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A Hexane Fraction of Guava Leaves (Psidium guajava L.)
Induces Anticancer Activity by Suppressing AKT/Mammalian Target
of Rapamycin/Ribosomal p70 S6 Kinase in Human Prostate Cancer Cells
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ABSTRACT This study was carried out to evaluate the anticancer effects of guava leaf extracts and its fractions. The
chemical compositions of the active extracts were also determined. In the present study, we set out to determine whether the
anticancer effects of guava leaves are linked with their ability to suppress constitutive AKT/mammalian target of rapamycin
(mTOR)/ribosomal p70 S6 kinase (S6K1) and mitogen-activated protein kinase (MAPK) activation pathways in human
prostate cancer cells. We found that guava leaf hexane fraction (GHF) was the most potent inducer of cytotoxic and apoptotic
effects in PC-3 cells. The molecular mechanism or mechanisms of GHF apoptotic potential were correlated with the sup-
pression of AKT/mTOR/S6K1 and MAPK signaling pathways. This effect of GHF correlated with down-regulation of various
proteins that mediate cell proliferation, cell survival, metastasis, and angiogenesis. Analysis of GHF by gas chromatography
and gas chromatography—mass spectrometry tentatively identified 60 compounds, including f-eudesmol (11.98%), a-copaene
(7.97%), phytol (7.95%), a-patchoulene (3.76%), [f-caryophyllene oxide (CPO) (3.63%), caryophylla-3(15),7(14)-dien-6-ol
(2.68%), (E)-methyl isoeugenol (1.90%), a-terpineol (1.76%), and octadecane (1.23%). Besides GHF, CPO, but not phytol,
also inhibited the AKT/mTOR/S6K1 signaling pathway and induced apoptosis in prostate cancer cells. Overall, these findings
suggest that guava leaves can interfere with multiple signaling cascades linked with tumorigenesis and provide a source of
potential therapeutic compounds for both the prevention and treatment of cancer.
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INTRODUCTION

UAVA (Psipium GUAJAVA LINN.) is a member of the

Myrtaceae family, which contains at least 133 genera
and more than 3800 plant species. African folk medicine
uses guava leaf to treat many diseases, including diabetes
mellitus, diarrhea, cough, painful menstruation, and hyper-
tension. It is also used to treat acne, painful menses, tooth
decay, gum infection, and sore throat, as a disinfectant for
wounds, and as an antiseptic (see www.boyikporo
wealth.com). Other investigations have already examined
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antibacterial,' antidiarrheic,” antihyperglycemic,* anti-acne,*
and sedative® effects, as well as anticough6 and narcotic-like’
activities of the plant species. Many reports have shown that
the leaves of guava are rich in triterpenoids,® flavonoids,” es-
sential oil,'° and tannins.!! Recently, guava leaf extracts have
been reported to exhibit anti-inflammatory,'? spermatopro-
tective,'? and chemopreventive'*!” effects. For instance, they
have been shown to suppress the proliferation of various tumor
cells, including prostate adenocarcinoma, mouth epidermal
carcinoma, colon carcinoma, and murine leukemia. In con-
trast, it also protects human umbilical vein endothelial cells
from loss of viability caused by hyperglycemia.'®

Prostate cancer is an androgen-dependent disease and is
usually treated with androgen deprivation therapy, which is
usually effective in the first stages of the disease.!® However,
androgen deprivation therapy ultimately fails in many men,
and continuous androgen deprivation usually leads to recur-
rent androgen-independent prostate cancer.’>*! The phos-
phatidylinositol 3-kinase (PI3K)/AKT signal transduction
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pathway plays a key role in cell survival and the protection
of cells from apoptosis in human prostate cancer develop-
ment and progression.”>?* Activation of PI3K leads to the
phosphorylation or activation of several downstream targets
such as AKT. The activation of AKT is markedly increased
in androgen-independent cells compared with androgen-
dependent cells.>* PI3K/AKT signaling has been implicated
in the regulation of the mammalian target of rapamycin
(mTOR) pathway, which regulates cell growth.>* The
overexpression of AKT is reportedly involved in the for-
mation of a prostate intraepithelial neoplasia lesion, which is
reversed through mTOR inhibition in a transgenic mouse
model.>> Hence, mTOR has become a key player in meta-
static prostate cancer because of its effects on growth by
regulating of hypoxia-inducible factor-10:¢ and inhibiting of
transforming growth factor-f1.2” The mTOR signaling
pathway has also been identified as an important drug target
in cancer therapy recently.”® In addition, several studies
have demonstrated that ribosomal p70 S6 kinase (S6K1)
activity is controlled by mTOR by direct®**° and indi-
rect’’*? mechanisms. S6K1 is a mitogen-activated serine/
threonine kinase that has a critical role in control of cell
cycle, growth, and survival. Recently, it has been reported to
inactivate the pro-apoptotic molecule BAD by phosphory-
lation, thereby also promoting cell survival.*

