The results are from one representative of two independent experiments that showed
similar patterns. The expression of the indicated proteins were measured by densitometry and
expressed as average relative ratio compared to actin, from two or three different experiments.
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2.4. Bcl-2 Overexpression Suppressed Morin-Induced Apoptosis and Loss of MMP (AWy) in U937 Cells

BAD forms a heterodimer with Bcl-2 and Bcl-xL, inactivating them and thus inducing apoptosis [10].
Free forms of Bcl-2 inhibits BAD-triggered apoptosis [4]. In addition, Bcl-2 is the founding member of
family proteins that regulate apoptosis. Previous data suggested that BAD protein can induce apoptosis
in the cells with Bcl-2 overexpression without loss of MMP (4%x) [11]. To answer the question
whether morin-induced BAD can induce apoptosis without triggering the loss of MMP (4¥),
we evaluated the effects of high level of Bcl-2 on morin-induced apoptosis, by comparing U937/vector
with U937/Bcl-2 cells that constitutively express high levels of Bcl-2. Unexpectedly, overexpressed
Bcl-2 significantly inhibited morin-induced cell death (Figure 5A), DNA fragmentation (Figure 5B),
and apoptotic cell death (Figure 5C). In addition, Bcl-2 overexpression reduced morin-induced loss of
MMP (4%m) (Figure 5D). Western blot analysis revealed that Bcl-2 expression level in U937/Bcl-2
cells was significantly higher (five-fold) than that in U937/vector cells, and that BAD expression was
slightly lower than that in U937/vector cells (Figure 5E). The overexpressed Bcl-2 suppressed
the activation of caspase 3 and subsequent PARP cleavages (Figure 5E). Interestingly, morin did
not induce upregulation of BAD protein in U937/Bcl-2 cells. These finding suggests that Bcl-2
overexpression may suppress morin-induced apoptosis through inhibition of loss of MMP (4¥n)
and/or suppression of BAD protein expression.
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Figure 5. Effects of Bcl-2 overexpression on morin-induced apoptosis. U937/vector or
U937/Bcl-2 cells were treated with morin for 48 h, and effects of Bcl-2 overexpression on
morin-induced apoptosis. (A) MTT assay. The data are shown as means + SD of three
independent experiments. * p < 0.05 vs. control; (B) DNA fragmentation test; (C) Cell
cycle analysis; The cells harboring sub-G1 DNA content represents the fractions undergoing
apoptotic DNA degradation by morin treatment; (D) Flow cytometry for the dual staining
of Annexin V and PI. The proportion was expressed by percentage and (E) The effects of
Bcl-2 overexpression on the expression of Bcl-2 family members and caspases in the cells
treated with morin. The expression of BAD protein was not induced in U937/Bcl-2 cells
suggesting that the up-regulation of BAD expression by morin may be associated with
inhibition of BAD protein degradation. The results are from one representative of two
independent experiments that showed similar patterns. The expression of the indicated
proteins were measured by densitometry and expressed as average relative ratio compared
to actin, from two or three different experiments.

3. Discussion

Morin (3,5,7,2',4'-pentahydroxyflavone) is a flavone originally isolated from members of the
Moraceae family, such as mulberry figs, and Chinese herbs. It is also isolated as yellow
pigment from almond hulls and old fustic (Chlorophora tinctoria). Morin is an isomer of quercetin
(3,5,7,3,4'-pentahydroxyflavone), the lead compound for targeting phophoinositide-3-kinase (pI3K)
in different cancers both in vivo and in vitro [12]. The flavonols quercetin, myricetin, and fistin,
which have ortho 3'.4'-di-OH in the B ring (catechol), have a stronger 2,2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging activity and lower inhibitory effect on superoxide production than kaempherol
(4-OH) or morin (2'4'-di-OH) [13]. In addition, morin showed similar results with apigenin
(5,7,4'-trihydroxyflavone) and luteolin (5,7,3',4'-tetrahydroxyflavone) in suppression of tumor necrosis
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factor (TNF)-induced protein Kinase B (AKT) activation; but kaempferol (3,5,7,4'-tetrahydroxyflavone)
and quercetin (3,5,7,3,4'-pentahydroxyflavone) were less active in blocking NF-kB activation [14].
However, while there is ample evidence regarding morin anti-inflammatory and anti-cancer activity,
very little is known about the mechanism.

