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Abstract. Epidemiological studies indicate that components of 
garlic (Allium sativum) have anti-proliferative effects against 
various types of cancer. In the present study, we investigated 
the effect of newly isolated phenylamine derivative N-benzyl-
N-methyldecan-1-amine (NBNMA) from garlic cloves on the 
inhibition of the growth and apoptosis of human leukemia 
U937 cells and its potential anticancer mechanism. NBNMA 
exhibited an antiproliferative effect in U937 cells by inducing 
cell cycle arrest at the G2/M phase and apoptotic cell death. 
Western blot analyses revealed that NBNMA decreased the 

expression of the regulator genes of G2/M phase progression, 
cyclin dependent kinase (Cdk) 2 and Cdc2 and elevated the 
expression of the Cdk inhibitor p21WAF1/CIP1 in a p53-indepen-
dent manner. In addition, NBNMA activated caspase-8 and 
caspase-9, initiator caspases of the extrinsic and intrinsic 
pathways of apoptosis, respectively, which led to activation of 
executioner caspase-3 along with degradation of poly(ADP-
ribose) polymerase. NBNMA-induced apoptosis was observed 
in parallel with an increased ratio of pro-apoptotic Bax and 
Bad/anti-apoptotic Bcl-2 and Bcl-xL, and inhibition of inhibitor 
of apoptosis protein (IAP) family members XIAP and cIAP-1. 
Furthermore, NBNMA-treated cells displayed enhanced 
release of cytochrome c from the mitochondria into the cytosol 
concomitant with a loss of mitochondrial membrane potential 
and downregulation of Bid, suggesting that NBNMA-induced 
apoptosis occurred via the extrinsic and intrinsic apoptotic 
pathways with a possible link to Bid protein activity between 
the two pathways. These results indicate that NBNMA has 
promising potential to become a novel anticancer agent for 
the treatment of leukemia. We provide new insight into the 
mechanisms underlying the anticancer effect of NBNMA.

Introduction

Recent epidemiological data indicate that consuming plant-
based dietary products offers protection from cancer and 
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reduces cancer risk. Among the dietary products studied, 
garlic, Allium sativum, and related Allium vegetables are 
known for their anticancer potential. Garlic is a member of the 
lily family and has been widely cultivated and consumed as a 
food in numerous countries for the past 10,000 years and has 
been widely used as a popular remedy for various disorders for 
thousands of years. Compounds in garlic have been recently 
demonstrated to suppress carcinogen-induced tumor growth 
in vitro and in vivo (1-3). Epidemiological findings also suggest 
an inverse relationship between garlic consumption and the 
incidence of various types of cancers (4-6).

Cell cycle dysregulation and resistance to apoptosis are 
hallmarks of cancer cells; thus, approaches to induce cell 
cycle arrest and stimulate apoptotic action could be effective 
targets for antitumor intervention. Therefore, recent studies 
have offered novel insights into the molecular mechanisms of 
garlic component-induced cell cycle arrest and apoptosis (7,8). 
Modem et al (9) reported that fresh garlic clove extract arrests 
breast cancer cell growth at the G1 phase. Lund et al (10) and 
Frantz et al (11) reported that a water-soluble extract of garlic 
arrests breast and colon cancer cells at the G2/M boundary 
causing apoptosis. In addition, a crude garlic extract was 
found to cause caspase-dependent apoptosis in colon cancer 
cells by modulating Bcl-2 family proteins and mitochondrial 
dysfunction (12). We previously found that the generation of 
cellular reactive oxygen species (ROS) plays a pivotal role in 
initiating apoptotic death by garlic clove hexane extracts in 
human hepatocarcinoma cells (13). These data suggest that 
garlic components may affect different signaling pathways 
according to cell type or culture conditions. These effects are 
selective for cancer cells, as normal cell lines are resistant to 
cell cycle arrest and apoptosis following treatment with garlic 
components (14,15). Moreover, a garlic extract was found to 
reduce the side effects caused by anticancer agents (1).

