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Abstract. The present study, to the best of our knowledge, is 
the first systematic study of the inhibitory effects of palmi-
toyl piperidinopiperidine (PPI; Japan Patent no. 5597427), on 
colon carcinogenesis. PPI exhibited marked growth inhibitory 
activity in several human colon carcinoma cell lines, with IC50 
values of approximately 0.5‑2.2 µM. In silico docking analysis 
indicated that PPI could bind to the SH2 domain of signal 
transducer and activator of transcription 3 (STAT3). PPI mark-
edly inhibited the transcriptional activity of the SW837 cell 
line. Flowcytometric analysis demonstrated that PPI induced 
an increase in the number of cells in the G1 phase of the cell 
cycle, and induced sub‑G1 fractions of cells at a higher concen-
tration level of PPI. In the HT29 and SW837 cells, western 
blot analyses exhibited that in whole cell lysates, PPI induced 
a marked decrease in the expression levels of p‑STAT3, but 
not in the levels of STAT3 in these cells. PPI also induced a 
marked decrease in the expression levels of both STAT3 and 
p‑STAT3 in the chromatin fraction. In addition, PPI affected 
the protein expression levels of cyclin D1, p53, Bcl‑2, Bcl‑xL 
and vascular endothelial growth factor (VEGF). In the HT29 
cells, PPI induced a marked and dose‑dependent increase 
in the expression levels of Bax, cleaved caspase‑3, cleaved 
caspase‑7, cleaved caspase‑8, cleaved caspase‑9 and cleaved 
poly (ADP‑ribose) polymerase (PARP). In animal model 
systems, PPI inhibited the growth of implanted carcinoma 

cells, and also induced a significant decrease in the multi-
plicity of colonic aberrant crypt foci. In addition, a marked and 
dose‑dependent inhibition of angiogenesis of the chick chorio-
allantoic membrane was observed. As regards the possible 
molecular mechanisms, it is suggested that the inhibition of 
STAT3 by PPI may affect the function of molecules that are 
related to apoptosis, angiogenesis and cell cycle progression, 
eventually contributing to the PPI‑induced growth inhibitory 
effects.

Introduction

There is increasing interest in the use of natural products 
for treatment and/or prevention of a variety of diseases (1,2). 
Natural products, such as propolis processed by honeybees, 
contain a wide variety of chemical compounds that exert potent 
biological effects, and also exhibit anticancer activity (3). 
The authors have previously the growth inhibitory activity of 
ethanol extracts from plant resin‑derived propolis in human 
colon carcinoma cell lines (3). The authors have also previ-
ously found that the dietary administration of powdered leaves 
of Peucedanum japonicum and Terminalia catappa reduces 
the occurrence of azoxymethane‑induced aberrant crypt foci 
(ACF), preneoplastic lesions in rat colon carcinogenesis (4,5). 

The medium‑chain fatty acid (FA), 10‑hydroxy‑2‑decenoic 
acid (10‑HDA) (Fig. 1A), is the most abundant FA and a 
major lipid component of the honeybee product, royal jelly 
(RJ) (6,7). This unique FA exhibits a broad range of biological 
and pharmacological properties (8‑10). For instance, there are 
several studies reporting the antibacterial activity of RJ against 
Gram‑positive and Gram‑negative bacteria (6,11‑13). However, 
limited experimental evidence is available for the biological 
properties, including the anticancer and anti‑inflammatory 
activities of 10‑HDA (14,15). 

In the present study, inspired by the biological profile of 
10‑HDA in continuation of a previous study (16) by the authors, 
a novel compound, 1‑palmitoyl‑4‑piperidinopiperidine (PPI), 
that exhibits a resemblance to 10‑HDA in its backbone struc-
ture, was synthesized. The aim of the present study was to 
examine the anticancer activities of PPI. In addition, the present 
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study aimed to elucidate the molecular mechanisms through 
which it inhibits the growth of human colon carcinoma cells, 
focusing on the possibility that it may exert its effects, at least 
in part, by suppressing the function of a signal transducer and 
activator of transcription 3 (STAT3) and its related molecules. 

Materials and methods

Chemistry and chemicals. PPI (Fig. 1B) was synthesized 
by the authors (17). In brief, palmitic acid and 1‑hydroxy-
benzotriazole were dissolved in dimethylformamide, and 
4‑piperidinopiperidine was added and mixed (solution 1). 
1‑Ethyl‑3‑(3‑dimethylaminopropyl)‑carbodiimide was 
dissolved in dimethylformamide (solution 2). Solutions 1 and 2 
were mixed under cooled conditions (4˚C) for 2 h and at room 
temperature for 12 h. Chloroform was added to the reaction 
product and followed by washing with hydrochloric acid twice 
and saturated brine solution twice.

Cryptotanshinone (CTS) (Tokyo Chemical Industry Co., Ltd.), 
a specific inhibitor of the signal transducer and activator of 
transcription 3 (STAT3) SH2 domain, and 5‑fluorouracil 
(5‑FU; Sigma‑Aldrich; Merck KGaA) were dissolved in 
dimethyl sulfoxide (DMSO; Sigma‑Aldrich; Merck KGaA). 
All chemicals were stored at ‑20˚C until use.

Silica gel column chromatography. The remaining chloroform 
solution was purified with silica gel column chromatography, 
yielding PPI. PPI (=1‑(1,4'‑bipiperidin‑1'‑yl)hexadecan‑1‑one): 
Mp. 189˚C; EIMS m/z (rel. int.): 406 [M]+ (42), 377 (12), 322 (11), 
167 (46), 124 (100), 110 (20), 84 (30); 1H‑NMR (400 MHz, 
CDCl3) δ: 0.88 (3H, t, J=6.8 Hz), 1.25 (26H, br s), 1.60‑1.69 
(5H, m), 2.00‑3.40 (4H, br s), 2.17 (2H, m), 2.30 (2H, dd, J=8.8, 
7.8 Hz), 2.53 (2H, m), 3.08 (2H, m), 3.26 (2H, m), 4.01 (1H, m), 
4.86 (1H, m). PPI was dissolved in acetone (FUJIFILM Wako 
Pure Chemical Corp.). 

Cells and cell culture. HT29, SW480, SW837 and HCT116 
human colorectal carcinoma cell lines, and the FHC human 
colon normal epithelial cell line were obtained from the 
American Type Culture Collection (ATCC). Exponentially 
dividing cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM; FUJIFILM Wako Pure Chemical 
Corporation) supplemented with 10% (v/v) fetal bovine 
serum (BioWest S.A.S.) in an incubator with humidified air 
at 37˚C with 5% CO2. Cells were plated in 10‑cm culture 
dishes (Thermo Fisher Scientific, Inc.), treated with 1.0‑10 µM 
PPI for 24 or 48 h and harvested. As an untreated vehicle 
control, cells were treated with acetone or DMSO at a final 
concentration ≤0.5%. 

