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Abstract. 1,6‑Bis[4‑(4‑amino‑3‑hydroxyphenoxy)phenyl] 
diamantane (DPD), a diamantane derivative, was previ-
ously noted as an anticancer compound through anticancer 
drug screening with NCI‑60 human tumor cells. Irinotecan 
(CPT‑11), a semisynthetic derivative of camptothecin, is 
clinically active in the treatment of colorectal cancer, with 
no cross‑resistance. The current study conducted a pharma-
cokinetic evaluation of DPD, an essential component of drug 
discovery. Subsequent pathway analysis of microarray gene 
expression data indicated that the anticancer mechanisms of 
DPD were associated with cell cycle progression and apop-
tosis. The combined effect of DPD and CPT‑11 with regard to 
the mechanisms of apoptosis‑related pathways in COLO 205 
cells, and the antitumor effects in colon cancer xenograft 
mice, were investigated. The plasma concentration and phar-
macokinetic parameters of DPD in male albino rats were 
analyzed following a single dose of DPD by injection. The 
protein expression of active caspase‑3, procaspase‑3 and poly 
ADP‑ribose polymerase (PARP) in COLO 205 cells treated 
with DPD and CPT‑11, alone or combined, was evaluated by 
western blotting. A trypan blue dye exclusion assay revealed 
that, whilst DPD alone demonstrated good antitumor effects, 

this effect was potentiated when combined with CPT‑11. 
Combined treatment with DPD and CPT‑11 upregulated the 
expression of cleaved PARP, procaspase‑3, caspase‑3 and 
active caspase‑3 in COLO  205 cells. In the colon cancer 
xenograft model, compared with the control (vehicle‑treated) 
mice, the sizes of the tumors were significantly lower in mice 
treated with DPD and CPT‑11, alone or in combination. Thus, 
DPD may be a potential therapeutic agent for the treatment of 
colorectal cancer via upregulating apoptosis‑related pathways.

Introduction

Cancer is one of the most prevalent causes of mortality in 
humans worldwide, with colorectal cancer being the most 
common type of malignancy. The occurrence of colorectal 
cancer in Asia is increasing, possibly due to dietary habits 
and lifestyle factors (1,2). However, the diagnosis of progres-
sive colorectal cancer is inefficient, and the majority of the 
presently offered therapeutic agents may be toxic, expen-
sive and lacking in efficacy. Cytotoxic chemotherapy has 
been applied, with limited success, for treatment of patients 
with advanced colorectal cancer, often causing severe side 
effects (3). Thus, identifying new and effective chemothera-
peutic agents is important for improving the treatment of this 
disease. Recent evidence involving targeted therapy recom-
mends merging cancer prevention and cancer treatment, with 
inhibition of cancer being desired over treatment (4,5).

Irinotecan (CPT‑11) is a water‑soluble, semisynthetic 
derivative of camptothecin, which is converted in vivo to its 
active metabolite, SN‑38. CPT‑11 is clinically active in the 
treatment of colorectal cancer and exhibits no cross‑resis-
tance (6). CPT‑11 demonstrates antitumor activity against a 
variety of human tumor xenografts when administered via 
intravenous, intraperitoneal (i.p.) or oral routes (7,8). Clinical 
studies have also revealed that CPT‑11 has significant activity 
against a range of tumor types, including colon cancer (9‑11). 
Although CPT‑11 has been shown to be highly effective 
in the treatment of colon cancer, the dosage is limited by 
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toxicities, including diarrhea and neurotoxicity  (12,13). 
Therefore, developing new anticancer drugs or establishing 
effective combinations of drugs would greatly improve colon 
cancer therapy.