We isolated the novel phenylamine derivative N-benzyl-
N-methyldecan-1-amine (NBNMA) from garlic cloves during 
the course of our bioactive natural product screening program 
of medicinal foods. To date, no studies have reported the 
anticancer activity of NBNMA; therefore, we conducted the 
present study to investigate the in vitro anti-leukemic proper-
ties of this compound to substantiate its anticancer activity. 
We used the human leukemia U937 cell line to identify the 
molecular effects of NBNMA and found that NBNMA 
induced G2/M arrest and apoptosis.

Materials and methods

Plant materials and isolation of the pure compound. Garlic 
cloves were purchased directly from the Danyang Food Co. 
(Danyang, Korea) in January, 2009. The freeze-dried garlic 
cloves (1 kg) were ground to a fine powder and then succes-
sively extracted at room temperature with n-hexane, ethyl 
acetate (EtOAc) and 70% ethanol (EtOH) by using 3,000 ml 
of each solvent three times to obtain a 3.55 g hexane extract, a 
1.12 g EtOAc extract, and a 51.05 g EtOH extract. The EtOH 
extract (13 g) was evaporated en vacuo and chromatographed 
on a Diaion HP20 Resin (0.35 mm; Supelco, Bellefonte, PA, 
USA) column (30 x 3 cm) with a step gradient (0, 25, 50 and 
90%) of EtOH in water and methanol (MeOH) to obtain 
21 fractions. Fraction GDPIEIDIP-II (221.3 mg) was separated 
on a Sephadex LH20 (70 µm; Pharmacia Biotech AB, Uppsala, 
Sweden) column (100 x 30 cm) with CHCl3:MeOH:dH2O 
(65:35:10) to yield the pure compound (61.2 mg).

Determination of the NBNMA structure. NBNMA was 
obtained as a white sticky compound in MeOH. Liquid chro-
matography mass-spectrometry analyses indicated a molecular 
ion at m/z 283 corresponding to [M + Na]+; thus, indicating a 

Table I. 1H (600 MHz) and 13C NMR (150 MHz) data of NBNMA.

Position δC  δH HMBC

1, 5 134.26 x 2 CH 7.59, d J=7.8 134.26, 132.02, 68.95
2, 4 130.47 x 2 CH 7.53, t 130.47, 128.10
3 132.02 CH 7.55, t 134.26
6 128.10 C
7 68.95 CH2 4.57, s 134.26, 128.10, 65.97, 50.34
9 50.34 CH3 3.05, s 68.95, 65.97
10 65.97 CH2 3.33, t 68.95, 50.34, 27.57, 23.82
11 23.85 CH2 1.90, m, 1.34, m 65.97, 27.57
12 27.57 CH2 1.38, m
13-16 30.85 CH2 1.32-1.34
 30.74 CH2 1.32-1.34
 30.67 CH2 1.32-1.34
 30.58 CH2 1.32-1.34
 30.35 CH2 1.41, t 27.57
17 33.17 CH2 1.32, m
18 23.82 CH2 1.90, m, 1.34, m
19 14.60 CH3 0.90, t 33.17, 23.82
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molecular formula of C18H30NNa. One- and two-dimensional 
nuclear magnetic resonance (NMR) analyses with homo-
nuclear and heteronuclear direct and long-range correlations 
permitted assignments of the 1H and 13C NMR resonances as 
listed in Table I. The 13C NMR and distortionless enhanced 
polarization transfer spectra showed 18 signals, including 
six carbons for one aromatic ring, one phenylic methylene 
at δC 68.95, one N-methylene at δC 65.97, one N-methyl at 
δC 50.34, eight acyclic carbons at δC 23.82-33.17, and one 
terminal methyl at δC 14.40. The three aromatic protons of 
the phenyl moiety resonated at δH 7.59, 7.53 and 7.55, respec-
tively, and one phenylic methylene group was located at δH 
4.57. One-proton resonance at δH 3.05 was due to N-methyl 
protons. The nine-proton multiplet at δH 1.32-1.34 was indica-
tive of an acyclic saturated hydrocarbon group. Heteronuclear 
multiple-bond correlation spectroscopy (HMBC) correlations 
observed between H-9 and C-7 and C-10 and from H-7 to 
C-1, C-5, C-9, and C-10 suggested the presence of an amine 
group at N-8 attached to the phenyl ring. Cross-peaks were 
also observed between H-10 and C-7 and C-9 and between H-9 
and C-7 and C-10. Correlations between H-19 and C-18 and 
C-17 established that the terminal methyl of the acyclic methyl 
group was at C-19. Moreover, the HMBC spectrum confirmed 
the positions of the N-methyl groups, showing correlations 
between the N-CH3 protons at δH 3.05 with N-8, and the 
N-methylene protons showed correlations between resonances 
at δH 3.33 (N-CH2) and C-11 and C-12. The connectivity of 
NBNMA was deduced from this information, and the absolute 
configuration of the compound was established (Fig. 1).

