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Chapter 1 

 

 

An introduction to anti-cancer mechanisms in vitro
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1.1. Indirubin-3′-monoxime as anticancer drug 

Indirubin, a 3,2-bisindole is the active ingredient of Dang Gui Long Hui Wan, from a 

mixture of herbal medicines customarily used in traditional Chinese medicine to treat chronic 

myelocytic leukemia (CML) (Kim et al., 2011). The anti-leukemic activity of this ingredient 

has been attributed to the red-colored indigo isomer indirubin (Perabo et al., 2006). Indirubin 

isolated from Chinese medicinal herbs such as Strobilanthes cusia, Isatis 

indigotica, Polygonum tinctorium, and Isatis tinctoria (Zhu et al., 2012). Moreover, indirubin 

may also derived from various natural sources such as mollusks, belonging to the Muricidae 

family, urine of healthy and diseased patients and different natural or recombinant bacterial 

species (Knockaert et al., 2004). Over the last half century, a number of indirubin analogs have 

been synthesized to optimize this promising drug scaffold. The commercially available 

analogue of indirubin, indirubin-3’-monoxime (I3M), one of the indirubin analogue strongly 

inhibit the growth of various human cancer cells, mainly via the apoptosis. 

 

Fig. 1. Chemical structure of Indirubin-3’-monoxime 

 

In the attempt to reveal the mechanism of action of I3M, various biological activities of I3M 

have been discovered. Previous studies have demonstrated that I3M is a promising anti-cancer 

http://www.google.co.kr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjjyrz0iebPAhUHVZQKHW57BvAQjRwIBw&url=http://www.sigmaaldrich.com/catalog/product/sigma/i0404&psig=AFQjCNGNaAAeuy3OE6iTAUx0yYmB7Kb3EQ&ust=1476939194451784
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agent based on the capability of selectively induce apoptotic cell death in a wide spectrum of 

human cancer cells with minimal toxicity on normal cells and potentiates to arrest tumor 

growth in rat model in vivo (Kim et al., 2007). It has been reported to induce apoptosis in human 

cervical cancer HeLa cells, hepatoma HepG2 cells, colon cancer HCT116 cells (Shi and Shen, 

2008), human laryngeal carcinoma Hep-2 cells (Kameswaran et al., 2009 and Paulkumar et al., 

2010) prostate (Wei et al., 2015 and Rivest et al., 2011) oral (Lo and Chang., 2013) and lung 

(Lee et al., 2005 and Ahn et al., 2015) cancers and renal cell cancer cell lines in a time- and 

dose-dependent manner (Perabo et al.,2011). In vivo study carried out in rat tumor model 

provides further evidence for the anti-cancer activity of I3M. 

Ravichandran et al. was shown indirubin-3’-monoxime exhibited anticancer effect against 

[B(α)P] induced lung cancer by its apoptotic action in A/J mice (Ravichandran et al., 2010). 

Moreover, indirubin-3’-monoxime enhances mitochondrial dysfunction and triggers growth 

inhibition and G0/G1 phase cell cycle arrest in human neuroblastoma cells (Liao and Leung., 

2013). I3M induced cell cycle arrest and apoptosis in Hep-2 human laryngeal carcinoma cells 

associated with induction of Cdk inhibitor p21, inhibition of cyclin D1, and activation of 

caspase-3 (Kameswaran and Ramanibai, 2009). I3M enhances block of cancer cell growth and 

induced apoptosis independent up-regulation of surviving in transitional cell cancer (Perabo et 

al., 2006). Moreover, antiangiogenic activity of I3M was reported against human umbilical 

vein endothelial cells (HUVECs). Further this study has been shown that I3M inhibited 

proliferation, migration and tube formation of HUVEC cells (Kim et al., 2011). 

 

1.2. Paraptosis as a cell death mechanism of cancers 

Paraptosis is a new type of PCD that is specified by cytoplasmic vacuolization derived 
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from the swelling of endoplasmic reticulum and/or mitochondria (Wei et al., 2014). Paraptosis 

is distinguished from apoptosis by its non-response to caspase inhibitors (that inhibit apoptosis) 

and exhibit lack of apoptotic morphology including apoptotic bodies formation, caspases 

activation, chromatin condensation and fragmented nuclei formation (Wang et al., 2013 and 

Wang et al., 2014). The cell death occurred via paraptosis is also insensitive to autophagic 

inhibitors and overexpression of Bcl-2-like anti-apoptotic proteins (Yoon et al., 2014). Despite, 

investigation of compounds that potential to enhance paraptosis by targeting ER and the 

mitochondria may provide rational approaches towards eliminate of tumor cells effectively that 

evade apoptosis. However, the molecular mechanisms underlying paraptosis, specially 

signaling pathways involve for the progressive swelling of mitochondria and ER remain poorly 

understood. Recent studies have been shown that mitogen-activated protein kinases (MAPKs) 

are effectively involve for the paraptosis. Treatment with protein biosynthesis inhibitors like 

cycloheximide blocked paraptosis process by indicating requirement of active protein synthesis 

in paraptosis process (Yoon et al., 2014). Curcumin-induced paraptosis on malignant breast 

cancer cells through proteasomal dysfunction (Yoon et al., 2010). Another study regarding the 

curcumin-induced paraptosis trigger by sustaining overload of Ca2+ into mitochondria via 

inhibition of the mitochondrial Na+/Ca2+ exchanger (mNCX) and proteasomes (Yoon et al., 

2012). Furthermore, Wang et al reported that caspase-independent paraptosis induced by 

honokiol via reactive oxygen spieces in leukemia cells (Wang et al., 2013). Observations that 

curcumin-induced paraptosis could be inhibit by well-known proteasome inhibitors such as 

MG132, lactacystin, or ALLN (Yoon et al., 2012) 
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1.3. Apoptosis cell death as an anticancer target 

Apoptosis was described in terms of characteristic changes in cell morphology, including 

cell shrinkage, chromatin condensation, nuclear fragmentation, and membrane blebbing 

(Indran et al., 2011). Apoptosis is implicated in a variety of biological processes, such as 

embryogenesis, regulation of the immune system, and elimination of damaged cells (Guicciardi 

et al., 2013). The importance of apoptosis has been emphasized by recent demonstrations 

involving various chemotherapeutic anti-cancer agents. Indeed, current anti-cancer therapy 

using many chemotherapeutic agents as well as ionizing radiation therapy activated the 

apoptotic machinery to kill cancer cells (Zhang et al., 2015). The last decade has shown an 

extraordinary development in investigation of apoptosis and cancer treatments by regulating 

the redox system (Circu and Aw, 2010). Furthermore, the molecular mechanisms that control 

and execute apoptotic cell death are being identified. In the future, it seems likely that rational 

strategies to manipulate cell apoptosis will be focused novel therapies that are more beneficial 

than current treatment regimens. Importantly, many attempts have been made to develop a new 

generation of anti-cancer agents from naturally derived compounds because of their fewer side 

effects. 

p53 is a transcription factor that binds to DNA in a sequence-specific manner to activate 

transcription of target genes. The pathway through which p53 induces apoptosis involves 

regulation of transcription of target genes as well as transcription-independent mechanisms of 

p53, possibly reflecting distinct mechanisms of p53 action in different cell types. p53-

dependent apoptosis is dependent on the Apaf-1/caspase-9 pathway and requires mitochondrial 

cytochrome c release. A number of p53-regulated genes containing p53 responsive elements 

have been identified, and some of these represent potential downstream mediators of p53-
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dependent apoptosis including Bax, Noxa, PERP, PUMA etc: 

 

1.4. Anti-invasive mechanism of cancer cells 

Metastasis and invasion are key factors that determine the malignant behavior of cancer 

cells. In particular, extracellular proteinases are essential for the metastasis and invasion 

processes that degrade the components of the extracellular matrix (ECM) and facilitate the 

disconnection of intercellular adhesions and separation of single cells from solid tumor tissue 

to metastatic colonies at distant sites (Herszé nyi et al., 2014). Previous studies have shown that 

most of cancer cells have high metastatic ability because of the constitutive expression of 

several angiogenic genes including vascular endothelial growth factor (VEGF) and matrix 

metalloproteinase-9 (MMP-9) (Sharma et al., 2011). Matrix metalloproteinases (MMPs) are 

important zinc-dependent endopeptidases responsible for the degradation of major components 

of ECM, including type IV and V gelatin, and collagen. Thus, its role is closely related to the 

metastasis and invasion of cancer cell (Sekhon., 2010). Among the MMP family, which consists 

of 24 members, MMP-9 is known to be significantly upregulated in almost all tumor type 

(Lö ffek et al., 2011). Furthermore, MMP-9 expression positively correlates with cancer stage, 

grade, and prognosis (Aglund et al., 2004). Several studies have shown that cancer cells that 

were attributable to metastasis to distant organs, including the lungs, liver, lymph nodes, and 

adrenal medulla expressed high levels of MMP-9 (Lö ffek et al., 2011 and Minn et al., 2005). 

This suggests that MMP-9 is not only important in identifying invasion symptoms and its 

diagnosis, but also a promising strategy to prevent cancer invasion and metastasis. Therefore, 

MMP-9 expression may prove an important therapeutic target for preventing the invasion and 

metastasis of a broad-spectrum of cancers. 
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1.5. Aims of this study 

The main purpose of this thesis was to establish the molecular signaling cascade for the 

anti-cancer mechanism in human cancer cells based on the I3M treatment. The consecutive 

signaling molecules involved in anticancer mechanism are investigated from the transcription 

and translation levels. The main objectives of the study were 

 To characterized the molecules involved in cell death pathways to response I3M in 

human breast, prostate and hepatoma cancer cells 

 To identify the effect of I3M as anti-invasive agent in prostate cancer cells 

 To develop the effect of I3M as anticancer drug for the cancer patient 

 To develop the effect of I3M as an anti-inflammatory agent to treat various types of 

anti-inflammatory diseases 
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Chapter 2 

 

Indirubin-3’-monoxime induces cell death via paroaptosis 

in MDA-MB-231 breast cancer cells: Involvement of 

CHOP-mediates ER stress, ROS, and  

proteasome dysfunction 
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Abstract 

The indirubin derivative, indirubin 3′-monoxime (I3M) has already exhibited its anticancer 

effects by leading to cell death in different cancer cell lines and may be a novel therapeutic 

approach for treatment-resistant cancers. Since many cancers resistant to apoptosis, the present 

study reports for the first time that I3M-induced cell death by targeting paraptosis as a 

nonapoptotic programmed cell death mechanism. I3M significantly inhibited the cell viability 

in different types of cancer cell lines. However, H2O2-induced apoptosis was attenuated by 

pretreatment of z-VAD-fmk, a pan-caspase inhibitor; however, this inhibition was not observed 

for I3M-treated MDA-MB-231 cells. The expression of LC3-I, LC3-II, p62, and ATG-7 was 

not upregulated upon I3M treatment and also I3M did not induced Beclin 1 protein expression 

level by indicating autophagy process may not involve to cell death in MDA-MB-231 cells. As 

a key feature of paraptosis, I3M enhanced formation of vacuoles which are derived from 

mitochondria and/or the ER. Nevertheless, exposure to I3M remarkably increased ER stress 

protein markers such as ATF4 and p-eIF2α by activating mitogen-activated protein kinase 

(MAPK) signaling pathway. Moreover, I3M treatment significantly enhanced CHOP protein 

and m-RNA expression level, indicating that one of the major roles of CHOP is to increase 

I3M-mediated paraptosis. In concentration dependent treatment of I3M subsequently enhanced 

accumulation of poly-ubiquitinated proteins confirming I3M-induced paraptosis occurred via 

proteasome dysfunction. More importantly, we have shown that involvement of intra-

mitochondrial Ca2+ in I3M-induced paraptosis in MDA-MB-231 cells. Our results demonstrate 

that mitochondrial Ca2+ accumulation possesses induction of ROS generation thus induced 

paraptosis followed by I3M treatment. Flow cytometry analysis showed that pretreatment with 

4 μM ruthenium red remarkably decreased I3M-induced mitochondrial Rhod-2 staining 

intensity suggesting that Ca2+ accumulation into mitochondria mediate via mitochondrial 
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channel uniporters. Collectively, our results show that accumulation of Ca2+ into mitochondria 

via mitochondrial channel uniporters through ER stress which regulate by proteasome 

dysfunction mainly involved in I3M-induced paraptosis in MDA-MB-231 breast cancer cells. 

Key words: paraptosis; proteasome; mitochondrial channel uniporters; poly-

ubiquitinated proteins; ER stress 

 

2.1. Introduction 

Indirubin has been identified as the main active ingredient of a traditional Chinese 

medicinal recipe, Danggui Longhui Wan, used to treat various diseases including chronic 

myelocytic leukemia and certain autoimmune conditions and anti-inflammatory agent (Lee et 

al., 2014 and Zhang et al., 2015). Indirubin is the purple component of blue indigo dye, isolated 

from Chinese medicinal herbs such as Strobilanthes cusia, Isatis indigotica, Polygonum 

tinctorium, and Isatis tinctoria (Zhu et al., 2012). Nevertheless, indirubin may also derived 

from various natural sources such as mollusks, belonging to the Muricidae family, urine of 

healthy and diseased patients and different natural or recombinant bacterial species (Knockaert 

et al., 2004). However, chemically, indirubin is a 3,2′-bisindole, a stable isomer of indigo (Kim 

et al., 2013). It has been shown to inhibit cell growth and induce apoptosis and differentiation 

of human cancer cells. Recent studies have revealed that indirubin and indirubin derivatives 

induce the apoptosis in several human cancer cells including breast (Nicolaou et al., 2012 and 

Shi et al., 2012), laryngeal (Kameswaran et al., 2009), thyroid (Broecker-Preuss et al., 2015), 

salivary gland adenocarcimona (Yoon et al., 2010), colon (Liu et al., 2012 and Gandin et al., 

2012), prostate (Wei et al., 2015 and Rivest et al., 2011), oral (Lo and Chang., 2013), and lung 

(Lee et al., 2005 and Ahn et al., 2015) cancers, has been suggested to possess potential in the 
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prevention of cancer. Since past decades, it has been used as a beneficial anti-cancer agent, 

because it has been exhibited to inhibit progression and suppress the initiation, proliferation 

and invasiveness of cancers in a wide range of models in vivo and in vitro (Williams et al., 

2011). 

Research on anticancer activity of I3M has so far mainly focused on its apoptosis induction 

potential. In contrast, in the present study we have shown that I3M inhibits proliferation of 

breast and hepatoma cancer cell lines through induction of paraptosis. Since inherent or 

acquired cellular resistance to various pro-apoptotic treatments often leads to therapeutic 

failure, a better understanding of alternative non-apoptotic pathways may facilitate the design 

of novel therapeutics against cancers. Paraptosis is a novel type of PCD that is characterized 

by cytoplasmic vacuolization derived from the swelling of endoplasmic reticulum and/or 

mitochondria (Wei et al., 2014). Paraptosis is distinguished from apoptosis by its non-response 

to caspase inhibitors (that block apoptosis) and lack of apoptotic morphology including 

formation of apoptotic bodies, activation of caspases, chromatin condensation and formation 

of fragmented nuclei (Wang et al., 2013 and Wang et al., 2014). This cell death occurred via 

paraptosis is also insensitive to autophagic inhibitors and overexpression of Bcl-2-like anti-

apoptotic proteins (Yoon et al., 2014). Despite, investigation of compounds that potential to 

enhance paraptosis by targeting ER and the mitochondria may provide rational approaches 

towards eliminate of tumor cells effectively that evade apoptosis. However, the molecular 

mechanisms underlying paraptosis, specially signaling pathways involve for the progressive 

swelling of mitochondria and ER remain poorly understood. Recent studies have been shown 

that mitogen-activated protein kinases (MAPKs) are effectively involve for the paraptosis. 

Treatment of protein biosynthesis inhibitors like cycloheximide blocked paraptosis process by 
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indicating requirement of active protein synthesis in paraptosis process (Yoon et al., 2014). 

Curcumin-induced paraptosis on malignant breast cancer cells through proteasomal 

dysfunction (Yoon et al., 2010). Another study regarding the curcumin-induced paraptosis 

trigger by sustaining overload of Ca2+ into mitochondria via inhibition of the mitochondrial 

Na+/Ca2+ exchanger (mNCX) and proteasomes (Yoon et al., 2012). Further, Wang et al reported 

that caspase-independent paraptosis induced by honokiol via reactive oxygen spieces in 

leukemia cells (Wang et al., 2013). Observations that curcumin-induced paraptosis could be 

inhibit by well-known proteasome inhibitors such as MG132, lactacystin, or ALLN (Yoon et 

al., 2010). In the current study, we have shown that I3M-induced paraptosis by accumulation 

of Ca2+ into mitochondria via mitochondrial channel uniporters through proteasome 

dysfunction regulate ER stress in MDA-MB-231 breast cancer cells. Moreover, the role of 

CHOP in I3M-mediated paraptosis was observed in MDA-MB-231 cells. These observations 

expand our understanding on the mechanism of action of I3M on human breast cancer cells 

and will facilitate further investigations into the development of new therapies for breast 

cancers. 
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2.2. Materials and method 

2.2.1. Chemical reagents 

Antibodies against Bid, Bax, caspase-8, CHOP, Bcl2, PERK, phospho (p)-PERK, ATF4, 

Becline 1, p38, phospho (p)-p38 and LC3 were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). Antibodies against JNK, phospho (p)-JNK, PARP, LC3, Atg7, p62, Beclin 

1, eIF2α, p-eIF2α and GAPDH were purchased from Cell Signaling (Beverly, MA). 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), N-acetyl-L-cysteine 

(NAC), glutathione (GSH), and 4′6′-diamidino-2-phenylindole (DAPI), catalase and EGTA 

were purchased from Sigma Chemical Co. (St. Louis, MO). PD98059, SB203580, and 

SP600125 were obtained from Calbiochem (San Diego, CA). Peroxidase-labeled donkey anti-

rabbit and sheep anti-mouse immunoglobulin were purchased from KOMA Biotechnology 

(Seoul, Republic of Korea). Bafilomycin A1, Rapamycin, 3MA, MG132, Ruthenium red and 

RHOD 2/AM were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). ER-Tracker-

FITC and MitoTracker Green FM™ (MTG) were purchased from Molecular Probes (Eugene, 

OR). z-VAD-fmk purchased from Calbiochem (San Diego, CA). Calcium staining dye, Fluo-

4AM, was purchased from Invitrogen (Carlsbad, CA).  

 

2.2.2. Cell lines and cell culture 

Human breast cancer MDA-MB-231, human prostate cancer PC3, human hepatoma 

Hep3B cell and human colorectal carcinoma HCT116 were obtained from the American Type 

Culture Collection (Manassas, VA). Cells were maintained in RPMI-1640 medium 

supplemented with 10% heat-inactivated FBS and 1% penicillin–streptomycin (Sigma) in 5% 

CO2 at 37°C. 
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2.2.3. Western blot analysis 

Total cell extracts were prepared using a 100 μl ice-cold PROPREP protein extraction kit 

(iNtRON Biotechnology). Lysates were centrifuged and protein concentrations were 

determined by the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA). The protein was applied 

to a 10% to 15% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane, and then 

detected by the proper primary and secondary antibodies before visualization by 

chemiluminescence kit (Amersham). 

 

2.2.4. Reverse transcriptase-polymerase chain reaction (RT-PCR) 

The total RNA was extracted from the cells using Easy-blue reagent (iNtRON 

Biotechnology, Sungnam, Republic of Korea), 24 h after treatment with or without different 

concentrations of I3M. The subsequent procedures for conducting reverse transcription were 

exactly the same as those in the instruction manual (RT-PCR Premix, iNtRON Biotechnology). 

The reverse transcription products from total RNA served as a template for PCR. Master mix 

(containing buffer, dNTP mix, MgCl2, Taq polymerase, and nuclease-free water) to each PCR 

tube with appropriate primer. PCR tubes were placed in thermal cycler for amplification 

program, which includes three steps: denaturation, annealing, elongation. Synthesized single 

strand cDNA was amplified by RT-PCR with the following primer pairs: CHOP sense 5′-CAA 

CTG CAG AGA TGG CAG CTG A-3′ and CHOP antisense 5′-CTG ATG CTC CCA ATT GTT 

CAT-3′, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense 5′-GTC TTC ACC ACC 

ATG GAG-3′ and GAPDH antisense 5′-CCA CCC TGT TGC TGT AGC-3′. The reaction 

sequence consisted of 50°C for 30 min, 94°C for 2 min, and 94 °C for 29 cycles of 15 s each; 
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60°C for 30 s; and 72°C for 45 s with an extension at 72°C for 10 min. The reaction products 

were analyzed on 1.2% agarose gels with ethidium bromide run at 110 V for 20 min. 

 

2.2.5. MTT tetrazolium assay 

The MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) 

tetrazolium reduction was used to assayed viability of cells. The MTT was prepared in PBS 

usually at final concentration of 5mg/ml. Cells were seeded into the wells of a 24 well plate at 

a density of 1×104 cells/well and then allowed to adhere for 24 h at 37°C in a 5% CO2. After 

incubation, the cells were treated with desired concentrations of I3M (0, 5, 10, 15, 20, and 25 

μM) for 24 h. Tetrazolium dye (MTT; 5 mg/ml in PBS) was added to each well, again cells 

were incubated at 37°C for 30 min. The quantity of formazan (presumably directly proportional 

to the number of viable cells) was measured by recording changes in absorbance at 540 nm 

using a microplate reader (Thermo Electron Corporation, Marietta, OH). Triplicate 

experiments were performed at each concentration and the results were presented as mean ± 

SE.  

 

2.2.6. Immunofluorescent Confocal Laser Microscopy 

For Beclin 1 detection, cells were fixed with 4% paraformaldehyde/phosphate buffered 

saline (PBS) at room temperature for 20 min, permeabilized with 0.1% Triton X-100 in PBS 

for 10 min on ice, and then blocked with 3% bovine serum albumin/PBS for 2 h at room 

temperature. The fixed cells were incubated with the anti-Beclin 1antibody at 4°C for 2 h, 

washed with PBS, incubated for another 1 h with FITC-conjugated goat anti-rabbit IgG, and 

washed well with PBS. Then cells were observed by fluorescence microscopy. For nuclear 
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staining fixed cells were washed with PBS and nuclei stained with DAPI solution. For detection 

of ER and mitochondrial derived vacuoles, after incubation, the cells were treated with 

desired concentrations of I3M (0, 5, 10, and 15 μM) for 24 h and then 1% formaldehyde was 

added to each well for 30 min. Cells were permeabilized with 1% Triton X-100 for 5 min and 

washed twice in PBS. 

 

2.2.7. ROS generation 

MDA-MB-231 cells were seeded on 24-well plate at a density of 1 × 105 cells/ml and 

preincubated with florescence dye 6-carboxy-2′,7′-dichlorofluorescein diacetate (H2DCFDA, 

Molecular Probes, Eugene, OR) for 1 h and then treated the indicated concentrations of I3M, 

NAC, GSH, and catalase for 24 h. The cells were lysed with triton and the sample was 

centrifuged and supernatant was analyzed for ROS production using GLOMAX luminometer 

(Promega). 

 

2.2.8. Flow cytometry 

Rhod-2 fluorescence intensity was measured with a flow cytometer (Becton Dickinson 

San Jose, CA). At least 10,000 cells for each sample were analyzed. The Cellquest software 

(Becton Dickinson San Jose, CA) was used for data analysis. To analyze the CHOP expression 

MDA-MB-231 cells were exposure with or without varying doses of I3M for 24 h. The cells 

were washed in phosphate-buffered saline (PBS) simultaneously incubated with FITC-

conjugated anti-human CHOP and Beclin1 monoclonal antibodies. For negative control, cells 

were staining with mouse IgG1 (BD Bioscience). Immunofluorecence measurements were 

obtained using FACSCalibur (Becton Dickinson San Jose, CA). 
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2.2.9. Transfection of CHOP and eIF2α small interfering RNS (siRNA) 

CHOP and eIF2α-specific silencing RNA was purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). RPMI medium was added to 20 nM siRNA duplex with the transfection 

reagent G-Fectin (Genolution Pharmaceuticals, Inc., Seoul, Republic of Korea) in each 

transfection according to the manufacture′s recommendations. 