Hence, our study was designed to determine whether morin induces apoptotic cancer cell death of
human leukemic cells and to further investigate the underlying mechanisms of the morin-induced
apoptosis of human leukemic cells. This study demonstrates that morin induced caspase-dependent
apoptosis, which was associated with BAD activation followed by loss of MMP (4%). The maximum
concentration used in the present study is two to five-fold higher than that used in many other studies
showing antitumor effects of morin. It seems that the concentrations used in this study may be an
obstacle for pursuing in vivo study. However, we previously found that the anti-cancer effects of morin
are difficult to observe by MTT assay [15]. In that study, morin did not exhibit apoptotic effects up to
200 uM, but showed in vivo anti-cancer effects without toxicity at daily dosing with 50 mg/kg for
seven days. This result supports that morin is a safe natural product with anticancer effects
in vivo. Evidence suggested that apoptosis (type I programmed cell death) is the most popular
underlying mechanism by which various anti-cancer and chemo-preventive agents including natural
compounds exert anti-cancer effects [16—18]. Also, morin promoted ROS and Ca?" productions,
disruptions of mitochondria membrane potential and activated caspase-3 and caspase-9, leading to
apoptosis in human leukemia HL-60 cells [19]. This study demonstrates that morin induced caspase-9,
and caspase-3 activation, and the subsequent cleavages of PARP (89 kDa). Although these results
suggest that morin may induce apoptosis through an intrinsic pathway, we assessed the expression
of death receptors because morin has demonstrated TNF-induced apoptosis [20], and other
flavonoids have already been reported to induce apoptosis by upregulating the Fas or TNF-related
apoptosis-inducing ligand (TRAIL) receptors [21]. We found that morin induced apoptosis by
upregulating BAD. This finding was matched with the results of caspase-9 and caspase-3 activation.
For evaluation of their underlying mechanisms, we assessed Bcl-2 expression in the process of apoptosis,
since Bcl-2 plays a critical role in apoptosis [9], as well as controlling BAD expression [22]. In this
study, we found that overexpressed Bcl-2 suppressed morin-caspase dependent apoptosis and BAD
upregulation. The anticancer activities of morin associated with Bcl-2 and X-IAP family members
have been previously published [20]. These activities were mostly observed in solid cancer, not in
leukemic cells. We demonstrated anti-cancer effects of morin in several leukemic cell lines and these
results suggest that morin might be an effective natural compound with anti-leukemic effects. In this
study we did not clearly demonstrate the mechanism of overexpressed Bcl-2-associated suppression of
morin-induced BAD upregulation. In apoptosis, the ratio of Bcl-2 and BAD protein are important [23],
and BAD protein is regulated by phosphorylation induced by many phosphatases and signaling
pathways [22,24]. A previous study [6] suggested that morin showed anti-cancer effects by
suppressing AKT activation, and we also previously demonstrated this activity [15]. MAPK and Akt
activity provide well-known regulatory signals for BAD expression [18,24,25]. Another study [26]
suggested that morin showed anti-cancer effects by STAT3 activity. Furthermore, we demonstrate here
that Bcl-2 expression is important in morin-induced apoptosis since cells overexpressing Bcl-2
were resistant to morin therapy, suggesting that morin may not exhibit anti-cancer effects in
Bcl-2-overexpressing cells. However, morin may have anti-Bcl-2 activity as shown in empty vectror
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transfected cells (Figure S5E). In addition, previous studies suggested that morin could inhibit
PI3/Akt which regulates Bcl-2 expression [27]. Therefore, further study is warranted to elucidate the
underlying mechanisms.

