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ABSTRACT 

Platinum nanoparticles induce apoptosis in Raw 264.7 cells through  

p53-mitochondria pathway 

 

TA THI LOAN 

Advisor: Prof. Yoo Hoon 

Dept. of Bio-dental engineering, 

Graduate school of Chosun University 

Platinum nanoparticles (PNPs) have been recently reported to have anti-oxidant and anti-

inflammatory effects. In this study, we investigated the effects of PNPs on Macrophage cell line 

Raw 264.7 cells by exposing PNP05 (5 nm in size) or PNP30 (30 nm in size). The PNPs showed 

severe toxicity on Raw 264.7 cell in a MTT assay and the degree of toxicity was nano-particle size 

dependent. The growth and survival of Raw 264.7 cells were also dose-dependent. PNP-induced 

apoptotic evidence was observed in FACS analysis with the increased cell population binding to 

Annexin-V or PI. PNP-exposed cells exhibited DNA fragmentation with DNA laddering features, 

and apoptotic protein markers such as cleaved caspase-3/-7 were detected dose-dependently in 

Western Blotting. Western blotting of cell cycle related proteins revealed that the expression of cell 
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cycle proteins were slightly decreased (cyclin D, cyclin E1, cyclin B1, Cdc2) or almost unchanged 

(cyclin A, cdk2, cdk4)  at 2 µg/ml of PNP but further decreased at 6 µg/ml of PNP after 24 hours 

treatment. Furthermore, the cell cycle analysis by flow cytometry revealed that cell cycle was 

arrested at G2/M phase at low concentration of PNP (2 µg/ml). However, the arrest at G2/M phase 

was shifted into subG1 phase at high concentration of PNP (6 µg/ml). The expression of p53 and 

p21 which are necessary for maintaining a cell cycle arrest at G2/M phase were dramatically 

increased at apoptosis state. In addition, the expression of Bcl-2 protein was decreased and Bax was 

increased in a dose-dependent manner. Cytochrome c release from mitochondria to cytosol, after 

treating with PNPs, triggered the activation of caspase-9/-3 and -7. Overall our results suggest that 

PNP-induced apoptotic signaling may be involved in p53-mitochondrial pathway.  
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초 록 

 

플라티늄 나노입자에 의한 p53-미토콘드리아 의존성 

세포사멸기전 연구 

 

 

따티로안 

지도교수: 유훈 

치과대학 

조선대학교 대학원 

 

최근 백금나노입자(PNP)가 항산화 및 항염증 효과가 있는 것으로 보고된 바 있다. 본 

연구에서는 PNP05 (5 nm 크기) 또는 PNP30 (30 nm 크기)가 대식세포인 Raw 264.7 

세포에 미치는 영향을 조사하였다. MTT 분석에 의하면 PNP 는 Raw 264.7 세포에 강한 

유독성을 보였고 입자 크기 의존적인 독성을 나타내었다. Annexin-V 및 PI 를 이용한 

FACS 분석에 의하면 PNP 는 Raw 264.7 세포의 증식을 억제하면서 세포사멸을 유도함을 

확인할 수 있었다. 세포 증식억제에 대한 증거로 세포주기에 관련된 프로틴 (cyclin E1, 

cyclin D1, cyclin B1, Cdc2, cyclin A, cdk2, cdk4) 들의 발현감소, 그리고 세포사멸에 

대한 증거들로 DNA 분절, western blotting 에 의한 단절된 caspase-3/-7 의 농도의존적 

검출 등을 확인하였다. 흥미롭게도 2 µg/ml 농도의 PNP 로 Raw 264.7 세포에 24 시간 
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처리한 경우에 cyclin E1, cyclin D1, cyclin B1, Cdc2 의 발현이 농도의존적으로 감소한 

반면 cyclin A, cdk2, cdk4 들은 발현에는 큰 변화가 없었다. 그러나 6 µg/ml 의 PNP 

농도로 24 시간 처리한 경우에는 cyclin A, cdk2, cdk4 의 발현도 역시 농도의존적으로 

현저히 감소하였다. 또한 이들 단백들의 신호 조절 단백들인 p53 및 p21 발현은 세포주기 

억제 조건인 2 µg/ml 농도의 PNP 조건에서 농도의존적으로 증가하였으며 세포사멸 

농도인 6 µg/ml 의 PNP 농도에서는 더욱 현저히 증가되는 발현양상을 보였다. 이러한 

결과는 Annexin-V 를 이용한 분석 결과와도 일치하며 P53 에 의한 초기 세포주기 

억제기등이 고농도의 PNP 조건에서 세포사멸로 전환되었음을 보여준다. 또한 

농도의존적인 bcl-2 발현 감소, bax 발현 증가, 세포질에서의 cytochrome c 검출, 

caspase-9/-3 and -7 의 활성화 등의 분자적 발현 증거들은 PNP 에 의한 대식세포의 

세포사멸 기전이 p53-mitochondrial 경로일 것임을 추정하게 해준다. 
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I. INTRODUCTION 