Cell proliferation assays. Cell viability was determined 
using colony formation and MTT assays performed as 
previously described (18). Carcinoma cells were plated into 
6‑well 35‑mm‑diameter culture plates (7.5x102 cells/well) and 
treated with 0.3% acetone (control) or various concentrations 
(0.25‑5 µM) of PPI for 7 days in DMEM plus 10% FBS. After 
washing with phosphate‑buffered saline (PBS), colonies were 
fixed with 100% methanol (FUJIFILM Wako Pure Chemical 
Corporation) and stained with Giemsa solution at room 

temperature for 30 min (Sigma‑Aldrich; Merck KGaA) and 
then counted. 

Carcinoma cells or colon normal epithelial cells were 
seeded into 96 well plates (1‑5x103 cells/well). Cells were 
treated with acetone/DMSO (control) or increasing concentra-
tions of 0.07‑12.5 µM PPI, 1.2‑20 µM CTS or 1.2‑20 µM 5‑FU 
for 48 or 96 h. MTT reagent (50 µg) was added to each well, and 
assayed using an MTT assay kit (Roche Diagnostics GmbH). 
The absorbance was measured at 595 nm using a spectro-
photometric microplate reader (Model 680 series microplate 
readers; Bio‑Rad Laboratories, Inc.). The IC50 value was calcu-
lated from kinetic parameters derived from the growth curve 
data of each chemical. All assays were performed in duplicate 
or triplicate and yielded similar results. In these two assay 
systems, the relative surviving fraction, when compared with 
cells treated with the vehicle, was plotted on the dose‑response 
curve. A viability of 100% corresponds to the control cells.

Flow cytometric analysis. Flow cytometric analysis was 
performed as previously described (19). The HT29 and SW837 
cells were plated onto 10‑cm dishes in DMEM containing 
10% FBS. After synchronizing the cells with serum starvation, 
the cells were treated with 0.1% acetone (control) or 1‑10 µM 
PPI for 48 h, harvested, fixed with 70% ethanol, centrifuged 
(750 x g for 5 min at room temperature), resuspended in 400 µl 
of PBS containing 2 mg/ml RNase (Nacalai Tesque Inc., 
Kyoto, Japan), and stained with 400 µl of 0.1 mg/ml propidium 
iodide (Nacalai Tesque, Inc.). The cell suspension was filtered 
through a 40 µm nylon filter (Ikemoto Scientific Technology 
Co. Ltd.). Samples of 20,000 cells were then analyzed for DNA 
histograms and cell cycle phase distributions by flowcytom-
etry using a FACSCalibur instrument (BD Biosciences), and 
the data were analyzed by a CELLQuest computer program 
(BD Biosciences), as previously described (20). 

Detection of apoptosis. In cell cultures, apoptosis was detected 
by observing DNA fragmentation on agarose gel electropho-
resis as previously described (19). In brief, following treatment 
of the HT29 cells with 10 µM PPI for 48 h, the cells were 
harvested, centrifuged (750 x g for 5 min at room tempera-
ture) and washed twice with PBS. The cell pellet was then 
homogenized in 50 mM SEDTA (0.1 M NaCl and 50 mM 
EDTA). Following supplementation with 1% sodium dodecyl 
sulfate (SDS), the homogenate was digested with proteinase K 
(FUJIFILM Wako Pure Chemical Corporation) and extracted 
twice with phenol/chloroform, and DNA was precipitated with 
ethanol. Following RNase treatment, DNA fragmentation 
was visualized by agarose gel electrophoresis and ethidium 
bromide (0.5 µg/ml) staining. Apoptosis was also detected by 
flow cytometric analysis as described above.

Transient transfection reporter assays. Reporter assays 
were performed as previously described (18). The SW837 
cells were plated into 6‑well 35‑mm‑diameter culture plates 
(5x104 cells/well) in DMEM plus 10% FBS and cultured 
overnight to allow for cell attachment. Subsequently, 1 µg 
of STAT3 Luciferase Reporter Vector (Panomics, Inc.) was 
transiently transfected into the cells using Lipofectamine 
3000 transfection reagent (Thermo Fisher Scientific, Inc.). 
Following transfection (approximately 24 h), the cells were 
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incubated with 0.5% acetone (control) or 0.6‑2.5 µM PPI 
in DMEM plus 10% FBS for 24 h. Cell extracts were then 
prepared, each sample was assayed in triplicate using a lucif-
erase assay system (Promega Corp.), and luciferase activity 
was measured using a TD‑20/20 Luminometer (Promega 
Corp.). A CMV‑driven β‑galactosidase expression plasmid 
(Promega Corp.) was co‑transfected into the cells to normalize 
the transfection efficiency.

Preparation of whole‑cell lysates. Whole‑cell lysates were 
prepared according to previously established procedures (21). 
The HT29 and SW837 cells were treated with 0.5% acetone 
(control) or 1.0‑10 µM PPI for 24‑48 h and harvested. The 
cells were then lysed with modified radioimmunoprecipitation 
assay (RIPA) buffer [150 mM NaCl, 1% NP40, 0.1% SDS, 
50 mM Tris‑HCl (pH 8.0), 0.5% deoxycholic acid, 2 mM 
EDTA, 2 mM EGTA, 1 mM DTT, and 25% glycerol]. 

Preparation of cytosolic and chromatin fractions. The HT29 
and SW837 cells (6.5x105 cells/10‑cm diameter dish) were 
treated with 0.1% acetone (control) or 1.2‑2.5 µM PPI for 24 h, 
harvested and resuspended in solution A (10 mM HEPES 
pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 11% sucrose, 10% glyc-
erol, 0.1% Triton X, 1 mM DTT, 0.1 mM Na3VO4, 10 mM NaF, 
20 µg/ml aprotinin, 20 µg/ml leupeptin and 20 µM PMSF). 
The cytoplasmic fraction was separated from the nuclei by 
centrifugation (1,300 x g for 4 min, 4˚C). Isolated nuclei were 
lysed in solution B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 
20 µg/ml aprotinin, 20 µg/ml leupeptin and 20 µM PMSF). 
The chromatin fraction was separated from the nuclei by 
centrifugation (1,700 x g for 4 min, 4˚C). Cytoplasmic and 
chromatin fractions were subjected to SDS‑PAGE (12% gel) 
and examined by western blot analysis.