In conclusion, morin showed anti-cancer effects in several leukemic cell lines. The cytotoxicity may
result from apoptosis through the mitochondrial pathway by Bcl-2 inhibition and activation of BAD
protein (Figure 6). This study provides evidence that morin might be useful for the treatment of human
hematopoietic cancer cells.
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Figure 6. Proposed model of morin mechanism of action for apoptosis in U937 human
leukemic cells. Morin induced caspase-dependent apoptosis; induced loss of MMP (4¥)
along with cytochrome c release, downregulated Bcl-2 protein, and upregulated BAX
proteins. It activates caspase-3 and caspase-9, and subsequent cleavage of PARP.
In addition, caspase-3, z-DEVD-fmk reduced morin-induced cell death. Taken together,
this study suggests that morin induces caspase-dependent apoptosis through an intrinsic
pathway by modulating Bcl-2 family members, BAD and Bcl-xL, which regulates the
apoptotic effect of morin in human leukemic cells.

4. Experimental Section
4.1. Cells and Reagents

HL-60, K562, THP-1, and U937 human leukemic cells from the American type culture collection
(Manassas, VA, USA) were cultured in RPMI 1640 medium from Invitrogen (Carlsbad, CA, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS) from GIBCO BRL (Grand Island, NY, USA),
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I mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a humidified
atmosphere of 95% air and 5% COz. Morin was obtained from Aging Tissue Bank (Pusan, Korea).
Antibodies against Bcl-2 (N-19), Bel-xL, Bax, BAD, Bid, TNF-related apoptosis-inducing ligand
(TRAIL), TRAIL receptors (DR4, DRS), Fas receptor, FasL, X-linked inhibitor of apoptosis protein
(XIAP), cellular inhibitor of apoptosis protein-1 (cIAP-1), cIAP-2, survivin, procaspase 3, procaspase 8,
procaspase 9, B-catenin, and PLCyl were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Antibody against poly (ADP-ribose) polymerase (PARP) was purchased from Bd Biosciences
Pharmingen (San Diego, CA, USA). Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse
immunoglobulin, and an enhanced chemiluminescence (ECL) kit were purchased from Amersham
(Waltham, MA, USA). All other chemicals not specifically cited here were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All these solutions were stored at —20 °C. Stock solutions of
4,6-diamidino-2-phenylindole (DAPI, 100 ug/mL) and propidium iodide (PI, 1 mg/mL) were prepared
in phosphate-buffered saline (PBS).

4.2. Cell Viability Assay

The cell viability assay was performed using a trypan blue exclusion method and an MTT assay.
For the MTT assay, cells were treated with morin for 48 h, and then incubated in 0.5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (0.5 mg/mL) solution for 3 h at 37 °C in
the dark. The absorbance of each well was measured at 540 nm with an enzyme-linked immunosorbent
assay (ELISA) reader (Sunnyvale, CA, USA).

4.3. DNA Fragmentation Test

Cells were harvested and lysed in a buffer containing 10 mM Tris-HCI (pH 7.4), 150 mM NaCl,
5 mM EDTA, and 0.5% Triton X-100 for 1 h at room temperature. The lysates were vortexed
and centrifuged at 14,000 rpm for 30 min at 4 °C. A 25:24:1 (v/v/v) equal volume of neutral
phenol:chloroform:isoamyl alcohol was used for the extraction of the DNA from the supernatant.
Electrophoretic analysis was performed on 1.5% agarose gels containing 0.1 pg/mL ethidium
bromide (EtBr).

4.4. Flow Cytometry Analysis for Cell Cycle Analysis and Annexin V Apoptosis Assay

Cells were collected, washed with cold PBS, and then centrifuged. The pellet was fixed in 75%
(v/v) ethanol for 1 h at 4 °C. The cells were washed once with PBS and resuspended in cold PI solution
(50 pg/mL) containing RNase A (0.1 mg/mL) in PBS (pH 7.4) for 30 min in the dark. For annexin V
double staining, the cells were collected, washed with ice cold PBS, and then centrifuged. And 5 pL of
the annexin V conjugate was added to each 100 pL of cell suspension for 15 min, and 400 pL of
annexin V-binding buffer was used. Flow cytometry analyses were performed with a Beckman Coulter
Cytomics FC 500 (San Jose, CA, USA).
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4.5. Measurement of Mitochondrial Membrane Potential (MMP, A¥n) and Reactive Oxygen Species
(ROS) Generation