Adamantane and diamantane are closely analogous polycy-
clic alkanes, which structurally comprise three and six fused 
cyclohexane rings, respectively (14). Diamantane derivatives 
have been extensively investigated by chemists; however, 
limited research regarding the biological activity of diaman-
tane derivatives has been reported  (15). A previous study 
characterized the anticancer activities of diamantane deriva-
tives using 60 human cancer cell lines in the National Cancer 
Institute (NCI) Anticancer Drug Screening, and evaluated the 
structure‑activity association. 1,6‑Bis[4‑(4‑amino‑3‑hydroxy-
phenoxy)phenyl] diamantane (DPD) demonstrated significant 
anticancer activity on the sub‑panel of cell lines  (16). The 
antiproliferative and differentiation‑inducing effects of DPD 
were observed in human colon cancer cells, and these effects 
were irreversible following the removal of DPD (17). DPD has 
also been reported to induce apoptosis in human leukemic cells 
via the elevation of reactive oxygen species (18). However, the 
molecular mechanisms of the combination of DPD and CPT‑11, 
with special reference to apoptotic signaling, still warrant study. 
Therefore, the present study evaluated the effect of DPD and 
CPT‑11, alone or in combination, on apoptotic pathways and 
its mechanisms in colon cancer cell lines. Its in vivo anticancer 
effect in colon cancer xenograft mice was also investigated.

Materials and methods

DPD assay and pharmacokinetic evaluation. DPD was 
synthesized and provided by Professor Yaw‑Terng Chern 
(National Taiwan University of Science and Technology, 
Taipei, Taiwan). DPD was weighed and dissolved in dimethyl 
sulfoxide (DMSO) to produce 1 mg/ml stock solutions, which 
were stored at ‑20˚C when not in use. The standard solution was 
prepared by dilution of the stock solution to 10 µg/ml, followed 
by further serial dilutions with rat plasma obtained from Wistar 
rats. A total of 8 standard solutions of DPD at 1,000, 500, 100, 
50, 10, 5, 1 and 0.5 ng/ml were prepared. The internal standard 
(IS) 2,2‑Bis (4‑(4‑amino‑3‑hydroxyphenoxy) phenyl) adaman-
tane (DPA) stock solution, obtained from Professor Yaw-Terng 
Chern (National Taiwan University of Science and Technology, 
Taipei, Taiwan), was prepared in DMSO at a concentration of 
1 mg/ml and was stored at 4˚C when not in use. The IS working 
solution was prepared by dilution of the IS stock solution to 
0.5 µg/ml with acetonitrile. 

The dynamic range of the calibration curve was 
0.5‑1,000 ng/ml. The calibration standards were freshly prepared 
and run on the day when the samples were analyzed. Blank 
plasma spiked with known amounts of DPD was prepared and 
analyzed along with study samples and plasma standards on the 
day of analysis. The quality control (QC) samples (800, 400, 80 
and 4 ng/ml) were prepared from 10, 0.8, 0.4 and 0.08 µg/ml 
standard solutions in duplicate. The plasma sample (25 µl) was 
mixed with 50 µl of acetonitrile containing the IS, and was 
then capped, vortexed and centrifuged at 21,000 x g at ambient 
temperature for 20 min. The supernatant portion was transferred 
to a clean autosampler vial prior to injection (20 µl) into a liquid 
chromatography‑mass spectrometry (LC‑MS) system. The high 

performance LC (HPLC) system consisted of an Agilent 1100 
Series HPLC System (Agilent Technologies, Santa Clara, CA, 
USA) and a Waters C8 Column (5 µm; 3x150 mm; Waters, 
Elstree, UK), interfaced to the Agilent HPLC System with ESI 
Positive Ion Spray (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). Mobile phase consisted of 10  mM ammonium 
acetate (Sigma‑Aldrich, St. Louis, MO, USA) and acetonitrile 
(Sigma‑Aldrich) at a ratio of 30:70 (v/v). The flow rate was 
0.6 ml/min (total running time, 10 min). The retention times of 
DPD and DPA (IS) were 6.6 and 6.8 min, respectively. Nitrogen 
was used as the nebulizing gas. The electrospray needle was 
maintained at 4.5 kV and heated‑capillary temperature was set 
at 400˚C. Data acquisition was via multiple reactions monitoring. 
Ions representing the [M+H]+ species for the analyte and IS were 
selected in MS1 and collisionally dissociated with nitrogen 
gas to form specific product ions, which were subsequently 
monitored by MS2. The mass (M+1) for DPD (analyte) and 
DPA (IS) were 587 and 536 amu, respectively. Plasma samples 
that had concentrations above the upper limit of quantitation 
(1000 ng/ml) were diluted proportionally with blank plasma 
prior to extraction with acetonitrile. The calibration curve was 
calculated and plotted based on the spiked drug concentration 
per sample. The plasma calibration curve was generated from 
drug concentration vs. peak area ratio, followed by a quadratic or 
linear regression. The regression parameters of slope, intercept 
and correlation coefficient were calculated by weight (1/x) linear 
regression in Analyst® version 1.3 software (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The calibration curves require a 
correlation coefficient r>0.999. The plasma concentrations in the 
QC and unknown samples were calculated from the calibration 
curve. The lower limit of quantitation was 0.5 ng/ml, calculated 
from the lowest concentration of the calibration curve.