Nanoparticles are particles with lengths that range from 1 to 100 nanometers in two or 

three dimensions. Nano-materials received considerable attention because of their potential 

applications in biology and medicine such as drug-delivery agents, biosensors, or imaging 

contrast agents (1, 2). However, the fundamental research and knowledge about their interactions 

with specific cells, mechanism of entry, subcellular compartmentalization, and trafficking 

throughout the body are still unknown (3). These studies will help understanding the interactions 

and recognitions of the nanoparticle by the cells at the molecular level (4). While the number of 

nanoparticle types and their applications continues to increase, studies on their potential toxicity are 

poorly understood. Particularly, in the medical field, nanoparticles are utilized as diagnostic and 

therapeutic tools to detect and treat human diseases. Thus, understanding the properties of 

nanoparticles and  their effect on the  human  body  is crucial (1). 

Apoptotic cell death is a critical element in defensing against unrestrained cellular 

proliferation and inducing tumor cell death in many cancer therapies (5-7). The pathways of 

apoptosis are extremely complicated (8) and characterized by the activation of a family of cell 

death proteases called the caspases (9). Caspases are the effector molecules of apoptosis in 

mammals that play a key role in the initiation and execution of apoptosis, necrosis and 

inflammation (10-12). They are synthesized as inactive precursors or zymogens (procaspases) that 

need to be proteolytically processed to become active, cleave another caspase and serves to amplify 

the apoptotic signal. Caspase-9 is the initiator of the mitochondrial pathway and caspase-8 is 

regarded as the originator of the death receptor-mediated apoptotic pathway. Caspase-3, the most 

important one of the executioner caspases, is activated by any of the initiator caspases (caspase-8, 

caspase-9, or caspase-10) (13).  
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Two types of apoptotic pathways, intrinsic and extrinsic (or death receptor), have been 

known (Fig. 1) (14). 

The extrinsic apoptotic pathway is initiated by the cell surface death receptors such as 

TNF1 receptor, Fas, DR3, DR4 and DR5 (15-17) through the formation of the death-inducing-

signaling-complex (DISC) (18), leadings to a cascade of activation of caspases such as caspase-8 

and caspase-3. The intrinsic pathway is triggered in response to DNA damage, and associated with 

mitochondrial depolarization and release of cytochrome c from mitochondrial inter-membrane 

space into the cytoplasm. Cytochrome c, apoptotic protease-activating factor 1 (APAF- 1) and 

procaspase-9 then form a complex termed “apoptosome” (Fig. 2) (8) , in which caspase-9 

becomes activated and promotes activation of caspase-3, caspase-6 and caspase-7 (19). Bcl-2 

family members play important roles in regulating mitochondrial integrity and mitochondria-

initiated caspase activation (20). 

Both intrinsic and extrinsic pathways of apoptosis are associated with each other (21), 

connected through the cleavage of BID (BH3 interacting-domain death agonist). Another pathway 

of apoptosis has also been recently recognized which involves perforin/granzyme-A or -B. All 

three (intrinsic, extrinsic and granzyme B-induced) pathways of apoptosis come together putting 

cell to death by the activation of cas-pase-3/-7, cell shrinkage, chromatin condensation and 

fragmentation of chromosomal DNA, degradation of nuclear as well as cytoskeleton proteins (17). 

Among many molecules implicated in apoptosis regulation, p53 is an essential molecular 

which is induced by DNA damage (22, 23). p53 is implicated in the induction of two distinct 

apoptotic signaling pathways involved in the activation of caspases cascade (Fig. 3) (24). 
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Fig. 1. Schematic  representation  of  the  main  molecular  pathways  leading  to  apoptosis. 
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Fig. 2. Apoptosome structure 
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Fig 3. p53-mediated apoptotic signaling. p53-dependent apoptosis is mediated by both sequence-

specific transactivation (SST) dependent and SST-independent pathways. Several p53 target genes 

can promote apoptosis, including the pro-apoptotic BAX protein and the Fas death receptor. BAX 

facilitates the release of AIF and cytochrome c from the mitochondria, thus activating the caspase 