Because overactivation in the AKT/mTOR/S6K1 signaling
pathway is closely linked with tumorigenesis, angiogenesis,
and metastasis**> in prostate cancer, we hypothesized that the
guava leaf hexane fraction (GHF) mediates its effects, in part,
through the inhibition of the AKT/mTOR/S6K1 pathway. We
tested this hypothesis in human prostate cancer PC-3 cells. In
our experiments, GHF indeed suppressed constitutive AKT/
mTOR/S6K1 activation. This inhibition decreased cell sur-
vival and down-regulated expression of proliferative, meta-
static, and angiogenic proteins, ultimately leading to the
induction of apoptosis via caspase-3 activation in human
prostate cancer cells.

MATERIALS AND METHODS
Cell culture

PC-3 and LNCaP cells were grown in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum, penicillin
(100 units/mL), and streptomycin (100 ug/mL) at 37°C in a
humidified atmosphere with 5% CO,. All experiments were
performed 1 day after seeding the cells.

Preparation of various fractions from guava leaves

Air-dried Jeju guava leaves were pulverized and extracted
with 80% methanol and occasional sonication for 3 days at
room temperature. After being filtered, the extract was
concentrated with a vacuum rotary evaporator under re-
duced pressure and lyophilized. The methanol extract was
suspended in water and further fractionated with four dif-
ferent solvents in a stepwise manner. The resulting fractions
were the n-hexane fraction, chloroform fraction, ethyl ace-
tate fraction, n-butanol fraction, and water fraction. The

extract powder was dissolved in dimethyl sulfoxide and
diluted with phosphate-buffered saline (PBS) (pH 7.4) to
give the final concentrations.

Chemicals

Anti-phospho (p)-AKT (Ser473), anti-AKT, anti-p-mTOR
(Ser2448), anti-mTOR, anti-p-S6K1 (Thr421/Ser424), anti-
S6K1, anti-p-extracellular signal-regulated kinase (ERK)
(Thr202/Tyr204), anti-ERK, anti-p-c-Jun N-terminal kinase
(JNK) (Thr183/Tyr185), anti-JNK, anti-p-p38 (Thr180/
Tyr182), anti-p38, anti-caspase-3, and anti-cleaved caspase-3
antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Anti-Bcl-2, anti-Bcl-xL, anti-survivin,
anti-inhibitor of apoptotic proteins (IAP)-1, anti-IAP-2, anti-
cyclin D;, anti-cyclooxygenase-2 (COX-2), anti-vascular
endothelial growth factor (VEGF) anti-caspase-8, anti-cas-
pase-9, anti-poly(ADP-ribose) polymerase (PARP), anti-f-
actin antibodies, and horseradish peroxidase—conjugated
secondary antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Extracts of guava leaves (methanol,
n-butanol, CHCIs, hexane, water, and ethyl acetate) were
kindly provided by Dr. Somi Cho (Cheju National University,
Jeju, Korea). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), 4',6-diamidino-2-phenylindole
(DAPI), and propidium iodide (PI) were purchased from
Sigma (St. Louis, MO, USA). Rhodamine-123 was from
Molecular Probes (Eugene, OR, USA). Annexin V was from
BD Biosciences (Palo Alto, CA, USA). The terminal deox-
ynucleotidyl transferase dUTP nick end-labeling (TUNEL)
assay kit was from Roche Diagnostics GmbH (Mannheim,
Germany). AKT inhibitor (SH-5) was from Calbiochem
(Nottingham, United Kingdom). Rapamycin and NVP-
BEZ235 were from Cayman Chemical Co. (Ann Arbor, MI,
USA).