Rats. In total, 8 male Wistar albino rats, weighing 250‑350 g 
each (8‑10 weeks old), were obtained from BioLASCO (Taipei, 
Taiwan). The rats were housed individually and fed a laboratory 
standard diet (Purina Laboratory Rodent Chow 5001; Ralston 
Purina Co., St. Louis, MO, USA) ad libitum. Animals were 
handled according to The Guide for the Care and Use of Labo-
ratory Animals (19). A single 2 mg/kg (intravenous to the tail 
vein) or 20 mg/kg (orally) dose of DPD was separately adminis-
tered to two groups (4 rats/group). At 0 (prior to dosing), 0.033, 
0.083, 0.25, 0.67, 1, 1.5, 2, 4, 6, 9, 24 and 27 h following dosing, 
a blood sample (~150 µl) was collected from each animal via 
the jugular‑vein cannula and stored on ice (0‑4˚C). Plasma was 
separated from the blood by centrifugation (14,000 x g for 
15 min at 4˚C; Allegra® 6R; Beckman Coulter, Inc., Brea, CA, 
USA) and stored in a freezer (‑60˚C). All samples were analyzed 
for the parent compound by LC‑MS. Data were acquired via 
multiple reaction monitoring. Plasma concentration data were 
analyzed using a standard non‑compartmental method with 
Phoenix WinNonLin version 3.1 software (Pharsight; Certara, 
L.P., Princeton, NJ, USA).

Cell culture and DPD treatment. The colon cancer cell line 
COLO 205 (CCL‑222™) was purchased from the American 
Type Culture Collection (Manassas, VA, USA). COLO 205 
cells were cultured in Hyclone RPMI‑1640 with 10% fetal 
bovine serum (GE Healthcare Life Sciences, Logan, UT, 
USA). Cells were incubated in a humidified atmosphere of 
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5% CO2 in air at 37˚C. DPD was dissolved in DMSO at a 
stock concentration of 10 mM and added to culture media at 
a final concentration of 0.5‑8 µM. Cells were seeded at 6x105 
cells/60‑mm dish in the growth medium. The following day, the 
cells were replenished with a medium containing DPD. Cells 
were harvested and counted by hemocytometer at 24, 48 and 
72 h after treatment with DPD and used for further analysis.

Microarray analysis. COLO 205 cells were treated with DPD 
(2 µM) for 24 h. Cells were harvested and 0.2 µg of total RNA was 
purified using a Qiagen RNeasy Mini Kit (Qiagen, Inc., Valencia, 
CA, USA) and labeled with Cy3 (GE Healthcare Life Sciences) 
during the in vitro transcription process. Cy3‑labeled cRNA 
(0.6 µg) was fragmented to an average size of 50‑100 nucleotides 
by incubation with a fragmentation buffer (Asia BioInnovations 
Corporation, Taipei, Taiwan) at 60˚C for 30 min. Corresponding 
fragmented and labeled cRNA was then pooled and hybridized to 
the ABC Human UniversoChip 20K Microarray (Asia BioInno-
vations Corporation) at 65˚C for 17 h. After washing and drying 
via nitrogen gun (Asia BioInnovations Corporation), microar-
rays were scanned using a GenePix 4000B Microarray Scanner 
(Molecular Devices, LLC, Sunnyvale, CA, USA) at 535 nm for 
Cy3. Scanned images were analyzed by GenePix Pro Microarray 
Acquisition & Analysis Software v3.0.5.56 (Molecular Devices, 
LLC); the image analysis and normalization software was used 
to quantify signal and background intensities for each feature. 
Following the acquisition and initial quantification of array 
images, raw array data were normalized per chip and per gene 
and filtered based on raw signal intensity and detection call. 
Genes with an expression fold change of ≥2 between a treat-
ment (cells treated with 2 µM DPD for 24 h) and a control (cells 
treated with DMSO for 24 h) were considered to be significant. 
To determine the potential mechanistic network, transcripts with 
differential expression were studied using Ingenuity Pathway 
Analysis (Ingenuity Systems, Redwood City, CA, USA).