 

2.2.10. Statistical analysis 

All data from MTT assay, FACS analysis, RT-PCR, western blot analysis and ROS 

generation were derived from at least three independent experiments. Images were captured 

using Chemi-Capt (Vilber Lourmat) and transported into Photoshop. All bands were quantified 

by the Scion Imaging software (http://www.scioncorp.com). Statistical analyses were 

conducted using SigmaPlot software (version 12.0). Values were presented as mean ± S.E. 

Significant differences between the groups were determined using the one-way ANOVA. 

Statistical significance was regarded at ∗ and #, p < 0.05. 

 

2.3. Results  

2.3.1. I3M effectively induces cell death on human cancer cells 

To evaluate the anticancer activity of I3M on various human cancer cells, we first 

examined its cytotoxic effects with different concentrations of curcumin for 24 h and performed 

cell viability assay. We found that I3M treatment more potently induced cell death in various 

cancer cell lines (Fig. 2A). Moreover, dose-dependent manner pretreatment of z-VAD-fmk did 

http://www.scioncorp.com/
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not remarkably blocked I3M-induced cell death in MDA-MB-231 cells and moderately 

compensate in Hep3B cells; however, this z-VAD-fmk-attenuated cell death was not observed 

in PC-3 and HCT-116 cells (Fig. 2B). To determine whether I3M induced cell death occurred 

through apoptosis, cells were treated with a positive control, H2O2. Treatment of H2O2 for 24 

h induced cell death on both MDA-MB-231 cells and Hep3B cells (Fig. 2C). H2O2-induced 

apoptosis was attenuated by pretreatment of z-VAD-fmk, a pan-caspase inhibitor; however, the 

inhibition was not observed for I3M-treated cells (Fig. 2C). Further, H2O2-induced apoptosis 

was confirmed by proteolytic cleavage of PARP, caspase-8 (Fig. 2D). In particular, with 

respective to the positive control H2O2 treatment, I3M did not induce PARP, caspase-8 cleavage. 

Nevertheless, treatment with I3M did not downregulated H2O2-attenuated Bcl-2 expression 

level (Fig. 2D). Phase-contrast microscopy images further revealed that PC-3 and HCT-116 

cells treated with I3M displayed typical morphological features of apoptosis (Fig. 2E). 

Although, MDA-MB-231 cells did not show such characteristics changes related to apoptosis 

while Hep3B cells slightly exhibited such typical morphological features of apoptosis. 

Furthermore, morphological observation in the cell nuclei of MDA-MB-231 cells for 24 h after 

treatment of I3M did not showed any significant morphological alterations in the nuclei when 

compared to untreated control (Fig. 2F). However, fragmented nuclei were observed in positive 

control H2O2 treatment (Fig. 2F). Taken together these results indicate that I3M potentiate to 

induce apoptosis in cell type dependent manner in human cancer cells. 
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Fig. 2. Effects of I3M on the viability of cancer cells. (A) MDA-MB-231, Hep3B, PC3, and 

HCT116 cancer cells were treated with the indicated concentrations of I3M for 24 h. (B) MDA-

MB-231, Hep3B, PC3 and HCT116 cancer cells were pretreated with the indicated 

concentrations of z-VAD-fmk for 1 h and further treated with 15 μM I3M for 24 h. Cell viability 

was measured by an MTT assay following 24 h. (C) MDA-MB-231 and Hep3B cells were 

pretreated with the indicated concentrations of z-VAD-fmk for 1h and further treated with 500 

μM H2O2 or 15 μM I3M for 24 h. Cell viability was measured by an MTT assay following 24 

h. (D) MDA-MB-231 cells were treated with 500 μM H2O2 or various concentrations of I3M. 

Equal amount of cell lysates was resolved on SDS–polyacrylamide gels, transferred to 

nitrocellulose membranes, and probed with antibodies against Bcl-2, PARP, and caspase-8. (E) 

The morphology of cells treated with or without I3M was examined under light microscopy 

(×400). (F) MDA-MB-231 cells were treated with indicated concentrations of I3M for 24 h. 
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Cells were stained with cell-permeable DNA-binding dye DAPI for 10 min at room 

temperature, visualized and analyzed by fluorescence microscopy. β-Actin was used as an 

internal control for western blot analyses. 

 

2.3.2. Autophagy may not regulate by I3M 

To investigate whether the caspase-independent cell death was mediated through 

autophagy, next we examined the expression of several proteins known to be participated in 

the induction of autophagy, including LC3-I, LC3-II, p62, and Atg-7, in MDA-MB-231 cells 

treated with I3M in concentration dependent manner. The upregulation of expression of LC3-

II, Atg-7 and downregulation of p62 were not observed upon treatment with I3M (Fig. 3A). 

The induction of these proteins was significantly counteracted by the addition of 3MA, a 

known inhibitor of autophagy by indicating I3M did not induced autophagy in MDA-MB-231 

cells (Fig. 3A). Next we detected the expression of Beclin 1, an important marker of autophagy, 

in MDA-MB-231 cells upon treatment with I3M, Rapamycin, inducer of autophagy, and 3MA, 

an inhibitor of autophagy. We found that pretreatment of Rapamycin enhanced the Beclin 1 

protein level while 3MA treatment completely blocked expression of Beclin 1 (Fig. 3B). 

Similar to the data of 3MA treatment, I3M did not induced Beclin 1 protein expression level in 

MDA-MB-231 cells. For further examine the role of autophagy in I3M-induced cell death, we 

treated MDA-MB-231 cells with I3M before treatment with anti-Beclin1 antibody and assayed 

for Beclin1 expression. Our data showed that similar to the untreated group, treatment with 

I3M could not induce the Beclin 1 protein expression level in MDA-MB-231 cells (Fig. 3C). 

Collectively these results suggested that autophagy process may not involve as a cell death 

program in I3M-mediated cell death in MDA-MB-231 cells. 
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Fig. 3. I3M inhibits autophagy in MDA-MB-231 cells. (A) MDA-MB-231 cells were treated 

with 5mM 3MA or various concentrations of I3M for 24 h. Equal amount of cell lysates were 

resolved on SDS–polyacrylamide gels, transferred to nitrocellulose membranes, and probed 

with antibodies against LC3, p62, and Atg7. (B) MDA-MB-231 cells were pretreated with 

1Μm Rapamycin and 0.6 mM 3MA for 1h and then incubated with 15 μM I3M for 24h. Cells 

were fixed, permeabilized, and stained with Beclin 1 monoclonal antibody. The monoclonal 

antibody was detected using an antimouse secondary antibody conjugated with Alexa 

Fluor® 488. Stained-Beclin 1 then observed under a fluorescent microscope (×400). (C) MDA-

MB-231 cells were treated with 15 μM I3M for 24 h. Flow cytometry was conducted to analyze 

the expression level of Beclin 1. β-Actin was used as an internal control for western blot 

analyses. 

 

2.3.3. Involvement of ER and mitochondria in I3M induce paraptosis 

Investigation of the cellular morphologies showed that marked cellular vacuolation 

commonly preceded cell death in MDA-MB-231 cells. In concentration and time dependent 
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manner treatment of I3M significantly induced vacuolated cells percentage as ~20-67 % and 

~18-68 % respectively (Fig. 4A). After I3M treatment for 12 h, vacuoles were clearly 

discernible by phase-contrast microscopy. Next, to examine whether the I3M-enhanced 

vacuoles may derive from mitochondria and/or the ER, cells were exposure to ER-tracker and 

Mito-tracker. Compared with the untreated group, at 24 h after I3M treatment increased 

numerous small both ER and mitochondria derived fluorescent vacuoles (Fig. 4B). Treatment 

of I3M in concentration dependent manner significantly accumulated polyubiquitinated 

proteins. Consequently, I3M significantly increased priteins levels of ATF4 and p-eIF2α at 24 

h by indicating that I3M treatment induced the ER stress in MDA-MB-231 cells (Fig. 4C, upper 

panel). Moreover, time-dependent treatment of 15μM I3M remarkably increased ATF4 and p-

eIF2α protein levels (Fig. 4C, lower panel). To determine the importance of ER stress proteins 

in paraptosis, sieIF2α were transfected into MDA-MB-231 cells and transfection efficiency 

was analyzed by western blot (Fig. 4D). Cell viability assay shown transient knockdown of 

eIF2α markedly attenuated I3M-induced cell death (Fig. 4E). Research has indicated that 

mitogen-activated protein kinase (MAPK) signaling pathways have a role in the response to 

ER stress. Based on that next, we examined the protein expression level of p-ERK, p-p38, and 

p-JNK after the exposure to I3M. We found that 24 h of I3M treatment upregulated the 

phosphorylation of JNK protein level while enhanced the phosphorylation of p38 protein level 

in constant manner (Fig. 4F). According to our results, phosphorylated ERK activated only in 

between 6-9 h. Moreover, when further examine the activation differences of these proteins we 

detected the pretreatment of JNK inhibitor SP600125, markedly enhanced I3M-decreased cell 

viability (Fig. 4G). However, I3M-downregulated cell viability did not affect by the 

pretreatment of p38 inhibitor SB203580 and ERK inhibitor PD98059 (Fig. 4G). Collectively, 
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our results show that involvement of ER and mitochondria in I3M-induced paraptosis 

accomplished by MAPK signaling pathway in MDA-MB-231 breast cancer cells.     

 

 

Fig. 4. I3M induced vaculization and ER stress in MDA-MB-231 breast cancer cells. (A) 

MDA-MB-231 cells were seeded at 2 × 105 cells/ml and incubated with 15 μM I3M for the 

indicated time (0-24 h) and/or cells were incubated with indicated concentrations of I3M (0-15 
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μM) for 24 h. Cells were examined under light microscopy (×400) and percentage of 

vacuolated cells were calculated. (B) Cells were stained with ER Tracker and Mito Tracker 

followed by with or without I3M treatment for 24 h. Cells were observed under a fluorescent 

microscope (×400). (C) Cells were seeded at 2 × 105 cells/ml and incubated with 15 μM I3M 

for the indicated time (0-24 h) and/or cells were incubated with indicated concentrations of 

I3M (0-15 μM) for 24 h. Cells were harvested and the indicated proteins were detected by 

Western blot analysis. (D) Cells were transiently transfected with eIF2α siRNA for 24 h. The 

transfection efficiency was assayed by western blot analysis. (E) Cells were transiently 

transfected with eIF2α for 24 h and then treated with or without before treatment with15 μM 

I3M for 24 h. Cell viability was determined using an MTT assay. (F) Cells were incubated with 

15 μM I3M for the indicated time (0-24 h) and the indicated proteins were detected by Western 

blot analysis. (G) MDA-MB-231 cells were pretreated with the specific inhibitors, SP600125, 

PD98059, and SB203580 at the indicated concentrations for 1 h and further treated with 15 μM 

I3M for 24 h. The viability of cells was determined using an MTT assay. 

 

2.3.4. Involvement of CHOP in I3M-induced paraptosis 

In order to investigate the importance of CHOP in regulation of I3M-mediated paraptosis 

we knockdown CHOP using small interfering RNA (siRNA) and examined the vacuoles 

derived by ER and mitochondria. A specific siCHOP were transfected into MDA-MB-231 cells 

and transfection efficiency was analyzed by western blot (Fig. 5A). As shown in Fig. 5B, 

knockdown of CHOP blocked I3M-induced ER and mitochondrial vacuoles formation (Fig. 

5B). In a parallel experiment we examined the cell viability using MTT assay. Pretreatment of 

siCHOP significantly blocked I3M-induced cell death in MDA-MB-231 cells (Fig. 5C). 
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Immunocytochemistry analysis of CHOP shown that treatment with 10 μM I3M resulted in 

enhanced the CHOP expression level (Fig. 5D). Further, the expression level of CHOP 

significantly increased with the treatment of I3M in concentration dependent manner (Fig. 5E). 

Nevertheless, to further confirmation, time dependent manner treatment of I3M-remarkably 

enhanced m-RNA and protein expression level of CHOP reached its peak at 12h of the I3M 

treatment. Then, we assessed the mRNA and protein expression level of CHOP in the presence 

of I3M. Treatment of I3M significantly enhanced CHOP protein and m-RNA expression level, 

indicating that one of the major roles of CHOP is to increase I3M-mediated paraptosis (Fig. 

5F). These data indicate that in the presence of I3M, increased levels of CHOP enhanced 

paraptosis in MDA-MB-231 cells. 
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Fig. 5. I3M-induces CHOP expression in MDA-MB-231 cells. (A) Cells were transiently 

transfected with CHOP siRNA for 24 h and then treated with or without before treatment with 

15 μM I3M for 24 h. The transfection efficiency was assayed by western blot analysis. (B) 

Cells were stained with ER Tracker and Mito Tracker followed by with or without I3M 

treatment for 24 h. Cells were observed under a fluorescent microscope (×400). (C) The 

viability of cells was determined using an MTT assay. (D) Cells were fixed, permeabilized, and 

stained with the CHOP monoclonal antibody. The monoclonal antibody was detected using an 

antimouse secondary antibody conjugated with Alexa Fluor® 488. Stained-CHOP then 

observed under a fluorescent microscope (×400). (E) Cells were seeded at 2 × 105 cells/ml and 

incubated with indicated I3M concentrations (0-15 μM) for 24h. Flow cytometry was 

conducted to analyze the expression level of CHOP. (F) Cells were incubated with indicated 

concentrations of I3M (0-15 μM) for 24 h and/or 15 μM I3M for indicated time points. RT-

PCR and western blot analyses of CHOP was performed at 24 h. 
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2.3.5. Proteasome dysfunction and accumulation of poly ubiquitinylate proteins are critically 

involved for paraptosis 

Next, we examined the importance of accumulation of poly ubiquitinated proteins through 

proteasome dysfunction by I3M treatment in paraptosis. Pretreatment with known proteasome 

inhibitor MG132, enhanced I3M-induced formation of ER and mitochondrial vacuoles 

formation in MDA-MB-231 cells (Fig. 6A). Next, we assayed the effect of MG132 in cell death 

of MDA-MB-231 cells. Interestingly, compared with the control treatment, combined treatment 

with I3M and MG132 significantly enhanced I3M-induced cell death at 24 h (Fig. 6B). 

Immunocytochemistry analysis shown treatment of 15μM of I3M significantly enhanced poly-

ubiquitin at 24 h by indicating that I3M-induced paraptosis occurred via proteasome 

dysfunction (Fig. 6C). In a parallel experiment, we examined the levels of poly-ubiquitin 

proteins using flow cytometry analysis. The data also revealed that poly-ubiquitin level 

remarkably enhanced with the treatment of I3M (Fig. 6D). Then to analyze the effect of 

proteasome dysfunction on ER stress, MDA-MB-231 cells pretreated with I3M for 2 h, 

followed by exposure to MG132 for 24 h, before preparation of protein concentration detected 

cells supernatants for western blot analysis. Treatment of I3M remarkably increased CHOP 

level in MDA-MB-231 cells (Fig. 6E). In particular, pretreatment with MG132 synergistically 

increased I3M-induced CHOP expression. We also examined that phosphorylation of JNK 

level comparatively induced by combined treatment of MG132 and I3M (Fig. 6E). These data 

indicate that accumulation of poly ubiquitinated proteins via proteasome dysfunction into the 

endoplasmic reticulum (ER) by I3M is critically involved for the paraptosis in MDA-MB-231 

breast cancer cells. 
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Fig. 6. I3M-induces proteasome dysfunction and accumulation of poly ubiquitinated proteins 

MDA-MB-231 cells. (A) MDA-MB-231 cells were pretreated with the 2 μM MG132 for 1h 

and further treated with 15 μM I3M for 24 h. Cells were stained with ER Tracker and Mito 

Tracker and observed under a fluorescent microscope (×400). (B) MDA-MB-231 cells were 

pretreated with the indicated concentrations of MG132 for 1h and further treated with 15 μM 

I3M for 2 4h. Cell viability was measured by an MTT assay following 24 h. (C) Cells were 

fixed, permeabilized, and stained with the ubiquitin monoclonal antibody. The monoclonal 

antibody was detected using an antimouse secondary antibody conjugated with Alexa 

Fluor® 488. Stained-ubiquitin then observed under a fluorescent microscope (×400). (D) Flow 

cytometry was conducted to analyze the expression level of ubiquitin. (E) MDA-MB-231 cells 

were pretreated with 2μM of MG132 for 1h and further treated with 15 μM I3M for 24 h. Equal 

amount of cell lysates were resolved on SDS–polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with antibodies against p-JNK, JNK, and CHOP. β-Actin was used as 
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a loading control. 

 

2.3.6. I3M enhanced mitochondrial calcium uptake 

In order to determine the involvement of Ca2+ uptake by mitochondria in I3M-induced 

paraptosis we next performed flow cytometry analysis after exposure to mitochondrial Ca2+ 

indicator dye, Rhod-2. Concentration dependent treatment of I3M gradually increased the 

mitochondrial Ca2+ levels (Fig. 7A). As shown in Fig. 7B, the mitochondrial Rhod-2 staining 

intensity was highly detected in I3M treated cells, contrary to that observed for the untreated 

control group (Fig. 7B). In particular, treatment of 15 μM I3M significantly increased the 

mitochondrial Ca2+ levels in MDA-MB-231 cells; however, this upregulation did not reach the 

level observed for PC3 prostate cancer cells and HCT116 colon cancer cells (Fig. 6C). On the 

other hand, 15 μM I3M treatment slightly increased the mitochondrial Ca2+ levels in Hep 3B 

hepatocellular carcinoma cells (Fig. 7C). Since the ER involve for the upload of Ca2+ to the 

mitochondria then we treated sieIF2α to examine the relationship between ER and 

mitochondria in regulation of intracellular calcium homeostasis. Using fluorescence 

microscopy, we found that treatment of sieIF2α completely blocked I3M-induced 

mitochondrial Ca2+ levels in MDA-MB-231 cells at 24 h (Fig. 7D). Taken together these data 

shown that I3M has influence on increase of mitochondrial Ca2+ levels in MDA-MB-231 cells.  
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Fig. 7. I3M-induces mitochondrial Ca2+ uptake in MDA-MB-231 cells. (A) MDA-MB-231 

cells treated with indicated concentrations of I3M (0-15 μM) for 24 h and then stained with 2.5 

μM Rhod-2. Rhod-2 fluorescence intensity was measured using flow cytometry. (B) MDA-

MB-231 cells were stained with 2.5μM Rhod-2 followed by the treatment of 15 μM I3M for 

24h. Fluorescence intensity of Rhod-2 was observed under a fluorescent microscope (×400). 

(C) MDA-MB-231, Hep3B, PC3, and HCT116 cancer cells were treated with 15 μM I3M for 

24 h. Rhod-2 fluorescence intensity was measured using flow cytometry. (D) Cells were 

transiently transfected with sieIF2α for 24 h and then treated with or without before treatment 

with 15 μM I3M for 24 h. Cells were stained with Rhod-2 followed by with or without I3M 

treatment for 24 h. Cells were observed under a fluorescent microscope (×400). 
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2.3.7. Overloaded Ca2+ into mitochondria via ER induced ROS production induced paraptosis 

by I3M 

Compelling evidence supports a mutual relationship between calcium and ROS, next we 

focus on whether I3M-induced paraptosis occurred via ROS production by accumulated Ca2+ 

in MDA-MB-231 cells (Voccoli et al., 2014). Data obtained using fluorescence microscopy, 

showed that of the I3M-treated MDA-MB-231 cells induced mitochondrial Rhod-2 staining 

intensity; however, treatment of calcium chelator EGTA completely inhibited the staining 

intensity of Rhod-2, thereby suggesting that EGTA has effect to mitochondrial calcium uptake 

(Fig. 8A). Further, the number of vacuolated cells percentage reduced from ~60% to 30% in 

I3M and I3M with EGTA treatment respectively (Fig. 8B). In a parallel experiment, then we 

analyzed I3M cytotoxicity using MTT assay. The concentration dependent pretreatment of 

calcium chelator EGTA, significantly reduced I3M-induced cell death (Fig. 8C). Then, to 

examine the link between the calcium and ROS production, cells treated with EGTA for 2 h 

prior to treatment with I3M. Then ROS generation was assayed by the fluorescence 

spectrophotometer. As shown in Fig. 8D, I3M-induced ROS production remarkably reduced 

by the pretreatment of EGTA (Fig. 8D). Moreover, dose dependent manner treatment of ROS 

inhibitors such as NAC, GSH, and catalase, induced I3M-decreased cell viability percentage 

(Fig. 8E). Past reports shown that induction of ROS have potential to induce ER stress also. 

Though, ER stress is a crucial step in I3M-induced paraptosis therefore, next we examined the 

effect of ER stress protein CHOP, after treatment with NAC using western blot analysis. 

Treatment of 10 μM of NAC comparatively inhibited that I3M-induced expression of CHOP 

protein level in MDA-MB-231 cells (Fig. 8F, upper panel). On the other hand, NAC treatment 

remarkably decreased the I3M-induced JNK phoporylation at 24 h (Fig. 8F, lower panel). In 
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particularly, as shown in western blot data, pretreatment of EGTA notably downregulated I3M-

induced protein expression levels of CHOP and pJNK in MDA-MB-231 cells (Fig. 7G). These 

results demonstrate that I3M possesses induction of ROS generation via mitochondrial Ca2+ 

accumulation thus induced paraptosis followed by ER stress in MDA-MB-231 cells. 

 

Fig. 8. I3M-induces Ca2+ uptake by mitochondria via ER induced ROS production. (A and B) 

MDA-MB-231 cells were pretreated with 2 mM of EGTA for 1h and further treated with 15 

μM I3M for 24 h. Rhod-2 fluorescence intensity was measured using flow cytometry and light 

microscopy respectively. Percentage of vacuolated cells were denoted in the graph. (C) MDA-

MB-231 cells were pretreated with the indicated concentrations of z-EGTA for 1 h and further 

treated with 15 μM I3M for 24 h. Cell viability was measured by an MTT assay following 24 

h. (D) MDA-MB-231 cells were pretreated with 20 μM DCFDA for 1 h and then incubated 

with 2mM of EGTA for 1h and further treated with 15 μM I3M for 24 h. ROS generation was 

analyzed by a fluorometer. (E) MDA-MB-231 cells were pretreated with the indicated 
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concentrations of NAC, GSH and catalase for 1 h and further treated with 15 μM I3M for 24 

h. Cell viability was measured by an MTT assay following 24 h. (F) MDA-MB-231 cells were 

incubated with 10 mM NAC for 1h and then treated with 15 μM I3M for 24 h. Equal amount 

of cell lysates were resolved on SDS–polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with antibodies against JNK, p-JNK, and CHOP. (G) Cells were 

incubated with 2 mM EGTA for 1h and then treated with 15 μM I3M for 24 h. Equal amount 

of cell lysates were resolved on SDS–polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with antibodies against JNK, p-JNK, and CHOP. β-Actin was used as 

an internal control for western blot analysis.  

 

2.3.8. Blocking of mitochondrial channel uniporters reduced I3M induced parapotosis 

To confirmed that overloaded Ca2+ into the mitochondria from ER, mediate via 

mitochondrial channel uniporters next cells were treated with I3M for 2 h followed by 

treatment with an inhibitor of uniporter-mediated mitochondrial Ca2+ uptake, ruthenium red 

(RR), before examine the cytotoxic effect using MTT assay. Compared to the control group, 

I3M treatment markedly reduced the cell viability (Fig. 9A). However, 1-3 μM dose-dependent 

manner pretreatment of RR significantly inhibited the reduction of viability of cells (Fig. 9A). 