Western blot analysis. The assay was performed according 
to previously established procedures using Bio‑Rad Protein 
Assay Dye Reagent Concentration (Bio‑Rad Laboratories, 
Inc.) (21). The whole‑cell lysate, cytosolic fractions and 
chromatin fractions (20‑80 µg protein per lane) were sepa-
rated by SDS‑PAGE (12.0‑13.5% gel) and transferred onto 
an Immobilon‑P transfer membrane (EMD Millipore). The 
membranes were then blocked at room temperature for 1 h 
with 3% BSA in TBS‑T [50 mM Tris‑HCl (pH 7.5), 150 mM 
NaCl, and 0.2% Tween‑20], followed by incubation at room 

temperature for 1 h with primary antibodies to β‑actin 
(sc‑1616R, Santa Cruz Biotechnology, Inc., 1:200), histone H3 
(ab1791, Abcam, 1:1,000), caspase‑3 (sc‑65497, Santa Cruz 
Biotechnology, Inc., 1:200), caspase‑7 (sc‑6138, Santa Cruz 
Biotechnology, Inc., 1:200), caspase‑8 p18 (sc‑7890, Santa 
Cruz Biotechnology, Inc., 1:200), caspase‑9 p10 (sc‑7885, 
Santa Cruz Biotechnology, Inc., 1:200), poly (ADP‑ribose) 
polymerase (PARP; #9542, Cell Signaling Technology, Inc., 
1:1,000), STAT3 (sc‑7179, Santa Cruz Biotechnology, Inc., 
1:200), phosphorylated (p)‑STAT3 (Tyr705) (#9131, Cell 
Signaling Technology, Inc., 1:1,000), cyclin D1 (06‑137, EMD 
Millipore, 1:1,000), p53 (sc‑126, Santa Cruz Biotechnology, 
Inc., 1:200), Bcl‑2 (sc‑509, Santa Cruz Biotechnology, Inc., 
1:200), Bcl‑xL (sc‑8392, Santa Cruz Biotechnology, Inc., 
1:200), Bax (sc‑526, Santa Cruz Biotechnology, Inc., 1:200) 
and vascular endothelial growth factor (VEGF; sc‑7269, Santa 
Cruz Biotechnology, Inc., 1:200). The membranes were then 
incubated at room temperature for 1 h with secondary anti-
bodies (anti‑mouse IgG, NA931, Cytiva, 1:4,000 or anti‑rabbit 
IgG, NA934, Cytiva, 1:3,000) and each band was visualized 
with a Light‑CaptureII imaging analyzer (ATTO Corp.).

Molecular docking analysis. Computational work was performed 
using Discovery Studio 2017R2 (Dassault Systèmes  BIOVIA 
software programe, BIOVIA). For calculation, the CHARMm 
force field was applied and the CDOCKER algorithm was used 
to dock PPI into the protein. Using the CDOCKER protocol, the 
binding affinity was evaluated by the ‑CDOCKER_ENERGY 
(kcal/mol) obtained from the docking analysis of a compound of 
interest. The crystal structure of the target protein was obtained 
from RCSB Protein data bank (PDB) (https://www.rcsb.org/). 
The PDB code of STAT3 was 3CWG. The structure of PPI was 
sketched in ChemDraw computer program (PerkinElmer, Inc.).

Chick chorioallantoic membrane (CAM) assays. A modified 
CAM assay was performed to clearly visualize blood vessels. 
PPI was dissolved in 1.0% methylcellulose solution (methyl-
cellulose is dissolved in PBS). As an untreated vehicle control, 
acetone was added to the 1.0% methylcellulose solution at a 
final concentration ≤0.5%. The fertilized chicken eggs (Goto 
Furanjo, Kakamigahara, Japan) were kept in a humidified 
incubator at 37˚C. Ovalbumin was removed from 4‑day‑old 
embryonated eggs. A small hole was drilled on eggshell and 
capped, and the eggs were incubated at 37˚C. Following 24 h 
of incubation, 0, 0.2, 1.0 or 5.0 µM PPI were applied to the 
center of silicon rings that were placed on each CAM, and the 
eggs were incubated at 37˚C. Following a 2‑day incubation, 
fat emulsion (Intralipos®; Otsuka Pharmaceutical Co., Ltd.) 
was injected into the chorioallantois. The blood vessels were 
photographed using Light Capture II (ATTO Corp.) at a magni-
fication of x5. Angiogenesis was quantified by measuring the 
total number of blood vessels, the total number of branches of 
blood vessels seen in each silicon ring and the total length of 
blood vessels per diameter of the ring. In total, 6‑7 eggs were 
used in each treatment group and the assay was performed 
more than once to confirm the results.

Tumor xenograft assay. A total of 15 female BALB/cSlc‑nu/nu 
mice, aged 6 weeks old were purchased from Japan SLC, Inc. 
All mice were quarantined for 1 week and housed in plastic 

Figure 1. Chemical structures of (A) 10‑hydroxy‑2‑decenoic acid (10‑HDA, 
C10H18O3, MW186) and (B) palmitoyl piperidinopiperidine (PPI, C26H50N2O, 
MW406.6).
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cages (3‑4 mice/cage, weighing 16.7±0.15 g) with free access 
to tap water and a basal diet (MF; Oriental Yeast Co. Ltd.) 
under controlled conditions of humidity (50±10%), tempera-
ture (23±2˚C) and lighting (12 h light/12 h dark cycle; 8:00 a.m. 
lights on, 8:00 p.m. lights off). Animal experiments were 
performed with the approval of the Animal Ethics Committee 
of the Nagoya City University (approval no. H25M‑16) and 
according to the guidelines of the committee. Viable HT29 
human colon carcinoma cells (2.5x106 cells/200 µl DMEM 
without L‑glutamine and phenol red) were subcutaneously 
injected into the flanks of the mice. After confirming the 
visible tumor mass, mice were assigned into 2 experimental 
groups. PPI was dissolved in soybean oil (FUJIFILM Wako 
Pure Chemical Corporation). The mice in group 1 (n=7, 
vehicle‑control) and group 2 (n=8, treatment) received intra-
peritoneal (i.p.) injections of the vehicle (soybean oil) and 
50 mg/kg PPI, respectively, once per day for 10 days (a total 
of 4 times) until the end of the experiment. The animals were 
observed on a daily basis for tumor growth, body weight and 
symptomatic adverse side‑effects. Tumors were measured 
twice a week. The mean volume per tumor was calculated 
using the following formula: V (mm3)=LxWxDxπ/6 where ‘V’ 
is the volume, and ‘L’ is the length, ‘W’ is the width, and ‘D’ is 
the depth of the tumor (22). At 49 days after the inoculation, all 
animals were sacrificed by decapitation following anesthesia 
with 3% isoflurane and a complete autopsy was performed. 
Tumors were carefully removed, fixed with 10% buffered 
formalin and processed for histopathological examination 
[hematoxylin (9131‑2, Sakura Finetek Japan Co., Ltd.) and 
eosin (1B‑425, Nacalai Tesque, Inc.) (H&E) staining]. Tumors 
were stained with hematoxylin at room temperature for 2 min 
and eosin at room temperature for 10 min. Furthermore, 
necrosis and viable areas (mm2) in the H&E‑stained tumor 
sections (3 µm in thickness) were measured using an 
imaging system (Digital Microscope VHX‑5000, Keyence 
Corporation). The percentage necrotic area was calculated, 
with 100% representing a total area (necrosis plus viable areas) 
of the tumor.