Cell culture. U937 cells were obtained from the American 
Type Culture Collection (Manassas, VA, USA). The cells 
were cultured in RPMI-1640 medium containing 10% fetal 
bovine serum and 1% antibiotics (penicillin and streptomycin; 
Gibco-BRL, Grand Island, NY, USA) under humidified condi-
tions with 5% CO2 at 37˚C.

Cell viability assay. Cells (1x105 cells/ml) were seeded in a 
6-well plate. After a 24-h incubation, the cells were treated 
with various concentrations of NBNMA for 24 h. Then, 
0.5 mg/ml MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide; Sigma-Aldrich Chemical Co., St. Louis, 

MO, USA)] solution was added, and the plates were incubated 
for an additional 2 h at 37˚C. The medium was subsequently 
removed, and dimethyl sulfoxide (Sigma-Aldrich) was added. 
Optical density was measured at 540 nm using a microplate 
spectrophotometer (Dynatech Laboratories, Chantilly, VA, 
USA).

DAPI staining. A morphological analysis of the treated 
cells was conducted by fluorescence microscopy using 
4,6-diamidino-2-phenylindole dihydrochloride (DAPI) 
staining to determine whether the growth inhibitory activity 
of NBNMA is related to the induction of apoptosis. Briefly, 
the cells were collected and fixed with 3.7% paraformaldehyde 
(Sigma-Aldrich) in PBS for 10 min at room temperature. The 
fixed cells were washed with PBS and stained with 2.5 µg/
ml DAPI solution for 10 min just prior to observation using a 
fluorescence microscope (Carl Zeiss, Oberkochen, Germany)

Cell cycle analysis. The cells were exposed to NBNMA for 
24 h to monitor their distribution at various phases of the cell 

Table II. Gene-specific primers for RT-PCR.

Gene Primer sequences

Cdk2 S: 5'-GCT TTC TGC CAT TCT CAT CG-3'
 A: 5'-GTC CCC AGA GTC CGA AAG AT-3'

Cdk4  S: 5'-ACG GGT GTA AGT GCC ATC TG-3'
 A: 5'-TGG TGT CGG TGC CTA TGG GA-3'

p21 S: 5'-CTC AGA GGA GGC GCC ATG-3'
 A: 5'-GGG CGG ATT AGG GCT TCC-3'

Cyclin A S: 5'-TCC AAG AGG ACC AGG AGA ATA TCA-3'
 A: 5'-TCC TCA TGG TAG TCT GGT ACT TCA-3'

Cyclin B1 S: 5'-AAG AGC TTT AAA CTT TGG TCT GGG-3'
 A: 5'-CTT TGT AAG TCC TTG ATT TAC CAT G-3'

Bcl-2 S: 5'-CAG CTG CAC CTG ACG-3'
 A: 5'-GCT GGG TAG GTG CAT-3'

Bcl-xL S: 5'-CGG GCA TTC AGT GAC CTG AC-3'
 A: 5'-TCA GGA ACC AGC GGT TGA AG-3'

Bax S: 5'-ATG GAC GGG TCC GGG GAG-3'
 A: 5'- TCA GCC CAT CTT CTT CCA-3'

Bad S: 5'-CAG TGA TCT GCT CCA CAT TC-3'
 A: 5'-TCC AGC TAG GAT GAT AGG AC-3'

XIAP S: 5'-GAA GAC CCT TGG GAA CAA CA-3'
 A: 5'-CGC CTT AGC TGC TCT CTT CAG T-3'

cIAP-1 S: 5'-TGA GCA TGC AGA CAC ATG C-3'
 A: 5'-TGA CGG ATG AAC TCC TGT CC-3'

cIAP-2 S: 5'-CAG AAT TGG CAA GAG CTG G-3'
 A: 5'-CAC TTG CAA GCT GCT CAG G-3'

GAPDH S: 5'-CGG AGT CAA CGG ATT TGG TCG TAT-3'
 A: 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'

S, sense; A, antisense.