Chemosensitivit y data. Pearson's correlation coef-
ficients of DPD (#NSC‑706831) with Food and Drug 
Administration‑approved chemotherapy compounds whose 
mechanism of action is presumptively known and published 
on the NCI Developmental Therapeutics Program (DTP) (20) 
were used. These data sets were downloaded from the NCI 
DTP's NCI‑60 screen (discover.nci.nih.gov/cellminer/). Seven 
compounds that were inactive in all cell lines were excluded. A 
total of 99 drugs were analyzed. Drug sensitivity was measured 
by the negative of log10 GI50 (50% growth inhibition).

Trypan blue dye exclusion method. Viability of cells was deter-
mined using an exclusion assay based on trypan blue dye [0.4% 
in phosphate‑buffered saline (PBS)]. Cultured COLO 205 cells 
were washed with Hanks' Balanced Salt Solution (HBSS; Gibco; 
Thermo Fisher Scientific, Inc.), incubated with a solution of 
0.125% trypsin, 0.05% ethylenediaminetetraacetic acid (EDTA) 
and 0.05% glucose dissolved in HBSS (pH 7.2) for 2 min, and 
then incubated with trypan blue solution (1:1 dilution) for 5 min. 
Finally, cells were transferred to a Bürker counting chamber and 
counted by microscopy (Observer‑A1; Carl Zeiss, Oberkochen, 
Germany). Dead cells were defined as those stained with 
the dye. The percentage of living cells was calculated as the 
number of viable cells out of the total number of cells counted.

Western blot analysis. Cells were washed twice with 
ice‑cold PBS and lysed in a lysis buffer [0.5% proteinase 
inhibitors cocktail (Calbiochem; EMD Millipore, Billerica, 
MA, USA) in 1 ml M‑PER mammalian protein extraction 
reagent (Thermo Fisher Scientific, Inc.)]. Cell lysates were 
centrifuged at 12,000 x g for 30 min at 4˚C, and superna-
tants were separated. Protein concentration was measured 
using a bicinchoninic acid protein assay kit (Thermo Fisher 
Scientific, Inc.). After boiling for 5 min in the presence of 
2‑mercaptoethanol (MP Biomedicals, LLC, Santa  Ana, 
CA, USA), samples containing cell lysate protein were 
electrophoretically separated on 10% or 7.5% sodium 
dodecyl sulfate‑polyacrylamide gels and then transferred 
onto equilibrated nitrocellulose membranes. Following 
blocking in skimmed‑milk, the membranes were incubated 
with the following primary antibodies: rabbit polyclonal 
anti‑caspase‑3 and anti‑procaspase‑3 (catalog no. 14‑264; 
1:1,000) (Upstate™; EMD Millipore); mouse monoclonal 
anti‑poly ADP‑ribose polymerase (PARP; catalog no. P248; 
1:1,000) and mouse monoclonal anti‑β‑actin (catalog no. 
A3854; 1:2,500) (Sigma‑Aldrich). The bound antibodies 
were detected with horseradish peroxidase‑labeled rabbit 
polyclonal anti‑mouse IgG secondary antibody (catalog no. 
A9044; 1:10,000; Sigma‑Aldrich) and an enhanced chemilu-
minescence detection kit (EMD Millipore).