cascade. p53 inhibits expression of the anti-apoptotic Bcl-2 protein, which normally blocks 

apoptosis by preventing the release of AIF and cytochrome c from the mitochondria.  
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Under normal conditions, p53 is a short-lived protein. However, the status of p53 is 

drastically altered when cells are exposed to stress, including DNA damage. Ultimately the 

activation of p53 leads to cell growth arrest, senescence or apoptosis (25). A family of proteins 

related to Bcl-2 are involved in both p53-dependent and -independent cell death, at least in part, 

by releasing cytochrome c from the mitochondria membrane (26-28). p53 may inhibits Bcl-2 

function through transactivation of Cdc42 (29), upregulates Bax expression during p53-dependent 

apoptosis (30) and facilitates the release of the apoptosis-inducing factor and cytochrome c from 

the mitochondria, thus activating the caspase cascade (31). 

The cell cycle is divided into four distinct phases (G1, S, G2, and M). Entry into each 

phase of cell-cycle is regulated by receptor collectives, termed cell-cycle checkpoints. The 

progression of cells through the cell cycle is promoted by CDKs, which are positively and 

negatively regulated by cyclins (A, B, D, and E) and CDKIs, respectively (Fig. 4) (32, 33). 

Cyclin D isoforms (cyclin D1–D3) interact with CDK4 and CDK6 to drive the progression of a 

cell through G1 phase. The association of cyclin E with CDK2 is active at the G1-S transition 

and directs entry into S-phase. S-phase progression is directed by the cyclin A/CDK2 complex, 

and the complex of cyclin A with Cdc2 (also known as cdk1) is important in G2. Cdc2/cyclin B 

is necessary for the entry into mitosis. Cdk inhibitors fall into two families: INK4 inhibitors 

and Cip/Kip inhibitors. Both families of Cdk inhibitors play regulatory roles during the G1/S 

cell cycle checkpoint (34). p21 Waf1/Cip1, a p53 downstream target,  is a member of Cip/kip 

family of Cdk inhibitors. It can bind and inhibit the indicated Cdk or cyclin/Cdk complexes and 

effectively block the progression of cells from G1 into S-phase (35). 
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Fig. 4. The cell cycle and its regulation by cyclins, Cdks (cyclin-dependent 

kinases), and Ckis (cyclin-dependent kinase inhibitors) 
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Detecting apoptotic cells or monitoring the cell progression to apoptosis is an essential step 

in developing drugs that regulate apoptosis. Various assays were designed to detect or quantitate 

apoptotic cells. As typical assays, Annexin V binding, caspase enzyme activity, TUNEL (terminal 

deoxynucleotidyl transferase-mediated dUTP nick-end-labeling), DAPI staining, DNA gel 

electrophoresis are commonly used.  

Platinum has been known as an anticancer metal drug and its toxicity was well studied (36, 

37). It has been used in recent studies as a model drug in developing delivery system (38-40). 

Platinum nanoparticles (PNPs) were studied as ROS scavenger for anti-inflammatory effect (40-44). 

In other study, Park et al. reported that PNPs might cause inflammation in mice (45). DNA breaks 

in cells exposed to water soluble platinum nanoparticles were reported (46). PNPs caused DNA 

damage and subsequently genotoxic stress (47, 48) on human cells. However, little is known on the 

toxicity and apoptosis induction by water soluble PNPs. In this study, we investigated cytotoxicity 

and apoptosis induction of water soluble PNP05 (average size of 5 nm) and PNP30 (average size of 

30 nm) on Raw 264.7 cells. 
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II. MATERIALS AND METHODS 
 

2.1. Reagents 

PNPs (platinum nanoparticle 05 or 30) were purchased from Nanopoly Co., Ltd. (Korea). 

Antibodies of cyclin D1, cleaved caspase-3 and cleaved caspase-7 were obtained from Cell 

Signaling (Cell Signaling, MA), p38, pJNK1/2, β-actin, cyclin E1 were from AbFrontier 

(AbFrontier, Korea). Cyclin B1, cdk1, cdk2, cdk4, cytochrome C, Bcl2, Bax, Procaspase 9 and 

second antibodies were obtained from Santa Cruz (Santa cruz biotechnology Inc., CA). All other 

chemicals were purchased from Sigma-Aldrich Chemical (Sigma-Aldrich, MO) 

2.2. Cell line and cell culture 

Raw 264.7 cell line was from Korean cell bank (Korea). The cells were cultured in 

Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) 

and antibiotics. The cells were incubated under a fully humidified atmosphere and 5 % CO2 at 370C.   