Figure 1. (A) Structure and (B) key heteronuclear multiple-bond correlations 
of N-benzyl-N-methyldecan-1-amine (NBNMA).
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cycle. Then, the cells were incubated with 50 µg/ml propidium 
iodide (Sigma-Aldrich) and 0.1% Triton X-100 (Sigma-Aldrich) 
in the dark. After a 30-min incubation, the cells were analyzed 
by FACScan flow cytometry (Becton-Dickinson, San Jose, 
CA, USA) equipped with a 488 nm argon laser (16).

Reverse transcription-polymerase chain reaction (RT-PCR). 
Total-RNA was extracted using an RNeasy kit (Qiagen, La 
Jolla, CA, USA), and cDNA was synthesized using an RNA 
PCR kit (Takara Biomedicals, Osaka, Japan) with the oligo dT 
primers supplied (Table II), according to the manufacturer's 
instructions. The resulting amplification products were sepa-
rated electrophoretically on a 1% agarose gel and visualized 
by ethidium bromide (Sigma-Aldrich) staining. In a parallel 
experiment, amplification of glyceraldehyde-3-phosphate 
dehydrogenase was used as an internal control to test the 
integrity of all cDNA and to provide a measure of relative 
expression.

Western blot analysis. Total cellular protein was isolated from 
cells washed once in cold PBS and then suspended in 100 µl 
lysis buffer (10 mM Tris-HCl, pH 8.0, 0.32 M sucrose, 1% 
Triton X-100, 5 mM EDTA, 2 mM DTT, 1 mM phenylmethane-
sulfonyl fluoride). Cytosolic and mitochondrial fractions 
were prepared using a mitochondrial/cytosol fractionation 
kit (Alexis Biochemicals, San Diego, CA, USA), according 
to the manufacturer's instructions. The protein content was 
determined with the Bio-Rad protein assay reagent (Hercules, 
CA, USA), using bovine serum albumin as the standard. 
Protein extracts were reconstituted in sample buffer [0.062 M 
Tris-HCl, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 
5% β-mercaptoethanol], and the mixture was boiled for 10 
min. Equal amounts of the denatured protein sample were 
loaded into each lane, separated by SDS-polyacrylamide gel 
electrophoresis, and transferred to polyvinylidene difluoride 
membranes (Millipore, Milford, MA, USA). The membranes 
were incubated with primary antibodies for 2 h, washed 
twice, and stained with enzyme-linked secondary antibodies 
(Amersham, Arlington Heights, IL, USA), which were then 
detected with an enhanced chemiluminescence kit (Millipore) 
and autoradiography using X-ray film. The primary antibodies 
were purchased from Santa Cruz Biotechnology Inc. (Santa 
Cruz, CA, USA), Cell Signaling Technology (Beverly, MA, 
USA) and Calbiochem (San Diego, CA, USA).

In vitro caspase activity assay. Caspase activity was deter-
mined with a colorimetric assay kit that used synthetic 
tetrapeptides [Asp-Glu-Val-Asp (DEAD) for caspase-3, 
Ile-Glu-Thr-Asp (IETD) for caspase-8, Leu-Glu-His-Asp 
(LEHD) for caspase-9] labeled with p-nitroaniline (pNA), 
following the manufacturer's instructions. Briefly, cells were 
lysed in the lysis buffer supplied by the manufacturer and 
according to the protocol. The supernatants were collected and 
incubated with the supplied reaction buffer containing DTT 
and DEAD-pNA, IETD-pNA, or LEHD-pNA as the substrate 
at 37˚C. The reactions were measured by changes in absor-
bance at 405 nm using a microplate reader.