MTT assay

Cell viability was measured by an MTT assay to detect
NADH-dependent dehydrogenase activity. Fifty microliters
of MTT solution (5 mg/mL) in 1X PBS was directly added to
the cells, which were then incubated for 4 h to allow MTT to
metabolize to formazan. Absorbance was measured with an
automated spectrophotometric plate reader at a wavelength
of 570nm. Cell viability was normalized as relative per-
centages in comparison with untreated controls.

Western blot analysis

After PC-3 cells were treated with the indicated concen-
tration of GHF, the cells were lysed, and the total protein
concentration was determined with the Bradford reagent
(Bio-Rad, Hercules, CA). Equal amounts of lysates were
resolved on sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred to a polyvinylidene fluoride
membrane (Bio-Rad), and the membrane was blocked with
Ix Tris-buffered saline containing 0.1% Tween 20 and 5%
skim milk or 5% bovine serum albumin for 1h at room
temperature. After blocking, the membranes were incubated
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overnight at 4°C with the respective primary antibodies. The
membranes were washed three times and incubated with
diluted (1:10,000) horseradish peroxidase—conjugated sec-
ondary antibodies for 1h at room temperature. After three
washes, the membranes were detected using the enhanced
chemiluminescence kit (Millipore, Bedford, MA, USA).

Cell cycle analysis

PC-3 cells were seeded onto six-well plates at a density of
5x10° cells per well and incubated for 1 day. After treat-
ment with the indicated concentration of GHF for 24 h, the
cells were collected and washed with 1x PBS. Cell pellets
were fixed in 70% cold ethanol overnight at —20°C. The
fixed cells were resuspended in 1x PBS containing 1 mg/mL
RNase A and incubated for 1 h at 37°C, and the cells were
stained by adding 50 pg/mL PI for 30 min at room temper-
ature in the dark. The DNA contents of the stained cells were
analyzed using CellQuest™ software with a FACSVan-
tage™ SE (Becton Dickinson, Heidelberg, Germany) flow
cytometer.

TUNEL analysis

Individual apoptotic cell death was observed using a TU-
NEL assay kit. For a flow cytometer assay, PC-3 cells were
seeded onto six-well plates at a density of 1x10° cells per
well, incubated for 1 day, and then treated with GHF for 24 h.
The cells were collected and washed with 1XxPBS. Cell
pellets were fixed with 4% paraformaldehyde for 30 min at
room temperature. The fixed cells were permeabilized by
0.2% Triton X-100 in 1x PBS for 15min, washed, re-
suspended in 1x PBS containing TUNEL reaction solution,
and incubated for 1 h at 37°C in the dark. For the fluorescence
microscopy assay, the cells were seeded onto a poly-L-lysine-
coated slide, fixed with 4% paraformaldehyde for 30 min at
room temperature, and washed three times with 1x PBS. At
15 min after permeabilization with 0.2% Triton X-100, the
cells were washed three times with 1x PBS, and TUNEL
reaction solution was added. The cells were covered with
aluminum foil and incubated for 1h at 37°C in a humidified
CO; incubator. Then, the cells were then stained with 1 ug/
mL DAPI solution for 5 min at room temperature in the dark.

Annexin V assay

Cells (1 x 10°) were treated with GHF for 24 h, fixed with
4% paraformaldehyde, and stained by annexin V conjugated
to fluorescein isothiocyanate or with 1 ug/mL DAPI solu-
tion. The cells were washed and analyzed with a flow cyt-
ometer or a confocal microscope.

Measurement of mitochondrial membrane potential

Rhodamine-123 was used as the mitochondrial membrane
potential (Aym)—sensitive dye. At 24 h after treatment with
GHEF, the cells washed with 1x PBS and incubated with
10 uM rhodamine-123 for 30 min at room temperature in the
dark. The cells were washed with 1x PBS and fixed with 4%
paraformaldehyde. Next, the cells were stained with 1 ug/mL

DAPI solution, mounted, and analyzed using a fluorescence
microscope.