Additionally, we investigated whether I3M regulates Ca2+ overload into mitochondria through 

mitochondrial channel uniporters. Fluorescence microscopic analysis showed that pretreatment 

of 4 μM ruthenium red remarkably decreased I3M-induced ER and mitochondrial derived 

vacuoles at 24 h (Fig. 9B). Flow cytometry data confirmed that ruthenium red treatment notably 

reduced mitochondrial Rhod-2 staining intensity compared with untreated control group in 

MDA-MB-231 cells (Fig. 9C). In addition, as shown in Fig. 9D, fluorescence microscopy using 
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Rhod-2 staining indicated that blocking of mitochondrial channel uniporters by ruthenium red 

completely inhibited I3M-induced mitochondrial Rhod-2 staining intensity (Fig. 9D). 

Nevertheless, as shown in ubiquitination assay, ruthenium red treatment sharply decreased the 

I3M-upregulated ubiquitination of ER stress protein in MDA-MB-231 cells (Fig. 9E). The 

western blot analysis indicated that I3M-enhaced the expression level of CHOP, 

phosphorylated JNK, and eIF2α remarkably downregulated with the treatment of RR by 

indicating mitochondrial channel uniporters play an important role in mediation of ER stress 

via ubiquitin (Ub)-proteasome pathway in I3M-induced paraptosis in MDA-MB-231 breast 

cancer cells (Fig. 9E). These results suggest that I3M mediates Ca2+ accumulation into 

mitochondria through mitochondrial channel uniporters in MDA-MB-231 breast cancer cells. 

 

Fig. 9. I3M-enhances blocking of mitochondrial channel unireporters. (A) MDA-MB-231 cells 

were pretreated with the indicated concentrations of ruthenium red (RR) for 1h and further 

treated with 15 μM I3M for 24 h. Cell viability was measured by an MTT assay following 24 

h. (B, C and D) MDA-MB-231 cells were pretreated with 3 μM ruthenium red for 1h and 
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further treated with 15 μM I3M for 24 h. Cells were stained with ER Tracker and Mito Tracker 

followed by with or without I3M treatment for 24 h. Cells were observed under a fluorescent 

microscope (×400) (B). Rhod-2 fluorescence intensity was measured using flow cytometry and 

fluorescent microscope (×400) respectively (C and D). (E) Cells were harvested and the 

indicated proteins were detected by Western blot analysis. β-Actin was used as an internal 

control for western blot analysis. 

 

2.4. Discussion 

The main obstruction to effective and efficient breast cancer therapy is development of 

intrinsic (de novo) or acquired resistance (García-Becerra et al., 2013). Decades of research 

have sequentially revealed that resistance to apoptosis is frequent mechanism by which these 

cancer cells prevent death (Fulda., 2010). Therefore, investigation of alternative approaches 

that triggering cell death is mostly required to improving efficiency of the treatments. 

Paraptosis can be served as one of crucial alternative cell death mechanism pathway but still it 

has not been well characterized. The present study reports for the first time that I3M can induce 

non-apoptotic programmed cell death via paraptosis in MDA-MB-231 breast cancer cells and 

Hep3B hepatocellular carcinoma cells. Here we provide convincing evidence demonstrating 

that I3M-induced paraptosis by extensive vacuolization that occurred through excessive 

dilation of endoplasmic reticulum (ER) and mitochondria. Further, we have shown that the 

contribution of CHOP protein via proteasome dysfunction to I3M-induced paraptosis in MDA-

MB-231 breast cancer cells. 

Specifically, I3M treatment significantly did not exhibited apoptotic characteristics such as 
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nuclear fragmentation, activation of caspases, PARP cleavage and apoptotic bodies formation 

by indicating that I3M-induced cell death in MDA-MB-231 cells different from apoptotic 

mechanism. However, that apoptotic remarks partially observed in Hep 3B cells. The loss of 

mitochondrial membrane potential (MMP) can be check point of apoptosis because, release of 

cytochrome c from the intermembrane space to cytosol involves to activation apoptotic 

signaling (Wang et al., 2014). According to our results the marked reduction of MMP observed 

in MDA-MB-231 cells, however; lack of caspase activation indicates loss of MMP not regulate 

apoptosis in I3M-induced cell death. The reduction of MMP also examined in Jurkat cells 

without inducing apoptosis (Jambrina et al., 2003). Nevertheless, the induction of cell death by 

I3M did not associate with the autophagy process. Since, LC3 has been characterized as an 

autophagosomal marker in mammalian autophagy we examined the LC3 expression level in 

MDA-MB-231 cells. Nevertheless, p62 also known to be an autophagy marker as it forms link 

between polyubiquitinated proteins and autophagy we analyzed changes of p62 expression 

level with the I3M treatment. Indeed, I3M treatment did not increased LC3-II or decreased p62 

generation by indicating autophagy process did not involve in I3M-induced cell death in MDA-

MB-231 cells. Interestingly, rapamycin but not I3M similar as 3MA induced Beclin 1 

expression level. Hence, these facts indicate that I3M induces paraptosis cell death in MDA-

MB-231 cells. 

As a key feature of paratosis process, vacuoles formed by magamitochondria due to 

subsequent fusion of excessive swelled ER and mitochondria (Yoon et al., 2010). In particularly, 

as a result of I3M treatment, vacuolation was examined that triggers cell death in MDA-MB-

231 cells. Based on that we further interested to investigate the molecular mechanism which 

regulate I3M-induced paraptosis. Aside from the induction of accumulation of poly-
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ubiquitinated proteins with markers of ER stress including ATF4, peIF2α and CHOP by I3M, 

the proteasome inhibitor MG132 also found to further induce ER stress markers with enhanced 

the formation of ER and mitochondrial derived vacuoles in MDA-MB-231 cells. Therefore, 

these results indicate that poly-ubiquitinated proteins accumulation via proteasome dysfunction 

is crucial event in I3M-mediated paraptosis in MDA-MB-231 cells. 

Cumulative data supported that interaction of mitochondria with Ca2+ store in the ER 

crucially involves the efficient respond to the Ca2+ signaling with in the internal organelles 

(Romagnoli et al., 2007). However, as a result of upregulation of free Ca2+ in the cytoplasm 

may loss of Ca2+ homeostasis thereby potently induces cell death via apoptosis process 

(Tasheva et al., 2013). There are several mechanisms that induced the cell death via disrupted 

Ca2+ homeostasis including nitric oxide synthases (iNOS), Ca2+ dependent protease activation 

and Ca2+-dependent transcription factor-cAMP response element-binding protein (CREB) 

(Tasheva et al., 2013). In particularly, disruption of Ca2+ homeostasis by I3M may leading to 

the cell death regulate via paraptosis process. In our study, exposure to EGTA, an extracellular 

calcium chelator some extent induced I3M-reduced cell viability, by indicating aside from the 

involvement of intracellular calcium, extracellular calcium also found to involve in I3M-

induced cell death. More importantly, Voccoli et al was reported downregulation of 

extracellular calcium using a chelating agent can reduce mitochondrial ROS production thereby 

induce cell viability in human oligodendrocyte MO3.13 cells (Voccoli et al., 2014). 

Consequently, exposure to EGTA significantly attenuated I3M-induced ROS production in 

MDA-MB-231 cells. Researches have been indicated that Ca2+ influx from the extracellular 

space via the plasma membrane or by release of Ca2+ from endoplasmic (ER), sarcoplasmic 

(SR) like intracellular Ca2+ stores affect to the elevation in intracellular Ca2+ concentration 
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(Patergnani et al., 2011). Hence, Rhod-2 staining of MDA-MB-231 cells shown that I3M-

induced Rhod-2 staining intensity remarkably decreased by the EGTA treatment. Therefore, 

these results suggest that I3M-induced intra-mitochondrial Ca2+ level via the extracellular Ca2+ 

concentration that release by ER due to ER stress.  The accumulation of Ca2+ in the 

mitochondria from the cytoplasm regulate by the mitochondrial Ca2+ uniporter (MCU) which 

is located in the inner membrane of the mitochondria (Kirichok et al., 2004). To test this 

hypothesis, we treated inhibitor of mitochondrial Ca2+ unireporter RR, on I3M-treated MDA-

MB-231 cells. Interestingly, treatment of RR significantly inhibited I3M-induced 

mitochondrial Ca2+ accumulation indicating that accumulation of Ca2+ in the mitochondria 

from the cytoplasm mainly regulated by MCU. 

Investigation of effective and efficient paraptosis enhancing agents and the underline 

the particular molecular mechanisms in this alternative cell death form may promote the 

development of novel therapeutics against malignant cancer cells that harbor defective 

apoptotic machineries. In this study, we demonstrated that I3M induces an inhibition of cell 

growth in MDA-MB-231 cells. Moreover, we demonstrated crucial role of mitochondria and 

ER regulate Ca2+ homeostatis and proteasomal dysfunction in paraptosis. However, further 

research is needed on investigation of chemosensitizing effects of I3M on cancers and in vivo 

cancer models to further verify the clinical relevance of I3M as a potent anticancer agent. 

 

2.5. Conclusion 

I3M induces an inhibition of cell growth in MDA-MB-231 cells. The inhibition of cell growth 

by I3M did not occurred via apoptosis or autophagy. I3M induces proteasome dysfunction and 
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accumulation of ER stress related proteins in to the ER lumen. Due to overload of proteins in 

the ER, its increases ER stress, release Ca2+ ions into the cytoplasm. The Ca2+ ions enter to the 

mitochondria via mitochondrial channel unireporters causes unequal distribution of Ca2+ ions 

with in the cellular organells resulting paraptosis cell death. 
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Chapter 3 

 

Indirubin-3′-monoxime induces p53-mediated cell death 

via apoptosis and paraptosis in  

Hep3B hepatoma cancer cells 
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Abstract 

Indirubin-3′-monoxime (I3M) is a derivative of indirubin which is the active component 

of Danggui-Long-Hui-Wan, a traditional Chinese recipe used exhibits promising anticancer 

effects in wide range of cancers. I3M exhibits anticancer properties by modulating cell cycle 

arrest, apoptosis, cell invasion and metastasis, lack of understanding of their mode of action. 

Therefore, in this study, we present the I3M as a promising anticancer agent based on the 

induction of the cell death via apoptosis and paraptosis in Hep3B hepatocarcinoma cells. Also, 

we investigated the role of p21 and ROS regulate NFκB signaling pathway in I3M-midiated 

cell death in Hep3B cells. I3M treatment significantly reduced viability of Hep3B cells and 

gradually upregulated Bax, and Bid protein expression level by indicating I3M-induced 

apoptosis in Hep3B cells. Nevertheless, treatment of I3M-increased numerous small ER and 

mitochondria derived fluorescent vacuoles and enhanced the Rhod-2 staining intensity 

suggested that I3M-induced cell death in Hep3B cells partially enhanced via paraptosis. We 

observed that I3M-enhanced the expression of p53 and p21 protein and mRNA level in Hep3B 

cells. The cells transfection with sip53 markedly decreased I3M-induced p21 fluorescence 

intensity, demonstrate that I3M mediate p21 expression regulate by p53 in Hep3B cells. Further, 

we investigated that I3M-induced expression of p21 mediate the ROS accumulation in Hep3B 

cells. Treatment with 15μM I3M significantly induced NFκB luciferase activity, whereas 

treatment of NAC downregulated I3M-induced NFκB luciferase reporter activity in Hep3B 

cells. Therefore, ROS play an important role in activation of NFκB thereby reduced apoptosis 

in Hep3B cells. Nevertheless, our results demonstrate that I3M mediate p53 regulate both 

apoptosis and paraptosis processes in Hep3B cells. Taken together, our findings illustrate the 

anticancer activity of I3M basis of its ability to simultaneously induce apoptosis and paraptosis 
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in Hep3B hepatoma cancer cells, proving the potential of I3M in developing as an anticancer 

drug in near future. 

Keywords: Indirubin-3’-oxime (I3M); NFκB; ROS; apoptosis; paraptosis 

 

3.1. Introduction 

Cell death is the event of a biological cell ceasing to carry out its functions, might be the 

result of the natural process to eliminate existing old cells by new cells, or may be resulted due 

to different kind of factors such as disease, injury or death of the particular organism of which 

the cells are part (Suzanne and Steller., 2013 and Zong and Thompson., 2006). Cell death is a 

crucial terminal mechanism for cells of multicellular organisms, and it is mainly regulated by 

programmed cell death (PCD) (Huang et al., 2014). However, expanding body of evidence 

indicate eventhough, independence of caspases cell death can be occurred (Baraz et al., 2014). 

Therefore, alternative modes of PCD have been suggested, such as autophagy, mitotic 

catastrophe, paraptosis, apoptosis-like PCD and necrosis-like PCD (Kaiser et al., 2008). The 

intracellular organelles like endoplasmic reticulum (ER), mitochondria and lysosomes can lead 

individually or mutual interaction with one another to regulated PCD with the involvement of 

endonucleases, proteases, calpains, and catepsins other than the caspases (Bröker et al., 2005 

and Orrenius et al., 2011). However, investigation of caspase independence pathways is 

essential for the field of oncology, because those can potentially be manipulated to 

development of novel cancer treatments in future. 

Of these, apoptosis is the well categorized type of PCD, being clarified by predominant 

signatures such as internucleosomal DNA fragmentation, nuclear condensation, membrane 
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blebbing, cell shrinkage, global mRNA decaying and formation of numerous spherical bodies 

(Sahu et al., 2013 and Thomas et al., 2015). Cumulative data supported that proteolytic 

cleavage of different kind of proteins via activated caspase proteases involve in the 

accomplishment of apoptotic morphology (Bae et al., 2008). Despite, the process of proteolytic 

cleavage of these proteins development in apoptotic morphology remains unknown. Aside from 

the induction of cell death via apoptosis, researchers have investigated that cell death also 

enhance by paraptosis, a novel type of nonapoptotic cell death and can serve as emerging 

strategy to induce death of cancer cells thus has potential to utilize caspase-independent 

apoptotic pathways for the development of new anticancer therapies. Paraptosis is 

characterized by a process of vacuolation that begins with physical enlargement of 

mitochondria and the endoplasmic reticulum (ER) (Jia et al., 2015 and Wang et al., 2012). 

Although the mechanisms underlying paraptosis, in particular, biochemical signaling pathways 

that responsible for the triggering mitochondrial and ER dilatation, have not yet been fully 

investigated, it may be associated with the loss of calcium ion homeostatis or uneven 

distribution of calcium ion within the intracellular organelles (Yoon et al., 2014). 

In past decades, it has been a dramatic resumption of the interest in indirubin, a red-colored 

3,2′-bisindole isomer due to the investigation of its great pharmacological potential (Varela et 

al., 2008). The pharmacological properties of indirubin have been known for ancient times. 

Indeed, Indirubin-3′-monoxime is a derivative of indirubin which is the active component of 

Danggui-Long-Hui-Wan, a traditional Chinese recipe used for the treatment of various diseases 

in particular chronic myelogenous leukemia (Kritsanida et al., 2009). Indirubin and its 

derivatives, a group of bis-indole alkaloids, have shown strong cytotoxic effect on wide range 

of human cancer cell lines, manifested by either cell death mainly via apoptosis or cell cycle 
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arrest (Lucas et al., 2010). Moreover, in vivo studies using rat tumor models provides further 

evidence for the anticancer mechanisms of indirubin (Kim et al., 2007). In the attempt to 

investigate the mechanism of action of indirubins, different biological activities of indirubin 

and its derivatives have been discovered. It has been well documented that indirubin and its 

derivatives shown anticancer activity in various human cancer cells. Consequently, indirubin 

and its derivatives exhibit its anticancer activities in thyroid (Broecker-Preuss et al., 2015), 

lung (Ahn et al., 2015), oral (Lo and Chang., 2013), pancreatic (Nam et al., 2013), human acute 

lymphoblastic leukemia (Lee et al., 2013), breast, and bladder (Braig et al., 2014 and Shi et al., 

2011) cancers. 

Our previous study demonstrated that I3M-induced paraptosis in human breast cancer cell 

line MDA-MB-231 and its partially induced paraptosis in human hepatocellular carcinoma Hep 

3B cells. Consequently, in the present study, we report that the I3M regulates its anticancer 

properties via apoptosis and paraptosis in Hep3B hepatocellular carcinoma cells. We further, 

investigated the involvement of p21 in I3M-induced apoptosis by regulating ROS production 

and nuclear factor κB activity. Nevertheless, our results further demonstrated that the role of 

tumor suppressor p53 gene in I3M-induced apoptosis and paraptosis in Hep3B cells.  

 

3.2. Materials and methods 

3.2.1. Antibodies and reagents 

Antibodies against Bid, Bax, caspase-8, Bcl2, and β-actin were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Antibodies against p21 and p53 were purchased from Cell 

Signaling (Beverly, MA). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphnyl-2H-tetrazolium bromide 
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(MTT) were purchased from Sigma (St. Louis, MO) and Roswell Park Memorial Institute 

Medium (RPMI), antibiotics mixture, and fetal bovine serum (FBS) were obtained from 

WelGENE Inc. (Daegu, Republic of Korea). Peroxidase-labeled goat anti-rabbit 

immunoglobulin was purchased from KOMA Biotechnology (Seoul, Republic of Korea). Other 

chemicals were purchased as Sigma grades. 

 

3.2.2. Cell line and cell growth assay 

Human hepatocellular carcinoma cell line, Hep3B was obtained from the American Type 

Culture Collection. Cells were cultured at 37°C in a 5% CO2-humidified incubator and 

maintained in RPMI 1640 culture medium containing 10% heat-inactivated fetal bovine serum 

(Life Technologies Bethesda Research Laboratories and 1% penicillin-streptomycin (Sigma). 

The cells were seeded (5 × 104 cells/ml), grown for 24 h, and then incubated for up to 24 h with 

I3M. MTT assays were done to assess cell viability.  

 

3.2.3. Flow cytometric analysis  

Flow cytometer was used to analyze the cell cycle distribution. Cells grown overnight were 

treated with I3M for 24 h in complete media. Whole Hep3B cells were harvested and fixed 

with 70% ethanol for 1 h at 4°C. Fixed cells were washed in phosphate-buffered saline (PBS). 

Cells were then incubated with 5 µg/ml propidium iodide (PI; Sigma–Aldrich) for 30 min at 

4°C in the dark. FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ) was used 

to analyze the cell cycle distribution. Approximately 10000 cells were analyzed for each sample. 

For Rhod-2 and HE staining, live cells were incubated with Rhod-2 and HE. For p21 expression 
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analysis, cells were trypsinized, washed once with PBS, fixed with ice-cold 70% ethanol for 

overnight and immunostained with a rabbit anti-p21 antibody followed by a FITC-conjugated 

goat anti-rabbit antibody. The p21 expression level was analyzed using a fluorescence-

activated cell sorting cater-plus flow cytometry. 

 

3.2.4. Western blot analysis 

Cell lysates were prepared using PRO-PREP protein extraction solution (iNtRON 

Biotechnology, Sungnam, Republic of Korea). Aliquots of protein were electrophoresed on 

SDS/PAGE. The proteins were separated by electrophoresis prior to transfer to nitrocellulose 

membranes and incubated with primary antibodies overnight at 4°C, followed by incubation 

with horseradish-peroxidase-conjugated goat anti-rabbit secondary antibody at a dilution of 

1:3000 for 1 h at room temperature. The antigen–antibody complex was detected with the 

ECL Prime Western Blotting Detection Kit (Amersham, Arlington Heights, IL). The intensity 

of the blots was quantified by densitometry analysis using chemiluminescence system. 

 

3.2.5. Real-time polymerase chain reaction (RT-PCR) 

Total RNA was extracted from cells using Trizol reagent (Invitrogen) following the 

manufacturer′s instruction. The transcription level of p21 gene was evaluated by the use of real-

time RT-QPCR technique according to the producer′s specifications (One-Step RT-PCR Premix, 

Bioneer, Daejeon, Republic of Korea). The sequences of the sense and antisense primers for 

p21 were 5′-CTC AGA GGA GGC GCC ATG-3′ and 5′-GGG CGG ATT AGG GCT TCC-3′, 

respectively. For glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the sense primer 5′-

CGT CTT CAC CAT GGA GA-3′ and the anti-sense primer 5′-CGG CCA TCA CGC CCA 
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CAG TTT-3′ were used (corresponding to a 310-bp region of GAPDH). The thermal profile 

for one-step RT-PCR was as follows: For p21, 30 cycles of denaturation at 94°C for 30 s, 

annealing at 59°C for 30 s and extended at 72°C for 30 s; and for GAPDH, 28 cycles of 

denaturation at 94°C for 30 s, annealing at 62°C for 30 s and extended at 72°C for 30 s. Each 

gene analysis was performed in triplicate. Additionally, the RT-PCR products were separated 

on 2% polyacrylamide gels and staining with ethidium bromide. 

 

3.2.6. Electrophoretic mobidity shift assay (EMSA) 

Nuclear extracts were prepared according to the protocol of Nuclear Extraction kit (Pierce, 

Rockford, IL, USA). Synthetic complementary NF-κB (5′-AGT TGA GGG GAC TTT CCC 

AGG C-3′) binding oligonucleotides (Santa Cruz Biotechnology) were 3′-biotinylated using 

the biotin 3′-end DNA labeling kit (Pierce) according to the manufacturer's instructions, and 

annealed for 30 min at room temperature. DNA/nuclear protein complexes were separated by 

electrophoresis on a native 4% polyacrylamide gels pre-electrophoresed for 60 min in 0.5× Tris 

borate/EDTA before being transferred onto a positively charged nylon membrane (HybondTM-

N+) in 0.5 × Tris borate/EDTA at 100 V for 30 min. The transferred DNAs were cross-linked 

to the membrane at 120 mJ/cm2. Horseradish peroxidase-conjugated streptavidin was used 

according to the manufacturer's instructions to detect the transferred DNA. 

 

3.2.7. Immunofluorescent Confocal Laser Microscopy 

After treatment with I3M for 24 h, cells were fixed with 4% paraformaldehyde /phosphate 

buffered saline (PBS) at room temperature for 20 min, permeabilized with 0.1% Triton X-100 

in PBS for 10 min on ice, and then blocked with 3% bovine serum albumin/PBS for 2 h at room 
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temperature for the detection of p53 and p21 expression. Before the observe cells from confocal 

microscopy, fixed cells were incubated with the anti-p53 and p21 antibodies at 4°C for 2 h, 

washed with PBS, incubated for another 1 h with FITC-conjugated goat anti-rabbit IgG, and 

washed well with PBS. For DAPI staining fixed cells were washed with PBS and nuclei were 

stained with DAPI solution. For detection of ER and mitochondrial derived vacuoles, after 

incubation, the cells were treated with desired concentrations of I3M for 24 h and then 1% 

formaldehyde was added to each well for 30 min. Cells were permeabilized with 1% Triton X-

100 for 5 min and washed twice in PBS. The stained cells were detected by fluorescence 

microscopy. 

 

3.2.8. ROS generation 

Cells were transiently transfected with p21 siRNA for 24 h and then treated with or 

without 15 μM I3M for an additional 24 h followed by exposure to florescence dye 6-carboxy-

2′,7′-dichlorofluorescein diacetate (H2DCFDA, Molecular Probes, Eugene, OR) for 1 h. The 

cells were lysed with triton and the sample was centrifuged and supernatant was analyzed 

for ROS roduction using GLOMAX luminometer (Promega). 

 

3.2.9. Luciferase activity assay 

For luciferase activity assay, Lipofectamine method was used to cell transfection. In brief, 

Hep3B cells were seeded at a density of 1×104 cells/well. After 24 h, cells were transfected 

with 2 μg each plasmid construct according to the Lipofectamine method. The cells were 

incubated with 5 mM NAC 1 h before 15 μM I3M treatment for 24 h and then cells were 

harvested. Luciferase activity was measured by according to the manufacture′s protocol and 
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detected by GLOMAX luminometer (Promega, Madison, WI, USA). 

 

3.2.10. Transient knockdown of p53 and p21 

P53 and p21 siRNA was purchased from Santa Cruz Biotechnology. The transfection 

reagent G-Fectin (Genolution Pharmaceuticals, Inc., Seoul, Republic of Korea) was added to 

each well with 450 μl RPMI1640 plus 20 nM siRNA duplex into the cells and incubated for 24 

h. 