Measurement of mitochondrial membrane potential (MMP). 
MMP values were determined with the dual-emission 

potential-sensitive probe 5,5',6,6'-tetrachloro-1,1',3,3'-tetra-
ethyl-imidacarbocyanine iodide (JC-1; Sigma-Aldrich), which 
selectively enters mitochondria, and the color changes revers-
ibly from red to green as the MMP decreases. Briefly, after 
treatment with NBNMA for 24 h, the cells were stained with 
10 µM JC-1 for 20 min at 37˚C in the dark. Then, the stained 
cells were washed with ice-cold PBS and analyzed by flow 
cytometry.

Statistical analysis. All data are presented as mean ± standard 
deviation values. Statistical analyses were conducted with 
Prism ver. 5.0 using one-way ANOVA, followed by Dunnett's 
or Tukey's test. A P<0.05 was considered to indicate a statisti-
cally significant result.

Results

Anti-proliferative effects of NBNMA against U937 cells. The 
inhibitory growth effects of NBNMA on U937 cells were 
determined by the MTT assay. As shown in Fig. 2A, >38% 
of cell proliferation was inhibited by 25 µg/ml NBNMA for 
24 h, and 50 µg/ml NBNMA resulted in >63% inhibition of 
proliferation after 24 h. Direct observations using an inverted 
microscope showed that numerous morphological changes 
occurred in the U937 cells following treatment with NBNMA. 
In particular, cell shrinkage and cytoplasmic condensation 
were noted in a dose-dependent manner after NBNMA treat-
ment (Fig. 2C).

Induction of G2/M arrest and apoptosis by NBNMA in U937 
cells. U937 cells were treated with different concentrations of 
NBNMA and were then subjected to flow cytometric analysis 
following DNA staining to test whether NBNMA affects cell 
cycle progression. Following a 24-h NBNMA treatment, the 
percentage of cells in the G2/M phase increased from 21.16% 
in the untreated cells to 21.58, 30.87 and 41.66% in the cells 
treated with increasing concentrations of NBNMA (Fig. 2B) 
with a concomitant decrease in the percentage of cells in the 
G1 and S phases. Morphological changes were examined under 
a fluorescence microscope after a 24-h exposure to elucidate 
whether NBNMA inhibits U937 cell growth by inducing 
apoptosis. Following treatment of U937 cells with various 
NBNMA concentrations for 24 h, chromatin stained with 
DAPI had a characteristic condensed and fragmented appear-
ance and this effect was concentration-dependent (Fig. 2C). 
Moreover, treatment of the U937 cells for 24 h with NBNMA 
resulted in a concentration-dependent accumulation of cells 
in the sub-G1 phase (hypodiploid peak) (Fig. 2D). These data 
confirmed that NBNMA inhibited U937 cell growth via cell 
cycle arrest and induction of apoptosis.

Effects of NBNMA on the expression of cell cycle-related 
genes. mRNA and protein expression levels of the key cell 
cycle regulators between the G2 and M phases were examined 
by RT-PCR and immunoblotting to elucidate the molecular 
mechanism of NBNMA-induced G2/M arrest in U937 cells. 
Treatment with NBNMA resulted in reduced transcriptional 
and translational levels of cyclin-dependent kinase (Cdk)2 and 
Cdc2 in a concentration-dependent manner, with no effect on 
cyclin A or cyclin B1 (Fig. 3). However, the mRNA and protein 
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levels of the Cdk inhibitor p21WAF1/CIP1 increased markedly 
following treatment with 25 and 50 µg/ml NBNMA for 24 h. 
Taken together, our data demonstrated that NBNMA inhibits 
cell cycle progression and contributes to reduced growth by 
modulating Cdk and p21 levels.

Effects of NBNMA on the expression of Bcl-2 and IAP 
family members. As NBNMA treatment induced apoptosis in 
the U937 cells, we examined the effect of NBNMA on the 
expression of apoptosis regulatory genes including Bcl-2 and 
inhibitor of apoptosis protein (IAP) family members. The 

Figure 3. Effects of N-benzyl-N-methyldecan-1-amine (NBNMA) treatment on the expression of cell cycle regulatory genes associated with the G2/M phase 
in U937 cells. The cells were treated with the indicated concentrations of NBNMA for 24 h, and Cdk2, Cdc2, p21, cyclin A and cyclin B1 levels were assessed 
by (A) reverse transcription-polymerase chain reaction (RT-PCR) and (B) western blotting, respectively. Results are representative of two or three independent 
experiments with similar outcomes. GAPDH and actin were used as internal controls for the RT-PCR and western blot assays, respectively. 