Identification of active constituents from GHF (Table 1)

The dried extracts were dissolved in 1 mL of hexane, and
1 uL of the solution was injected for gas chromatography—mass
spectrometry analysis, which was performed using an Agilent
6890N gas chromatograph with a model 5975 mass-selective
detector (Hewlett-Packard, Palo Alto, CA, USA) equipped with
a DB-5MS fused silica column (30 m length X 0.25 mm 1i.d. X
0.25 um film thickness, J&W Scientific, Folsom, CA, USA).
The carrier gas was helium with a constant flow rate of
1.0 mL/min. One aliquot (1 uL) was injected into the capillary
column in a splitless mode. The oven temperature was pro-
grammed as follows: 40°C (2 min); 5°C/min to 150°C; 2°C/
min to 200°C; 5°C/min to 250°C (3 min). The injector and
transfer-line temperatures were 230°C and 250°C, respectively.
The ionization energy was 70 eV, and the mass scan range was
m/z=35-550. Compounds were identified by comparing their
retention times and mass spectra with those of the Wiley 275
library (available with the Agilent device). The retention index
value of compounds was calculated with n-paraffins from C; to
C» as external standards.’%3”

Statistical analysis

All numerical values are represented as the mean+ SD.
Statistical significance of the data compared with the un-
treated control was determined using Student’s unpaired
t test. Significance was set at P<.05.

RESULTS AND DISCUSSION

Although guava leaves have been shown to suppress the
proliferation of a wide variety of cell types and induce ap-
optosis, the exact mechanism of action of guava leaves has
not been elucidated. The goal of this study was to investigate
the effect of guava leaves on the AKT/mTOR/S6K1 sig-
naling, various proteins, and cellular responses. Here, we
observed that GHF not only exerted significant apoptotic
effects, but it also suppressed constitutive activation of
PI3K/AKT/mTOR/S6K1 and mitogen-activated protein ki-
nases (MAPKs) in human prostate PC-3 cancer cells.
Consequently, GHF down-regulated various proteins in-
volved in cell proliferation, anti-apoptosis, and metastasis.
We also clearly demonstrated that GHF can modulate both
PI3K/AKT/mTOR/S6K1 and MAPK signaling pathways
and induce apoptosis in PC-3 cells.

Compared with the other fractions, GHF exerted the
strongest cytotoxicity in PC-3 cells (15.02£0.36, P <0.001,
n=4; Fig. 1A) and induced cell death even at 50 pug/mL,
although the induction was significant from 100 ug/mL
(27.37+£1.46, P<0.001, n=4; Fig. 1B). GHF induced
morphological changes and cell loss (Fig. 1C-ii, 1D-ii; 1E-
ii), and PI staining revealed the peaks that represent the
apoptotic cells (sub-Gj): they remarkably increased from
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TABLE 1. CoMPOUNDS TENTATIVELY IDENTIFIED IN THE HEXANE FRACTION OF GUAVA LEAF EXTRACT

Homology RPA

Number Compound RT* (%) (%)
1 6-Methyl-5-hepten-2-one 11.27 86 0.03
2 m-Cymene 12.73 90 0.02
3 Nonanal 15.89 90 0.06
4 Phenylethyl alcohol 16.07 95 0.29
5 Terpinene-4-ol 18.62 95 0.06
6 o-Terpineol 19.18 91 1.76
7 Dodecane 19.42 91 0.03
8 Decanal 19.62 91 0.05
9 4-Methoxybenzaldehyde 21.28 91 0.06