2.3. Cytotoxicity assay 

Cell viability was determined by using MTT as an indicator of cell viability. The cells 

were seeded in 96-well plate (104 cells/ well) and treated with various concentrations of PNPs (0, 2, 

6, 10, 20 µg/ml) for 24 h. After treating, the medium was removed, 200 µl of  DMEM medium 

containing MTT (0.5 mg/ml) was added to each well, followed by a 4 h incubation at 37 0C. After 

that, the MTT1 solution was removed and 200 μl of lysis buffer (10 % sodium dodecylsulfate, 0.1 

N HCl) was added into each well. The cell dish was incubated for 2 h and the absorbance of each 

well was read at the wavelength of 540 nm. The data was analyzed using Microsoft Excel.  
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2.4. Western Blot analysis 

PNPs effect on cell cycle proteins and apoptosis relative proteins were investigated by 

western blotting. Prepared Raw 264.6 cells in 60-mm dishes were treated with 0, 2, 6 µg/ml of 

PNPs for 24 h. The cell dishes were then washed with PBS and lysed in lysis buffer (Cell Signaling, 

MA). After centrifugation, protein concentration of supernatants was determined by BCA Kit 

(PIERCE, IL).  20 µg of total proteins were loaded on sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) (12 % gel for cell cycle proteins: cdk1, cdk2, cdk4, cyclin D1, cyclin 

B1, cyclin A, cyclin E1 and p53; 15 % gel for cleaved caspases, Bcl2, Bax, cytochrome c); 

transferred onto PVDF membranes (Millipore, MA). The membranes were blocked with 5 % skim 

milk in TBS buffer (20 mM Tris-HCl, 136 mM NaCl, pH 7.4) for 2 h and then incubated with 

primary antibody (1:1000 dilution) in blocking agent at 4 0C, overnight. After washing with TBS - 

TBS-T - TBS buffer (3X), the membrane was incubated with secondary antibody (1:10000 dilution) 

for 2 h at room temperature. Protein bands on membrane were captured on Kodak image station 

system. 

2.5. FACS  analysis of apoptosis using Annexin V 

Cells were treated with various concentrations (0, 2, 6, 10 µg/ml) of PNPs for 24 h. The 

treated cells were harvested by brief trypsinization and washing in PBS. Cells were suspended in 

Annexin V binding buffer and stained by using Vybrant Apoptosis Assay Kit (Invitrogen, CA). 

Stained cells were immediately analyzed on Beckman Coulter system (Beckman Coulter, CA) with 

argon lamp (488 nm). The normal, apoptotic, necrotic populations of cells were expressed as the 

means of three independent experiments. 
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2.6. Nuclear staining with DAPI  

Cells were seeded in multi-chamber slide (8 chamber slides, 104 cells/well) and grow 18 h 

before treatment. The prepared cells were exposed to various concentrations of PNPs for 24 h. 

After treatment, the medium were removed and the cells were washed with PBS to fix in 4% 

paraformaldehyde for 30 min at room temperature. The fixed cells were washed with PBS and 

stained with DAPI at room temperature in the dark for 15 minutes. The nuclear morphology of the 

cells was captured on fluorescent microscopy (Zeiss, Germany). 

2.7. DNA fragmentation assay  

Raw 264.7 cells were seeded in 60 mm plate (106 cells/dish) for 18 h and treated with 

PNPs at various concentrations for 24h. Then treated cells were washed with PBS (phosphate 

buffered saline) and apoptotic DNA fragments were isolated by using DNA fragmentation 

apoptosis Kit (BioVision, CA). Extracted DNA was separated in a 1.2 % agarose gel for 30 

minutes at 100 voltages and visualized by ethidium bromide.  Gel image was taken on Kodak 

station image system. 

2.8. Cell cycle analysis by Flow cytometry 

Cells were seeded onto a 60 mm plate (1.5 x 106 cells /dish) for 18 h. After treatment with 

or without PNP30 for 24 h, both floating and adherent cells were collected and suspended in PBS. 

Then absolute ethanol was slowly added to gain of 75 % ethanol and the cells were kept at -20 0C 

for 2 h prior to washing and staining with 400 μl PI solution (10 µg/ml propidium iodide in PBS) in 

the presence of 200 μg/ml of DNase-free RNase A for 15 min at 37 0C in the dark. DNA content 

was analyzed in Beckman-Coulter system with excitation wavelength of 488 nm. 
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2.9. Determination of cytochrome c release from Mitochondria  

Cells were seeded in 60 mm plate with 1,5 x 106 cells/well for 18 h. Then, the cells were 

incubated with 2 μg/ml of PNP30 for 0, 4, 8, 12 hours. Cells were harvested by scraper, and cell 

pellets were used to extract cytoplasm using Mitochondria/Cytosol Fractionation Kit (Biovision, 

CA 94043, USA) by following the manufacturer’s protocol. Cytochrome c that released from 

mitochondria into cytosol was detected by Western Blotting. 
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III. RESULTS 

3.1. Cytotoxicity of PNPs on Raw 264.7 cells 

The cytotoxic effect of PNPs on Raw 264.7 cells was investigated by using a MTT assay. 