Figure 2. N-benzyl-N-methyldecan-1-amine (NBNMA) causes G2/M arrest and induction of apoptosis in U937 cells. (A) Cytotoxicity was assessed by a 
metabolic dye-based MTT assay after a 24-h incubation with NBNMA. (B) The cells were stained with propidium iodide and analyzed by flow cytometry. The 
results are expressed as the percentage of cell distribution at each phase; one image representing each concentration at 24 h is shown. (C) The morphological 
changes in the cells were imaged using an inverted microscope (original magnification, x200; upper panels). The cells were fixed and stained with DAPI 
solution. Stained nuclei were then observed with a fluorescence microscope after a 10-min incubation at room temperature (original magnification, x400; 
lower panels). (D) To quantify the degree of apoptosis induced by NBNMA, the percentage of sub-G1 phase cells was determined based on a DNA content 
histogram. Results are expressed as the percentage of the vehicle control value. Data are the mean ± standard deviation values from three independent experi-
ments. *P<0.05. 
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results of RT-PCR and immunoblotting revealed a marked 
downregulation of anti-apoptotic Bcl-2 and Bcl-xL in the U937 
cells (Fig. 4). However, treatment with NBNMA caused an 
increase in pro-apoptotic Bax and Bad expression. In addition, 
relative mRNA and protein expression of anti-apoptotic XIAP 
and cIAP-1 decreased in a concentration-dependent manner 
compared to that in the control cells, whereas expression of 
cIAP-1 was relatively constant in the NBNMA-treated U937 
cells.

Activation of caspases and degradation of poly(ADP-ribose) 
polymerase (PARP). We next examined whether caspases 
are activated during NBNMA-induced U937 cell death 
to determine the effectors active in the NBNMA-induced 
apoptotic pathways. Fig. 5 shows that treatment of U937 cells 
with NBNMA increased the levels of active caspase-8 and 
caspase-9, the initiator caspases of the extrinsic and intrinsic 
apoptotic pathways, respectively, and their in vitro activities 
in a concentration-dependent manner. In conjunction with the 

increase in caspase-8 and caspase-9 activity, western blot anal-
ysis revealed that NBNMA treatment of U937 cells resulted 
in proteolytic cleavage of pro-caspase-3 to active caspase-3, a 
main executioner caspase, with subsequent cleavage of PARP 
into an 85-kDa fragment.

Effects of NBNMA on apoptosis induction for mitochondrial 
signaling in U937 cells. Since NBNMA activated caspase-9, 
we investigated whether it would affect NBNMA-induced 
apoptosis associated with mitochondrial signaling. We exam-
ined the effects of NBNMA on mitochondrial membrane 
integrity, one of the early events leading to apoptosis, using 
the JC-1 fluorescent probe. The results in Fig. 6A indicate that 
treatment with NBNMA clearly elicited dissipation of MMP 
when compared to that in the control cells. The loss of MMP 
is usually accompanied by release of cytochrome c into the 
cytosol, which is involved in activating caspase-3. Therefore, 

Figure 4. Modification of apoptosis-regulating gene products Bcl-2 and 
inhibitor of apoptosis protein (IAP) family members by N-benzyl-N-
methyldecan-1-amine (NBNMA) treatment in U937 cells. U937 cells were 
treated with different concentrations of NBNMA for 24 h. Total-RNA and 
protein were isolated and analyzed by (A) reverse transcription-polymerase 
chain reaction (RT-PCR) and (B) immunoblotting assays using the indicated 
primers and antibodies. GAPDH and actin were used as internal controls for 
the RT-PCR and western blot assays, respectively.  