10 Tridecane 22.93 83 0.04

11 exo-2-Hydroxycineole acetate 24.79 64 0.04

12 Butyl butyrate 25.21 72 0.03

13 (E)-5-Octadecene 25.96 90 0.05

14 1,6-Dimethyl-2-pyridthione 26.09 59 0.11

15 Tetradecane 26.24 97 0.31

16 Cyclotetradecane 26.38 86 0.03

17 (E)-Caryophyllene 26.72 99 0.39

18 (Z)-Methyl isoeugenol 27.86 97 0.30

19 1-Tetradecanol 28.58 60 0.14

20 1-Cyclohexyl-1-butyne 28.78 56 0.77

21 Germacrene D 28.65 96 0.07

22 (E)-Methyl isoeugenol 29.15 98 1.90

23 0-Cadinene 29.81 96 0.08

24 2,4,6-Trimethyl-1,3,6-heptatriene 29.98 53 0.16

25 o-Calacorene 30.48 91 0.07

26 Nerolidol 31.12 95 1.28

27 o-Caryophyllenol 31.48 64 0.51

28 Caryophyllene oxide 31.67 99 3.63

29 Guaiol 32.10 91 0.84

30 Hexadecane 32.33 98 1.33

31 Humulene oxide 32.47 90 0.82

32 y-Cadinene 32.65 53 0.65

Homology RPA

Number Compound RT* (%)° (%)°
33 Chrysomelidial 32.75 78 0.40
34 Caryophylla-3(15),7(14)-dien-6-ol 33.28 98 2.68
35 T-Cardinol 3343 90 1.16
36 T-Muurolol 33.49 91 1.12
37 a-Copaene 33.57 97 7.97
38 p-Eudesmol 33.81 95 11.98
39 o-Patchoulene 33.89 87 3.76
40 Caryophylla-3,8(13)-dien-5$-0l ~ 34.21 97 0.86
41 o-Bisabolol 34.71 91 0.42
42 2,6-Dimethoxy-4-(2-propenyl)- 34.95 86 0.39
phenol
43 Heptadecane 35.13 96 0.32
44 Loliolide 36.78 56 0.29
45 p-Oplopenone 36.85 70 0.22
46 Germacrene B 37.72 56 0.26
47 Octadecane 37.81 96 1.23
48 Longifolenaldehyde 38.35 78 0.25
49 Nonadecane 40.35 96 0.10
50 Hexadecanoic acid, methyl ester  40.95 99 0.69
51 Dehydroaromadendrene 42.20 70 0.07
52 Eicosane 42.78 98 0.44
53 9,12-Octadecadienoic acid, 44.86 99 0.30
methyl ester
54 9,12,15-Octadecatrienoic acid, 44.99 95 0.22
methyl ester
55 (E)-8-Octadecenoic acid, 45.04 99 0.69
methyl ester
56 Phytol 45.26 95 7.95
57 Neophytadiene 46.14 78 0.12
58 Docosane 47.35 98 0.42
59 (Z2)-9-Octadecenamide 50.56 95 0.59
60 Tetracosane 51.53 98 0.22

“Retention time (RT) (in min).

"Homology: MS/RI, mass spectrum was identical with that of Wiley 275 mass spectrum database and retention index was consistent with those of the literature
(Kondjoyan and Berdague®® and Acree and Ahn®’); MS, mass spectrum was consistent with that of the Wiley 275 mass spectrum database.
“Relative peak area (RPA) percentage (peak area relative to the total peak area percentage).

5% to 16% in a dose-dependent manner (Fig. 1C-i, 1D-i, 1E-
i). These data suggest that GHF decreases cell viability by
arresting the cell cycle at the sub-G; phase in PC-3 cells.
Previous studies have shown that guava leaves can suppress
the growth only in two human prostate cancer cells, Dul45
and LNCaP cells; Chen et al.'> showed that guava leaves
contain a novel rhamnoallosan, which exhibited potent an-
ticancer activity in Dul45 cells through an unknown
mechanism.

Although the sub-G; peaks on PI staining represent an
apoptotic feature, it can also represent mechanically dam-
aged cells, cells with different chromatin structure, or nor-
mal cells with lower DNA content. Therefore, we further
demonstrated the effects of GHF on cell death by examining
early apoptosis by membrane phosphatidylesterase exposure
using the annexin V antibody. The annexin V—positive cells
(regarded as early apoptotic cells) were weakly increased
compared with the nontreated cells when evaluated by flow
cytometry (Fig. 2A) or fluorescence microscopy (Fig. 2B).
On the other hand, late apoptotic cells were drastically in-