 

3.2.11. Statistical analysis 

All results were presented as at least three independent experiments. The images were 

visualized with Chemi-Smart 2000 (Vilber Lourmat, Cedex, France). Images were captured 

using Chemi-Capt (Vilber Lourmat) and transported into Adobe Photoshop (version 8.0). All 

data are presented as mean ± SE. Significant differences between the groups were determined 

using one-way ANOVA test. When P < 0.05, the values were considered to be significantly 

different. 

 

3.3. Results 

3.3.1. I3M induces cell death on Hep3B cells via apoptosis and paraptosis 

In order to investigate whether I3M has anti-proliferative or cytotoxic effects, human 

hepatoma Hep3B cells was treated with indicated concentrations of I3M for 24 h and the 

resulting number of viable cells remaining were assessed. I3M treatment significantly reduced 

viability of Hep3B cells in concentration dependent manner. According to MTT assay results, 

treatment with 15 μM I3M remarkably reduced viable cell percentage in Hep3B cells (Fig. 
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10A). In a parallel experiment, the expression levels of Bax, Bid, and Bcl2 protein were 

determined by western blot analysis at 24 h. Dose dependent manner treatment of I3M 

gradually upregulated Bax, and Bid protein expression level while decreasing protein 

expression level of Bcl2 by indicating apoptosis is involved in death of Hep3B cells regulate 

by I3M (Fig. 10B). Treatment of 10 μM I3M for 24 h also partially induced nuclear 

fragmentation when compared with positive control H2O2 group, as illustrated by fluorescent 

staining of nuclei (Fig. 10C). Next, we attempt to reveal whether or not I3M induced cell death 

completely occurred via apoptosis, then Hep3B cells we pretreated with I3M for 2h, followed 

by treatment with pan caspase inhibitor, z-VAD-fmk for 24 h. Interestingly, treatment with z-

VAD-fmk slightly attenuated I3M-induced cell death suggesting rather than apoptosis another 

cell death mechanism is involved in I3M-mediated cell death of Hep3B cells (Fig. 10D). In this 

regards, when examine the cell morphology under the light microscope, I3M-treated cells 

exhibited numerous small vacuoles as a key feature of paraptosis process. In 7.5 μM and 10 

μM treatment with I3M significantly induced vacuolated cells percentage as ~36 % and ~78% 

respectively (Fig. 10E). Next, to examine whether the I3M-enhanced vacuoles may derive from 

mitochondria and/or the ER, cells were exposure to ER-tracker and Mito-tracker and examined 

by immunofluorescent confocal microscopy. Compared with the untreated group, at 24 h after 

I3M treatment increased numerous small ER and mitochondria derived fluorescent vacuoles 

(Fig. 10F). To further confirm the I3M-induced paraptosis in Hep3B cells, next we examined 

the Ca2+ uptake by mitochondria after exposure to mitochondrial Ca2+ indicator dye, Rhod-2. 

Flow cytometry analysis showed that treatment with I3M markedly increased mitochondrial 

Ca2+ levels at 24 h (Fig. 10G). Since it is indicated, in paraptosis, overloaded Ca2+ into the 

mitochondria from ER, mediate via mitochondrial channel uniporters next cells were treated 
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with I3M for 2 h followed by treatment with an inhibitor of uniporter-mediated mitochondrial 

Ca2+ uptake, ruthenium red (RR), then Rhod-2 staining intensity was measured by flow 

cytometry analysis. According to the Fig. 1H, ruthenium red treatment notably reduced 

mitochondrial Rhod-2 staining intensity compared with I3M treated group in Hep3B cells (Fig. 

1H). Taken together these results indicated that I3M induce cell death in Hep3B cells via 

apoptosis and paraptosis processes.    

 

Fig. 10. Effects of I3M on the apoptosis and paraptosis in Hep3B cancer cells. (A and B) Hep3B 

cells were seeded at 2 × 105 cells/ml and incubated with indicated concentrations of I3M (0-25 

μM) for 24 h. Cell viability was measured by an MTT assay (A). Equal amount of cell lysates 

was resolved on SDS–polyacrylamide gels, transferred to nitrocellulose membranes, and 

probed with antibodies against Bax, Bcl-2, and Bid. β-Actin was used as an internal control for 

western blot analyses (B). (C) The cells were treated for the indicated concentrations of I3M 

and cells were fixed, permeabilized, and nuclei were stained with DAPI solution. Stained-
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nuclei were then observed under a fluorescent microscope. (D) Hep3B cells were pretreated 

with the indicated concentrations of z-VAD-fmk for 1 h and further treated with 15 μM I3M 

for 24 h. Cell viability was measured by an MTT assay following 24 h. (E) Hep3B cells were 

incubated with indicated concentrations of I3M (0-15 μM) for 24 h. Cells were examined under 

light microscopy (×400) and percentage of vacuolated cells were calculated. (F) Cells were 

stained with ER Tracker and Mito Tracker followed by with or without I3M treatment for 24 

h. Cells were observed under a fluorescent microscope (×400). (G) Hep3B cells treated with 

15 μM I3M for 24 h and then stained with 2.5 μM Rhod-2. Rhod-2 fluorescence intensity was 

measured using flow cytometry. (H) Cells were treated with 4 μM Ruthenium red (RR), prior 

treatment with 15 μM I3M for 24 h. Rhod-2 fluorescence intensity was measured using flow 

cytometry. 

 

3.3.2. I3M enhances p53 and p21 expression 

We examined the effects of I3M on p53 expression in Hep3B cells because p53 mainly 

involved in Bax expression in apoptosis. The upregulation of Bax protein level induced by 

treatment of cells with I3M raised the possibility that I3M treatment activates the p53 tumor 

suppressor. In particular, western blot analysis show, I3M induced p53 expression in dose and 

time dependent manner, however markedly increased p53 expression was observed 24 h after 

the treatment of I3M (Fig. 11A). Next, we examined the p53 expression by 

immunocytochemistry. Compared with untreated control group, exposure to 15μM I3M at 24 

h significantly enhanced the p53 expression level in Hep3B cells (Fig. 11B). Nevertheless, p53 

controls the apoptosis via transcription regulation of p21, next we focused whether or not I3M 

regulates p21 expression. According to the RTPCR analysis, I3M induced p21 expression in 
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dose dependent manner (Fig. 11C, top). Similar to the mRNA expression, expression of protein 

level of p21, significant higher in dose dependent manner treatment of I3M at 24h (Fig. 2C, 

bottom). In a parallel experiment, we also analyzed p21 expression in time dependent manner 

with the treatment of I3M. Time dependent manner treatment of 10 μM I3M remarkably 

enhanced m-RNA and protein level of p21 in Hep3B cells with the starting point at 18 h and 

clearly at 24 h (Fig. 11D). Nevertheless, flow cytometry analysis confirmed that concentration 

dependent treatment of I3M gradually increased the p21 expression level (Fig. 11E). It has been 

proposed that p21 attributes with functions of the cell cycle regulatory proteins. Therefore, we 

were interested to investigate I3M regulate cell cycle arrest via p21 in Hep3B cells. We 

observed that I3M treatment remarkably induced G2/M phase arrest in Hep3B cells. According 

to the flow cytometry analysis, treatment of 0, 5, 10, and 15 μM I3M significantly induced 

G2/M phase cell population as 9.77%, 15.59%, 20.52%, and 31.66% (Fig. 11F). Collectively 

these results indicate that I3M enhances the expression of p53 and p21 protein and mRNA level 

in Hep3B cells. 
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Fig. 11. I3M induces p53 and p21 expression. (A) Cells were incubated with indicated 

concentrations of I3M (0-15 μM) for 24 h and/or 15 μM I3M for indicated time (0-24 h). 

Western blot analysis of p53 was performed. (B) Cells were fixed, permeabilized, and stained 

with the p53 monoclonal antibody. The monoclonal antibody was detected using an antimouse 

secondary antibody conjugated with Alexa Fluor® 488. Stained-p53 then observed under a 

fluorescent microscope (×400). (C and D) Cells were incubated with indicated concentrations 

of I3M (0-15 μM) and/or 15 μM I3M for indicated time (0-24 h). RT-PCR and western blot 

analysis of p21 was performed at 6h and 24h, respectively. GAPDH and β-Actin were used as 

internal controls for RT-PCR and western blot analysis, respectively. (E and F) Cells were 

incubated with indicated concentrations of I3M (0-15 μM) for 24h. The expression of p21 (top 

panel) and sub-G1 cell distribution (bottom panel) was analyzed by flow cytometry. 
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3.3.3. I3M-induced p21 expression regulate via p53 

Cumulative data supported that p53 tumor suppressor protein directly regulates the 

activation of its transcriptional target, p21. Therefore, we postulated the biochemical 

relationship between p53 and p21 in Hep3B cells with exposure to I3M at 24h. A specific sip53 

and p21 were transfected into Hep3B cells and transfection efficiency was analyzed by western 

blot (Fig. 12A). Transient knockdown of p53 suppressed I3M-induced p21 expression at 

protein level in Hep3B cells at 24 h (Fig. 12B). In a parallel experiment, we also analyzed 

mRNA expression level of p21 with the treatment of I3M in sip53 transfected Hep3B cells. As 

shown in Fig. 3C, the p21 mRNA expression was remarkably attenuated in sip53 transfected 

cells treated with I3M, contrary to that observed for the I3M alone treated group (Fig. 12C). In 

order to analyze the effect of p53 in regulation of p21 expression, next specific sip53 was 

transfected into Hep3B cells for 24 h, followed by treatment with 15μM I3M for 24 h before 

examine the intensity of p21 by immunofluorescent confocal microscopy. I3M significantly 

increased fluorescence intensity of p21 in Hep3B cells. On the other hand, sip53 transfection 

markedly decreased I3M-induced p21 fluorescence intensity in Hep3B cells (Fig. 12D). In 

particular, sip21 transfection slightly decreased the I3M-induced cell death; however, this 

downregulation did not reach the level observed for untreated control (Fig. 12E). These results 

demonstrate that I3M mediate p21 expression through p53 in Hep3B cells.  
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Fig. 12. I3M induces p21 expression via p53. (A) Cells were transiently transfected with p53 

and p21 for 24 h and then to determine the transfection efficacy, western blot analysis was 

carried out. (B, C, and D) Cells were transiently transfected with p53 siRNA for 24 h and then 

treated with or without before treatment with 15 μM I3M. Western blot analyses (B) and RT-

PCR (C) of p21 was performed at 24 h and 6 h, respectively. GAPDH and β-Actin were used 

as internal controls for RT-PCR and western blot analyses, respectively. The expression of p21 

level was detected by confocal microscopy (D). (E) Cells were transiently transfected with p21 

siRNA for 24 h and then treated with or without before treatment with 15 μM I3M for 24 h. 

Cell viability was measured by an MTT assay following 24 h. 

 

3.3.4. I3M-induced ROS production via p21 reduces apoptosis  

ROS generation play an important role in the stimulation of many cellular signaling 

pathways related to apoptosis. We thus investigated the effect of I3M-induced intracellular 

ROS generation and regulation of apoptosis in Hep3B cells. Moreover, researches have been 
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shown that upregulation of p21 expression can induce the ROS accumulation. Therefore, we 

were interest in elucidate the effect of p21 in ROS generation in I3M-treated Hep3B cells. First, 

we showed that ROS production was increased in Hep3B cells in response to I3M (Fig. 13A). 

Moreover, fluorometric data confirmed that treatment with antioxidants such 

as NAC and GSH significantly attenuates the I3M-induced ROS generation (Fig. 13B). Next 

to determine the effect of ROS generation on apoptosis in Hep3B cells were treated with 15 

μM I3M for 2h followed by the treatment with ROS inhibitors, NAC and GSH and cytotoxicity 

was determined by the metabolic reduction of a tetrazolium salt to a formazan dye (MTT assay). 

We found that treatment with NAC and GSH further decreased I3M-reduced cell viability of 

Hep3B cells (Fig. 13B). In particular, morphological analysis was shown that I3M-induced 

formation of apoptotic bodies and cell shrinkage, which were significantly attenuated by the 

pretreatment of NAC (Fig. 13C). To investigate whether p21 is associated with ROS generation 

in Hep3B cells, we induced transient knockdown of p21 in Hep3B cells using siRNA of p21 

(sip21). HE-based flow cytometric analysis showed that approximately 320 of the mean 

fluorescence intensity (MIF) of HE was increased in response to 15 μM I3M (Fig. 13D). In 

particularly, I3M-treated sip21-transfected group showed significant deduction of MFI as 278 

in Hep3B cells. Accordingly, flow cytometry analysis fluorometric analysis also confirmed that 

I3M-induced ROS generation remarkably attenuated by transfection of p21 (Fig. 13E). Taken 

together, these results suggest that induce the expression of p21 mediate the ROS accumulation 

in I3M-treated Hep3B cells. 
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Fig. 13. The p21-mediated ROS decrease cell death. (A and B) Hep3B cells were pretreated 

with 20 μM DCFDA for 1h and then incubated with 5 mM of NAC and GSH for 1h and further 

treated with 15 μM I3M for 24h. ROS generation was analyzed by a fluorometer (A). Cell 

viability was measured by an MTT assay (B). (C) Cells were pretreated with 5mM of NAC for 

1 h and further treated with 15 μM I3M for 24h. The morphology of cells treated with or without 

I3M was examined under light microscopy (×400). (D and E) Cells were transiently transfected 

with p21 for 24 h and then treated with 15 μM I3M for 24 h and next stained with HE. Redox 

status was measured using flow cytometry (D). ROS generation was analyzed by a fluorometer 

(E). 

 

3.3.5. I3M-induced NFκB activity via ROS 

While NFκB transcription factor play a major role in regulating the amount of ROS in the 

cell next we determine the relationship between NFκB activity and ROS in I3M-treated Hep3B 
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cells, resulting in I3M-mediated apoptosis. Therefore, luciferase activity of NFκB was 

performed using transient transfection with reporter vectors that included NFκB promoters. 

Treatment with 10μM I3M significantly induced NFκB luciferase activity, whereas treatment 

of 5 mM NAC-downregulated I3M-induced NFκB luciferase reporter activity in Hep3B cells 

(Fig. 14A). Consistence with the above results, treatment with 10μM I3M substantially induced 

DNA-binding activity of NFκB in Hep3B cells (Fig. 14B). We also examined that I3M-induced 

DNA-binding activity of NFκB remarkably attenuated by pretreatment of NAC in Hep3B cells 

at 24 h (Fig. 14B). Further, it is revealed by examine the p50 and p65 protein expression level 

in cytosolic compartment in I3M and NAC treated Hep3B cells. Treatment of Hep3B cells with 

I3M for 24h significantly increased the protein expression level of p50 and p65 while 

pretreatment of 5mM NAC attenuated the I3M-induced p50 and p65 protein expression level 

(Fig. 14C). Moreover, next we investigate the effect of ROS in apoptosis using NFκB inhibitors 

PDTC and PS1145. Pretreatment with 20 μM PDTC and 10 μM PS1145 significantly 

attenuated I3M-reduced viability of Hep3B cells (Fig. 14D). Finally, MTT assay showed that 

pretreatment with PDTC remarkably enhanced I3M-induced cell death at 24 h in Hep3B cells 

(Fig. 14E). The data indicate that ROS play an important role in activation of NFκB 

transcription factor thereby reduced apoptosis in Hep3B cells. 
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Fig. 14. I3M induces NFκB activity via ROS. (A) The cells were transfected with a NFκB 

promoter-containing reporter vector for 24 h and then 5 mM of NAC for 1 h and further treated 

with 15 μM I3M for 24 h. The luciferase activity was measured using luminometer. (B and C) 

Cells were pretreated with 5mM of NAC for 1h and further treated with 15 μM I3M for 24 h. 

Nuclear extracts were assayed for DNA-binding activity of NFκB using EMSA (B). Equal 

amount of cell lysates was resolved on SDS–polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with antibodies against p50 and p65 (C). β-Actin was used as a loading 

control. (D and E) The cells were preincubated with 20 μM PDTC and 10 μM PS1145 for 1 h 

before treatment with 5 μM I3M for 24 h. Cells were harvested and the indicated proteins were 

detected by Western blot analysis (D). β-Actin was used as a loading control. Cell viability was 

measured by an MTT assay (E). 

 

3.3.6. I3M-induced p53 enhances apoptosis and paraptosis 

In order to examine the role of p53 in apoptosis and paraptosis first specific sip53 was 

transfected into Hep3B cells according to the lipofectamine method. MTT data showed that 



61 

 

I3M-reduced cell viability was slightly altered in I3M-treated sip53 transfected cells (Fig. 15A). 

Treatment of 15 μM I3M decreased cell viability approximately 50% while I3M-reduced cell 

death altered approximately 20% in I3M-treated sip53 transfected cells. We next analyzed in 

detail the effect of p53 in apoptosis and paraptosis. Western blot analysis was conducted to 

determine the apoptotic effect of p53 induced by I3M in Hep3B cells at 24 h. As shown in Fig. 

6B, I3M-induced protein expression level of Bid significantly attenuated by I3M-treated sip53 

transfected cells (Fig. 15B). Furthermore, I3M-decreased Pro-Caspase-8 and Bcl-2 protein 

expression level remarkably upregulated by transfection of p53 into Hep3B cells (Fig. 15B). 

In order to examine the activity of p53 in paraptosis process, sip53 transfected Hep3B cells 

subjected to the flow cytometry analysis. For functional confirmation of p53 in paraptosis, we 

tested the Ca2+ uptake by mitochondria after exposure to mitochondrial Ca2+ indicator dye, 

Rhod-2. I3M-treated sip53 transfected Hep3B cells significantly reduced I3M-increased 

mitochondrial Ca2+ levels at 24 h (Fig. 15C). Additionally, we investigated mitochondrial Ca2+ 

uptake after exposure to Rhod-2 by immunofluorescent confocal microscopy. I3M sharply 

increased fluorescence intensity of Rhod-2 (Fig. 15D). On the other hand, I3M-induced Rhod-

2 fluorescence intensity slightly decreased by I3M-treated sip53 transfected Hep3B cells. 

These results demonstrate that I3M mediate p53 regulate both apoptosis and paraptosis 

processes in Hep3B cells. 
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Fig. 15. I3M-induces p53 enhanced paraptosis and apoptosis. (A and B) Cells were transiently 

transfected with p53 siRNA for 24 h and then treated with or without before treatment with 15 

μM I3M for 24 h. Cell viability was measured by an MTT assay (A). Cells were harvested and 

the indicated proteins were detected by Western blot analysis (B). β-Actin was used as an 

internal control. (C and D) Rhod-2 fluorescence intensity was measured using flow cytometry 

and fluorescent microscope (×400), respectively. 

 

3.4. Discussion 

We reported previously that the I3M-induced cell death in MDA-MB-231 breast cancer cells 

via paraptosis by accumulation of Ca2+ into mitochondria by opening mitochondrial channel 

uniporters through ER stress and involving proteasome dysfunction. Moreover, in this study 
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we indicated that I3M-induced cell death regulated partially through paraptosis in Hep3B 

hepatocarcinoma cells. The current report investigated the molecular mechanism of cell death 

pathways, paraptosis and apoptosis enhanced by I3M in human hepatocarcinoma cell line, 

Hep3B, while assessing the involvement of paraptosis and apoptosis in I3M-induced cell death. 

In this study, we showed that I3M-enhanced cell death in Hep3B cells was mediated partially 

by caspase-dependent apoptosis and caspase-independent paraptosis. Nevertheless, here we 

describe the involvement of p53 in regulation of both process of apoptosis and paraptosis in 

Hep3B cells. Moreover, importance of p21-mediated ROS accumulation regulates NFκB 

transcription factor on apoptosis also investigated.  

Apoptosis or programmed cell death and paraptosis are different types of cell death 

mechanisms characterized by specific morphological features and energy-dependent 

biochemical process (Elmore., 2007). Aside from the induction of apoptosis, I3M was found 

to induce paraptosis in Hep3B cells by triggering different signaling pathways. In addition to 

morphological variations, a main difference between the apoptosis and paraptosis is that 

apoptosis is predominantly caspase-dependent while paraptosis is caspase-independent. In 

particularly, pretreatment of pan caspase inhibitor z-VAD-fmk partially blocked I3M-enhanced 

cell death while further increasing the concentration of z-VAD-fmk could not completely 

blocked that I3M-induced cell death suggesting that there is another type of cell death being 

occurred in Hep3B cells. However; exposure to I3M gradually induced the protein expression 

level of pro-apoptotic family members Bid and Bax while decreasing anti-apoptotic Bcl-2 

protein expression and also I3M treatment slightly formed the fragmented nuclei indicating 

I3M-partially involved in induction of apoptosis in Hep3B cells. As expanding body of 

evidence suggest as a distinct feature of paraptosis vacuoles are formed by subsequent fusion 
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of excessive swelled ER and mitochondria (Maltese and Overmeyer., 2014 and Wei et al., 2015). 

Accordance to that, vacuolation was examined after treatment with I3M in Hep3B cells. More 

importantly researches have been shown, Ca2+ influx from the extracellular space via the 

plasma membrane or by release of Ca2+ from endoplasmic (ER), sarcoplasmic (SR) like 

intracellular Ca2+ stores affect to the elevation in intracellular Ca2+ concentration (Patergnani 

et al., 2011). Hence, Rhod-2 staining of Hep3B cells shown that I3M treatment significantly 

increased the Rhod-2 staining intensity by suggesting I3M treatment increased the intracellular 

mitochondrial Ca2+ levels. Therefore, collectively above results indicate, aside induction of 

apoptosis by I3M, I3M was found to induced paraptosis in Hep3B cells. 

P21 belongs to the Cip/Kip family of cdk inhibitors and is a key regulator of p53-dependent 

cell cycle arrest after DNA damage (Abbas and Dutta., 2009). The regulation of p21 mainly 

regulate through the tumor suppressor p53 (Thakur et al., 2010). p53 induces the constitutive 

expression of p21 in stressed cells, by binding to two highly conserved response elements 

located in p21 promoter region (Piccolo and Crispi., 2012). In this regards, our results also 

indicated that regulation of p21 via p53 by decreasing the p21 expression level in sip53 

transfected Hep3B cells. To date, numerous researches have examined the tumor suppression 

role of p21. However, the mechanisms of apoptosis mediate by p21 is not well define and it 

may depend on cell type and environment (Piccolo and Crispi., 2012). Cumulative data 

supported that p21 is essentials for the upregulation of ROS level as well (Masgras et al., 2012). 

Recent study has shown transient overexpression of Myc-tagged p21 in HN31 cells 

significantly enhanced the ROS production level by indicating strong correlation between p21 

and ROS in senescence of head and neck cancer cells (Fitzgerald et al., 2015). Consistence 

with these studies, I3M shown to be enhanced intracellular ROS production and this ROS level 
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mainly regulated through p21 as indicated by luminometer and flow cytometry data. The 

siRNA transfection of p21 significantly reduced I3M-induced ROS production in Hep3B cells. 

However, this induction of ROS via p21 resulted in enhanced the NFκB activity thereby it 

decreased the apoptosis in Hep3B cells. Since it is known the NFκB pathway promote 

apoptosis in cancers; there has been few reports regarding the antiapoptotic effect of NFκB in 

various cancer cell lines. The NFκB inhibitor DHMEQ, induced apoptosis in chronic 

lymphocytic leukemia cells by induction of antiapoptotic genes (Horie et al., 2006). Another 

study has indicated that NF-κB activity is necessary for survival of KSHV-infected lymphoma 

cells, while treatment of an irreversible inhibitor of IκBα phosphorylation, completely and 

specifically abrogated the NF-κB thereby induced apoptosis in primary effusion lymphoma 

cells (Keller et al., 2000). In the present study, we have shown, I3M-induced NFκB 

transcription was inhibit the apoptosis process in Hep3B cells. Treatment of inhibitors of NFκB, 

PDTC and PS1145 could not reduce the I3M-decreased cell viability in Hep3B cells as shown 

in MTT assay. Nevertheless, tumor suppressor p53 also act as a regulator of NFκB (Murphy et 

al., 2011), the importance of p53 in NFκB transcription should be investigated in I3M-induced 

cell death. Since p53 is a redox activate transcription factor, the evaluation of the indirect 

regulation of NFκB via ROS production is much importance in study of the molecular 

mechanism of apoptosis regulate by I3M. 