The cells were treated with different concentrations of PNPs for 24 h as described in Material and 

Methods. As shown in Figure 5, PNPs suppressed cell viability in a dose-dependent manner. The 

degree of decrease in cell viability was almost similar between PNP30 and PNP05 showing that 

both PNP05 and PNP30 are toxic to Raw 264.7 cells. 
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Fig. 5. Cytotoxicity of PNPs on Raw 264.7 cell. Raw 264.7 cells were treated with indicated 

concentrations of PNPs for 24 h. The percent cell viability was determined by MTT assay. Each 

value is the average of triplicate.  PNP05 and PNP30 were highly toxic on Raw 264.7 cells. 
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3.2. Morphology of PNP-treated Raw 264.7 cells 

Cell morphology was observed after treating cells with 2 µg/ml or 6 µg/ml of PNPs for 24 

h. Images of cell morphology were captured on optical contrast phase microscopy at magnification 

of X200. Morphological changes of Raw 264.7 cells with shrinkage were noticed (Fig. 6). In 

addition, the density of Raw 264.7 cells became lower. 
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Fig. 6. Effects of PNPs on morphology of Raw 264.7 cells. Raw 264.7 cells were incubated for 

24 h in the absence (control) or presence of indicated concentrations of PNPs. Cell morphology 

was assessed by using a microscopy. The images were captured at X200 of magnification.  
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3.3. Nucleus fragmentation by PNPs 

Nuclear fragmentation and condensation are one of the characteristics of apoptosis. To 

confirm that PNPs induce apoptotic cell death, Raw 264.7 cells were treated with PNPs for 24 h at 

different concentrations and then the nuclei of treated cells were stained with DAPI for the 

observation by fluorescent microscopy (Fig. 7). Nuclei of control cells were small with intact DNA 

as normal morphology. However, after treating with PNPs, nuclei of treated-cells became bigger 

and/or divided into small parts which are typical characteristic of apoptosis. 
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Fig. 7. Visualization of nuclei after exposing Raw 264.7 cells to PNPs. Raw 264.7 cells were 

incubated with PNPs at indicated for 24 h. Cells were stained with DAPI and observed under a 

fluorescent microscopy. The images were captured at X400 of magnification. 
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3.4. PNPs induce an increase in the Annexin V-binding on Raw 264.7 

cells 

Viable cells maintain an asymmetric distribution of different phospholipids between the 

inner and outer leaflets of the plasma membrane. However, this distribution changes during 

apoptosis. In particular, phosphatidylserine (PS) relocates from the cytoplasmic face to the outer 

leaflet of the plasma membrane and extent of PS exposure can distinguish apoptotic cells from 

non-apoptotic cells. The Annexin-V binding assay is based on the relocation of PS to the outer 

cell membrane. Annexin-V binding can be observed under two conditions. The first condition is 

observing cells midway through the apoptosis pathway. PS translocates to the outer leaflet of the 

cell membrane. The second condition is observings very late apoptosis or necrotic and membrane 

permeabilization state. This membrane permeabilization allows Annexin-V to enter into cells and 

bind to phosphatidylserine on the cytoplasmic face of the membrane. Viable cells (non-apoptotic 

cells) are negative to Annexin V and PI, early apoptotic cells are positive to Annexin V  but not to 

PI, and late apoptotic cells are positive to both Annexin V and PI. In our experiment, apoptosis was 

investigated by double staining treated-cells with Annexin-V and propidium iodide. The cells were 

treated with PNPs for 24 h before staining and analyzing by Beckman Coulter system. We found 

that apoptotic cell populations (early apoptosis plus late apoptosis) were increased in a dose-

dependent manner under the conditions of PNPs treatments. PNP05 strongly induced apoptosis 

(44.73 % at 2 µg/ml to 91.85 % at 10 µg/ml) and PNP30 also showed similar effect (23.40 % at 2 

µg/ml to 80.50 % at 10 µg/ml) (Fig. 8). The data in Figure 8 confirmed both of PNP05 and PNP30 

actually induced cell death by apoptosis. 
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Fig. 8. PNPs induce an increase in the Annexin V-binding Raw 264.7 cells. Raw 264.7 cells 

were treated with indicated concentration of PNPs for 24 h, stained with Alexa Fluor® 488 annexin 

V (Vybrant® Apoptosis Assay Kit) and analyzed by flow cytometry by Beckman-Coulter system. 