BALB/c‑nu mouse tumor xenograft model. All in  vivo 
experiments were conducted with ethics committee approval 
(Animal Research Committee of the National Research Insti-
tute of Chinese Medicine; approval no. A-100-1), and met 
the standards required by the UK Co‑ordinating Committee 
on Cancer Research guidelines  (21). The 8‑week‑old 
male BALB/c‑nu mice were obtained from the National 
Laboratory Animal Center of National Applied Research 
Laboratories (Taipei, Taiwan) and housed in a laminar flow 
room under sterilized conditions with a temperature main-
tained at 25˚C and light controlled at a 12 h light and 12 h 
dark cycle. COLO 205 cells were harvested and resuspended 
in serum‑free RPMI‑1640 medium. Cells were adjusted to a 
concentration of 1x107 cells/ml, and 0.1 ml was inoculated 
into each mouse. Each experimental group included 6‑7 mice 
bearing tumors. DPD and CPT‑11 were dissolved in DMSO 
and normal saline, respectively. Treatment was initiated when 
tumor size reached 3‑5 mm. DPD (18.75 mg/kg), CPT‑11 
(15  mg/kg) or a combination of DPD (18.75  mg/kg) and 
CPT‑11 (15 mg/kg) were administered via i.p. injection twice 
per week (volume of injection, 0.1 ml/20 g body weight). The 
control group received DMSO vehicle. Tumor size and body 
weight were monitored twice per week throughout the exper-
iment. The tumor size was measured using a vernier caliper 
twice per week. Tumor size (V) was calculated according to 
the formula V (mm3) = 0.4 x A x B2, where A and B are 
the longest diameter and the shortest diameter of the tumor, 
respectively  (22). At the end of the experiment, all mice 
were sacrificed using CO2 gas. The tumors, livers, kidneys 
and lungs were collected, fixed, embedded and stained with 
hematoxylin and eosin for pathological analysis.

Statistical analysis. All data are expressed as the mean ± stan-
dard error (SE). The differences between the drug treatment 
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groups and control group were assessed using a Student's 
t‑test with SigmaPlot version 12.5 software (Systat Software, 
Inc., San Jose, CA, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

DPD assay and pharmacokinetic profile. Following intra-
venous administration of DPD (2 mg/kg) to rats, the plasma 
concentration‑time profiles of DPD (Fig. 1) and the respec-
tive pharmacokinetic parameters were calculated (Table I). 
DPD exhibited a rapid distribution phase and could not be 
detected at 27 h after injection. As shown in Table  I, the 
area under the curve (AUC), elimination of half‑life (T1/2), 
maximum plasma concentration (Cmax), volume of distri-
bution at steady state (Vss) and clearance rate of DPD were 
0.75±0.13 µg/ml x h, 8.0±1.8 h, 1.51±0.16 µg/ml, 4.51±1.28 l/kg, 
and 2.71±0.52 l/h/kg, respectively.

Pathway analysis of gene expression associated with DPD 
treatment. To identify gene expression signatures that are associ-
ated with biological functions of DPD, microarray and pathway 
enrichment analysis was conducted to compare expression 
patterns in COLO 205 cells treated with DPD (2 µM) for 24 h. The 
top ten pathways identified by the pathway enrichment analysis 
are presented in Table II. Notably, the most prominent transcrip-
tional changes in COLO 205 cells treated with DPD (2 µM) 
were enriched for cell cycle and apoptosis pathways (7/10). The 
most common pathways associated with DPD treatment include 
apoptosis and cell adhesion; other pathways are related to cancer 
signaling. The results indicate that DPD may regulate cell cycle 
progression and cancer cell apoptosis in COLO 205 cells.

Chemosensitivity data. The significant associations between 
the DPD sensitivity profile and each of the 99 drug sensi-
tivity profiles in NCI‑60 cell lines are listed in Table III. 
There were 10 chemotherapy drugs that significantly corre-
lated with DPD sensitivity profiles in NCI‑60 cell lines. A 
significant negative correlation was found for capecitabine 
and anastrozole, whilst a significant positive correlation 
was observed for floxuridine, topotecan, nitrogen mustard, 
gemcitabine, pemetrexed, megestrol acetate, hydroxyurea 
and methotrexate. From this data, an analog of topotecan (a 
topoisomerase I inhibitor), CPT‑11, was selected to determine 

whether its combination with DPD had a multiplied antitumor 
effect in colon cancer.