Immunohistochemical analysis. The assay was performed using 
a BOND‑MAX automated immunohistochemistry system 
(Leica Biosystems GmbH) as previously described (23). The 
paraffin‑embedded tumor sections (3‑µm‑thick) were boiled in 
10 mM citric acid buffer solution (pH 6.0) at 100˚C for antigen 
retrieval, and incubated with primary antibodies to p‑STAT3 
(#9145, 1:50) at room temperature for 1 h, cleaved caspase‑3 
(#9661, 1:100) at 4˚C overnight, or CD34 (#3569, 1:100) (all 
from Cell Signaling Technology, Inc.) at room temperature 
for 30 min. Primary antibody was detected using biotinyl-
ated secondary antibody (VECTASTAIN ABC Standard kit, 
PK‑4000, Vector Laboratories, Inc.) and diaminobenzidine 
(DAB). Incubation was performed at room temperature for 
5 min. The sections were counterstained with hematoxylin at 
room temperature for 30 sec or 5 min. The number of blood 
vessels was measured in a specific structure consisting of 
CD34‑positive vascular endothelial cells in the viable area of 
the tumor. In total, >10 fields were examined in each section. 
The p‑STAT3‑positive rate (%) was determined by calculating 
the ratio of the p‑STAT3‑positive cells/total number of cells 
counted (Olympus DP70, Olympus 3‑CCD COLOR CAMERA 

CS530 MD, Olympus Corp., Tokyo, Japan). In this assay, >10 
fields were examined in each section. p‑STAT3‑positive cells 
were determined by setting a consistent threshold for all slides 
using image J software (National Institutes of Health). In the 
present study, the apoptotic index was defined by calculating 
the number of cleaved caspase‑3‑positive cells per mm2.

Rat model of colon ACF. This experiment was performed as 
described in previous studies (4,24). Male F344 rats (n=18, 
4 weeks old, weighing 72.3±0.91 g, Japan SLC, Inc.) were used 
in this experiment. All rats were quarantined for 1 week and 
maintained as described in a mouse bioassay system in this 
section. A total of 18 rats were randomly divided into 4 groups. 
Rats in groups 1‑3 were administered a subcutaneous injec-
tions of 20 mg/kg azoxymethane (AOM, CAS no. 25843‑45‑2, 
purity >95%, FUJIFILM Wako Pure Chemical Corporation) 
twice a week. At 2 days after the final injection of AOM, rats 
in group 1 received i.p. injections of soybean oil (FUJIFILM 
Wako Pure Chemical Corporation) and rats in groups 2 and 
3 received i.p. injections of 2 and 10 mg/kg PPI, respectively, 
once per 10 days (a total of 4 times until the end of the experi-
ment). The rats in group 4 were administered the basal diet 
alone throughout the experiment and served as an untreated 
control. Animals were observed on a daily basis for body 
weight changes and symptomatic adverse side‑effects during 
the experiment. At the week 7, all animals were sacrificed by 
decapitation following anesthesia with 3% isoflurane and a 
complete autopsy was performed. Colon tissues were removed, 
cut longitudinally and fixed with 10% buffered formalin. After 
fixing, colon tissues (≤1 mm in thickness) were stained with 
0.2% methylene blue solution (M9410, Sigma‑Aldrich; Merck 
KGaA) at room temperature for 30 sec. Using a microscope 
system (Leica Application Suite ver. 4, Leica Biosystems 
GmbH), the numbers of ACF were counted according to the 
criteria described by Bird (25). The number of ACF per colon 
(multiplicity) and the number of crypts per one focus were 
determined as previously described by the authors (24). These 
animal experiments were performed with the approval of 
the Animal Ethics Committee of the Nagoya City University 
(approval no. H25M‑44) and according to the guidelines of the 
committee.

Statistical analysis. Statistical analysis was performed with 
EZR (Saitama Medical Center, Jichi Medical University) (26). 
Comparisons between the vehicle‑treated control group and 
the PPI‑treated group in the xenograft model were made using 
a Student's t‑test, Welch's t‑test, or Mann‑Whitney U test. As 
regards the data of the luciferase reporter assay, CAM assay and 
the animal experiments, ANOVA or the Kruskal‑Wallis test, 
as needed were used, and the Bonferroni/Dunn, Steel's‑Dwass 
test, or Tukey's multiple comparison tests were applied to 
evaluate statistical significance. All results are expressed as 
the means ± SE. Differences between groups at P<0.05 were 
considered statistically significant.

Results

PPI inhibits the growth of human colon carcinoma cells. As 
shown by the colony formation assay, PPI induced a marked 
and dose‑dependent inhibition of the growth of the HT29, 
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SW480, SW837 and HCT116 cell lines, with IC50 values of 
approximately 0.5, 1.0, 1.9 and 2.2 µM, respectively (Fig. 2A). 
To examine the cytotoxic effects of PPI on the FHC human 

colon normal epithelial cell line, the cells were treated with 
increasing concentrations (0.07‑12.5 µM) of PPI or acetone 
(≤0.5%, control) for 96 h, and cell growth was then determined 

Figure 2. Inhibition of cell growth by PPI in human colon carcinoma cell lines. (A) Colony formation assays. These colon carcinoma cell lines were tested. 
Exponentially dividing cells were treated with 0.25‑5.0 µM PPI for 7 days in DMEM containing 10% FBS, and colonies were then stained and counted. 
(B) MTT assays. Growth curves of HT29 and FHC cell lines were indicated Cells were treated with 0.07‑12.5 µM PPI for 96 h in DMEM containing 10% FBS. 
(C) MTT assays. Three agents (PPI, 5‑FU and CTS) were tested in each cell line (HT29, SW480, SW837 and HCT116). Cells were treated with 0.25‑5.0 µM 
PPI, 1.2‑20 µM 5‑FU, and 1.2‑20 µM CTS for 48 h in DMEM containing 10% FBS. Error bars indicate the standard error (SE) in each panel. For additional 
details, please see the ‘Materials and methods’. PPI, palmitoyl piperidinopiperidine; 5‑FU, 5‑fluorouracil; CTS, cryptotanshinone.
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by MTT assays (Fig. 2B). When the HT29 colon carcinoma cells 
were treated with 1.5 µM PPI, approximately >90% of the cells 
died but at the same concentration of PPI, but approximately 
80% of the normal colon epithelial cells survived without any 
significant morphological abnormalities, indicating that this 

drug selectively kills carcinoma cells at an effective dose level. 
As shown in Fig. 2C, in the HT29, SW480, SW837 and HCT116 
cell lines, PPI induced a marked growth inhibitory effect in 
a dose‑dependent manner, with IC50 values of approximately 
0.8, 1.4, 2.0 and 2.1 µM, respectively, when the cells were 