Each value is the average of two independent experiments. 
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3.5. PNPs induce DNA fragmentation  

During the process of apoptosis, the activation of caspase cascades results in the 

inactivation of DNA repair system and internucleosomal cleavage of DNA, generating DNA 

fragment (called apoptotic DNA ladder).  To confirm that PNPs induce apoptotic cell death, the 

DNA fragmentation analysis was carried out. As shown in Figure 9, characteristic “DNA ladder” 

bands were clearly visualized by agarose gel electrophoresis stained with ethidium bromide under 

ultraviolet illumination, after incubating cells for 24 h with indicated concentrations of PNP05 and 

PNP30. Both PNP05 and PNP30 showed the similar effects on DNA fragmentation. 
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Fig. 9. PNPs cause DNA laddering on Raw 264.7 cells. Raw 264.7 cells were incubated 

with media alone (control) or with indicated concentration of PNPs for 24 h. DNA was 

isolated and electrophoresed on a 1.2 % agarose gel. 
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3.6. Induction of caspase activation by PNPs 

Caspases play a critical role in the execution phase of apoptosis. In apoptosis, pro-

caspases are processed by proteolytic cleavage to be active enzymes. Caspase 3 is considered to be 

the most important executioner caspases and activated by any of the initiator caspases (caspase-8, 

caspase-9, or caspase-10) (13).  Pro-caspase-3 is cleaved into active caspase-3, and then caspase 3 

cleaves pro-caspase-6 and pro-caspase-7. Therefore, activated forms of caspase 3 and caspase 7 

are significant apoptotic protein markers. In our investigation, both caspases were dramatically 

activated by PNPs in dose-dependent manner (Fig. 10), compared to untreated cells. Since PNP05 

and PNP30 showed the similar effects on the death of Raw 264.7 cells, we only used PNP30 on 

following other experiments. 
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Fig. 10. PNPs induced the activation of caspase-3, -7 on Raw 264.7 cells. Raw 264.7 cells were 

treated with different concentrations of PNPs for 24 h. Total cell lysates (40 µg) were separated on 

15 % SDS–PAGE and detected by Western blotting. 
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3.6. Effect of PNP on the cell cycle regulation 

To examine whether the growth inhibition observed in the cell viability assay is involved 

in cell cycle arrest or not, we further evaluated cell cycle progression using fluorescence activated 

cell sorting analysis, after treating cells with different concentrations of PNP30 for 24 h and  

staining with propidium iodide (PI) (Fig. 11).   

Figure 11 showed that in the Raw 264.7 cells treated with 2 µg/ml of PNP30, the 

percentage of S phase cell population decreased with the corresponding increase in the population 

of G2/M phase. The number of cells at G2/M phase was increased from 11.7 % to 18.3 % at 2 

µg/ml, but both of S and G2/M phases decreased at 6 µg/ml. Instead the number of cells at sub-G1 

phase was dramatically increased from 0.25 % to 21.14 % indicating that PNP30 initially 

prolonged or arrested cells at G2/M phase at low concentration probably to repair damaged DNA, 

and underwent to cell death through apoptotic pathway when the errors are beyond repair. 
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Fig. 11. Effect of PNP on cell cycle regulation. Raw 264.7 cells were treated with indicated 

concentrations of PNP30 for 24 h. The cells were stained with Propidium Iodide (PI) and evaluated 

cell cycle progression by fluorescence activated cell sorting analysis. 
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3.7. PNP induces p53, p21 expression. 

A large body of data suggest that in response to DNA damage or growth factor withdrawal, 

p53 protein expression increases (49) and cell growth is suppressed by cell-cycle arrest and 

apoptosis in certain cell types (50-52). The cell cycle regulation and the DNA repair function of 

p53 are largely executed by transactivation of p53-response genes such as p21/Waf1/Cip1 (53, 54). 