In this study, we have shown that I3M potential to enhance p53 expression directly in 

Hep3B cells. According to our results, cell death in Hep3B cells by I3M mainly regulated by 

p53 which can enhance both apoptosis and paraptosis process directly while involving block 

of the apoptosis indirectly via p21-ROS-NFκB axis in Hep3B cells. p53 stimulates a wide 

network of signals in both intrinsic and extrinsic apoptotic pathways, while triggering 
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apoptosome formation, maintaining balance in pro-apoptotic Bcl-2 family members and 

inducing activation of caspases through death receptor pathway respectively (Haupt et al., 

2003). On the other hand, p53 enhance paraptosis process also by inducing formation of 

cytoplasmic vacuoles (Rojpibulstit et al., 2014). Given the results presented here sip53 

treatment significantly blocked I3M-induced apoptosis by decreasing Bid, increasing Bcl-2, 

pro-caspase 8 and paraptosis through decreasing Rhod-2 staining intensity. Because of NFκB 

represses the transactivation of p53, the investigation of these facts are needed as future studies 

(Webster and Perkins., 1999). 

Taken together, we showed that I3M induced p53 expression, which contributes to trigger 

both apoptosis and paraptosis cell death. Nevertheless, our results also demonstrated, treatment 

of I3M enhance p21 via p53 and p21-mediated expression of ROS/NFκB axis block the 

apoptosis while simultaneously induces activation of two different pathways of cell death. In 

this regards, by targeting different cell death pathways for develop an anticancer agent using 

I3M may be a promising strategy for future anticancer therapy. 

 

3.5. Conclusion 

I3M enhance p21 via p53 and p21-regulated expression of ROS/NFκB axis inhibits the 

apoptosis while simultaneously induces activation of two different pathways of cell death in 

Hep3B hepatoma cancer cells. Therefore, I3M may be a good therapeutic option for treatment 

of hepatoma cancers.  
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Chapter 4 

 

Indirubin-3′-monoxime induces apoptosis via nitric oxide 

(NO) in human prostate cancer cells: Involvement of  

ER stress, ROS, NF-κB, and Nrf2 
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Abstract 

Indirubin is the active ingredient of the traditional Chinese medicine Dang Gui Long Hui 

Wan, a mixture of plants, acts a potent inducer of apoptosis in a variety of cell types. In the 

present study, we have shown the anticancer effect of indirubin-3’-monoxime (I3M), a 

derivative of indirubin, by targeting nitric oxide (NO). Our data showed that I3M treatment 

triggers the apoptotic signaling pathways in prostate cancer cells. Considering the NO-targeted 

apoptosis, transcriptional and translational regulation of NO regulate by various factors such 

as nuclear factor-κB (NF-κB), reactive oxygen species (ROS), Nuclear factor erythroid 2-

related factor 2 (Nrf2) and endoplasmic reticulum (ER) stress etc: through alterations in iNOS 

activity. I3M induces NF-κB activity by enhancing the nuclear translocation of p65/p50 and 

degradation of IκBα, and consequently, induces the expression of iNOS in LNCaP cells. Except 

NF-κB, Nrf2 also involve in regulation of NO-mediated apoptosis by I3M. Treatment of I3M 

induced ROS generation and ROS act as key regulators of Nrf2 activity in the I3M-mediated 

apoptosis. Nevertheless, Nrf2 is an important factor that regulate ROS level thereby regulate 

the NO expression. On the other hand, NO importantly involve in nuclear translocation of Nrf2. 

Our data showed that I3M induces NF-κB activity in LNCaP cells via the ROS and 

consequently, regulates the expression of NO production by regulating iNOS expression. 

Moreover, through NF-κB and NO production potently regulate ROS level by I3M treatment 

in the LNCaP prostate cancer cells. The concentration dependent manner treatment of I3M 

remarkably induced ER stress which potently regulate by ROS in LNCaP cells. The current 

study indicated that the ER stress, NFκB and ROS are important factors that regulate NO 

expression by I3M. Further, the induction of NO regulates apoptosis via intrinsic and extrinsic 

pathways in LNCaP prostate cancer cells. Hence, NO-mediated cell death could be explored 
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as a crucial mode for apoptosis process; I3M may offer a ‘NO targeting’ approach as a potential 

chemotherapeutic agent. 

Key words; Indirubin-3’-monoxime, Nuclear factor-κB, Reactive oxygen species, Nuclear 

factor erythroid 2-related factor 2, Endoplasmic reticulum 

 

4.1. Introduction 

Indirubin has been identified as the active ingredient of the traditional Chinese medicine 

Dang Gui Long Hui Wan, which has been used to treat chronic myelocytic leukemia along the 

centuries (Blažević et al., 2015). It has been reported that the indirubin derivatives acts a potent 

inducer of apoptosis in a variety of cell types, including lung cancers (Ahn et al., 2015), brain 

tumors (Zhang et al., 2015), chronic myeloid leukemia (Kim et al., 2013), thyroid (Preuss et 

al., 2015), cervical, hepatoma and colon cancers (Blažević et al., 2015). The commercially 

available analogue of indirubin, indirubin-3′-oxime (I3M), one of the indirubin derivative 

strongly induce apoptosis in cancer cells via multiple signaling pathways (Lo and Chang., 

2013). However, the regulatory mechanisms underline the I3M-mediated apoptosis in human 

prostate cancer cells have yet to be investigated. 

Over the past decades, it has become evident that nitric oxide (NO) plays a crucial role in 

the regulation of the homeostasis in immune, neurological and vascular systems but implicated 

in many physiological and pathological processes (Kolluru et al., 2013). NO is synthesized 

from the terminal guanido nitrogen of L-arginine to form three distinct isoforms, product of 

various genes with different regulation, localization, inhibitor sensitivity, and catalytic 

properties (González et al., 2015). It’s relatively simple, however traditionally useful 
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categorization distinguishes inducible and constitutively expressed isoforms of NO, which 

estimates moderate versus elevated generation rates of endogenously expressed NO. NO 

involves in carcinogenesis via stimulation of cell proliferation, regulation of angiogenesis and 

cancer cell migration mainly in the progression and promotion stages of carcinogenesis (Kapral 

et al., 2015). On the other hand, NO exhibit its cytotoxic effect by peroxidation of lipid 

membrane, destruction of DNA, induction of membrane permeability and reduction of DNA 

repair enzymes, however, the mechanism of the cell death has not been fully clarified (Kapral 

et al., 2015). 

It is controversial whether the release of NO by different cell types accounts for different 

factors such as NFκB (Dilshara et al., 2015), Nrf2 like transcription factors (Um et al., 2011), 

ROS generation (Hsieh et al., 2014), and via ER stress (Meares et al., 2011). The NO releases 

by variety of cells depend upon the transcription of the iNOS gene (Vanini et al., 2015). The 

iNOS promoters consist of binding sites for different transcription factors such as NFκB, IRF-

1, IRF-2, STAT family which activated by IFN-γ and several C/EBP-, and CREB family 

members (Saldarriaga et al., 2012). Among these transcription factors, transactivate the iNOS 

promoter of NFκB is poorly understood. It is elucidated that number of NF-κB binding sites in 

human iNOS promoter can be effect the response intensity to NFκB determined by the 

concentration of particular transcription factor in certain cell type. In many in vitro and in vivo 

studies have been indicated that NO plays a crucial role as a proinflammatory mediator and 

that this effect may be mediated by NFκB. Nevertheless, transcription factors NF-E2-related 

factor 2 (Nrf2) attenuates NFκB-induced NO production via binding of Nrf2 directly to 

antioxidant response elements (AREs) of HO-1 (Dilshara et al., 2014). Nrf2 localize in the 

cytoplasm with an Nrf2-inhibitory protein known as Kelch-like ECH-associated protein 1 
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(Keap1) (Abed et al., 2015). In response to oxidative stress, Nrf2 releases from Keap 1 and 

subsequently enhances nuclear translocation for binding the AREs of HO-1 thereby regulates 

the NO production (Dilshara et al., 2014). 

Accumulating evidence suggests that production of ROS and ER stress are closely linked 

events; however, the relationship is not well exposed yet. Consequently, accumulation of 

misfolded proteins in the ER lumen evokes leakage of Ca2+ into cytosol thereby increasing 

ROS production in the mitochondria (Ferreiro et al., 2012 and Görlach et al., 2015). Although, 

ROS have emerged as key regulators of ER stress and UPR activation however; ROS mediate 

ER stress during apoptosis process has not been fully clarified (Brown and Griendling., 2015). 

Notwithstanding, unfolded protein response arise due to ER stress and excessive ROS triggers 

the activation of NFκB (Chaudhari et al., 2014), thus ER stress and ROS are indirectly involves 

to regulation of NO level in the cell. As well as Nrf2 is an emerging regulator of ROS 

production via stimulating transcription of antioxidant proteins (Ma., 2013). Recent studies 

have shown that activation of Nrf2 modulate via ROS as well (Paul et al., 2014). The interaction 

between ROS and Nrf2 involves indirectly to regulate NO production via regulating NF-κB 

while that NO production is directly modulated by Nrf2. Taken together several mechanisms 

seem to involves to regulate NO production thereby induced cell death. 

Eventhough cell death occurred via NO by regulating several processes such as apoptosis 

(Snyder et al., 2009), autophagy (He et al., 2014) and necrosis (Bal-Price and Brown., 2000), 

in this study we focused on apoptosis since apoptosis concern as main pathway that leading to 

cell death. NO is implicated in a wide range of regulating factors despite play crucial role in 

cell death either by stimulating extrinsic or intrinsic apoptosis pathway. Hence, NO mediated 
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cell death could be explored as a key mode for apoptosis process; I3M may offer a ‘NO 

targeting’ approach as a potential chemotherapeutic agent. 

 

4.2. Materials and method 

4.2.1. Antibodies and reagents 

Antibodies against JNK, phospho (p)-JNK, PARP, LC3, eIF2α, p-eIF2α, 3-(4,5-dimethyl-

2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), N-acetylcysteine (NAC), γ-L-

glutamyl-L-cysteinylglycine (Glutathione), propidium iodine (PI), and annexin V were from 

Sigma Chemical Co. (St. Louis, MO). Rabbit anti-human antibodies against Bid, Bax, caspase-

3, PARP, Bcl2, cytochrome c, and β-Actin were from Santa Cruz Biotechnology (Santa Cruz, 

CA). Peroxidase-labeled goat anti-rabbit immunoglobulin was from KOMA Biotechnology 

(Seoul, Republic of Korea). ER-Tracker-FITC was purchased from Molecular Probes (Eugene, 

OR). Roswell Park Memorial Institute (RPMI)-1640 medium and fetal bovine serum (FBS) 

were from WelGENE Inc. (Daegu, Republic of Korea). 

 

4.2.2. Cell line and cell viability assay 

LNCaP and DU145 prostate cancer cell lines were maintained using RPMI medium with 

10% heat-inactivated FBS and 1% penicillin–streptomycin in 5% CO2 at 37°C. For cell 

viability assay, cells were seeded in 24 well plates at 37oC. The 3-(4,5-dimethyl-2-thiazolyl)-

2,5-diphenyl-2H-tetrazolium bromide (MTT) was used under different experimental 

conditions. I3M was treated according to the indicated concentrations 24 h after incubation 

time. 24 h after 0.5 mg/ml MTT solution was treated for 45 min at 37°C. Then removed the 
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culture media and 700 μl of dimethyl sulfoxide was added to each well. The absorbance was 

carried out at 540 nm using the microplate reader. Three independent experiments were done 

by triplicate. 

 

4.2.3. NO assay 

NO•– was measured as stable nitrite, the end product of NO•– generation by 

spectrophotometric assay based on the Griess reagent (1% sulfanilamide in 5% phosphoric acid 

and 0.1% naphthylethylenediamine dihydrochloride). The absorbance at 540 nm was taken in 

a microplate spectrophotometer (Thermo Electron Copporation, Marietta, OH). The 

concentration of nitrite was determined by interpolation in a sodium nitrite standard curve. 

Three independent experiments were carried out. 

 

4.2.4. Western blot analsysis 

Cell pellet was taken after 24 h treatment of specified chemical concentrations. The total 

extraction of cells was prepared using an ice-cold PROPREP protein extraction kit (iNtRON 

Biotechnology) in 100 μl of volume. Supernatant was taken after centrifugation at 16,000 rpm 

at 4°C for 30 min. By using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) protein 

concentrations of the supernatant was measured.  For electrophoresis process proteins were 

loaded on 5% SDS-PAGE and transferred to the nitrocellulose membranes (Schleicher and 

Schull, Keene, NH). Chemiluminescence detection system was used to detection of proteins 

(Amersham, Arlington Heights, IL). 

 

4.2.5. Isolation of total RNA and RT-PCR 
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Easy-blue reagent (iNtRON Biotechnology, Sungnam, Republic of Korea) was used to 

extraction of total RNA from the cells. Interest genes were amplified from cDNA and 1 μg total 

RNA reverse-transcribed using the One-Step RT-PCR Premix (iNtRON Biotechnology). The 

specific primers for iNOS (forward 5′-CCT CCT CCA CCC TAG CAA GT-3′ and reverse 5′-

CAC CCA AAG TGC TTC AGT CA-3′), HO-1 (forward 5′-TGA AGG AGG CCA CCA AGG 

AGG-3′ and reverse 5′-AGA GGT CAC CAG GTA GCG GG-3′), glyceraldehydes-3-

phosphate dehydrogenase (GAPDH) reverse 5′-CCA CCC ATG GCA AAT TCC ATG GCA-

3′); and GAPDH forward 5′-TCT AGA CGG CAG GTC AGG TCC ACC-3′). PCR reaction 

was initiated at 94°C for 2 min followed by 31 cycles of 94°C for 30 min, 30-min annealing 

temperature, 72°C for 30 min followed by final extension at 72°C for 5 min. Annealing 

temperatures for HO-1, and GAPDH was and 62°C. For iNOS, 25 cycles of denaturation at 

94°C for 30 s, annealing at 59°C for 30 s and extended at 72°C for 30 s. 

 

4.2.6. Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts were prepared using NE-PER nuclear extraction reagents (Pierce, 

Rockford, IL). Using the biotin 3′-end DNA labeling kit (Pierce) synthetic complementary NF-

κB (5′-AGT TGA GGG GAC TTT CCC AGG C-3′) binding oligonucleotides (Santa Cruz 

Biotechnology) were 3′-biotinylated following the manufacturer's instructions. After the 

annealed for 2 4h at room temperature, assays were loaded onto native 4% polyacrylamide gels 

pre-electrophoresed for 60 min in 0.5× Tris borate/EDTA before being transferred onto a 

positively charged nylon membrane (Hybond™-N+) in 0.5× Tris borate/EDTA at 100 V for 

30 min. Transferred DNAs were cross-linked to the membrane at 120 mJ/cm2 and detected 

using horseradish peroxidase-conjugated streptavidin according to the manufacturer's 
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instructions. 

 

4.2.7. Flow cytometric analysis 

After the treatment with indicated concentrations of chemicals cells were incubated for 24 

h, then cells were harvested and incubated in dark with PI and RNase A for 30 min at 

37°C. Flow cytometric analysis was performed with a FACSCalibur flow cytometer (Becton 

Dickinson, San Jose, CA). 

 

4.2.8. Luciferase assay 

Cells were seeded onto plates with 5 × 105 cells/ well density and allowed to grow 

overnight. Nuclear transcription factor-κB reporter construct was purchased from Clontech 

(Palo Alto, CA, USA). Lipofectamine method was used to transfection of cells. Transfection 

was carried out 2 μg each plasmid construct for 6 h and cells were cultured in 10% Dulbecco 

modified Eagle medium containing I3M and fetal bovine serum for 24 h. Using lysis buffer (1% 

Triton X-100, 20 mM Tris-HCl [pH 7.8], 150 mM NaCl, and 2 mM DTT) cells were lysed. 

Five μl cell lysates were mixed with 25 μl luciferase activity assay reagent and after the 

produce luminescence was measured using a GLOMAX luminometer (Promega, Madison, WI). 

 

4.2.9. Transient knockdown of Nrf2 

LNCaP cells were plated on a 24-well plate at a density of 1 × 105 cells/ml. Then, cells 

were transfected with Nrf2-specific silencing RNA (siRNA, Santa Cruz Biotechnology) for 

24 h. 450 μl of cell growth medium and 20 nM siRNA duplex was added with transfection 

reagent G-Fectin (Genolution Pharmaceuticals Inc., Seoul, Republic of Korea) in each 

transfection. 
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4.2.10. DNA fragmentation assay 

After treatment of indicated chemical concentrations for 24 h cells were lysed on ice using 

DNA lysis buffer containing 10 mM Tris–HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5% 

Triton X-100 for 30 min. Lysates were vortexed and centrifugation at 16,000 × g for 20 min. 

Equal volume of neutral phenol:chloroform:isoamylalcohol (25:24:1, v/v/v) was used to 

extract fragmented DNA from the supernatant.  Fragmented DNA was electrophoretically 

analyzed on 1.5% agarose gel containing ethidium bromide. 

 

4.2.11. Statistical analysis 

Chemi-Smart 2000 (Vilber Lourmat, Marine, Cedex, France) was used to visualize images. 

Chemi-Capt (Vilber Lourmat) was used to capture images and transported into Photoshop. 

Using SigmaPlot software (version 12.0) statistical analysis was performed. All data were 

derived from 3 independent experiments for in vitro assays. All values were indicated as means 

± SE.  

 

4.3. Results 

4.3.1. I3M effects on viability of prostate cancer cells 

In order to investigate whether or not I3M induces cell death, we treated LNCaP and 

DU145 prostate cancer cells for 24 h with I3M at concentrations ranging from 0 to 40 μM. 

Treatment with I3M at concentrations up to 10 μM did not significantly reduce the cell viability; 

however, a concentration of 20 μM I3M resulted in approximately 40% cytotoxicity (Fig. 16A). 

Furthermore, the effect of I3M on cell viability was determined by the annexin-V positive cell 
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populations using flow cytometry analysis. Treatment with I3M ranging from 0 to 30 μM, 

significantly enhanced annexin-V positive cell population from 5% to 23% respectively (Fig. 

16B). Next, western blot analyses of proapoptotic and antiapoptotic factors were performed to 

monitor changes in the activation of caspases and the expression of the other apoptosis-related 

proteins. Dose dependent manner treatment with I3M minimally decreased the expression of 

procaspase-3, and increased the expression of Bax and cleaved BID level in LNCaP and DU145 

prostate cancer cells (Fig. 16C). We found that dose dependent manner treatment with I3M 

influence on DNA fragmentation in LNCaP cells (Fig. 16D). Under the light microscope, I3M-

treated cells exhibited a rounded and granulated morphology, and eventually degraded after 

treatment of I3M up to 20 μM in both LNCaP and DU145 prostate cancer cells (Fig. 16E). The 

results indicate that I3M treatment triggers the apoptotic signaling pathways in prostate cancer 

cells. 
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Fig. 16. Effects of I3M on the viability of LNCaP and DU145 cells. LNCaP and DU145 cells 

treated with the indicated concentrations of I3M for 24 h. (A) Cell viability was measured by 

an MTT assay following 24 h. (B) The cells were then stained with annexin-V and analyzed by 

flow cytometer. (C) Equal amount of cell lysates were resolved on SDS–polyacrylamide gels, 

transferred to nitrocellulose membranes, and probed with antibodies against Bax, BID, and 

caspase-3. (D) Total DNA was extracted from the cells and DNA fragmentation assay was 

performed using 1.5% agarose gel. (E) The morphology of cells treated with or without I3M 

was examined under light microscopy (×400). 

 

4.3.2. I3M induces NO production via NFκB pathway in LNCaP prostate cancer cells 

NO seems to play an important role in apoptosis in many cancer cells (Bonavida and 

Garban., 2015); therefore, to elucidate the molecular mechanism underlying the enhancement 

of apoptosis by I3M, we examined the production of NO in LNCaP prostate cancer cells. 

LNCaP cells were treated with different concentrations of I3M for 24 h, and 20 μM of I3M 

treated in different time points before determination of the levels of NO in the culture media 

by Griess assay. Concentration (Fig. 17A, left) and time (Fig. 17A, right) dependent manner 

treatment of I3M increased NO production in LNCaP cells. In particular, 10 μM and 20 μM 

I3M significantly induced NO production (10 ± 3 μM and 23 ± 5 μM at 10 μM and 20 μM I3M, 

respectively).  Additionally, we investigated whether I3M regulates iNOS mRNA expression. 

Dose dependent manner exposure to I3M enhanced iNOS mRNA expression in LNCaP cells 

consistent with the NO production (Fig. 17B). Nevertheless, western blot analysis showed that 

treatment with I3M markedly increased iNOS protein expression at 24 h in a concentration-

dependent manner (Fig. 17C). These results demonstrate that I3M possesses significant 
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enhance effects on the iNOS expression and NO production. In order to determine the activity 

of NF-κB against iNOS expression, we conducted an EMSA and western blot analysis. EMSA 

data confirmed that I3M treatment significantly increased the specific DNA-binding activity 

of NF-κB at 24 h (Fig. 17D). Additionally, we investigated whether I3M regulates nuclear 

translocation of NF-κB subunits, p50, p65, and IκBα in LNCaP cells. Western blot analysis 

showed that I3M significantly decreased the total amount of p50, p65, and IκBα in the cytosolic 

extracts indicating that I3M promotes NF-κB activity by inducing nuclear translocation of the 

NF-κB subunits (Fig. 17E).  In addition, NF-κB luciferase activity significantly increased by 

approximately 4-fold in I3M treated LNCaP cells, compared with the untreated control group 

(Fig. 17F). These data indicate that I3M induces NF-κB activity by enhancing the nuclear 

translocation of p65/p50 and degradation of IκBα, and consequently, induces the expression 

of iNOS in LNCaP prostate cancer cells. 

 

Fig. 17. Effect of I3M on NFκB mediated NO production. (A) Cells were seeded at 

2 × 105 cells/ml and incubated with indicated concentrations of I3M (0-15 μM) for 24 h and 20 

μM I3M for indicated time (0-24 h). NO production was determined by Griess reagent. (B) 
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Cells were incubated with indicated concentrations of I3M (0-20 μM) for 24 h. RT-PCR and 

(C) western blot analyses of iNOS was performed at 24 h, respectively. Nuclear extracts were 

assayed for DNA-binding activity of NFκB using EMSA. (E) Cells were incubated with 

indicated concentrations of I3M (0-20 μM) for 24 h. Western blot analyses was done for 

indicated proteins. (F) The cells were transfected with a NFκB promoter-containing reporter 

vector, and luciferase activity was measured 24 h after transfection. β-Actin and GAPDH were 

used as internal controls for western blot and RT-PCR analyses respectively. 

 

4.3.3. I3M activates Nrf2 pathway regulate the NF-κB pathway  

Next, we evaluate the relationship between Nrf2 and NF-κB and effect on I3M induced 

apoptosis through NO production in LNCaP cells. Essentially, we evaluated whether I3M 

potently enhance the activity of Nrf2 transcription factor via EMSA at 24 h treatment with 

indicated concentration of I3M. Obviously, according to EMSA data, Nrf2 activity 

significantly increased with I3M treatment in a dose-dependent manner (Fig. 18A). Moreover, 

Western blot analysis confirmed that I3M decreased Nrf2 levels in the cytoplasmic 

compartment and gradually increased Nrf2 levels in the nuclear extract (Fig. 18B). This 

indicates that I3M promotes the specific DNA-binding activity of Nrf2 by inducing 

translocation of Nrf2 to the nucleus. To investigate the relationship between Nrf2 and NF-κB 

next cells were treated with a specific NF-κB inhibitor PDTC, prior to exposure to 20 μM I3M. 