Figure 3. Effects of PPI on cell cycle progression and apoptosis. (A) Representative results of flow cytometric analysis. Exponentially growing HT29 and 
SW837 cells were treated with 0.1% acetone (control) or 1, 5 and 10 µM PPI in DMEM/10% FBS. Following treatment for 48 h, the cells were analyzed by 
DNA flow cytometry. (B) Representative results of the detection of DNA fragmentation. HT29 cells were treated with acetone or 10 µM PPI for 48 h in DMEM 
plus 10% FBS. DNA was extracted and agarose gel electrophoresis was performed as described in the ‘Materials and methods’. A ʻDNA ladderʼ representing 
fragmented DNA (right lane) was observed, when compared to the control (left lane). PPI, palmitoyl piperidinopiperidine.
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treated with increasing concentrations (0.25‑5.0 µM) of PPI 
or 0.1% acetone (control) for 48 h, and cell growth was then 
measured by MTT assays. As observed in the growth curves, 
the IC50 value of PPI in each cell line was markedly lower than 
that of 5‑FU or CTS, indicating that PPI exerted more potent 
inhibitory effects in this assay system (Fig. 2C).

PPI induces an increase in the number of cells in the G1 phase 
of the cell cycle, and induces sub‑G1 fractions of cells at a 
higher concentration level. Cell cycle analysis was performed 
to examine whether the PPI‑treated cells arrest in a specific 
phase of the cell cycle and whether PPI induces the sub‑G1 
fractionation of cells. Flow cytometric analysis indicated that 
when the HT29 and SW837 cells were treated with 1 µM PPI 
for 48 h, the percentage of cells in the G1 phase increased by 
5 and 3%, respectively, and this was associated with a concom-
itant decrease in the number of cells in the S and G2‑M phase 
of the cell cycle (Fig. 3A). Only when the HT29 and SW837 
cells were treated with higher concentrations (5 or 10 µM) of 
PPI for 48 h, they began to detach from the culture dish and 
displayed evidence of apoptosis by an increase in the sub‑G1 
population of cells (Fig. 3A). Additional experiments detecting 
DNA fragmentation were performed with the HT29 cells, as 
described below.

PPI induces the fragmentation of DNA in HT29 cells. The 
appearance of a ʻDNA ladderʼ was observed in a sample 
treated with 10 µM PPI on agarose gel electrophoresis 
(Fig. 3B), demonstrating the induction of apoptosis under the 
current experimental condition. 

Figure 5. Effect of PPI on the transcriptional activity of the STAT3 reporter 
vector. The STAT3‑luciferase reporter (1.0 µg) was transfected into SW837 
cells, and the transfected cells were treated for 24 h with 0.5% acetone 
(control) or 0.6, 1.2 or 2.5 µM PPI in DMEM/10% FBS. Extracts were 
then examined for luciferase activity. In this assay, a CMV promoter β‑gal 
plasmid was co‑transfected with the STAT3 reporter, and β‑gal activity was 
measured to normalize the data for transfection efficiency. All assays were 
done in triplicate. Error bars indicate the SE in each panel (*P<0.05, **P<0.01 
compared to untreated cells). PPI, palmitoyl piperidinopiperidine; STAT3, 
signal transducer and activator of transcription 3.

Figure 4. Schematic diagram of modeling of in silico molecular docking 
analysis (virtual screening). (A) Predicted binding model of PPI to the 
STAT3 SH2 domain. The structure is based on Protein Data Bank entry 
3CWG (STAT3). Ball‑and‑stick models of a homodimer (left panel) and 
a monomer (right panel) of the STAT3 protein are shown. Each monomer 
structure is indicated in different color (white and red). The circled region 
in yellow indicates the chemical structure of PPI. The center panel indicates 
the predicted binding model of PPI to the STAT3 SH2 domain. (B) Specific 
interactions formed between the STAT3 SH2 domain and PPI. The binding 
model was predicted by the CDOCKER protocol. Amino acid residues that 
form interactions with PPI are shown in the 2D diagram. (C) ‑CDOCKER_
ENERGY obtained from the docking analysis indicates docking score. As a 
result of this calculation, PPI demonstrated higher docking score than that 
of the STAT3 SH2‑specific inhibitors, LLL‑12 (35) and STA‑21 (36). PPI, 
palmitoyl piperidinopiperidine; STAT3, signal transducer and activator of 
transcription 3.



ANDO et al:  PALMITOYL PIPERIDINOPIPERIDINE AND ANTICANCER ACTIVITY258

Binding mode of PPI. Previous research has demonstrated 
that the STAT3 transcription factor plays an important role in 
the development and progression of a wide range of cancers, 
including colon cancer, by regulating cell proliferation, cell 
cycle progression, cell survival, angiogenesis, immune evasion 
and epithelial‑mesenchymal transition (27). In fact, constitu-
tive activation of STAT3 is frequently seen in human cancers 
including colorectal cancer (28). The present study also found 
that PPI inhibited the growth of human colon carcinoma cell 
lines as described above. Furthermore, a critical step in STAT3 

activation is the dimerization between two STAT3 monomers, 
and this step is dependent on the reciprocal binding of the SH2 
domain of one STAT3 monomer to the other monomer (29). 
Thus, to understand the interaction between PPI and the 
protein STAT3, PPI was docked in the active site of STAT3 
(PDB code: 3CWG). As shown in Fig. 4A, PPI exhibited shape 
complementarity with the binding pocket of the SH2 domain 
of STAT3. The carbon, oxygen, nitrogen, or hydrogen atoms 
of PPI formed interactions, such as alkyl, salt bridge, carbon 
hydrogen bond, van der Waals or attractive charge, and came 

Figure 6. Effects of treatment of the HT29 and SW837 cells with PPI on the expression levels of p‑STAT3/STAT3, STAT3‑driven proteins and apoptosis‑related 
proteins. (A‑C) Cells were treated with 0.5% acetone or the indicated concentrations (1.2 or 2.5 µM) of PPI for 24 h in DMEM/10% FBS. Cell extracts were 
then examined by western blot analysis for the indicated proteins, using the respective antibodies, as described in the ‘Materials and methods’. (D) HT29 cells 
were treated with 0.5% acetone or the indicated concentrations (1.0, 5.0 or 10 µM) of PPI for 48 h in DMEM/10% FBS, and extracts were examined by western 
blot analysis. Representative results are shown. PPI, palmitoyl piperidinopiperidine; STAT3, signal transducer and activator of transcription 3.