Figure 5. Activation of caspases and degradation of poly(ADP-ribose) poly-
merase (PARP) by N-benzyl-N-methyldecan-1-amine (NBNMA) treatment 
in U937 cells. (A) Cells grown under the same conditions as indicated in 
Fig. 3 were subjected to western blot analysis using the indicated antibodies 
and an enhanced chemiluminescent detection system. Actin was used as 
the internal control. (B) Caspase-3, -8 and -9 activity was determined with 
colorimetric assay kits. Data were normalized to the caspase activity in the 
control cells and are represented as the fold-change of the control. Data are 
the means with standard deviations from at least three independent experi-
ments. *P<0.05, significant vs. the control cells.
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we sought to determine the effects of NBNMA on cyto-
chrome c levels. As shown in Fig. 6B, NBNMA triggered the 
release of cytochrome c from mitochondria to the cytoplasm, 
as determined by immunoblotting using mitochondrial and 
cytosolic extracts. The extrinsic apoptotic signaling cascade 
starts with activation of caspase-8 and truncation of Bid 
(tBid), a BH3 pro-apoptotic protein, which translocates to the 
mitochondrial membrane, allowing activation of pro-apoptotic 
proteins such as caspase-9 and release of cytochrome c. As 
indicated in Fig. 6C, NBNMA treatment caused a decrease in 
the amount of the Bid pro-form, which is indirect evidence of 
protein truncation and activation, suggesting that NBNMA-
induced apoptosis in U937 cells may occur via activation of 
caspase-8 and Bid.

Discussion

Despite the early detection and precautions to minimize the 
incidence of leukemia, there is a constant effort to discover 
alternative strategies to prevent and treat this deadly disease. 

To this end, identifying a potent natural molecule that can 
specifically target leukemic cells with minimal or no toxicity 
to normal cells would be of great benefit. In the present study, 
we investigated whether NBNMA, a newly isolated phenyl-
amine derivative from garlic cloves, could inhibit proliferation 
of leukemia cells using the U937 cell line as an experimental 
model. We found that NBNMA exerted significant growth 
inhibitory effects on U937 cells by inducing G2/M phase 
arrest and apoptotic cell death.

Molecular analyses of human cancers have revealed that 
cell cycle and apoptosis regulators frequently display encoding 
gene abnormalities in most common malignancies. Therefore, 
agents that alter the regulation of cell cycle machinery, 
resulting in arrest at different phases and thereby reducing 
the growth and proliferation and even inducing apoptosis 
of cancer cells may be useful for the development of new 
anticancer drugs. Cell cycle arrest reflects a requirement to 
repair cell damage; if not repaired, apoptotic mechanisms are 
often activated (17,18). Cell cycle progression in mammalian 
cells is critically regulated by sequential activation of Cdks. 
The activities and specificities of Cdks are determined by 
phosphorylation of their corresponding catalytic subunits and 
by their associations with cyclins, which are differentially 
expressed during the cell cycle. Cell cycle progression is also 
regulated by the relative balance between the cellular concen-
trations of Cdk inhibitors such as p21, which may contribute 
to maintain cell cycle arrest by inactivating the cyclin/Cdk 
complex (19,20). Of the Cdks, Cdk2 and Cdc2 kinases are 
activated primarily in association with cyclin A and cyclin 
B1 during progression of the G2/M phase (21-23). The results 
of our cell cycle analysis indicated that treatment of U937 
cells with NBNMA resulted in significant accumulation of 
cells in the G2/M phase (Fig. 2B). This cell cycle blockade 
was associated with a reduction in Cdk2 and Cdc2 at both 
the mRNA and protein levels (Fig. 3). G2/M arrest caused by 

Figure 6. Effects of N-benzyl-N-methyldecan-1-amine (NBNMA) treatment 
on mitochondrial membrane potential and expression of cytochrome c and 
Bid in U937 cells. U937 cells were treated with the indicated concentrations 
of NBNMA for 24 h. (A) The cells were stained with JC-1, and mean JC-1 
fluorescence intensity was detected by flow cytometry. Data are expressed as 
the means of two independent experiments. (B) Mitochondrial and cytosolic 
proteins were extracted and analyzed by western blotting using the anti-cyto-
chrome c antibody. Actin and cytochrome oxidase IV (COX IV) were used as 
internal controls for the cytosolic and mitochondrial fractions, respectively. 
(C) The level of Bid was determined by immunoblotting after treatment of 
the cells with NBNMA for 24 h. Actin was used as an internal control.  