Interestingly, I3M induced NF-κB-DNA binding ability greatly enhanced by the presence of 

PDTC as indicated by EMSA results (Fig. 18C). For further tested the functional effects of 

Nrf2 on the NF-κB in LNCaP cells, cells were treated with NF-κB inhibitor PDTC prior to 

treatment with I3M. The PDTC significantly induced the expression of I3M-induced Nrf2 both 
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in m-RNA (Fig. 18D, top) and protein (Fig. 18D, bottom) level in nuclear compartment, 

suggesting that I3M-mediated NF-κB induction is an important factor contributing to the 

observed antagonistic effect on iNOS expression in LNCaP cells. Similarly, we investigated 

whether I3M-induced Nrf2 regulates the expression of NF-κB using Nrf2 siRNA (siNrf2). 

Therfore, we conduct the western blot analysis to determine the transient efficiency of Nrf2 in 

LNCaP cells. The siNrf2 treatment group remarkably depleted Nrf2 expression compared with 

the sicontrol treatment group (Fig. 18E). Transient knockdown of Nrf2 remarkably enhanced 

I3M-induced NF-κB DNA-binding activity (Fig. 18F). In addition, relative luciferase 

activity of NF-κB significantly induced when exposure to Nrf2 siRNA (Fig. 18G). Next, 

investigation focused on nuclear translocation of NF-κB with the treatment of si Nrf2 in LNCaP 

prostate cancer cells. As indicated by Western blot analysis our results showed that si Nrf2 

treatment increased the p50 and IκBα in nuclear portion (Fig. 18H). Collectively, our results 

demonstrate NF-κB and Nrf2 involved in the regulation of NO-mediated apoptosis by I3M.  
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Fig. 18. Effect of I3M on NFκB and Nrf2 pathways. (A) Cells were incubated with indicated 

concentrations of I3M (0-20 μM) for 24 h. Nuclear extracts were assayed for DNA-binding 

activity of NFκB using EMSA. (B) Equal amount of cytosol and nuclear extracts were resolved 

on SDS–polyacrylamide gels, transferred to nitrocellulose membranes, and probed with 

antibodies against Nrf2. (C) Nuclear extracts were assayed for DNA-binding activity of Nrf2 

using EMSA. (D) The cells were preincubated with 20 μM PDTC 1 h before treatment with 

20μM I3M for 24h. RT-PCR and western blot analyses of Nrf2 was performed at 24 h, 

respectively. (E) Cells were transiently transfected with Nrf2 siRNA for 24 h and then to 

determine the transfection efficacy, western blot analysis was carried out. (F) Cells were 

transiently transfected with Nrf2 siRNA for 24 h and then treated with or without before 

treatment with 20 μM I3M for 24 h. Nuclear extracts were assayed for DNA-binding activity 

of NFκB using EMSA. (G) The cells were transfected with a NFκB promoter-containing 

reporter vector, and luciferase activity was measured 24 h after transfection. (H) Equal amount 

of nuclear extracts were resolved on SDS–polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with antibodies against p50 and Iκb. 

 

4.3.4. I3M induces ROS generation activates Nrf2 pathway 

Since Nrf2 is one of the key cellular defense mechanisms on oxidative stress (Lv et al., 

2015), here we investigated the whether I3M has potential to enhance ROS production in 

LNCaP cells and thereby ability to regulate Nrf2 transcription. First, LNCaP cells were treated 

with indicated concentrations of I3M for 24 h and then H2DCFDA and HE-based fluorescence 

analysis was done to detect the ROS production. As shown in Fig. 19A, concentration 

dependent manner treatment of I3M increased ROS generation by increasing intracellular 
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superoxide anion and hydrogen peroxide levels respectively. Furthermore, we evaluate the 

ROS production in the presence of the ROS inhibitors, NAC and GSH. Those inhibitors 

significantly decreased the I3M-induced expression of the ROS production at 24 h (Fig. 19B). 

To evaluate the cross-relation among oxidative stress and Nrf2, next we perform an EMSA to 

detect the specific DNA-binding activity of Nrf2 in the presence of ROS inhibitors in I3M 

stimulated LNCaP prostate cancer cells. I3M-induced DNA-binding ability of Nrf2 

dramatically decreased in the presence of antioxidants NAC and GSH (Fig. 19C). NAC and 

GSH treatment resulted in a remarkable downregulation of I3M-enhanced Nrf2 expression (Fig. 

19D). Flow cytometric data shown that reduced expression of ROS in the treatment of NAC 

and GSH corresponding reduction in cell death in LNCaP cells (Fig. 19E). Taken together, 

these data indicate that ROS act as key regulators of Nrf2 activity in the I3M-mediated 

apoptosis in LNCaP prostate cancer cells. 
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Fig. 19. Effect of I3M on ROS production via Nrf2 pathway. (A) Cells treated with indicated 

concentrations of I3M (0-15 μM) for 24 h and then stained with HE and DCFDA. Redox status 

was measured using flow cytometry. The cells were preincubated with NAC and GSH 1 h 

before treatment with 20 μM I3M for 24 h. (B) Redox status was measured using flow 

cytometry. (C) Nuclear extracts were assayed for DNA-binding activity of Nrf2 using EMSA. 
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(D) Western blot analyses was done for indicated proteins. (E) The cells were then stained with 

annexin-V and analyzed by flow cytometer. 

 

4.3.5. I3M-induced Nrf2 regulates ROS production 

It is previously detected how regulate Nrf2 activity via ROS generation, but still have to 

elucidate the inter-relationship between ROS and Nrf2 activity, whether generation of ROS 

could regulate by Nrf2. To investigate this mechanism, we first detected the ROS production 

with treatment of transient knockdown of Nrf2. Fluorometric data showed that administration 

of siNrf2 into the LNCaP cells remarkably induced I3M-enhanced ROS production at 24 h (Fig. 

20A). Next, flow cytometry was carried out to evaluate the effect of Nrf2 inhibition on the 

ROS production. Flow cytometry data showed the treatment of the cells with siNrf2 resulted 

in a significantly increased ROS production as indicated by the induction of intracellular 

superoxide anion and hydrogen peroxide levels (Fig. 20B). HE and DCFDA based analysis 

shown this induction of superoxide anion and hydrogen peroxide expression remarkably higher 

than that induction by I3M (Fig. 20B). Nevertheless, then to determine the effect of knockdown 

of Nrf2 on the viability of LNCaP cells, we performed an MTT assay 24 h after treatment with 

20 μM concentration of I3M in the absence of Nrf2. Treatment with I3M decreased the cell 

viability; however, administration with transient knockdown of Nrf2 resulted in approximately 

60% cytotoxicity (Fig. 20C). To further confirm whether Nrf2 indeed has influence on cell 

viability, the percentage of apoptotic annexin-V+ cells were detected by performing flow 

cytometry (Fig. 20D). As seen with flow cytometric data, siNrf2 treatment 2-fold time 

increased that I3M-induced annexin-V+ cells population (Fig. 20D). Moreover, to confirm 

these results we performed western blot analyses at 24 h after treatment of I3M in LNCaP cells. 
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We found that knockdown of Nrf2 significantly decreases the Pro-caspase 3 and Bid expression 

level (Fig. 5E). Therefore, these results indicate that Nrf2 is an important factor that regulate 

ROS level, thereby effect to the viability of LNCaP prostate cancer cells.  

 

Fig. 20. Effect of I3M on ROS generation regulate via NRF2. Cells were transiently transfected 

with Nrf2 siRNA for 24 h and then treated with or without before treatment with 20 μM I3M 

for 24 h. (A) ROS production was assessed by fluorometer. (B) Redox status was measured 

using flow cytometry. (C) Cell viability was determined by MTT assay. (D) The cells were 

then stained with annexin-V and analyzed by flow cytometer. (E) Western blot analyses was 

carried out for indicated proteins. 

 

4.3.6. Crosstalk between NO and Nrf2, induces by I3M 



87 

 

Lack of researches focused on the functional role in between NO production and Nrf2, 

next we focused on this matter whether regulation of NO and Nrf2 by each other thereby how 

effect to the I3M-induced apoptosis. To evaluate the effect of Nrf2 on regulation of NO 

production and its related gene iNOS expression first we investigated the levels of nitrite 

released into the culture medium treatment with siNrf2 with the help of the Griess reagent. The 

untreated control group released low levels of NO (3 ± 1 μM); however, treatment of 20 μM 

I3M significantly enhanced the levels of NO production (23 ± 4 μM). The knockdown of Nrf2 

increased the I3M-induced NO elevation in the medium (Fig. 21A). Western blot analysis also 

showed a significant increase in the expression of iNOS 24 h after I3M treatment; however, 

pretreatment with siNrf2 for 24 h further induced the protein expression level of iNOS (Fig. 

21B). Further, siNrf2 treatment enhanced the I3M-induced cytochrome c level in the cytosol 

(Fig. 21B). To assess whether the upregulation of iNOS is regulated at the transcriptional level, 

we performed RT-PCR at 6 h. RT-PCR analysis showed that the inducing pattern of iNOS 

mRNA expression was similar to that seen with the protein expression after the administration 

of siNrf2 (Fig. 21C). Therefore, these data indicate that functional regulation of NO via Nrf2. 

Next to evaluate the regulatory effect of NO on activity of Nrf2, LNCaP cells were pretreated 

with L-NMMA, a NO synthesis inhibitor prior to I3M treatment for 24 h. As shown in Fig. 

21D, nuclear translocation of Nrf2 significantly increased after treatment with 20 μM I3M; 

however, the nucleus Nrf2 levels gradually decreased in response to L-NMMA, which 

indicates that NO regulates nuclear translocation of Nrf2. Therefore, we further examined the 

decreases in Nrf2 level in the nucleus in the presence of NO inhibitor at transcription level by 

RT-PCR. Consistence with the above results the I3M-induced m-RNA transcription of Nrf2 

remarkably inhibited by treatment with L-NMMA (Fig. 21E). EMSA also confirmed that I3M 
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significantly augmented the specific DNA-binding activity of Nrf2 at 24 h after I3M treatment, 

and that the Nrf2 activity decreased in the exposure to L-LMMA (Fig. 21F). Thus, our data 

suggested NO importantly involved in nuclear translocation of Nrf2. Taken together these 

results shown that cross-relation between NO and Nrf2 which is mediated by I3M in LNCaP 

cells. 

 

Fig. 21. Effect of I3M on Nrf2 regulate NO production. Cells were transiently transfected 

with Nrf2 siRNA for 24 h and then treated with or without before treatment with 20 μM I3M 

for 24 h. (A) NO production was assessed by Griess reagent. (B) Western blot analyses and (C) 

RT-PCR was carriedout for iNOS. The cells were preincubated with L-NMMA 1 h before 

treatment with 20 μM I3M for 24 h. (D) Western blot analyses and (E) RT-PCR was done for 

Nrf2. (F) Nuclear extracts were assayed for DNA-binding activity of Nrf2 using EMSA. 
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4.3.7. I3M regulates NF-κB via ROS production  

In 3.2 section we have shown that as one of key factor which regulate the NO production 

induced by I3M via activation of NF-κB pathway. On the other hand, our data indicate that 

I3M-induced ROS production after exposure to I3M at 24 h in LNCaP cells. Thus, we interest 

to elucidate the regulation of I3M-induced NO production by NF-κB activation through the 

ROS. Western blot analysis indicated that I3M alone significantly induces the levels of p50 

and p65 in the nucleus (Fig. 22A). However, pretreatment with ROS inhibitor, NAC sustained 

the levels of p50 and p65 compared with the I3M-treated group. In addition, NF-κB luciferase 

activity significantly increased by approximately 2.5-fold in I3M-treated LNCaP cells, 

compared with the untreated control group. However, I3M-induced luciferase activity was 

significantly reduced in the presence of NAC in concentration dependent manner (Fig. 22B). 

DNA-binding activity of NF-κB also gradually decreased in the presence of NAC (Fig. 22C). 

Because, activated NF-κB induces the iNOS gene expression, our next examine focused on 

expression of iNOS and NO production by ROS. To evaluate the effects of ROS on NO 

production, LNCaP cells were treated with I3M after pretreatment with the indicated 

concentrations of NAC for 1 h. Nitric oxide production was low in the untreated control group 

(2 ± 2 μM). Exposure to I3M resulted in a significant increase of NO production (15 ± 4 μM); 

however, pretreatment with NAC decreased I3M-induced NO production, in a dose-dependent 

manner (Fig. 22D). In addition, RT-PCR data indicated that treatment with I3M significantly 

increased the expression of iNOS at 6 h; however, pretreatment with NAC resulted in a 

significant decrease of the expression of iNOS, in a dose-dependent manner (Fig. 22E). 

Consistent with the results of RT-PCR, western blot analysis showed that treatment with I3M 

significantly increased the protein synthesis of iNOS at 24 hours; however, the expression of 
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iNOS was significantly down-regulated in the presence of NAC according to the concentration 

dependent manner (Fig. 22F). Thus, above data indicate that I3M induces NF-κB activity in 

LNCaP cells via the ROS and consequently, regulates the expression of NO production by 

regulating iNOS expression. 

 

Fig. 22. Effect of I3M on NO production and NFκB pathway regulate via ROS. The cells were 

preincubated with various concentrations of NAC 1 h before treatment with 20 μM I3M for 24 

h. (A) Western blot analyses was performed for indicated proteins. (B) The cells were 

transfected with a NFκB promoter-containing reporter vector, and luciferase activity was 

measured 24 h after transfection. (C) Nuclear extracts were assayed for DNA-binding activity 

of Nrf2 using EMSA. (D) NO production was determined by Griess reagent. (E) RT-PCR and 

western blot analyses was performed for iNOS. 

 

4.3.8. I3M-induced ROS production regulate via NF-κB and NO expression 
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In order to examine the interaction of ROS production and NO expression via NF-κB 

activity next we evaluate the I3M mediate production of ROS in the presence of inhibitor of 

NF-κB, PDTC. As expected, PDTC significantly decreased I3M-induced ROS production in 

LNCaP cells after 24 h (Fig. 23A). To further confirmation of above results, next, LNCaP cells 

were treated with PDTC for 1h prior to axposure to I3M for 24 h and then HE-based 

fluorescence analysis was done to detect the ROS production. As shown in Fig. 23B, treatment 

of PDTC significantly decreased I3M-induced ROS generation by increasing intracellular 

superoxide anion levels. Furthermore, to evaluate the direct interaction between NO and ROS 

production cells were pretreated with L-NMMA for 1 h, then treated with I3M for 24 h. 

Flurometric data confirmed as PDTC treatment, L-NMMA also down-regulated the I3M-

induced ROS production (Fig. 23C). Nevertheless, HE-based fluorescence analysis was shown 

that I3M-induced intracellular superoxide anion levels significantly decreased by L-NMMA 

treatment (Fig. 23D). Collectively, these data were shown through NF-κB and NO production 

potently regulate ROS level by I3M treatment in the LNCaP prostate cancer cells. 
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Fig. 23. Effect of I3M on ROS mediated NFκB and NO production. The cells were 

preincubated with 20 μM PDTC 1 h before treatment with 20 μM I3M for 24 h. (A) ROS 

production was assessed by fluorometer. (B) Redox status was measured using flow cytometry. 

The cells were preincubated with L-NMMA 1 h before treatment with 20 μM I3M for 24 h. (C) 

ROS production was assessed by fluorometer. (D) Redox status was measured using flow 

cytometry. 

 

4.3.9. I3M induces ER stress in LNCaP cells 

ER stress pathway induced by the accumulation of unfolded protiens in ER to preserve ER 

functions and ER stress-mediated apoptosis pathway described in previuos studies (Sano and 

Reed., 2013). Therefore, first we examined whether I3M enhance the ER stress in LNCaP cells. 

Treatment with I3M increased the intensity of ER-tracker-FITC dye in LNCaP cells in a dose-

dependent manner (Fig. 24A). This dye specifically stains the ER in live cells, and this data 

showed that I3M-treated LNCaP cells exhibited rearkably increased staining intensity 

compared to the control, suggesting that I3M induced ER stress. Next, we investigated the 

levels of several ER stress marker proteins such as JNK, eIF2α which usually induce during 

ER stress. Time- and concentration dependent manner treatment with I3M significantly 

enhanced the ER stress proteins JNK and eIF2α expression level which indicates ER stress 

induced by I3M (Fig. 24B). To determine how I3M induces the ER stress, we examined the 

role of ROS in untreated or I3M-treated LNCaP cells treated with ROS inhibitors. Treatment 

with ROS inhibitors NAC and glutathione (GSH), decreased I3M-induced expression of ER 

stress marker proteins level by suggesting ROS generation subsequently induced ER stress in 
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LNCaP cells (Fig. 24C). These finding suggest that I3M induces ER stress which potentiate to 

regulate by ROS in LNCaP cells. 

 

Fig. 24. Effect of I3M on ER stress in prostate cancer cells. The cells were incubated with 

various concentrations of I3M for 24h. (A) Cells were incubated with ER-tracker-FITC and 

mean fluorescence intensity (MIF) was measured using flow cytometry. (B) Western blot 

analyses was performed for indicated proteins. The cells were preincubated with 5mM NAC 

and GSH1 h before treatment with 20 μM I3M for 24 h. (C) Western blot analyses was 

performed for indicated proteins. 

 

4.3.10. Crosstalk between NO and ER stress, induces by I3M 

Lack of past reports have shown the NO activates the ER stress pathway we interest on 

elucidate the relationship among NO and ER stress which is mediated by I3M. ER stress 
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induced by I3M was accompanied by Ca2+ release, which was detected using Fluo-4AM 

calcium indicators where as treatment with L-NMMA reduced the I3M-induced Ca2+ release 

at 24 h (Fig. 25A). It is indicated by MIF, that of I3M alone treated group given 306.32 and 

combined treatment of I3M and L-NMMA shown 253.99 in LNCaP cells. Next to evaluate the 

NO regulate ER stress we carried out western blot analysis to detect the ER stress protein 

markers with the treatment of I3M and L-NMMA. We examined the I3M-induced the protein 

expression levels of JNK and eIF2α, however, the treatment of I3M plus L-NMMA 

significantly decreased the I3M-induced that protein levels (Fig. 25B). Next we interest to find 

out whether ER stress regulates the NO production which regulate by I3M. First, we conduct 

the western blot analysis to determine the transient efficiency of sieIF2α in LNCaP cells. The 

sieIF2α treatment group remarkably depleted eIF2α expression compared with the sicontrol 

treatment group (Fig. 25C). The amount of NO production was higher in I3M-treated cells than 

cells transfected with sieIF2α followed by I3M treatment (Fig. 25D). As shown in Fig. 10E, 

treatment with I3M for 24 h significantly increased the protein expression of iNOS however; 

exposure to sieIF2α gradually down regulated the I3M-induced Inos protein expression (Fig. 

25E). Moreover, luciferase activity of NF-κB was examined using transient transfection with 

reporter vectors that included NF-κB promoters. Treatment with sieIF2α reduced the I3M-

induced NF-κB luciferase activity (Fig. 25F). Therefore, these data demonstrated that 

interaction between NO and ER stress which regulate by I3M in LNCaP prostate cancer cells. 
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Fig. 25. Effect of I3M on NO and ER stress. The cells were preincubated with L-NMMA 1 h 

before treatment with 20 μM I3M for 2 4h. (A) Redox status was measured using flow 

cytometry. (B) Western blot analyses was performed for indicated proteins. (C) Cells were 

transiently transfected with eIF2α siRNA for 24 h and then to determine the transfection 

efficacy, western blot analysis was carried out. (D) NO production was measured by Griess 

assay. (E) Western blot analyses was performed for iNOS. (F) The cells were transfected with 

a NFκB promoter-containing reporter vector, and luciferase activity was measured 24 h after 

transfection. (A) RT-PCR and (B) western blot analyses of iNOS was performed. 

 

4.3.11. NO induces I3M, involved ER stress and NFκB via ROS 
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Heretofore, indicated that involvement of I3M regulate apoptosis through NO via various 

factors that mediate NO such as NF-κB, ER stress, ROS, and Nrf2. Finally, we clarify the 

critical factor which mediates NO among the above factors. For that first we carried out RT-

PCR analysis to detect the mRNA expression level of iNOS, with the treatment of siNrf2, 

sieIF2α for 24 h and NAC, PDTC for 1h prior to treatment with I3M for 24 h in LNCaP cells. 

Consistence with I3M treatment group, exposure to siNrf2 did not change the iNOS the mRNA 

expression level in LNCaP cells however; pretreatment with sieIF2α, NAC and PDTC resulted 

in inhibition of mRNA expression level of iNOS (Fig. 26A). Similar to the RT-PCR analysis, 

the protein expression level of iNOS inhibited by pretreatment with sieIF2α, NAC, and PDTC 

while did not effect by siNrf2 treatment (Fig. 26B). Next, apoptotic events in the mitochondria 

were evaluated by measuring the mitochondrial membrane potential using DiOC6. Marked 

reduction in the mitochondrial membrane potential had occurred in cells treated with I3M (Fig. 

26C). In addition, this process was accompanied by the release of cytochrome c from the 

mitochondria into the cytosol (Fig. 26D). However, pretreatment with 10 μM NO inhibitor L-

NMMA normalized mitochondrial membrane potential and blocked the release of 

cytochrome c into cytosol (Fig. 26D). Furthermore, these caspases activity was remarkably 

increased by the I3M treatment (Fig. 26E). In contrast, the level of pro-caspase-3 expression 

was upregulated by the L-NMMA treatment. The L-NMMA treatment also increased the 

expression of Bax and Bid level (Fig. 26E). Taken together these results indicate ER stress, 

NFκB and ROS are important factors that regulate NO expression by I3M. Further, the 

induction of NO regulates apoptosis via intrinsic and extrinsic pathways in LNCaP prostate 

cancer cells.  
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Fig. 26. Involvement of ER stress and NFκB via ROS for regulation of iNOS by I3M. Cells 

were transiently transfected with eIF2α siRNA and Nrf2 siRNA for 24 h and preincubated with 

NAC and PDTC 1 h before treatment with 20 μM I3M for 24h. The cells were preincubated 

with L-NMMA 1 h before treatment with 20 μM I3M for 24 h. (C) Mitochondrial membrane 

potential was measured using flow cytometry. (D and E) Western blot analyses was performed 

for indicated proteins. 

 

4.4. Discussion 

Since, nitric oxide discovery as a biological active molecule, has been investigated to play 

a crucial role as a signal molecule in different parts of the organism and also as regulatory or 

cytotixic molecule of the innate immune response (Nahrevanian et al., 2009). Numerous studies 

have been delineated the beneficial or detrimental importance of iNOS in humans, specially in 

various types of diseases. More importantly, researchers have elucidated, nitric oxide is 
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important in control in cancers, specially, despite beneficial effect of iNOS have been reported 

very rarely. Despite in this study we have focus on beneficial effect of iNOS which is induce 

by I3M in LNCaP and DU145 prostate cancer cells by induction of apoptosis via nitric oxide 

mediation. 

NO can be determined the cell survival or apoptosis by regulating shutting off the 

apoptosis signaling pathways or switch them on respectively. However, this dichotomy of NO 

signaling mechanisms still remains to be investigated. Considering the transcriptional and 

translational regulation, various factors regulate NO production through alterations in NOS 

activity such as NF-κB (Dilshara et al., 2015), ROS (Hsieh et al., 2014), Nrf2 (Um et al., 2011) 

etc: As a beneficial effect of NO promoted apoptosis in cancer cells, therefore in this study we 

focused on induction of apoptosis by I3M via NO in LNCaP prostate cancer cells by regulating 

multiple factors and either interactions of these factors to regulate NO production. It is well 

known that NF-κB activation induces expression of gene encoding the inducible form of nitric 

oxide synthase (iNOS) (Dilshara et al., 2015). In the present study have shown that I3M induce 

NO and its gene expression by inducing NF-κB signaling pathway. Since NF-κB activity 

modulate through multiple factors for instance; ER stress, Nrf2, reactive oxygen species (ROS) 

production, thereby effect to the NO and its gene expression in the present study, we indicated 

the effect of those factors on NO expression and link between to modulate either one. 