Figure 7. Effect of PPI on angiogenesis in chick chorioallantoic membrane (CAM). (A‑C) CAM was exposed to 0.2, 1.0, and 5.0 µM PPI for 48 h and the 
(A) total number of blood vessels, (B) total number of branches of blood vessels observed in each silicon ring, and (C) the total length of blood vessels 
per diameter of the ring were measured by an image analyzer. There was a marked and dose‑dependent decrease in the total number of blood vessels/ring 
(P<0.001), total number of branches of blood vessels/ring (P<0.001) and total length of blood vessels/diameter of the ring (P<0.001). Error bars indicate the SE 
in each panel. *P<0.05, **P<0.01 and ***P<0.001 compared to untreated cells. PPI, palmitoyl piperidinopiperidine.
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Figure 8. Continued.
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into close contact with the amino acid residues, Trp, Asp, Ala, 
Glu, Ile, Leu, Thr, Val, Asn, Tyr, Ser, or Arg (Fig. 4B). The 
binding affinity was evaluated by the ‑CDOCKER_ENERGY 
(kcal/mol) obtained from the docking analysis of a compound 
of interest. As a result of this calculation, PPI exhibited a higher 
‑CDOCKER_ENERGY than that of the conventional specific 
inhibitors, LLL‑12 and STA‑21, of the SH2 domain of STAT3 
(Fig. 4C). 

PPI inhibits the transcriptional activity of STAT3. Based on 
the above‑mentioned finding that PPI can bind to SH2 domain 
of STAT3 in a molecular docking analysis, the present study 
then examined the effects of PPI on the transcriptional activity 
of the STAT3 in transient transfection luciferase reporter 
assays using a STAT3 reporter. It was found that treatment 
with PPI led to a dose‑dependent decrease in the activity of 
the STAT3 reporter in SW837 cells (Fig. 5).

Effects of PPI on the expression levels of STAT3 and p‑STAT3 
in whole lysate samples and cytosol/chromatin fraction 
samples. As it was found that PPI inhibited the transcriptional 
activity of STAT3 in a dose‑dependent manner, western blot 
analysis was performed to determine whether treatment 
of the HT29 and SW837 cells with PPI alters the cytosolic 
or nuclear levels of the STAT3 and phosphorylated form of 
STAT3 (p‑STAT3) in 3 different fractions of cell lysates. In 
the whole cell lysate samples, it was found that treatment of the 

HT29 and SW837 cells with 1.2 or 2.5 µM PPI led to a marked 
decrease in the expression levels of p‑STAT3, but not those of 
STAT3 in these cells (Fig. 6A). In the HT29 and SW837 cell 
lines, treatment of the cells with 1.2 or 2.5 µM PPI led to a 
decrease in the expression levels of both STAT3 and p‑STAT3 
in the chromatin fraction (Fig. 6B). In the HT29 and SW837 
cells, treatment of these cells with 1.2 or 2.5 µM PPI led to an 
increase in the expression levels of both STAT3 and p‑STAT3 
in the cytosolic fraction (Fig. 6B).

Effects of PPI on the expression levels of cell cycle‑related and 
STAT3‑driven molecules. Due to the finding that PPI induced 
G1 arrest in the cell cycle (Fig. 3A) and that PPI inhibited the 
expression levels of p‑STAT3 (Fig. 6A), the present study wished 
to determine whether treatment of the HT29 and SW837 cells 
with 1.2 or 2.5 µM PPI alters the cellular levels of the G1 cell 
cycle control protein cyclin D1, the cell cycle inhibitor protein 
p53 and STAT3‑driven molecules. It was found that treatment 
with PPI led to an increase, in p53 and a decrease in cyclin D1, 
Bcl‑xL, Bcl‑2 and VEGF expression (Fig. 6C). These changes 
occurred in a dose‑dependent manner.

Effects of PPI on the levels of expression of apoptosis‑related 
molecules. From the above‑mentioned findings, it could be 
inferred that PPI induced the apoptosis of the HT29 cell line. 
Thus, it was of interest to determine whether PPI affects the 
cellular levels of apoptosis‑related molecules. HT29 cells 

Figure 8. Effects of PPI in a mouse xenograft model. (A) Experimental protocol. After inoculation of viable HT29 human colon carcinoma cells into the flanks 
of mice, the animals were administered intraperitoneal injections of soybean oil (control) or 50 mg/kg PPI once per 10 days (a total of 4 times) until the end 
of the experiment. (B) Time‑course record of body weight during the experiment. Treatment of mice with PPI did not cause a significant body weight loss 
during experiment. Black arrowheads indicate the inoculation of HT29 cells; white arrowheads indicate intraperitoneal injections of soybean oil (group 1) 
or 50 mg/kg PPI (group 2). (C) Tumor volume during the experiment (left panel). A marked decrease in tumor volume was observed after 4 experimental 
weeks (*P<0.05, **P<0.01 and ***P<0.001). Representative images of animals with tumors are also shown (right panel). Arrowheads indicate the tumor mass 
in the right flank of the mice, and histological images are also shown. The tumor of the control measured 17.2 mm in length, 16.4 mm in width and 12.2 mm 
in depth. The tumor of the treatment group measured 17.8 mm in length, 12.9 mm in width and 9.4 mm in depth. (D) Representative images of CD34 
immunohistochemical staining of the tumor. Vehicle control (soybean oil, left upper panel), PPI treatment (left lower panel), and the number of CD34‑positive 
blood vessels (right panel) are shown. (E) Vehicle control (soybean oil, left upper panel), PPI treatment (left lower panel) and percentage of necrosis area 
are shown. This value was calculated, with 100% representing a total area (necrosis plus viable areas) of the tumor. ‘N’ and ‘V’ indicate necrosis and viable 
areas, respectively. (F and G) p‑STAT3‑positive rate (%) and apoptotic index are shown, respectively. Representative images of (F) p‑STAT3 and (G) cleaved 
caspase‑3 immunohistochemical staining of the tumor are demonstrated in vehicle‑control (soybean oil, left upper panel), PPI treatment (left lower panel). 
Arrowheads indicate positively stained cells with each antibody. Error bars indicate the SE in each panel. PPI, palmitoyl piperidinopiperidine; STAT3, signal 
transducer and activator of transcription 3.
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were treated with 0.2% acetone (control) or with increasing 
concentrations (1, 5 and 10 µM) of PPI for 48 h. PPI induced 
a marked and dose‑dependent increase in the expression 
levels of Bax, cleaved caspase‑3, cleaved caspase‑7, cleaved 
caspase‑8, cleaved caspase‑9 and cleaved PARP (Fig. 6D). PPI 
also induced a concomitant decrease in the expression levels 
of pro PARP when the carcinoma cells were treated with 
5 or 10 µM (Fig. 6D). 

Inhibitory effects of PPI on the angiogenesis of the CAM. 
From the above‑presented results of western blot analyses, 
it was found that PPI inhibited the expression level of 
VEGF (Fig. 6C), a key mediator of angiogenesis. Thus, the 
anti‑angiogenic effect of PPI was also examined in vivo 
using CAM assays. A marked and dose‑dependent inhibi-
tion of the angiogenesis of the CAM was observed (Fig. 7). 
There was a marked and dose‑dependent decrease in the 
total number of blood vessels/ring (P<0.001; Fig. 7A), the 

total number of branches of blood vessels/ring (P<0.001; 
Fig. 7B) and the total length of blood vessels/diameter of the 
ring (P<0.001; Fig. 7C). 