creased by GHF when we examined late apoptosis by DNA
strand breaks through the TUNEL assay (Fig. 2C-E). The
collapse of Ay, results in mitochondria dysfunction leading
to mitochondrial swelling, cytochrome c releases, and apo-
ptosis.®® Therefore, we examined whether GHF induces
changes in the Ay, As shown in Figure 2F, the accumu-
lation of rhodamine-123 in the mitochondria was notably
decreased by GHF compared with the nontreated cells.
These results indicate that GHF induces both early and late
apoptosis via mitochondrial dysfunction in PC-3 cells.
Because the constitutive expression of the proteins Bcl-2,
Bcl-xL, survivin, IAP-1, and IAP-2 has been implicated in
cell survival and anti-apoptosis,®**! we examined the effect
of GHF on the constitutive expressions of these genes. GHF
suppressed the expression of these proteins in a concentra-
tion-dependent manner (Fig. 3A). Because procaspase-9,
procaspase-8, procaspase-3, and PARP are associated with
the apoptotic cell death pathway,*>** we next investigated
their levels in GHF-treated PC-3 cells. Here, GHF slightly
induced the cleavage of procaspase-9, whereas procaspase-8
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were seeded on 96-well plates, fractions of guava leaves (methanol [MeOH], n-butanol [BuOH], CHCl3, hexane, water [H>O], and ethyl acetate
[EtOAc]) were treated at 150 pg/mL for 24 h. (B) The cells were treated with various indicated concentrations of guava leaf hexane fraction (GHF)
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and procaspase-3 were clearly induced by GHF at 100-
150 ug/mL concentrations as seen by the disappearance of
the procaspase band and appearance of its cleavage forms.
In addition, GHF induced PARP cleavage in a concentra-
tion-dependent manner (Fig. 3B). Overall, these results
demonstrate that GHF mainly induced the activation of
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caspase-8 and caspase-3 that led to the cleavage of PARP.
Also, GHF repressed cell cycle protein (cyclin D;) and
proteins linked with metastasis and angiogenesis (COX-2
and VEGF) (Fig. 30).

We next investigated whether GHF modulates the activity
of AKT, which is representative of proteins involved in cell
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FIG. 2. GHF induced apoptosis via loss of mitochondrial membrane potential. PC-3 cells were treated with 100 or 150 ug/mL GHF for 24 h and the cells
were incubated with a fluorescein isothiocyanate—conjugated annexin V antibody and then analyzed by (A) flow cytometry and (B) fluorescence microscopy
as described in Materials and Methods. DAPI, 4',6-diamidino-2-phenylindole. Color images available online at www.liebertonline.com/jmf (Continued)
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survival and proliferation. As shown in Figure 4A, GHF
suppressed constitutive AKT/mTOR/S6K1 signaling in both
PC-3 and LNCaP cells. In particular, GHF suppressed
constitutive AKT activation in a concentration-dependent
manner (Fig. 4B). The downstream proteins of AKT—
constitutive mTOR and S6K1 activation—were also in-
hibited by GHF. In addition, total expression level of S6K1
distinctly reduced by GHF may be due to various terpenes
such as f-eudesmol, a-copaene, phytol, or it might be a
combination of various phytochemicals present in the frac-
tion. Our data indicate that suppression of the AKT/mTOR/
S6K1 signaling by GHF could partially affect its cytotox-
icity in PC-3 cells. Recently, Chen et al.'® have demon-
strated that guava leaves induce apoptosis through the
inactivation of AKT and activation of p38 and ERK1/2 in
LNCaP cells. Because the growth of PC-3 and DU-145 cells
is androgen-independent, it would be quite different from
cell growth signaling compared with the LNCaP cells,
which are androgen-dependent.** It has been shown that
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the level of AKT activation was drastically enhanced in
androgen-independent cells compared with androgen-
dependent cells.?* AKT is also reported to be linked to
nuclear factor-kB (NF-xB) activation through the phos-
phorylation of p65 to enhance the transcriptional activity of
NF-«xB.* Furthermore, Akt is positively involved in COX-2
expression in the Toll-like receptor-4 pathway.*® Choi
et al."> showed that guava leaves inhibit lipopolysaccharide-
stimulated inducible nitric oxide synthase and COX-2 pro-
duction via the down-regulation of NF-xB activation. NF-
kB activation is known to regulate the expression of
cell survival, proliferative, metastatic, and angiogenic
proteins.*’