NF-E2-related factor 2 (Nrf2), a bZIP transcription factor, plays an important role in the 

basal and or inducible expression regulation of phase 2 genes by binding to the “antioxidant 

response element” in their promoters. However, inter-relationship underlying the NO and 

transcription factor Nrf2 still poorly understood. Nrf2, which is which is sequestered in the 

cytoplasm as an inactive complex with the repressor Klech-like ECH-associated protein 
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1. According to the past researches, that dissociation of Nrf2 from Keap1 in cytosol and 

translocate to the nucleus induced by various stimuli. Um et al reported NO-mediated thiol 

modification in Keap1 is a plausible process of activation of Nrf2 in rat pheochromocytoma 

PC12 cells (Um et al., 2011). Nevertheless, NO mediated by Nrf2, play a crucial role to 

inhibition of detrimental effects of NO. Our previous publication shown that TIA-induced NO 

downregulation is mediated through Nrf2 in BV2 microglial cells by reducing NO-contributed 

deleterious effects (Dilshara et al., 2014). In this study, we found that pretreatment with NO 

inhibitor L-NMMA resulted in the downregulation of I3M-induced Nrf2 expression in LNCaP 

cells. Furthermore, transiently knockdown of Nrf2 comparatively induced I3M-enhaced NO 

expression, indicating that I3M-induced the expression of NO through Nrf2 activation. 

Previous studies indicated, the effect of various factors that regulate Nrf2 activity, thus, the 

influence of these factors on regulation of Nrf2 and thereby NO mediation should investigate 

for a better understanding of apoptosis mechanism regulate by NO. Therefore, we were 

interested to reveal the connection between Nrf2 and NFκB both are the two key transcription 

factors that regulate the NO expression. Our data indicated that absence of Nrf2, exacerbate 

the NF-κB activity and inhibition of NF-κB activity resulted in induced the Nrf2 activity. Hence, 

Nrf2 and NFκB possess both positive and negative effects on the NO production by modulating 

its target gene expression. 

Notwithstanding, ROS play a significant role regulate the NO expression. According to 

our data indicated that I3M treatment enhanced the ROS generation in LNCaP cells. Our recent 

publication was shown that pretreatment of ROS inhibitors reduced the LPS-induced iNOS 

transcription and translation level in BV2 microglial cells in response to RG3I (Dilshara et al., 

2014). In current study also we observed that pretreatment of I3M induced ROS generation in 
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LNCaP cells however; further we have observed this up-regulation of ROS induce Nrf2 activity 

also in I3M-treated LNCaP cells. Consequently, in addition to the NF-κB pathway, ROS also 

play a main role in regulating Nrf2 transcription. To date few studies have examined the inter-

connection among ROS and Nrf2 thus current study focused to elucidate the link between ROS 

and Nrf2. Kovac et al., were reported mitochondrial ROS generation is modulated through 

Keap1–Nrf2 pathway in Nrf2-KO cells and tissues (Kovac et al., 2015). Moreover, this study 

indicated that in Nrf2 deficiency condition dramatically enhanced the NOX2 level. Another 

study was suggested the loss of Nrf2 leads to enhanced ROS production in hematopoiesis and 

stem cells (Merchant et al., 2011). According to the fluorometric and flow cytometry analysis, 

transient knockdown of Nrf2 further enhanced I3M induced ROS production. Investigation of 

link in between these two factors, Nrf2 and ROS is important as both are directly or indirectly 

regulate the NO expression thereby involve in apoptosis process. Nrf2 and ROS potently 

regulate the NO though NFκB pathway that inter-connection of these factors with NO also 

reported. 

Cumulative data supported the correlation between NFκB and ROS and thereby regulate 

the various cellular process. Pretreatment with I3M remarkably upregulate the NFκB DNA 

binding ability and its related protein expression p50 and p65 in the nucleus however; 

pretreatment with NAC comparatively decreased that I3M-induced NFκB DNA binding ability 

and nucleus expression of p50 and p65 by suggesting ROS play a key role in regulating NFκB 

activation. Aside from the regulating of NFκB, ROS was found to regulate NO production 

directly in I3M-treated LNCaP cells. Moreover, pretreatment with NFκB and NO inhibitors 

significantly reduced the I3M-induced ROS and NO production respectively. However, the 
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ROS and NFκB modulate via multiple factors such as ER stress and Nrf2, involvement of these 

factors in I3M-induced apoptosis via NO have to be investigated. 

Endoplasmic reticulum (ER) stress identified as a stress response triggered by the 

accumulation of unfolded proteins in ER to preserve ER activities (Zhou et al., 2016). To date, 

few reports have shown the correlation between ER stress and NO thus, involvement of ER 

stress in I3M-mediated apoptosis via NO have indicated. It is reported that NO disturb ER 

functions by disturbing Ca2+ homeostasis, because of that NO-induced ER signaling activation 

(Gotoh and Mori., 2006). In present data indicated the pretreatment of NO inhibitor L-NMMA 

and sieIF2α result in down regulation of I3M-induced ER stress and NO expression in LNCaP 

cells respectively. Therefore, ER stress also plays a crucial role regulating the NO-mediated 

apoptosis. 

Our study explained the inter-relationship among various factors and also regulation of 

NO expression and apoptosis via these factors. Finally, we investigated the most critical factor 

or factors involve for the regulation of NO-mediated apoptosis in LNCaP prostate cancer cells. 

The RT-PCR and western blot analysis clearly shown that I3M-induced iNOS expression 

declined by pretreatment of sieIF2α, NAC and PDTC. Therefore, I3M mediate NO and iNOS 

gene expression mainly via involvement of NFκB, ER stress, and ROS generation. However, 

transcription factor Nrf2 also involved in regulation of NO and its gene transcription, negligible 

effect was shown may be the regulation of Nrf2 by other factors. Eventhough I3M-induced ER 

stress, ROS and NF-κB positively regulate NO expression, and that NO production also effects 

to regulate of these factors it has negligible effect since apoptosis mediate by NO through above 

factors. 
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Taken together, we showed that I3M potently enhances NO-mediated apoptosis by 

enhancing ER stress, ROS and NFκB pathway. Further, we have demonstrated that 

involvement of transcription factor Nrf2 in expression of NO and regulation of apoptosis 

process. Therefore, I3M used as a potent anticancer agent by targeting NO-mediated apoptosis 

in LNCaP prostate cancer cells. 

 

4.5. Conclusion 

I3M enhances apoptosis via nitric oxide production in LNCaP prostate cancer cells. The 

I3M-mediated apoptosis via NO regulate by ER stress, ROS and NFκB pathway. Further, Nrf2 

critically involve for the regulates the NO production by mediating ER stress, ROS, and NFκB 

pathway. 
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Chapter 5 

 

Indirubin-3′-monoxime suppresses matrix 

metalloproteinase-9 and invasiveness of LNCaP and 

DU145 prostate cancer cells by suppressing the AP-1 

activity by Nrf2 mediated HO-1 pathway 
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Abstract 

Indirubin-3′-monoxime (I3M), is a synthetic derivative of indirubin, was originally 

accepted as potent anticancer agent. Recent reports have suggested I3M exhibits anticancer 

properties by modulating cell cycle arrest, apoptosis, cell invasion and metastasis, very lack of 

data about the mode of action. Despite, in the current study, we have shown that I3M suppresses 

cellular invasiveness of LNCaP prostate carcinoma cells and to further investigate the 

underlying mechanisms of the I3M-inhibited invasiveness of cancer cells via down regulating 

Matrix Metalloproteinase-9 (MMP-9) activity. I3M does not affect the viability of LNCaP 

prostate cancer cells upto 5μM of concentration. According to the western blot and RT-PCR 

analysis, concentration dependent manner treatment of I3M reduced PMA-stimulated protein 

and mRNA expression level of MMP-9 in LNCaP and DU145 cells. Further, Matrigel invasion 

assay showed that I3M substantially reduced the PMA-induced cell invasion. Nevertheless, 

I3M significantly enhanced the protein and m-RNA expression level of HO-1 in LNCaP cells. 

Accordance to the induction of HO-1 expression, I3M resulted in remarkably induction of Nrf2 

expression in LNCaP cells at 24 h. Moreover, I3M treatment notably enhanced PI3K and Akt 

phosphorylation, suggesting that the I3M-induced Nrf2 expression associated with the 

PI3K/Akt signaling pathway. Treatment with I3M reduced PMA-induced AP-1 activity by 

providing evidence that AP-1 may critically require to induce the MMP-9 transcription in 

prostate cancer cells. We also investigated that I3M-decreased c-Jun and c-Fos activation by 

blocking their respective phosphorylation. Considering above facts our results indicated that 

I3M attenuates PMA-induced expression of MMP-9 at mRNA and protein level by suppressing 

AP-1 activity via Nrf2 signaling pathway in LNCaP prostate carcinoma cells. 

Keywords: Indirubin-3’-monoxime; Matrix metalloproteinase-9; Nrf2; AP-1; HO-1  
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5.1. Introduction 

Traditional medicines and in particularly traditional Chinese medicine, represent an 

extremely useful source of potential new anticancer drugs. Indirubin, a red isomer of indigo, is 

the active ingredient of the traditional Chinese medicinal formulation Danggui Longhui Wan, 

which comprises 11 plant ingredients was reported to be active for the treatment of chronic 

myelocytic leukemia (Berger et al., 2011). Indirubin is one of the major components in a series 

of indigo-producing Chinese medicinal herbs including Strobilanthes cusia, Isatis 

indigotica and Polygonum tinctorium that are commonly used for treatment of inflammatory-

based diseases (Zhu et al., 2012). Several indirubin analogues, such as N-methyl isoindigo, 5-

chloro-indirubin and indirubin-3'-monoxime (I3M), have been synthesized by various 

molecular substitution of the parental indirubin with improved selectivity, solubility, and 

bioavailability (Damiens et al., 2001 and Blažević et al., 2015). Furthermore, different 

indirubin derivatives showed anticancer activity in various human cancer cells. Among them 

indirubin-3'-monoxime (I3M) exhibits anticancer properties by modulating cell cycle arrest, 

apoptosis, cell invasion and metastasis, yet mode of action of these chemotherapeutic agent has 

remained largely unclear until lately (Lo et al., 2013). 

Proteinases play pivotal roles in altering local microenvironments during embryonic 

growth development as well as in physiologic and pathologic tissue remodeling processes 

(Bonnans et al., 2014). In particular, matrix metalloproteinases (MMPs) such as MMP-9 have 

emerged as regulators of tumor cell invasion and metastasis because of its unique ability to 

degrade type IV collagen which is a major component of the basement membrane and other 

essential extracellular matrix components (Bonnans et al., 2014). The extensive expression of 

MMP-9 has been reported in various types of carcinoma cells, including the bladder, prostate, 
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breast (Jayasooriya et al., 2014), brain (Aroui et al., 2015), and pancreatic carcinoma (Zhang 

et al., 2011). Virtually, prostate cancer can metastasize to distant organs such as 

the liver, thorax, digestive system, bone and brain (de Oliveira Barros et al., 2014 and 

Gandaglia et al., 2014). According to the recent population based study most common 

matastases sites in patients with prostate cancer were indicated as 84.4% of bone, 10.6% of 

lymph nodes, 10.2% of liver, 9.1% of thorax, 3.1% of brain and 2.7% of digestive system 

(Gandaglia et al., 2014). Despite, targeting MMP-9 inhibition for treating prostate cancers is a 

good strategy in noval cancer therapeutics. 

The transcription factor AP-1 (activator protein 1) is one of the crucial effectors activated 

by oncogenic factors and by the hepatocyte growth factor (HGF) receptor tyrosine kinase (Ding 

et al., 2013). AP-1 comprises heterodimers of FOS and JUN family proteins that has an ability 

to bind to a consensus DNA sequence, (5’-TGAG/CTCA-3’) usually in the promoter region of 

genes or bind to 12-O-tetradecanoylphorbol-13-acetate response elements (Ding et al., 2013). 

The FOS family consists of proteins such as FOS, FOSL1, FOSL1 and JUNB and JUN family 

of proteins comprises JUN, JUND, JUNB and ATF family members (Shaulian and Karin., 

2001). AP-1 can be activated by multiple extracellular stimuli such as FOS and JUN or 

phosphorylation of FOS and JUN (Shaulian and Karin., 2001). FOSL1 and JUN positively 

regulate its own expression via AP-1 sites on their promoters, thereby amplifying AP-1 

activation (Evellin et al., 2013). Thus, AP-1 family members play a critical role in the 

metastasis and invasion of cancers (Parker et al., 2013). Although substantial progress has been 

made in understanding the molecular control of prostate cancer metastatis and invasion, lack 

of data about the molecular mechanisms regulate the tumor metastatis and invasion. Emerging 

evidence suggests that inhibition of the expression of AP-1 component proteins and AP-1 
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activity reduces the invasiveness of cancer cells. Therefore, understanding the AP-1 signaling 

pathway may help to develop therapeutic strategies to prevent invasiveness of prostate cancers. 

Considering the critical involvement, NF-E2-related factor 2 (Nrf2) plays a crucial role in 

the cellular defense against the carcinogenesis (Jaramillo and Zhang., 2013). Nrf2 is a basic-

region leucine zipper (bZIP) transcription factor that along with small Maf proteins, regulate 

induction of genes encoding antioxidant proteins and phase II detoxifying enzymes including 

heme-oxygenase-1 (HO-1) (Biswas et al., 2014). It has been shown that activation of Nrf2 in 

response to oxidative stress protects cells and tissues from oxidative stress. In normal 

conditions, Nrf2 localized in the cytoplasm where its bind with the Keap 1, which functions as 

an adaptor for Clu3-based E3 ligase to control the proteasomal degradation of Nrf2. In fact, the 

interaction of Nrf2-keap 1 leads to the rapid degradation of Nrf2 through Clu3-based E3 ligase 

polyubiquitination (Jung et al., 2013). Notwithstanding, after direct attack by reactive oxygen 

species (ROS) or resulting phosphorylation like indirect mechanism, Nrf2 dissociates from 

Keap 1 and thereby translocates into the nucleus for transactivates its target genes via ARE 

(Espinosa-Diez et al., 2015). Additionally, a number of reports have addressed the possible role 

involved by phosphoinositide 3- kinase (PI3K) in Nrf2 activation (Zou et al., 2015). Multiple 

studies have demonstrated induced expression of Nrf2 associate with reduction of cancer 

progression.  It has been reported that Nrf2 knockout mice have shown an invaluable tool for 

studying the functions of Nrf2-mediated pathways in vivo. Satoh et al reported that Nrf2-

deficient (Nrf2-/-) mice tend to form a large number of tumors than wild-type (Nrf2+/+) mice on 

chemically induced lung carcinogenisis (Satoh et al., 2013). Moreover, the efficacies of 

different chemopreventive agents were found to be remarkably attenuated in Nrf2 deficient 

animals (Shin et al., 2011). For instance, inducibility of heme-oxygenase-1 was examined to 
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be blunted in Nrf2 deficient animals compared to wild-type (Shin et al., 2011). Another report 

was shown; epigenetically restore the expression of Nrf2 and Nrf2 downstream detoxification 

and antioxidant related genes during the initiation and development of prostate cancer by 

sulforaphane in TRAMP mice (Zhang et al., 2013). Nevertheless, it has been well established 

that Nrf2 is ubiquitously expressed in wide range of tissues. For this reason, the involvements 

of Nrf2 activation in invasion of prostate cancers and its possible applications, as a therapeutic 

target to prevent and treatment for prostate cancers have been extensively investigated. 

 

5.2. Materials and method 

5.2.1. Reagent and antibodies 

Antibodies against MMP-9, Nrf2, HO-1, p-PI3K, PI3K, p-Akt, Akt, p-c-Jun, c-Jun, p-c-

Fos, c-Fos, and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphnyl-2H-tetrazolium bromide (MTT) were purchased from 

Sigma (St. Louis, MO) and Roswell Park Memorial Institute Medium (RPMI), antibiotics 

mixture, and fetal bovine serum (FBS) were obtained from WelGENE Inc. (Daegu, Republic 

of Korea). Peroxidase-labeled goat anti-rabbit immunoglobulin was purchased from KOMA 

Biotechnology (Seoul, Republic of Korea). Other chemicals were purchased as Sigma grades. 

 

5.2.2. Cell culture 

LNCaP and DU145 prostate cancer cells obtained from the American Type Culture 

Collection, Manassas, VA, were cultured in RPMI medium supplemented with 10% fetal 

bovine serum and antibiotics (Sigma) in a humidified 5% CO2 incubator at 37°C. Then cells 
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were harvested by trypsinization and plated 24h before treatment with the test compounds. 

 

5.2.3. MTT assay for cytotoxicity 

The effects of I3M on the cytotoxic effects against PMA were determined by the MTT 

uptake method as following. Briefly, 1 × 105 cells were incubated with I3M in triplicate on a 

24-well plate and then treated with the indicated concentrations of I3M, with or without 

treatment of PMA for 24 h at 37°C. Cells were incubated with MTT solution (final 

concentration 0.5 mg/ml) for 15 min at 37°C allowing viable cells to reduce the yellow 

tetrazolium salt into dark blue formazan crystals. The formazan crystals were dissolved using 

dimethyl sulfoxide (DMSO). Then the absorbance was measured at 540 nm using the 

microplate reader (Thermo Electron Corporation, Marietta, OH). 

 

5.2.4. Western blot analysis 

To determine the levels of protein expression in the nucleus and the cytoplasm, we 

prepared extracts and fractionated them by SDS-PAGE. After electrophoresis, the proteins were 

electrotransfered onto nitrocellulose membranes. The membranes were blocked with a rabbit 

primary polyclonal antibody at 4°C overnight. Then, the membranes were treated with 

horseradish-peroxidase-conjugated goat anti-rabbit secondary antibody. Antibody binding was 

visualized with a chemiluminescence system. 

 

5.2.5. Real-time polymerase chain reaction (RT-PCR) 

Total RNA was isolated from cells using Trizol reagent according to the manufacture’s 

protocol. First, strand complementary DNA (cDNA) was synthesized. RT-PCR was performed 
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with PCR Master Mix according to the protocols. The following primers were used to amplify 

HO-1 cDNA: sense, 5′-TGA AGG AGG CCA CCA AGG AGG-3′ and antisense, 5′-AGA GGT 

CAC CAG GTA GCG GG-3′, MMP-9 cDNA: sense, 5′- CCTGGA GAC CTG AGA ACC AAT 

CT-3′ and antisense, 5′- CCA CCC GAG TGT AAC CAT AGC -3′ glyceraldehydes-3-

phosphate dehydrogenase (GAPDH) cDNA: sense, 5′-CCA CCC ATG GCA AAT TCC ATG 

GCA-3′ and antisense, 5′-TCT AGA CGG CAG GTC AGG TCC ACC-3′. The following PCR 

conditions were applied: For HO-1, 30 cycles of denaturation at 94°C for 30 s, annealing at 

59°C for 30 s and extended at 72°C for 30 s; and for MMP-9, 30 cycles of denaturation at 94°C 

for 30 s, annealing at 63°C for 30 s and extended at 72°C for 30 s; and for GAPDH, 28 cycles 

of denaturation at 94°C for 30 s, annealing at 62°C for 30 s and extended at 72°C for 30 s. 

Relative HO-1 and MMP-9 mRNA levels were normalized to GAPDH expression. 

 

5.2.6. Invasion assay 

Since invasion through the extracellular metrix is a crucial step in tumour metastasis, a 

membrane invasion culture system was used to assess cell invasion. Using modified Boyden 

chambers with polycarbonate nuclear pore membrane (Corning, NY) with 8 μm pore size and 

is coated with a Matrigel 100 μg/cm2. A total 5 × 104 LNCaP cells were suspended in serum-

free RPMI medium and seeded into the upper wells. After incubation overnight, cells were 

treated with I3M and then stimulated with PMA. Following 24 h, lower surface of the filter 

was fixed and stained with 0.125% Commassie Blue in a mixture of methanol: acetic acid: 

water as 45:10:45 (v/v/v) ration and then stained cells were counted.  

 

5.2.7. Luciferase assay 
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Briefly, LNCaP cells were seeded at a density of 1 × 104 cells/well. After 24 h, cells were 

transfected with 2 μg each plasmid construct according to the Lipofectamine method. Then 

cells were treated with I3M next stimulated with PMA and then harvested. Luciferase activity 

was measured by according to the manufacture′s protocol and detected by GLOMAX 

luminometer (Promega, Madison, WI, USA). 

 

5.2.8. Electrophoretic mobidity shift assay (EMSA) 

Using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL, USA), 

cytoplasmic and nuclear extracts was prepared. Using nuclear extract DNA-protein binding 

assays were carried out. Synthetic complementary AP-1-binding oligonucleotides (Santa Cruz 

Biotechnology) were biotinylated using the biotin 30-end DNA labeling kit (Pierce) according 

to the manufacturer′s instructions and annealed for 1 h at room temperature. In the presence of 

50 ng/ml poly (dI-dC), 0.05 % Nonidet P-40, 5 mM MgCl2, 10 mM EDTA, and 2.5% glycerol 

in 1× binding buffer (LightShiftTM chemiluminescent EMSA kit) with 20 fmol of biotin-end-

labeled target DNA and 10 μg nuclear extract, binding reactions were carried out for 20 min at 

room temperature. Assays were loaded onto native 4% polyacrylamide gels before being 

transferred onto a positively charged nylon membrane. Transferred DNAs were cross-linked to 

the membrane at 120 mJ/cm2 and detected using horseradish peroxidase-conjugated 

streptavidin according to the manufacturer′s instructions. 

 

5.2.9. Flow cytometry 

LNCaP cells were seeded at a density of 5 × 104 cells/well, pretreated with I3M, stimulated 

with PMA for 24 h at 37°C and then subjected to annexin-V staining. The cells were washed 
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in PBS, resuspended in annexin-V FITC (R&D Systems, Minneapolis, MN). Cells were 

analyzed by flow cytometry (Becton Dickinson, San Jose, CA). 

 

5.2.10. Statistical analysis 

All data were derived from at least three independent experiments. The images were 

visualized with Chemi-Smart 2000 (Vilber Lourmat, Cedex, France). Images were captured 

using Chemi-Capt (Vilber Lourmat) and transported into Adobe Photoshop (version 8.0). All 

data are presented as mean ± SE. Significant differences between the groups were determined 

using one-way ANOVA test. P < 0.05 was considered to indicate a statistically significant 

difference. 

 

5.3. Results 

5.3.1. I3M does not affect the viability of LNCaP prostate cancer cells 

To determine the effect of I3M on cell viability, LNCaP prostate cancer cells were treated 

with various concentrations of I3M (1, 2, 3, 4, and 5 μM) for 24 h, then inhibitory effect of I3M 

was examined by MTT assay. MTT data showed that I3M had no influence on cell viability up 

to dose of 5 μM regardless of the presence of PMA (Fig. 27A). Furthermore, the effect of I3M 

on viability of cells was determined by the annexin-V positive cell populations using flow 

cytometry analysis. Considering the annexin-V positive cells, no apoptotic cell death was 

examined in each panel compared with the positive H2O2- treated group (Fig. 27B). Moreover, 

the morphology changes of LNCaP cells were observed in Fig.1C. The cellular morphology 

was not changed according to the increasing concentrations of I3M. The most important 

morphological change was that formation of apoptotic bodies were appeared in H2O2 positive 
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control treatment indicating up to 5μMof I3M there was no apoptotic effect on LNCaP cells 

(Fig. 27C). Taken together these results indicate upto 5 μM I3M have no influence on the cell 

viability of LNCaP prostate cancer cells, regardless of the presence of PMA. 

 

Fig. 27. Effects of I3M on the viability of LNCaP and DU145 cells. LNCaP and DU145 cells 

treated with the indicated concentrations of I3M and/or 100 ng/ml PMA for 24 h. (A) Cell 

viability was measured by an MTT assay following 24 h. (B) The cells were then stained with 

annexin-V and analyzed by flow cytometer. (C) The morphology of cells treated with or 

without I3M was examined under light microscopy (×400). 

 

5.3.2. I3M inhibits PMA-induced invasion of LNCaP prostate cancer cells by suppressing 

MMP-9 activation 

To verify the effect of I3M on MMP-9 expression, we pretreated cells with I3M and then 

stimulated with PMA for 24 h. The expression levels of MMP-9 mRNA and protein were 
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determined by semi-quantitative RT-PCR and western blot analysis at 6 h and 24 h, respectively. 