DPD enhances in vitro antitumor effects of CPT‑11 in human 
colon cancer. The in  vitro antitumor effects of DPD and 
CPT‑11 were tested by trypan blue dye exclusion assay. COLO 
205 cells were treated with vehicle control, DPD (1 µM, 2 µM), 
CPT‑11 (6.25 µg/ml) or DPD in combination with CPT‑11 for 
24, 48 and 72 h. As shown in Fig. 2A, DPD alone had a positive 
antitumor effect (1 µM, P=0.04 at 72 hr; 2 µM, P=0.009 at 
72 hr), and combination with CPT‑11 had a markedly greater 
antitumor effect than that of CPT‑11 alone. Western blotting 
showed that DPD alone induced the active caspase‑3 expres-
sion. In addition, DPD combined with CPT‑11 increased the 
active caspase‑3 expression significantly (Fig. 2B). The result 
suggest that caspase‑3 activity is a possible mechanism of 
this antitumor effect. The results indicated that PARP and 
caspase‑3 may contribute to these antitumor effects.

DPD enhances in vivo antitumor effects of CPT‑11 in human 
colon cancer xenografts. To further investigate whether DPD 
could enhance the antitumoral activity of the chemotherapeutic 
agent CPT‑11 in vivo, COLO 205 cells were transplanted into 
BALB/c‑nu mice. When the tumors were palpable (3‑5 mm), 
the mice were treated with vehicle control, DPD (18.75 mg/kg, 
i.p., twice per week), CPT‑11 (15 mg/kg, i.p., twice per week), 
or DPD in combination with CPT‑11. As shown in Fig. 3A, 
the mean (±SE) tumor size in the control animals was 
280.4±67.6 mm3 at the end of the study. By contrast, the mean 
tumor size in the DPD plus CPT‑11 combination treatment 
group was 12.9±3.1 mm3 (P=0.028). The mean tumor sizes 
of DPD and CPT‑11 single‑treatment animals were 69.2±23.6 
(P=0.036)and 119.4±23.6 mm3 (P=0.080), respectively. The 
antitumoral activity of DPD in combination with CPT‑11 
showed 5‑fold and 9‑fold increases as compared with DPD and 
CPT‑11 alone, respectively. These results clearly demonstrated 
that DPD enhances the antitumoral activity of CPT‑11.

Treatment with DPD (18.75 mg/kg, i.p., twice per week) or 
DPD in combination with CPT‑11 in nude mice produced no 
obvious acute toxicity. No significant reduction in body weight 

Table I. Plasma pharmacokinetic parameters after intravenous 
administration of 2 mg/kg of DPD to rats (n=4).

Parameter	 Mean ± standard error

Clearance rate	 2.71±0.52 l/h/kg
Steady state volume of distribution	 4.51±1.28 l/kg
T1/2	 8.0±1.8 h
Maximum plasma concentration	 1.51±0.16 µg
Area under the curve	 0.75±0.13 µg/ml x h

DPD, 1,6‑bis[4‑(4‑amino‑3‑hydroxyphenoxy)phenyl] diamantane; 
T1/2, elimination of half‑life.
 

Figure 1. Plasma concentration‑time profile of 1,6‑bis[4‑(4‑amino‑3‑hy-
droxyphenoxy)phenyl] diamantane following its intravenous administration 
at a dose of 2.0 mg/kg to rats (mean ± standard error; n=4).
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was observed in DPD‑treated mice (Fig. 3B). In addition, no 
tissue damage was observed in the liver, lungs or kidneys after 
examination of the hematoxylin and eosin‑stained tissue slices 
(data not shown).

Discussion

The current study demonstrated, for the first time, that DPD 
potentiates the anticancer effects of CPT‑11 by the stimula-
tion of caspase‑3 and PARP signaling in vitro, thus reducing 
the tumor size of colon cancer xenografts implanted in mice. 
A previous study showed that co‑treatment with DPA and 
CPT‑11 increased the p53‑independent induction of p21/Cip1 
and p27/Kip1 in the tumor tissue of nude mice, and that DPA 
induced the elevation of p21/Cip1 and p27/Kip1 in COLO 205 
cells in vitro (23). However, to the best of our knowledge, no 
studies have reported a chemotherapeutic effect of DPD or 
its apoptosis‑related mechanisms. Thus, the present findings 
provide novel insight into the potential role and mechanisms 
of DPD in the treatment of colon cancer.