The MMP (4¥») in living cells was measured by flow cytometry with the lipophilic cationic probe
JC-1, a ratiometric, dual-emission fluorescent dye. There are two excitation wavelengths, 527 nm
(green) for the monomer form and 590 nm (red) for the J-aggregate form. The cells were harvested and
resuspended in 500 pL of PBS, incubated with 10 uM JC-1 for 20 min at 37 °C. Quantitation of green
fluorescent signals reflects the amount of damaged mitochondria. For ROS measurement, the cells
were incubated with 10 puM 2',7'-dichlorofluorescein diacetate (DCF-DA) at 37 °C for 30 min.
The cells were then washed with ice-cold PBS and harvested. Fluorescence was determined by a
FACS flow cytometer.

4.6. Western Blot Analysis

The cells were harvested and lysed. Their proteins were quantified using the BioRad protein assay
(Hercules, CA, USA). For the mitochondrial fraction, we used Mitochondria Isolation Kit for Cultured
Cells from Thermo Fisher Scientific (Waltham, MA USA), and followed the protocol. The final
supernatant is a cytosol fraction, and the pellet contains the isolated mitochondria. The proteins of the
extracts were resolved by electrophoresis, electrotransferred to a polyvinylidene difluoride membrane
from Millipore (Bedford, MA, USA), and then the membrane was incubated with the primary
antibodies followed by a conjugated secondary antibody to peroxidase. Blots were developed under an
ECL detection system.

4.7. Assay of Caspase Activity

Caspase activity was measured by colorimetric assay kits, which utilized the following
synthetic tetrapeptides, labeled with p-nitroaniline (pNA): Asp-Glu-Val-Asp (DEAD) for caspase-3,
[le-Glu-Thr-Asp (IETD) for caspase-8 and Leu-Glu-His-Asp (LEHD) for caspase-9. The cells were
lysed in the supplied lysis buffer. The supernatants were collected and incubated with the
supplied reaction buffer containing dithiothreitol and substrates at 37 °C. The caspase activities were
determined by absorbance at 405 nm using the microplate reader.

4.8. Statistics

Each experiment was performed in triplicate. The results were expressed as means + SD.
Significant differences were determined using the one-way analysis of variance (ANOVA) with
post-test Neuman-Keuls for the cases with at least three treatment groups, and Student’s #-test for two
group comparison. Statistical significance was defined as p < 0.05.

5. Conclusions

In this study, we demonstrated that morin suppressed cell viability and induced caspase-dependent
apoptosis in U937 cells. The induction of apoptosis was triggered through an intrinsic pathway by
up-regulation of BAD proteins. In addition, Bcl-2 protein expression is also important in morin-induced
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apoptosis of U937 cells. This study provides evidence that morin might have anticancer properties in
human leukemic cells.

Acknowledgments

This study was supported by grants from the National R&D Program for Cancer Control, Ministry
of Health & Welfare, Republic of Korea (0820050). We thank the Aging Tissue Bank (ATB) for
providing research materials and information.

Author Contributions

Cheol Park, and Won Sup Lee conducted the majority of the experiments and prepared the first
draft of the manuscript. Cheol Park, Se-Il Go, Min Ho Han, and Arulkumar Nagappan participated in
the design and analysis, and helped to draft the manuscript. Min Ho Han, and Su Hyun Hong
conducted the statistical analysis and the interpretation of results, and helped to draft the manuscript.
Gon Sup Kim, Gi Young Kim and Arulkumar Nagappan participated in data interpretation and helped
to draft the manuscript. Taeg Kyu Kwon, Chung Ho Ryu and Sung Chul Shin helped to revise the
manuscript. Cheol Park, Won Sup Lee and Yung Hyun Choi planned and designed this research,
and revised the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Lee, J.E.; Mannisto, S.; Spiegelman, D.; Hunter, D.J.; Bernstein, L.; van den Brandt, P.A.;
Buring, J.E.; Cho, E.; English, D.R.; Flood, A.; et al. Intakes of fruit, vegetables, and carotenoids
and renal cell cancer risk: A pooled analysis of 13 prospective studies. Cancer Epidemiol.
Biomark. Prev. 2009, 18, 1730-1739.