Growth inhibitory and anti‑angiogenic effects of PPI in a xeno‑
graft model. As the above‑described in vitro assays provided 
evidence that PPI inhibits the in vitro growth of human colon 
carcinoma cells (Fig. 2) and the angiogenesis of CAM (Fig. 7), 
it was of interest to determine whether PPI also exerts potent 
inhibitory effects on tumor growth and angiogenesis in vivo. 
All the BALB/cSlc‑nu/nu mice in the present study survived 
(the experimental protocol is illustrated in Fig. 8A). Treatment 
of the mice with PPI did not cause significant body weight 
loss during the experiment (Fig. 8B). Body weight (g) at the 
end of each treatment was 17.9±0.40 (group 1) and 18.1±0.29 
(group 2). After 4 experimental weeks, treatment of the mice 
with 50 mg/kg PPI (group 2) resulted in a significant decrease 
in tumor volume when compared to the control vehicle‑treated 

Figure 9. Effects of PPI on tumor promotion in a rat colonic aberrant crypt foci (ACF) model. (A) Experimental protocol. F344 rats received subcutaneous 
injections of a carcinogen AOM and then treated with soybean oil or PPI. (B) Time‑course record of body weight during the experiment. There was no 
significant decrease in body weight between PPI‑treated groups (groups 2 and 3) and vehicle‑treated control group (group 1) during experiment. However, 
there was a significant decrease in body weight of the PPI‑treated groups (groups 1‑3) when compared to that of the no treatment group (group 4) due to the 
effect of the administration of the carcinogen, azoxymethane (AOM; *P<0.05). Black arrowheads indicate subcutaneous injections of AOM; white arrowheads 
indicate intraperitoneal injections of soybean oil (group 1), 2 mg/kg PPI (group 2), or 10 mg/kg PPI (group 3). (C) Number of ACF per colon (multiplicity) and 
the number of crypts per one focus in each group are shown. PPI significantly inhibited the multiplicity of larger ACF consisting of ≥4 aberrant crypts. Error 
bars indicate the SE in each panel. For additional details, please see the ‘Materials and methods’. PPI, palmitoyl piperidinopiperidine.
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mice (group 1) (P<0.001; Fig. 8C). Treatment of the mice 
with 50 mg/kg PPI resulted in a significant decrease in the 
number of blood vessels compared to the controls (Fig. 8D). 
Collectively, these results demonstrate that PPI exerts a potent 
inhibitory effect on angiogenesis in vivo.

PPI induces an increase in the necrotic area in implanted 
tumors. As it was found that there was a significant decrease 
in tumor volume in the PPI‑treated group, the present study 
then investigated its effects on the induction of apoptosis by 
determining the area in which cells underwent apoptosis with 
a microscope imaging system. There was a significant increase 
in the necrotic area of the PPI‑treated tumors compared to that 
of the vehicle‑treated tumors (P<0.01; Fig. 8E). 

Effects of PPI on the immunohistochemical expression levels 
of p‑STAT3 and apoptotic index in the tumor xenograft model. 
In view of the above‑mentioned findings that PPI induced 
apoptosis, as shown by flow cytometric analysis and DNA 
fragmentation assay, the present study then examined the 
mechanisms through which PPI plays a role in controlling the 
apoptotic process in the tumor. For this purpose, the effects 
of PPI were assessed by conducting immunohistochemical 
analysis using p‑STAT3 and cleaved caspase‑3 antibodies. 
Treatment of the mice with PPI led to a significant decrease 
in the p‑STAT3 positive rate of the tumor compared to the 
control (Fig. 8F) and also led to a significant increase in the 
apoptotic index compared to the control (Fig. 8G). 

Inhibition of the formation of ACF by PPI. To examine 
whether PPI exerts inhibitory effects in the post‑initiation 
phase of AOM‑induced colon carcinogenesis, the well‑estab-
lished and short‑term protocol of the rat ACF model system 
was used (4,24). All rats in the present study survived (the 
experimental protocol is illustrated in Fig. 9A) and no signifi-
cant body weight loss was observed between the PPI‑treated 
groups (groups 2 and 3) and the vehicle‑treated control group 
(group 1) during the experiment (Fig. 9B). However, there 
was a significant decrease in body weight of the PPI‑treated 
groups (groups 1‑3) when compared to that of the no treatment 
group (group 4) due to the effects of the administration of the 
carcinogen, AOM (Fig. 9B). Body weight (g) at the start of 
the experiment was 83.0±1.52 (group 1), 84.3±2.53 (group 2), 
82.2±2.27 (group 3) and 82.5±2.22 (group 4). Body weight 
(g) at week 7 was 250.4±5.46 (group 1), 238.0±3.49 (group 
2), 246.2±7.14 (group 3) and 254.0±3.08 (group 4). ACF were 
mainly found in the middle portion of the colon. PPI signifi-
cantly inhibited the multiplicity of larger ACF consisting of 
≥4 aberrant crypts (Fig. 9C). There was a dose‑dependent 
decrease observed in the multiplicity of ACF, although this 
finding was not statistically significant. These findings indicate 
that the inhibitory effect on tumor promotion was at least in 
part via the formation of larger ACF in a carcinogen‑induced 
rat ACF model system. 

Discussion

The fact that natural products have been traditionally used 
worldwide in the prevention and/or treatment of several 
chronic diseases among various ethnic societies was the 
inspiration for the present study. It was hypothesized that it 
would be possible to develop a novel anticancer drug derived 
from 10‑HDA as an initial lead compound by creating a 
structure‑based pharmacophore model as it was found that 
10‑HDA inhibited the growth of human colon carcinoma 
cells (Fig. S1) (16). After synthesizing >100 derivatives of 

Figure 10. Hypothetical anticancer mechanism of action of PPI. STAT3 is 
activated by Janus Kinase (JAK)‑mediated phosphorylation at tyrosine 
residue 705 (Tyr‑705), which leads to dimerization, nucleus translocation, 
recognition of STAT3 specific DNA binding site, and activation of target 
gene transcription including Bcl‑2, VEGF and cyclinD1 (upper panel). The 
dimerization of STAT3 depends on the reciprocal binding of the SH2 domain 
of one monomer to the specific segment of the other STAT3 monomer. PPI 
binds to SH2 domain of STAT3 and blocks its dimerization. STAT3 is then 
inactivated. The drug PPI we invented is able to exert anticancer activity 
at lead in port by inhibiting transcriptional activity of STAT3. This action 
of PPI leads to the suppression of function molecules that are related to 
apoptosis, angiogenesis and cell cycle progression (lower panel). PPI, 
palmitoyl piperidinopiperidine; STAT3, signal transducer and activator of 
transcription 3.
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10‑HDA (Fig. 1A) and optimizing their structures by quan-
titative structure‑activity relationship (QSAR), the present 
study eventually obtained one candidate compound, named 
PPI (Fig. 1B). Several polyamine derivatives resembling PPI 
in structure were demonstrated in a previous study; however, 
none of these exhibited potent growth inhibitory activity 
against leukemia P‑388 or human epidermoid carcinoma of 
the nasopharynx KB cell lines (30). When carcinoma cells 
were treated with the effective concentration level of PPI, 
approximately >90% of carcinoma cells died, but at the same 
concentration, >80% of normal colon epithelial cells survived 
(Fig. 2B), indicating that this drug selectively kills carcinoma 
cells under appropriate experimental conditions.