Apoptosis is a common and intricate cell suicide pathway, 
and is an effective way for the body to eliminate damaged 

cells  (24). Studies have demonstrated that components of 
apoptotic signaling pathways may be promising targets for the 
development of novel anticancer agents (25‑28). A number of 
plant‑derived, bio‑active substances have been shown to act 
as chemopreventive agents via the induction of apoptosis in 
various experimental models of carcinogenesis (29). At present, 
it is generally accepted that agents able to induce apoptosis 
in cancer cells may have applications in the development of 
mechanism‑based preventions and treatments for cancer (30). 
Thus, further elucidation of the mechanism of action of DPD 
and CPT‑11 may be of significance for the development for 
cancer prevention and/or therapy.

Knowledge of the mechanisms of caspase regulation may 
aid in the manipulation of apoptosis for therapeutic applica-
tions in human cancer. Caspases, which are constitutively 
expressed as latent proenzymes in living cells, affect apop-
tosis in a manner dependent upon the specific tissue or cell 
type, or the presence of a particular death signal (31). A previous 
study demonstrated that cells in which caspase‑3 was disrupted, 
and which were highly resistant to apoptosis induced by ultravi-
olet irradiation or osmotic shock, remained sensitive to apoptosis 
induced by γ‑irradiation or heat shock (32), suggesting that 

Table III. Correlation between the invasion profile and each of the 99 drug sensitivity profiles of NCI‑60 cell lines.

NSC#	 Name	 Mechanism	 Correlation	 P‑value

27640	 Floxuridine	 Antimetabolite/nucleoside	 0.321165	 0.013130
609699	 Topotecan	 Anthracycline/topoisomerase poison	 0.288541	 0.026673
762	 Nitrogen mustard	 DNA damaging agent	 0.28534	 0.028481
613327	 Gemcitabine	 Antimetabolite/nucleoside	 0.295385	 0.028566
712807	 Capecitabine	 Antimetabolite/nucleoside	‑ 0.2889	 0.032425
698037	 Pemetrexed	 Antimetabolite/nucleoside	 0.279781	 0.035049
71423	 Megestrol acetate	 Hormonal agent	 0.273379	 0.039627
32065	 Hydroxyurea	 Antimetabolite/nucleoside	 0.267059	 0.040882
740	 Methotrexate	 Antimetabolite/nucleoside	 0.266899	 0.041007
719344	 Anastrozole	 Hormonal agent	‑ 0.27687	 0.042682
  

Table II. Top ten pathways identified by pathway enrichment analysis of differentially expressed genes in COLO 205 human 
colon cancer cells following treatment with DPD (2 µM) for 24 h.

Pathway name	 P‑value	 Input nodes	 Total nodes	 Ratio

Cell cycle control of chromosomal replication	 1.37x10‑8	 11	   34	 11/34
Hereditary breast cancer signaling	 1.84x10‑7	 20	 134	 20/134
Ataxia‑telangiectasia mutated signaling 	 2.77x10‑7	 14	   66	 14/66
Mitotic roles of polo‑like kinase	 1.17x10‑6	 14	   74	 14/74
Cell cycle: G2/M DNA damage checkpoint regulation	 2.54x10‑6	 11	   49	 11/49
DNA damage‑induced 14‑3‑3σ signaling	 1.06x10‑5	   7	   22	 7/22
GADD45 signaling	 1.57x10‑5	   7	   24	 7/24
Role of CHK proteins in cell cycle checkpoint control	 2.53x10‑5	 11	   59	 11/59
Molecular mechanisms of cancer	 6.41x10‑5	 32	 388	 32/388
Salvage pathways of pyrimidine ribonucleotides	 4.11x10‑4	 14	   96	 14/96

DPD, 1,6‑bis[4‑(4‑amino‑3‑hydroxyphenoxy)phenyl] diamantane; GADD45, growth arrest and DNA‑damage‑inducible; CHK, checkpoint 
kinase.
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caspase‑3 is important in cell apoptosis. Caspase‑3 is considered 
to be the major effector caspase among the known execution 
caspases, which include caspases‑3, ‑6 and ‑7 (33). In a previous 
study using caspase‑3‑defective MCF‑7 human breast cancer 
cells, induction of apoptosis was accompanied by cleavage of 
PARP without the corresponding appearance of characteristic 
DNA internucleosomal degradation and typical morphological 
changes associated with apoptosis (34). Therefore, additional 
investigation into the cell morphological changes following 
DPD treatment are required. The current findings indicate that 
pro‑ and active caspase‑3 are major contributors to apoptosis 
in COLO 205 cells. In addition, the results demonstrated that 
stimulation of caspase‑3 and procaspase activities by DPD 
and CPT‑11 strongly activated induction of apoptosis with 
concomitant stimulation of PARP cleavage.