GHF inhibited constitutive mTOR (Ser2448) activation in
both PC-3 and LNCaP cells. Many reports have shown that
overactivation of mTOR is closely associated with tumori-
genesis.*® In recent years, specific mTOR inhibitors have
shown promise in clinical trials of treatments for malignant
tumors.”! It is implied that agents targeting the mTOR
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FIG. 4. GHF suppressed the AKT-mammalian target of rapamycin (mTOR)-ribosomal p70 S6 kinase (S6K1) signaling pathway in both PC-3
and LNCaP cells. (A) PC-3 and LNCaP cells were treated with 150 pg/mL GHF for 6 h. Then, equal amounts of lysates were analyzed by western
blot analysis using antibodies against phospho (p)-AKT (Ser473) and AKT, p-mTOR (Ser2448) and mTOR, and p-S6K1 (Thr 421/Ser424) and
S6K1. AR, androgen receptor. (B) PC-3 cells were treated with different indicated concentrations of GHF for 6 h, after which equal amounts of
lysates were analyzed by western blot analysis using antibodies against p-AKT (Ser473) and AKT, p-mTOR (Ser2448) and mTOR, p-S6K1 (Thr
421/Ser424) and S6K1, and f-actin. The results shown are representative of three independent experiments. (C) PC-3 cells were treated with GHF
(150 pg/mL), AKT inhibitor (SH-5, 3 uM), rapamycin (20 nM), or NVP-BEZ235 (50 nM) for 6 h and then analyzed by western blot analysis using
antibodies against p-AKT (Ser473) and AKT, p-mTOR (Ser2448) and mTOR, and p-S6K1 (Thr 421/Ser424) and S6K1. (D) Cells were treated
with various indicated concentrations of GHF for 6 h. Then equal amounts of lysates were analyzed by western blot analysis using antibodies
against p-extracellular signal-regulated kinase (ERK) (Thr202/Tyr204) and ERK, p-c-Jun N-terminal kinase (JNK) (Thr183/Tyr185) and JNK,
and p-p38 (Thr180/Tyr182) and p38. The results shown here are representative of three independent experiments.
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signaling can be very powerful and potential candidates for
the prevention and treatment of cancer. We also found that
GHF reduced constitutive S6K1 (Thr421/Serd24) activa-
tion, which is a direct downstream target of the mTORC1
(mTOR, Gf31, and raptor). Several reports have described
the role of p70S6K1 in inducing actin filament remodeling,
forming lamellipodia and filopodia structures, and decreas-
ing active stress fibers by regulating cell migration.>>~>*
Thus, the inhibition of the AKT/mTOR/S6K pathways may
also contribute to the anticancer effect of GHF. To under-
stand how GHF modulates various cell signaling pathways,
the potential effects of GHF on the AKT/mTOR/S6K1
signaling cascade were compared with those of an AKT
inhibitor (SH-5), an mTOR inhibitor (rapamycin), and dual
PI3K/mTOR inhibitor (NVP-BEZ235). We found that SH-
5 and rapamycin were the most potent in inhibiting AKT
and mTOR activation, respectively (Fig. 4C). However,
GHF and NVP-BEZ235 could broadly block all three
kinases in AKT/mTOR/S6KI1 signaling axis compared with
SH-5 and rapamycin, thereby indicating that GHF can
regulate multiple molecular targets and signaling pathways
in PC-3 cells.