A previous data showed that PNPs caused DNA damage and p53-mediated growth arrest in 

human cells (55).  Our current data showed that PNPs induced cell cycle arrest at G2/M phase at 2 

µg/ml of PNP and apoptosis at 6 µg/ml of PNP on Raw 264.7 cells. To investigate whether the 

p53-associated mechanism of cells death or not, we further examined the expression of p53 and 

p21. PNPs-treated Raw 264.7 cells clearly increased the expression level of both p53 and p21 

Waf1/Cip1 (p21) proteins (Fig. 12).  
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 Fig. 12. PNP induces p53, p21 activation. Raw 264.7 cells were treated with indicated 

concentrations of PNP30 for 24 h. Total cell lysates (20 µg) were loaded on 15 % SDS-PAGE and 

detected by Western blotting. 
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3.8. Effect of PNP on cell cycle proteins 

Because cell cycle is tightly driven by a family of  proteins called CDKs (cyclin-dependent 

kinases) (56), and these kinases are positively regulated by cyclins (A, B, D, E) and negatively 

regulated by CDKIs (cyclin-dependent kinase inhibitors) (57), we investigated the expression of 

these proteins by western blot analysis. Western blotting was performed using antibody against 

cdk4, cdk2, cdk1 (cdc2), cyclin D1, cyclin E1, cyclin A, cyclin B1 (Fig. 13).  

Figure 13 showed that PNP significantly altered the level expression of cyclins and Cdks. 

The level of cyclin E1, cyclin D1, cyclin B1, cdc2 (cdk1) decreased but the level of cdk4, cdk2 and 

cyclin A almost unchanged at 2 µg/ml of PNP. However, the expressions of those proteins were 

dramatically decreased at 6 µg/ml of PNP treatment. 
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Fig. 13. Effect of PNP on cell cycle proteins. Raw 264.7 cells were treated with indicated 

concentrations of PNP30 for 24 h. Total cell lysates (20 µg) were separated on 15 % SDS-PAGE 

and detected by Western blotting. 
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3.9. PNP induces cytochrome c release, activates caspase-9, down-

regulates Bcl2 and up-regulates Bax protein 

The release of cytochrome c from mitochondria is a central event in the “intrinsic” 

apoptotic pathway (23, 24). To determine whether apoptosis induced by PNP involves 

mitochondrial pathway or not, the release of cytochrome c into cytosol was investigated  after 

treating Raw 264.7 cells with 6 µg/ml of PNP30 for different time  by Western Blot (Fig. 14).  

Our result showed that the release of cytochrome c from mitochondria into cytosol was 

increased in a time-dependent manner. The release of cytochrome c from mitochondria results in 

the formation of the apoptosome and the activation of caspase 9. To confirm this, the expression of 

pro-caspase 9 in PNP-treated Raw 264.7 cell was examined (Fig. 15). 
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Fig. 14. Effect of PNP on cytochrome c release. Raw 264.7 cells were incubated with 6 μg/ml of 

PNP30 for 0, 4, 8, 12 hours. Cytoplasm was extracted by using Mitochondria/Cytosol Fractionation 

Kit. Cytochrome c released into cytoplasm was detected by Western Blotting. 
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Fig. 15. Effect of PNP on pro-caspase-9 expression. Raw 264.7 cells were treated with indicated 

concentrations of PNP30 for 24 h. Total cell lysates (20 µg) were separated on 15 % SDS-PAGE 

and detected by Western blotting. 
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The expression of pro-caspase-9 was significantly decreased indicating that caspase 9 

was activated, subsequently activating caspase-3 and caspase 7. This is consistent with our 

previous results of caspase-3/-7 expression in Figure 10. 

The intrinsic apoptotic pathway is dominated by the Bcl-2 family of proteins, which 

governs the release of cytochrome c from the mitochondria (58, 59). Some of these proteins such 

as Bcl-2 and Bcl-XL are anti-apoptotic, while others such as Bax, Bad or Bid are pro-apoptotic. 

The sensitivity of cells to apoptotic stimuli depends on the balance of pro- and anti-apoptotic Bcl-2 

proteins.   

We found that PNP30 significantly down-regulated the expression of Bcl2 and up-

regulated of Bax (Fig. 16), facilitating the release of apoptosis-inducing factor and cytochrome c 

from the mitochondria and leading to activation of the caspase cascade (31). 
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Fig. 16. Effect of PNP on the expression of Bcl2, Bax proteins. Raw 264.7 cells were treated 

with indicated concentrations of PNP30 for 24 h. Total cell lysates (20 µg) were loaded on 15 % 

SDS-PAGE and detected by Western blotting. 
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IV. DISCUSSION AND CONCLUSION 

In this study, we investigated the toxicities of PNPs on Raw 264.7 cells and their apoptosis 

induction with respect to the cell cycle regulation, mitochondrial pathway and caspase dependence. 