The observed involvement of the caspase cascade in 
DPD‑ and CPT‑11‑treated COLO 205 cells provides important 
insights to further examine the mechanism. Circumvention 
of apoptosis is one of the hallmarks of cancer, and induction 
of apoptosis during tumor development is a critical step in 

chemoprevention (35). In addition to inducing apoptosis in 
colon cancer cells, the present study revealed that DPD poten-
tiates the effects of CPT‑11 when administered in combination 
via preventing colonic tumor growth in a xenograft model; this 
suggests that it has the potential for utilization as a chemo-
therapeutic agent for colon cancer.

The current study also identified that combination treat-
ment with DPD and CPT‑11 suppressed tumor growth more 
prominently than treatments with either of these drugs alone. 
Additionally, pharmacokinetic studies have revealed that 
CPT‑11 was eliminated faster (T1/2, 1.87±0.43 h) (36) than 
DPD (T1/2, 8.0±1.8 h). By contrast, DPD exhibited a mark-
edly smaller distribution volume (Vss, 4.51±1.28 l/kg) than 
CPT‑11 (Vss, 12.50±1.46 l/kg) (36). This finding suggests that 
DPD may have a higher protein binding rate in the circula-
tion, or may exhibit specific accumulation in vivo. The Cmax 
(1.51±0.16 µg/ml/ml x h) of DPD was comparable with that of 
CPT‑11 (Cmax, 1.22±0.13 µg/ml x h) identified by a previous 
study (36). However, the AUC of DPD (0.75±0.13 µg/ml x h) was 
~1.77‑fold lower than that of CPT‑11 (2.19±0.55 µg/ml x h). This 

Figure 3. Enhancement of the anticancer activity of CPT‑11 by DPD in vivo. (A) Effects on tumor volume of DPD and CPT‑11, alone or combined, on human 
colon cancer xenograft. (B) Body weights of mice treated with, DPD and CPT‑11, alone or combined. Data is presented as the mean ± standard error. CPT‑11, 
irinotecan; DPD, 1,6‑bis[4‑(4‑amino‑3‑hydroxyphenoxy)phenyl] diamantane. DPD (18.75 mg/kg) and  CPT‑11 (15 mg/kg).

  A   B

Figure 2. Enhancement of the anticancer activity of CPT‑11 by DPD in vitro. (A) Antiproliferative effect of DPD and CPT‑11 (6.25 µg/ml), alone or combined, 
in COLO 205 cells assessed by trypan blue dye exclusion assay. *P<0.05; **P<0.01 vs. vehicle control. (B) Western blot analysis of caspase 3 activity in 
COLO 205 cells treated with DPD (1 µM) and CPT‑11, alone or combined. CPT‑11, irinotecan; DPD, 1,6‑bis[4‑(4‑amino‑3‑hydroxyphenoxy)phenyl] diaman-
tane; PARP, poly ADP‑ribose polymerase.

  A   B
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could be explained by the fact that a 5‑fold lower dose of DPD 
(2 mg/kg) was administered than that of CPT‑11 (10 mg/kg) (36). 
These results indicate that DPD may cause fewer side effects 
than CPT‑11 whilst achieving a comparable Cmax with that of 
CPT‑11, by applying a relatively lower administration dose.

In conclusion, the current study demonstrates that DPD 
potentiates the anticancer effects of CPT‑11 by inducing apop-
tosis in colon cancer cells. Results from a xenograft model 
suggest that the anticancer effects of DPD may arise from 
induction of apoptosis. Taken together, these results indicate 
that DPD is a potential therapeutic agent for the treatment of 
colorectal cancer.
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