Figure 7. Proposed molecular signaling pathways of NBNMA-induced cell 
cycle arrest and apoptosis in U937 cells. 
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NBNMA was also supported by a significant increase in the 
expression of p21, the first mammalian Cdk inhibitor identi-
fied, which is an important mediator of cell cycle arrest and 
apoptosis imposed by the tumor suppressor p53 in response 
to DNA damage (24,25). Since the p53 gene is deleted in 
U937 cells (26), it is most likely that the induction of p21 was 
mediated in a p53-independent manner. This result indicates 
that NBNMA-induced G2/M arrest in U937 cells might be 
mediated through p53-independent upregulation of p21, which 
enhances the formation of heterotrimeric complexes with 
G2/M cyclins and Cdks, thereby inhibiting their activity.

Apoptosis or programmed cell death is an important 
homeostatic mechanism for precisely regulating the number 
of cells and as a defense mechanism to remove unwanted cells. 
Many studies have shown that an acquired resistance to apop-
tosis is a hallmark of most types of cancer. Therefore, inducing 
apoptosis is a protective mechanism against cancer progres-
sion, and apoptosis-inducing agents are being investigated as 
tools to manage cancer. Apoptosis in mammals is controlled 
by a mitochondrial-mediated intrinsic and a membrane 
death receptor (DR)-mediated extrinsic pathway (27,28). 
Caspases are involved in the intrinsic and extrinsic pathways, 
each possessing specific initiator enzymes, caspase-9 and 
caspase-8, respectively. The permeability changes and MMP 
collapse during the intrinsic pathway induce the formation 
of apoptosomes between the apoptotic protease-activating 
factor-1 and caspase-9 with cytochrome c following its release 
from mitochondria into the cytosol (29,30). Otherwise, acti-
vation of DRs by cross-linking with their respective ligands 
results in activation of pro-caspase-8 in the extrinsic pathway. 
Activated caspase-8 subsequently promotes proteolytic 
processing of Bid (tBid), a pro-apoptotic protein in the Bcl-2 
family, that converges into the apoptosis intrinsic pathway 
downstream from the extrinsic route. Both activated caspase-8 
and caspase-9 activate downstream executioner caspases such 
as caspase-3. Activated caspase-3 is responsible for proteo-
lytic degradation of PARP, which occurs at the onset of the 
apoptosis process (30,31). In the present study, we observed 
that treatment of U937 cells with NBNMA induced apoptosis 
associated with activation of caspase-8 and caspase-9, along 
with an increase in the active caspase-3 level and PARP 
cleavage (Fig. 5). Our experiments also clearly showed that 
mitochondrial depolarization, release of cytochrome c into the 
cytosol, and downregulation of Bid were increased after treat-
ment with NBNMA (Fig. 6), suggesting that both the extrinsic 
and intrinsic pathways are involved in NBNMA-induced U937 
cell apoptosis.

Bcl-2 and IAP family members have important regulatory 
roles in apoptosis. The Bcl-2 family, which has both anti-
apoptotic (Bcl-2 and Bcl-xL) and pro-apoptotic (Bax and Bad) 
members, act on mitochondria to either prevent or facilitate 
the release of apoptogenic factors. Therefore, the Bax:Bad/
Bcl-2:Bcl-xL ratio is a key factor regulating the apoptotic 
process (32,33). In contrast, the IAP family of proteins are 
all endogenous inhibitors of apoptosis that bind and inhibit 
caspases. Thus, they impede the apoptotic process once it 
has begun. Caspases targeted by IAPs include caspase-9 and 
caspase-3 but not caspase-8 (34,35). We demonstrated that the 
increase in NBNMA-induced apoptosis was associated with 
dysregulation of Bcl-2 family members (Fig. 4). Our data also 

indicate that NBNMA treatment downregulated IAPs and 
thereby disturbed caspase activation in U937 cells.

In conclusion, the possible effects of NBNMA on cell 
cycle and apoptosis-related genes and the possible mecha-
nism of action are summarized in Fig. 7. Taken together, we 
conclude that NBNMA treatment significantly inhibited U937 
cell proliferation by causing G2/M phase arrest and inducing 
apoptosis. Our data provide an important step that might help 
model the effects of NBNMA for potential future studies with 
animal models and thereby facilitate the development of nutra-
ceutical products and anticancer drugs using NBNMA.
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