PNP05 and PNP30 were toxic on Raw 264.7 cells (Fig. 5). Cytotoxicity of PNP triggered the cell 

cycle arrest at G2/M phase at a low dose (Fig. 11) and induced programed cells death at a high 

concentration. The evidences of apoptosis were confirmed by morphological changes (Fig. 6), 

nuclei fragmentation (Fig. 7), increased population of apoptotic cell by Annexin V assay (Fig. 8), 

DNA ladder bands (Fig. 9), and the activation of caspase-3/-7 (Fig. 10).   

PNPs were known to cause DNA damage (60), induce genotoxic stress (48) and arrest cell 

cycle progress (47). Up-regulation of both p21 and p53 resulted in cell-cycle arrest and apoptosis 

(55, 61). Recent studies showed that p53 and p21 are necessary to maintain G2 arrest following 

DNA damage (54, 61). The mechanism of p53-dependent G2 arrest involves an initial inhibition 

of cyclin B1/Cdc2 activity by p21 and a subsequent reduction of cyclin B1 and Cdc2 protein 

levels (54, 62, 63). The reduced expression of cyclin B1/Cdc2 is mediated in part by p53-

dependent repression of the cyclin B1 and Cdc2 promoters (54, 61). Normal mammalian cellular 

proliferation is tightly regulated at each phase of cell cycle by activation and deactivation of a 

series of cell cycle molecules such as cyclins, cyclin-dependent kinases (Cdks), and Cdk inhihitors 

(CdkIs). Cdks are relatively small proteins and binds to a cyclin. Without cyclin, Cdk has little 

kinase activity; only the cyclin-Cdk complex is an active kinase. In mammalian cells, Cdc2 (Cdk1) 

with its partners cyclin A2 and B1 can drive the cell cycle (64). In our study, PNP treatment on cell 

increased the expression of p53 and p21 dramatically (Fig.12), indicating that PNP induced DNA 

damage. Furthermore, western blotting of cell cycle related proteins revealed that the expression of 
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cell cycle proteins (cdk4, cyclin D1, cdk2, cyclin E1, cyclin A, cyclin B1, Cdc2) were slightly 

decreased at 2 µg/ml of PNPs but dramatically decreased at 6 µg/ml (Fig. 13). Noticeably, although 

the cell cycle proteins were almost totally suppressed at 6 µg/ml of PNP, the expression level of 

p53 still maintained high suggesting that p53 not only involved in cell cycle arrest but also 

apoptosis. In addition, flow cytometry study on cell cycle analysis revealed that cell cycle was 

shifted from G2/M arrest at low concentration of PNP (2 µg/ml) (Fig. 11) into sub G1 phase at high 

concentration of PNP (6 µg/ml) suggesting that p53 protein expression increased to respond to 

PNP-induced DNA damage repair and apoptosis through both mechanisms: cell cycle arrest at low 

concentration of PNP for DNA repair and apoptosis at high concentration of PNP when the DNA 

errors is beyond repair. Namely, cells skipped DNA repair to go straight toward apoptosis. 

p53 has been shown to specifically repress transcription from a number of genes such as 

Bcl-2, MAP4 and a number of viral promoters and transactivate Bax in some cell types (66). A 

previous report showed that p53-mediated apoptosis under cellular stress could induce the 

transcription of many pro-apoptotic genes through mitochondrial pathway (65) which is initiated 

with Mitochondrial Outer Membrane Permeabilization (MOMP). MOMP is mainly controlled by 

Bcl-2 family members such as Bax, Bad, Bcl2. The ratio of Bax and Bcl-2 expression is the 

determining factor for the induction of apoptosis. In our results, the ratio of Bax/Bcl-2 protein 

expression was significantly increased (Fig. 16), supporting that PNP induces apoptosis in pathway 

related with the disruption of mitochondria function. The increase in p53 protein level, 

corresponding down-regulation of anti-apoptotic proteins Bcl2, and up-regulation of pro-apoptotic 

protein Bax might have led to changing the ratio of Bax/Bcl-2, stimulated the release of 

cytochrome c from mitochondria into cytosol (Fig. 14), subsequently leading to the activation of 

caspase 9 (Fig. 15), which further activated downstream executioner caspases, such as caspase-3/-7 

(Fig. 10), and finally resulted in program cell death.  
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Taking together, our study revealed that PNPs induced DNA damage, inhibited the growth 

and survival of Raw 264.7 cells through cell cycle arrest and apoptosis induction. The signaling 

pathway involved in p53-mitochondria pathway was shown as simplified in Fig. 17.  
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Fig.17. Scheme of PNP-induced apoptotic pathways  
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