2. Gandini, S.; Merzenich, H.; Robertson, C.; Boyle, P. Meta-analysis of studies on breast cancer
risk and diet: The role of fruit and vegetable consumption and the intake of associated
micronutrients. Eur. J. Cancer 2000, 36, 636—646.

3. Hatcher, H.; Planalp, R.; Cho, J.; Torti, F.M.; Torti, S.V. Curcumin: From ancient medicine to
current clinical trials. Cell. Mol. Life Sci. 2008, 65, 1631-1652.

4. Surh, Y.J. Transcription factors in the cellular signaling network as prime targets of
chemopreventive phytochemicals. Cancer Res. Treat. 2004, 36, 275-286.

5. Kawabata, K.; Tanaka, T.; Honjo, S.; Kakumoto, M.; Hara, A.; Makita, H.; Tatematsu, N.;
Ushida, J.; Tsuda, H.; Mori, H. Chemopreventive effect of dietary flavonoid morin on chemically
induced rat tongue carcinogenesis. Int. J. Cancer 1999, 83, 381-386.

6. Brown, J.; O’Prey, J.; Harrison, P.R. Enhanced sensitivity of human oral tumours to the flavonol,
morin, during cancer progression: Involvement of the akt and stress kinase pathways.
Carcinogenesis 2003, 24, 171-177.



Int. J. Mol. Sci. 2015, 16 658

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Buendia, B.; Santa-Maria, A.; Courvalin, J.C. Caspase-dependent proteolysis of integral and
peripheral proteins of nuclear membranes and nuclear pore complex proteins during apoptosis.
J. Cell Sci. 1999, 112 Pt 11, 1743—1753.

Kerr, J.F.; Wyllie, A.H.; Currie, A.R. Apoptosis: A basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br. J. Cancer 1972, 26, 239-257.

Hengartner, M.O. The biochemistry of apoptosis. Nature 2000, 407, 770-776.

Yang, E.; Zha, J.; Jockel, J.; Boise, L.H.; Thompson, C.B.; Korsmeyer, S.J. Bad, a heterodimeric
partner for bel-x1 and bel-2, displaces bax and promotes cell death. Cell 1995, 80, 285-291.
Schimmer, A.D.; Hedley, D.W.; Pham, N.A.; Chow, S.; Minden, M.D. Bad induces apoptosis in
cells over-expressing bcl-2 or bcel-xI without loss of mitochondrial membrane potential.
Leuk. Lymphoma 2001, 42, 429443,

Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational
approaches to estimate solubility and permeability in drug discovery and development settings.
Adv. Drug Deliv. Rev. 2001, 46, 3-26.

Wang, L.; Tu, Y.C.; Lian, T.W.; Hung, J.T.; Yen, J.H.; Wu, M.J. Distinctive antioxidant and
antiinflammatory effects of flavonols. J. Agric. Food Chem. 2006, 54, 9798-9804.

Ruiz, P.A.; Haller, D. Functional diversity of flavonoids in the inhibition of the proinflammatory
nf-kappab, irf, and akt signaling pathways in murine intestinal epithelial cells. J. Nutr. 2006, 136,
664—671.

Jin, H.; Lee, W.S.; Eun, S.Y; Jung, J.H.; Park, H.S.; Kim, G.; Choi, Y.H.; Ryu, C.H.; Jung, J.M,;
Hong, S.C.; et al. Morin, a flavonoid from moraceae, suppresses growth and invasion of the
highly metastatic breast cancer cell line mda-mb231 partly through suppression of the akt
pathway. Int. J. Oncol. 2014, 45, 1629—-1637.