Akt signaling through mTOR is important for oncogen-
esis; it protects cancer cells from apoptosis and drug resis-
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tance in vivo.> Thus, this implies that suppression of AKT/
mTOR/S6K activation by GHF could facilitate apoptosis.
Activated AKT exerts anti-apoptotic effects, positively
regulates NF-xB transcription, modulates angiogenesis,
promotes tumor invasion/metastasis, and antagonizes cell
cycle arrest.>® The down-regulation of cyclin D; expression
by GHF correlated with suppression of the accumulation of
cells in the G, phase of the cell cycle, which is consistent
with the requirement of cells for cyclin D;. p70S6K has been
also shown to be required for cell growth and G; cell cycle
progression.’” Because Bcl-2 and Bcl-xL differentially
protect human prostate cancer cells from induction of apo-
ptosis,® its down-regulation could contribute to the ability
of GHF to induce apoptosis in the cells. Zhang et al.>®
demonstrated that survivin mediates resistance to anti-
androgen therapy in prostate cancer. We further observed that
GHF dramatically suppressed constitutive survivin expression,
suggesting that GHF is a novel strategy for enhancing sensi-
tivity to androgen ablation therapy. Consistent with this evi-
dence, we found that GHF could clearly suppress VEGF
expression at a lower concentration of 50 pug/mL.. Although we
do not know whether GHF inhibits endothelial cell migration
and invasion, it is possible that the suppression of VEGF is the
potential link for inhibition of angiogenesis by GHF.

OH

FIG. 5. GHF and f-caryophyllene
oxide (CPO) suppressed the constitu-
tive activation of AKT/mTOR/S6K1
and induced apoptosis. (A) Chemical
structures of CPO and phytol. MW,
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molecular weight. (B) PC-3 cells were
treated with GHF (150 ug/mL), CPO
(50 uM), or phytol (50 uM) for 6h and
then analyzed by western blot analysis
using antibodies against p-AKT (Ser473)
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or phytol (50 uM) for 6h and then ana-
lyzed by western blot analysis using
antibodies against caspase-3 and PARP.
An anti-f-actin antibody was used as a
loading control. (D) Schematic diagram
showing the effects of GHF on phos-
phatidylinositol ~ 3-kinase/AKT/mTOR/
S6K1 and mitogen-activated protein ki-
nase signaling pathways and apoptosis.
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To prove the inhibition of signaling with MAPKSs is re-
sponsible for the anticancer activity of GHF, we determined
whether GHF suppresses the phosphorylation of ERK, JNK,
and p38 in PC-3 cells. We found that GHF suppressed the
constitutive activation of ERK, JNK, and p38 without af-
fecting the expression of the kinase protein (Fig. 4D). These
results suggest that the inhibition of signaling with MAPKs
also plays a critical role in mediating the anticancer activi-
ties of GHF in PC-3 cells.

Gas chromatography—mass spectrometry analysis revealed
the presence of terpenes, including f-eudesmol (11.98%), o-
copaene (7.97%), phytol (7.95%), a-patchoulene (3.76%), -
caryophyllene oxide (CPO) (3.63%), caryophylla-3(15),7
(14)-dien-6-0l (2.68%), (E)-methyl isoeugenol (1.90%), and
a-terpineol (1.76%), and some hydrocarbons, including hex-
adecane (1.33%) and octadecane (1.23%). The major com-
pound, f-eudesmol, was previously isolated from several
plants®>®! and was shown to have potent anti-inflammatory®°
and antitumor activities.®' In addition, there are a few more
terpene compounds such as a-copaene and phytol that were
also shown to have anti-inflammatory activity®? and an anti-
scratching behavioral effect,®® respectively. Therefore, the
significant anti-inflammatory activity exhibited by GHF may
be due to each of these compounds—f;-eudesmol, a-copaene,
and phytol—or it might be a combination of others or all
phytochemicals present in the fraction. It is interesting that
we also observed that CPO clearly suppressed the constitutive
activation of AKT/mTOR/S6K1 and induced apoptosis
through caspase-3 activation, but not phytol (Fig. SA-C).
These results suggest that CPO is potentially involved in
regulating the pathway.

When these results are taken together, GHF specifically
suppresses AKT/mTOR/S6K kinase signaling and leads to the
induction of apoptosis through the down-modulation of pro-
teins that mediate tumor cell survival, proliferation, metasta-
sis, and angiogenesis in human prostate cancer cells. Because
of the lack of any known toxicity, guava leaves should be
further explored for indentifying its active constituents and
anticancer potential in a wide variety of tumor cells. Also,
studies in animals are required to validate these findings.
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