The present study focused on the transcription factor, 
STAT3, that is highly expressed in colon carcinoma cells 
or tissues (28) and can drive carcinogenesis‑ or angiogen-
esis‑related genes (31). STAT3 is activated by phosphorylation 
at tyrosine residue 705 (Tyr‑705), which leads to the dimer-
ization, nucleus translocation, recognition of STAT3 specific 
DNA binding site (32), and the activation of target gene 
transcription, including Bcl‑2, VEGF and cyclinD1 (31). 
The dimerization of STAT3 is dependent on the recip-
rocal binding of the SH2 domain of one monomer to the 
Pro‑pTyr‑Leu‑Lys‑Thr‑Lys segment of the other STAT3 
monomer (33). In silico docking simulation in the present 
study exhibited that PPI can bind to SH2 domain of STAT3, 
suggesting that this drug blocks dimerization of STAT3, 
thereby inactivating its function.

The present study then focused on the mechanisms 
through which PPI kills human colon carcinoma cells. It was 
found that PPI inhibits the transcriptional activity of STAT3 
and decreases the expression level of the phosphorylated form 
of STAT3 (p‑STAT3). PPI also led to a decrease in the expres-
sion level of STAT3 and p‑STAT3 in the chromatin fraction 
(Fig. 6B), suggesting the inhibition of the translocation of these 
molecules. However, further investigations are necessary to 
draw firm conclusions on this aspect. Treatment with PPI led 
to an increase in p53, and a decrease in cyclin D1, Bcl‑2, and 
Bcl‑xL expression. Furthermore, there was a marked increase 
in the levels of expression of Bax, cleaved caspase‑3, cleaved 
caspase‑7, cleaved caspase‑8, cleaved caspase‑9 and cleaved 
PARP, with a concomitant decrease in the levels of pro PARP. 
Together with the findings of flow cytometric analysis, PPI 
induced the dose‑dependent inhibition of carcinoma cell 
growth, and this anti‑proliferative effect appears to be due 
to its ability to induce, at least in part, G1‑phase arrest and 
apoptotic cell death. There are two different pathways that 
lead to apoptosis: The mitochondrial and death receptor path-
ways (34). Both pathways utilize caspase to induce apoptosis. 
In the present study, it was found that PPI induced changes 
in the protein expression levels of caspases and Bcl‑2 family 
proteins (Fig. 6C and D), indicating at least in part, the involve-
ment of these molecules in apoptosis. In addition, the finding 
that p53‑mutant cell lines HT29 and SW837 are sensitive to 
the treatment of PPI warrants further investigation. In the 
present study, STAT3 specific inhibitors (LLL‑12 and STA‑2) 
were used (Fig. 4). It has been reported that the IC50 values 
of LLL‑12 are 0.16‑3.09 µM in several human tumor cell 
lines (35). In a previous study, treatment of the MDA‑MB‑468 
cells with 20 or 30 µM STA‑21 led to a potent inhibitory effect 

on the growth and survival of these cells (36). In the present 
study, the IC50 values of PPI were 0.5‑2.2 µM, suggesting that 
PPI exerts more potent growth inhibitory effects than LLL‑12 
or STA‑21 in several cell lines tested (35,36).

By performing CAM assay, the present study examined 
whether this drug inhibits angiogenesis. It was found that PPI 
inhibited the total number (maximum effect, 65%), length 
(maximum effect, 53%) and the number of branch of blood 
vessels (maximum effect, 67%) in CAM, in a dose‑dependent 
manner. In chick CAM, it has been demonstrated that VEGF 
plays an important role in angiogenesis (37) and that the 
anti‑angiogenic effect may be associated with the expression 
levels of VEGF (37). In addition, the present study found 
that treatment of human colon carcinoma cells with PPI 
led to a marked decrease in the expression level of VEGF. 
Collectively, the transcriptional inhibition of STAT3 by 
PPI may be one possible mechanism, where the functional 
performance of molecules related to apoptosis, angiogen-
esis and cell cycle progression are affected, and eventually 
contribute to growth inhibition (Fig. 10). Further studies are 
in progress to examine the range of anticancer activity of 
PPI in a spectrum of the current four human colon cancer 
cell lines.

In a mouse xenograft model, at the end of the experi-
ment, an approximately 40% inhibition in the size of the 
tumor was observed. PPI induced a significant decrease 
in the p‑STAT3 positive rate by 40%. Furthermore, it was 
found that the apoptotic index in the tumor tissue increased 
and the number of CD34‑positive blood vessels decreased, 
indicating the growth inhibition, the induction of apoptosis 
and the inhibition of angiogenesis in vivo. Finally, a rat 
ACF model system was used to evaluate inhibitory effect 
of PPI in the post‑initiation phase of AOM‑induced colon 
carcinogenesis. ACF are cryptic lesions distinguished 
by their increased size and thicker epithelial lining (24). 
Furthermore, ACF have only been observed in the colon 
of carcinogen‑treated mice and rats and recognized as 
preneoplastic lesions (24). In the present study, F344 rats 
received subcutaneous injections of the carcinogen, AOM, 
and were then treated with the vehicle soybean oil or PPI. 
By counting the number of precancerous lesions, ACF, 
and comparing it between control and treatment groups, 
the preventive effects of PPI on the post‑initiation phase 
of AOM‑induced colon carcinogenesis were determined. 
A study of longer duration may be of use to evaluate the 
inhibitory effect on colon carcinogenesis and toxicity or the 
adverse side‑effects of PPI in clinical trials. In the present 
study, PPI induced a significant decrease in the multiplicity 
(no. of ACF per colon) of larger ACF consisting of ≥4 aber-
rant crypts, presumably demonstrating the inhibitory effect 
on tumor promotion at least in part via a formation of larger 
ACF in a carcinogen‑induced rat ACF model system. ACF 
range in size and have from 1 to 412 aberrant crypts per 
focus (38‑41). The size in the topographic view and histo-
logically dysplastic feature of ACF are critical factors when 
ACF are distinguished as preneoplastic lesions (23). In 
histological slides, large ACF exhibit dysplasia and can thus 
be termed as microadenoma (24). Therefore, PPI may target 
more malignant population of affected cells, although this 
aspect warrants further investigation.
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