De Sousa, R.R.; Queiroz, K.C.; Souza, A.C.; Gurgueira, S.A.; Augusto, A.C.; Miranda, M.A.;
Peppelenbosch, M.P.; Ferreira, C.V.; Aoyama, H. Phosphoprotein levels, mapk activities and
nfkappab expression are affected by fisetin. J. Enzym. Inhib. Med. Chem. 2007, 22, 439—-444.

Liu, B.L.; Zhang, X.; Zhang, W.; Zhen, H.N. New enlightenment of french paradox: Resveratrol’s
potential for cancer chemoprevention and anti-cancer therapy. Cancer Biol. Ther. 2007, 6, 1833—1836.
Chun, K.H.; Kosmeder, J.W., 2nd; Sun, S.; Pezzuto, J.M.; Lotan, R.; Hong, W.K.; Lee, H.Y.
Effects of deguelin on the phosphatidylinositol 3-kinase/akt pathway and apoptosis in premalignant
human bronchial epithelial cells. J. Natl. Cancer Inst. 2003, 95, 291-302.

Kuo, H.M.; Chang, L.S.; Lin, Y.L.; Lu, H.F.; Yang, J.S.; Lee, J.H.; Chung, J.G. Morin inhibits the
growth of human leukemia hl-60 cells via cell cycle arrest and induction of apoptosis through
mitochondria dependent pathway. Anticancer Res. 2007, 27, 395-405.

Manna, S.K.; Aggarwal, R.S.; Sethi, G.; Aggarwal, B.B.; Ramesh, G.T. Morin
(3,5,7,2',4'-pentahydroxyflavone) abolishes nuclear factor-kappab activation induced by various
carcinogens and inflammatory stimuli, leading to suppression of nuclear factor-kappab-regulated
gene expression and up-regulation of apoptosis. Clin. Cancer Res. 2007, 13, 2290-2297.

Jin, C.Y; Park, C.; Cheong, J.; Choi, B.T.; Lee, T.H.; Lee, J.D.; Lee, W.H.; Kim, G.Y.; Ryu, C.H.;
Choi, Y.H. Genistein sensitizes trail-resistant human gastric adenocarcinoma ags cells through
activation of caspase-3. Cancer Lett. 2007, 257, 56—64.



Int. J. Mol. Sci. 2015, 16 659

22.

23.

24.

25.

26.

27.

Ayllon, V.; Cayla, X.; Garcia, A.; Roncal, F.; Fernandez, R.; Albar, J.P.; Martinez, C.; Rebollo, A.
Bcl-2 targets protein phosphatase 1 alpha to bad. J. Immunol. 2001, 166, 7345-7352.

Yu, B.; Sun, X.; Shen, H.Y.; Gao, F.; Fan, Y.M.; Sun, Z.J. Expression of the apoptosis-related
genes bcl-2 and bad in human breast carcinoma and their associated relationship with
chemosensitivity. J. Exp. Clin. Cancer Res. 2010, 29, 107.

Fang, X.; Yu, S.; Eder, A.; Mao, M.; Bast, R.C., Jr.; Boyd, D.; Mills, G.B. Regulation of bad
phosphorylation at serine 112 by the ras-mitogen-activated protein kinase pathway. Oncogene
1999, /8, 6635-6640.

Peng, S.F.; Lee, C.Y.; Hour, M.J.; Tsai, S.C.; Kuo, D.H.; Chen, F.A.; Shieh, P.C.; Yang, J.S.
Curcumin-loaded nanoparticles enhance apoptotic cell death of u2os human osteosarcoma cells
through the akt-bad signaling pathway. Int. J. Oncol. 2014, 44, 238-246.

Gupta, S.C.; Phromnoi, K.; Aggarwal, B.B. Morin inhibits stat3 tyrosine 705 phosphorylation in
tumor cells through activation of protein tyrosine phosphatase shpl. Biochem. Pharmacol. 2013,
85, 898-912.

Sivaramakrishnan, V.; Devaraj, S.N. Morin fosters apoptosis in experimental hepatocellular
carcinogenesis model. Chem. Biol. Interact. 2010, 183, 284-292.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