According to the western blot analysis, I3M reduced PMA-induced MMP-9 expression in 

concentration dependent manner at 24 h in LNCaP and DU145 cells (Fig. 28A). Similar to the 

expression of MMP-9 protein, remarkably MMP-9 mRNA expression was observed with I3M 

at 6 h (Fig. 28B). Moreover, luciferase activity of MMP-9 was examined using transient 

transfection with reporter vectors that included MMP-9 promoters. Treatment with PMA 

significantly induced MMP-9 luciferase activity, whereas I3M downregulated PMA-induced 

MMP-9 luciferase reporter activity in LNCaP cells (Fig. 28C). Since it is known MMP-9 is a 

crucial factor involved in the tumor invasion (Bonnans et al., 2014), the regulatory effect of 

I3M on the invasion of LNCaP cells were observed by invasion assay. According to the Fig. 

1D, the treatment with PMA remarkably increase invasion of cells as 3-fold time when 

compared with the untreated control group. However, the addition of I3M resulted in as 

~40% decrease in penetration of LNCaP cells through the matrigel-coated membrane when 

compared with the PMA-stimulated group (Fig. 28D). These results confirm that I3M 

downregulated the PMA-enhanced MMP-9 activity at the transcription level, thereby inhibited 

PMA-induced invasion of LNCaP carcinoma cells. 
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Fig. 28. Effects of I3M on MMP-9 activity and invasion. LNCaP and DU145 cells were treated 

with various concentrations of I3M in the presence of PMA (100 ng/ml). (A) Equal amount of 

cell lysates were resolved on SDS–polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with antibodies against MMP-9.  (B) In a parallel experiment, total 

RNA was isolated at 6 h and RT-PCR analysis of MMP-9 was performed. (C) Cells were 

transfected with an MMP-9 promoter-containing reporter vector and luciferase activity was 

measured 24 h following transfection. (D) For the invasion assay, the lower and upper parts of 

the Transwells were coated with Matrigel. LNCaP cells were cultured with I3M in the presence 

or absence of PMA. Invasiveness of the cells was determined by measuring their ability to pass 

through a layer of a Matrigel-coated filter. Following 24 h, cells on the bottom side of the filter 

were fixed, stained and counted as described in Materials and methods. β-Actin and GAPDH 

were used as an internal control for western blot and RT-PCR analyses respectively. Data from 

3 independent experiments are expressed as overall mean ± SE. Statistical significance was 

determined by one-way ANOVA test (*P<0.05 vs. TNF-α-treated group).  
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5.3.3. I3M inhibits PMA-induced expression of MMP-9 activity by induction of HO-

1expression 

Growing evidence suggest that increase in HO-1 protein expression in accordance with a 

decrease in MMP-9 activity (Park et al., 2014). Therefore, to test this concept we first evaluated 

whether treatment of I3M potential to induce HO-1 protein expression in LNCaP carcinoma 

cells. Interestingly, as shown in Fig. 3A, treatment of I3M enhanced the expression of HO-1 

protein and m-RNA level in concentration dependent manner (Fig. 29A). Nevertheless, 

exposure to I3M on LNCaP cells, increased the expression of HO-1 protein and m-RNA level 

in time dependent manner and the peak expression level of HO-1 was seen at 24 h (Fig. 29B). 

Consequently, we used a HO-1 inducer, CoPP, for further functional confirmation of the above 

mentioned results. According to the western blot analysis, CoPP treatment remarkably reduced 

PMA-induced MMP-9 expression in LNCaP cells (Fig. 29C). In contrast, an HO-1 inhibitor, 

ZnPP, reversed the inhibition of MMP-9 activity in the presence of I3M in PMA-stimulated 

LNCaP cells (Fig. 29D). Therefore, these results indicate that HO-1 expression is the main 

effector in PMA-induced MMP-9 inhibition in LNCaP cells. 
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Fig. 29. Effect of I3M on HO-1 expression in LNCaP prostate carcinoma cells. Cells were 

treated with indicated concentrations of I3M (0–5 μM) for 6 h and 24 h. (A) RT-PCR and 

western blot analyses of HO-1 was performed at 6 h and 24 h, respectively. (B) Cells were 

treated with 5 μM I3M for the indicated times (0–24 h) for 24h. RT-PCR and western blot 

analyses of HO-1 were performed.  (C) Cells were pretreated with CoPP for 1 h and then 

stimulated with PMA (100 ng/ml) for 24 h to examine the MMP-9 mRNA expression. (E) Cells 

were pretreated with 5 μM I3M in the presence or absence of 2 μM ZnPP for 1 h and then 

incubated with PMA (100 ng/ml) for 24 h. Total cellular RNA was isolated and RT-PCR 

analysis for the MMP-9 gene was performed. β-Actin and GAPDH were used as internal 

controls for western blot and RT-PCR analyses, respectively. 

 

5.3.4. Effects of Nrf2 as HO-1 regulator in PMA-induced MMP-9 inhibition 

Nrf2 regulate the coordinated expression of HO-1 (Biswas et al., 2014); therefore, we next 

correlated the activity of Nrf2 to the expression of HO-1 in LNCaP cells. As shown in Fig. 4A, 

western blot data showed that pretreatment with I3M resulted in significant induction of Nrf2 
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expression in nuclear compartment while decreased its expression in cytosolic compartment 

(Fig. 30A). We further examined HO-1 and MMP-9 expression in the transient knockdown 

of Nrf2. According to the western blot data and RT-PCR analysis, Nrf2 siRNA treatment 

reversed I3M-inhibited MMP-9 expression while reducing I3M-induced HO-1 expression both 

protein and m-RNA levels respectively in LNCaP cells (Fig. 30B and 30C). To determine the 

involvement of Nrf2 in invasiveness of LNCaP cells, we tested invasion ability in Nrf2-

knockdown LNCaP cells. Compared to untreated control group Nrf2 siRNA treatment group 

remarkably enhanced invasion of LNCaP cells by 5-times (Fig. 30D).  Taken together, these 

results indicate that I3M-induced HO-1 expression via Nrf2 activity thereby Nrf2 is crucially 

involved to reduction of invasion of LNCaP prostate cancer cells. 

 

Fig. 30. I3M-induced Nrf2 activity in LNCaP prostate carcinoma cells. LNCaP cells were 

treated with various concentrations of I3M (0–5 μM) for 24 h. (A) Expression of Nrf-2 was 

measured by Western blot analysis in cytosol and nuclear compartments.  (B) The cells were 

transiently transfected with Nrf2 siRNA for 24 h and then treated with or without 5 μM I3M 

for 2 h. RT-PCR analysis of HO-1, and MMP-9 was performed at 12 h. (C) Equal amount of 

cell lysates were resolved on SDS–polyacrylamide gels, transferred to nitrocellulose 



119 

 

membranes, and probed with antibodies against HO-1 and MMP-9. β-Actin and GAPDH were 

used as an internal control for western blot and RT-PCR analyses respectively. (D) Invasion 

assay was performed as shown in Section 2.  

 

5.3.5. I3M activates the PI3K/Akt pathway as an upstream molecule of Nrf2 

Past researches have been shown convincing data that suppressed phosphorylation of 

PI3K/Akt could significantly inhibited the activation of Nrf2/HO-1 expression (Park et al., 

2014). Thus, next we examined the role of PI3K/Akt pathway in Nrf2/HO-1 expression as it is 

an upstream molecule of Nrf2. As shown in Fig. 5A, that I3M treatment notably enhanced PI3K 

and Akt phosphorylation after treatment in dose-dependent manner, suggesting that the I3M-

induced Nrf2 expression associated with the PI3K/Akt signaling pathway (Fig. 31A). To further 

investigate the particular mechanism, we used LY294002, a specific PI3K/Akt inhibitor. The 

EMSA assay showed that treatment of I3M significantly increased Nrf2 expression; however, 

LY294002 significantly attenuated the I3M-induced Nrf2 activation (Fig. 31B). Similar to that, 

LY294002 obviously induced the MMP-9 activity while decreasing the activity of HO-1 m-

RNA and protein level in LNCaP cells (Fig. 31C). Nevertheless, luciferase activity of MMP-9 

was examined using transient transfection with reporter vectors that included MMP-9 promoters. 

Treatment with LY294002 significantly enhanced the PMA-stimulated induction of MMP-9 

luciferase activity (Fig. 31D). As expected, these data demonstrated that the PI3K/Akt pathway 

regulates the Nrf2 expression accordance with its effect on HO-1 expression in LNCaP prostate 

cancer cells. 
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Fig. 31. Effect of I3M on phosphorylation of PI3K/Akt in DU145 cells. (A) LNCaP cells (2 

× 105 cells/ml) were treated with various concentrations of I3M for 24 h. Western blot analysis 

was performed for PI3K/Akt phosphorylation. (B) The cells were preincubated with 20 μM 

LY294002 2 h before treatment with 5 μM I3M for 24 h. The DNA promoter region binding 

activity of Nrf-2 in the nuclear protein extract was analyzed using EMSA. (C) After treatment 

with 5 μM I3M for 12 h in the presence or absence of 20 μM LY294002 for 2 h, total RNA was 

isolated and RT-PCR analysis of HO-1 and MMP9 was performed. Cells were treated with 

indicated concentrations of I3M (0–5 μM) in the absence or presence of 20 μM LY294002. (C) 

RT-PCR and western blot analyses of HO-1 was performed at 12 h and 24 h, respectively. β-

Actin and GAPDH were used as an internal control for western blot and RT-PCR analyses 

respectively. (D) I3M (5 μM) was applied and MMP-9 luciferase activity was measured 24 h 

after treatment of 20 μM LY294002. 

 

5.3.6. I3M downregulates AP-1 activity 

Since AP-1 is an important transcriptional factor for invasion and metastasis (Liuet al., 
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2014), next we assessed whether I3M regulates the specific DNA-binding activity of AP-1 in 

LNCaP prostate cancer cells. Treatment with I3M substantially reduced PMA-induced DNA-

binding activity of AP-1 in LNCaP cells (Fig. 32A). We also conducted a promoter assay in 

LNCaP cells transiently transfected with a luciferase reporter vector that included the AP-1 

binding sites. Consistence with the above results, treatment with I3M reduced the luciferase 

activity of AP-1 in LNCaP cells (Fig. 32B). Several studies indicated that the binding of c-

Fos/c-Jun heterodimer at the AP-1 site elicits MMP-9 expression (Xia et al., 2015). Therefore, 

next we examined the expression level of c-Fos and c-Jun which regulate AP-1-mediated 

MMP-9 expression in LNCaP cells, with exposure to I3M. Interestingly, 5μM of I3M-treated 

LNCaP cells reduced PMA-induced c-Fos and c-Jun protein expression level (Fig. 32C). 

Nevertheless, past studies revealed that activity of AP-1 regulates through JNK pathway (Li et 

al., 2015). Because of this reason, we examined the involvement of JNK pathway regulation 

of MMP-9 expression in LNCaP cells. Treatment of 20 μM of SP-1, specific JNK inhibitor, 

remarkably reduced PMA-induced DNA-binding activity of AP-1 in LNCaP cells by 

suggesting JNK pathway play an important role in regulation of AP-1 (Fig. 32D). Further, it is 

revealed the PMA-induced m-RNA level of MMP-9 was reduced by SP-1 indicating that AP-

1 regulate MMP-9 activity via JNK pathway in LNCaP cells (Fig. 32E). Taken together these 

results indicate AP-1 plays a crucial role in activating MMP-9 gene via activating of c-Fos and 

c-Jun protein in LNCaP prostate cancer cells. 
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Fig. 32. Effect of I3M on the AP-1-DNA binding activity. (A) The cells were preincubated with 

5 μM I3M 2 h before treatment with 100 ng/ml PMA for 30 min. Nuclear extracts were assayed 

for DNA-binding activity of AP-1 using EMSA.  (B) The cells were transfected with a WT-

AP-1 promoter-containing reporter vector, and luciferase activity was measured 24 h after 

transfection. (C) In a parallel experiment, cytosolic protein lysates were prepared at 24 h, 

subjected to SDS-PAGE, and immunoblotted using specific antibodies against p-c-Jun, c-Jun, 

p-c-Fos, and c-Fos. (D) The cells were preincubated with 20 μM SP1 2 h before treatment with 

100 ng/ml PMA for 30 min. Nuclear extracts were assayed for DNA-binding activity of AP-1 

using EMSA. (E) In a parallel experiment, total RNA was isolated and RT-PCR analysis 

of MMP9 was performed. β-Actin and GAPDH were used as internal controls for western blot 

and RT-PCR analyses respectively. 

 

5.3.7. I3M downregulates AP-1 activity regulate by Nrf2 
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Furthermore, to investigate the correlation of AP-1 activity with Nrf2 underlines and 

examined in LNCaP cells. To determine the DNA binding ability of AP-1 we performed EMSA 

assay with the treatment of transient knockdown of Nrf2. According to the Fig. 7A, the use of 

transient knockdown of Nrf2, increased 100 ng/ml of PMA induced DNA binding ability of 

AP-1 in LNCaP cells (Fig. 33A). For further clarification of above matter, we treated 100 ng/ml 

of PMA as an inducer of AP-1 activation thus; regulate expression of c-Fos and c-Jun protein 

levels. As shown in Fig. 33B, siNrf2 treatment induced PMA-induced expression of c-Fos and 

c-Jun protein levels in LNCaP cells (Fig. 33B). Moreover, the expression of HO-1 was 

regulated by Nrf2, we next examined the effect of HO-1 for the regulation of AP-1 activity. 

Similar to above results, treatment of ZnPP, HO-1 inhibitor enhanced the expression of c-Fos 

and c-Jun protein level in LNCaP cells (Fig. 33C). Taken together these results indicate, AP-1 

activity regulate directly or indirectly by Nrf2. 

 

Fig. 33. Effect of I3M on downregulation of AP-1 activity via Nrf-2 in LNCaP cells. (A) The 

LNCaP cells were transiently transfected with Nrf2 siRNA for 24 h and then treated with or 

without before treatment with 100 ng/ml PMA for 24 h. Nuclear extracts were prepared and 
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analyzed for AP-1-binding activity using EMSA. (B) In a parallel experiment, cytosolic protein 

lysates were prepared at 24 h, subjected to SDS-PAGE, and immunoblotted using specific 

antibodies against p-c-Jun, c-Jun, p-c-Fos, and c-Fos. (C) The cells were pretreated with 2 μM 

ZnPP for 2 h and then incubated with 100 nM PMA for 24 h. The expression of p-c-Jun, c-Jun, 

p-c-Fos, and c-Fos proteins were detected by Western blot assay. 

 

5.4. Discussion 

I3M has been exhibited to possess of anti-inflammatory, anticarcinogenic activities (Kim 

and Park., 2012 and Lo and Chang., 2013). Recently much interest has been focused on 

analyzing these pharmaceutical properties, as I3M seems to response on cell-cycle regulation, 

reduction of cellular invasiveness, induction of apoptosis and antioxidant metabolism. In 

consideration of AP-1 and Nrf2 play a crucial role in the cell survival and proliferation as well 

as cell invasiveness and metastasis these transcription factors were examined as I3M targets. 

We have reported that 5 μM I3M decreased PMA-stimulated MMP-9 expression thereby 

reduced the cellular invasiveness. Nevertheless, the present study has shown that I3M activates 

the Nrf2 signaling via PI3K/Akt pathways and reduces AP-1-binding activity by down 

regulation of c-Jun and c-Fos in LNCaP prostate cancer cells. 

The PI3K/Akt signaling pathway is involved in regulating Nrf2 expression (Huang et al., 

2014). Therefore, in this study we examined the possibility that PI3K/Akt mediates I3M-

induced Nrf2 expression. According to our data, I3M treatment notably enhanced the 

phosphorylation level of Akt and PI3K proteins, while no significant changes were found in 

the total Akt and PI3K protein level, suggesting that enhancement of Akt and PI3K protein 
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phosphorylation may contribute to the I3M-induced Nrf2 expression. To further clarify the role 

of PI3K/Akt pathway, LY294002, a specific PI3K/Akt inhibitor, was used to treat LNCaP cells. 

The results showed that inhibition of the PI3K/Akt signaling pathway remarkably blocked Nrf2 

expression in the presence of I3M. Nevertheless, we observed whether PI3K/Akt plays an 

important role in expression of HO-1, accordance with its regulation of Nrf2 expression. 

According to the western blot analysis and RT-PCR data, blocking of PI3K/Akt signaling by 

LY294002 attenuated the I3M-induced expression of HO-1 protein and m-RNA level 

respectively. Therefore, we determined that the PI3K/Akt signaling pathway played a central 

role in I3M-induced HO-1 expression by regulating Nrf2. 

Researchers have been shown convincing data that HO-1 exhibit anti-invasive activity by 

reducing the expression of pro-metastatic genes, thus suggesting a potential therapeutic 

strategy for treating prostate cancer metastasis (Ferrando et al., 2011). Similar to that our results 

also indicated role for HO-1 expression as a negative regulator of pro-metastatic gene MMP-

9. In agreement with these past studies, the results of the present study demonstrated that I3M 

induces the expression of HO-1, providing a potential explanation for its anti-invasive 

properties. We observed whether HO-1 expression correlates with the inhibition of PMA-

induced MMP-9 activity. Treatment with HO-1 inhibitor ZnPP (2 μM), markedly reversed the 

inhibitory effects of I3M on MMP-9 activity in LNCaP cells. Therefore, the present study 

provide evidence that, treatment with I3M, the upregulation of HO-1 appears to be one of the 

mechanisms by which I3M protects against cellular invasiveness occurred via MMP-9 in 

LNCaP prostate cancer cells.  

Moreover, to investigate the mechanism by which I3M down-regulated PMA-induced 

MMP-9 expression, we tried to discover the essential transcriptional factor in the PMA-induced 
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MMP-9 expression pathway. Growing evidence suggests that AP-1 is the positive regulator of 

MMPs: plays a key role in the regulation of transcription of MMP-1 gene expression, and 

mutations of this element dramatically reduce the basal activity and responsiveness of the 

MMP-1 promoter to external stimuli (Qin et al., 2014). In the MMP-9 promoter upstream 

regulation sequence, there are two AP-1 binding site at 98 bp which play essential roles in 

MMP-9 expression in human oral squamous cell carcinoma (Bedal et al., 2014). In our 

study, treatment of I3M reduced PMA-induced AP-1 activity by providing evidence that AP-

1 may critically required to increase MMP-9 transcription in prostate cancer cells. Since AP-1 

consists of either homodimers of Jun family members or heterodimers between members of 

the c-Fos and c-Jun families we examined the effect of these proteins for the regulation of 

MMP-9 mediated cellular invasiveness (Krämer et al., 2015). We discovered that I3M-

decreased c-Jun and c-Fos activation by blocking their respective phosphorylation. 

We were further interested in I3M inhibitory mechanism on c-Jun and c-Fos. JNK or c-Jun 

N-terminal kinase, a member of the MAPK (mitogen-activated protein kinase) family that 

regulates a range of biological processes implicated in tumor invasiveness, is considered to be 

the essential kinase of AP-1 activation (Koul et al., 2013 and Benbernou et al., 2013). 

Accordance with that, to investigate whether I3M mediate AP-1 activation via MAPK pathway, 

we pretreated specific JNK inhibitor SP-1 on LNCaP prostate cancer cells. Interestingly, SP-1 

inhibited PMA-induced AP-1 DNA binding activity. Further, as shown in RT-PCR data with 

the presence of SP-1 reduced the PMA-induced expression of MMP-9 mRNA level in LNCaP 

cells. Thus, we find direct evidence in prostate cancer cells that JNK is critically required for 

AP-1 activation. 

In summary, this study describes LNCaP prostate cancer cells anti invasive activity of I3M, 
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synthesized by various molecular substitution of the parental indirubin. I3M blocked PMA-

induced MMP-9 activity by suppressing AP-1 trascription via Nrf2 signaling pathway in 

LNCaP prostate carcinoma cells. This study would provide a new clue for exploiting I3M as a 

potent anticancer agent for the treatment of prostate cancer. 

 

5.5. Conclusion 

I3M blocked PMA-induced MMP-9 activity by suppressing AP-1 trascription via Nrf2 

signaling pathway in LNCaP prostate carcinoma cells. The hemeoxigenase-1 (HO-1) regulate 

by Nrf2 is critically involve for the regulation of invasion of prostate cancer cells by inhibiting 

MMP-9 expression in LNCaP prostate cancer cells.  
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Chapter 6 

 

Indirubin-3’-monoxime induces CHOP expression in wild 

type p53 HCT116 colon cancer cells to oxidative stress 

increases apoptosis through TRAIL sensitization 
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Abstract 

We investigated the molecular mechanism that Indirubin 3-monoxime (I3M) induce 

apoptosis via CHOP, DR5 upregulation in p53+/+ HCT-116 cells sensitize to tumor necrosis 

factor-related apoptosis inducing ligand (TRAIL). We have shown that treatment of I3M 

induce apoptosis in HCT-116 cells depends on the p53 status. I3M significantly induced Ras 

levels in p53−/− HCT-116 cells whereas reduced the expression of Ras in p53+/+ HCT-116 cells. 

These results suggested that the effect of I3M on regulation of Ras expression in colon cancer 

cells independent on the status of p53. Further, I3M remarkably enhanced m-RNA and protein 

level of DR5. We found that p53 controls the sensitivity to TRAIL-induced apoptosis through 

enhancing the expression of DR5 in p53+/+ HCT-116 cells. Our results showed that I3M-

induced the expression of CHOP, with optimum induction occurring at around 24 h. The p53+/+ 

HCT-116 cells transfection with CHOP siRNA significantly abrogated the up-regulation of 

DR5 protein and m-RNA level by confirming that I3M-induced up-regulation of DR5 is 

mediated via the induction of CHOP. The H2DCFDA and HE-based fluorescence analysis 

showed that concentration dependent manner treatment of I3M increased ROS generation by 

increasing intracellular superoxide anion and hydrogen peroxide levels respectively. Moreover, 

fluorometric data indicated that silencing of p53 had more dramatic effect on I3M-induced 

ROS production. Pretreatment of NAC remarkably blocked I3M-induced ROS production. 

Nevertheless, I3M treatment induced the TRAIL expression in time dependent manner in 

p53+/+ HCT-116 cells. Treatment of TRAIL synergistically enhanced I3M-induced DR5 

expression thereby induced the TRAIL-induced apoptosis. Concentration dependent manner 

addition of a DR5 specific blocking antibody significantly blocked I3M/TRAIL-induced 

apoptosis. Taken together, our data have shown that I3M potently enhances TRAIL-induced 
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apoptosis by upregulating DR5 expression via activating p53. We suggest that relationship 

between p53 and oxidative stress indirectly regulate I3M/TRAIL induced apoptosis in p53+/+ 

HCT-116 cells. 

Key words: I3M; TRAIL; Ras; ROS; CHOP 

 

6.1. Introduction 

In spite of notable advances over the last decades in understanding of the genesis of colon 

cancer and the application of targeted drug therapy, colon cancers remain the second most 

common cause of cancer-related death. Because of the resistance of colon cancers to current 

treatment regimens, possible chemopreventative and new chemotherapeutic approaches should 

be investigated (Temraz et al., 2014). It is essential to develop novel drugs which are potent in 

inhibiting the proliferation of cancer cells while exhibiting minimal cytotoxicity towards the 

normal cells. The use of novel promising therapeutic compounds derived from natural products 

or Chinese herbs has attracted much interest as an alternative in cancer treatment. 

Indirubin, a 3,2-bisindole is the active ingredient of Dang Gui Long Hui Wan, from a 

mixture of herbal medicines customarily used in traditional Chinese medicine to treat chronic 

myelocytic leukemia (CML) (Kim et al., 2011). The anti-leukemic activity of this ingredient 

has been attributed to the red-colored indigo isomer indirubin (Perabo et al., 2006). Over the 

last half century, a number of indirubin analogs have been synthesized to optimize this 

promising drug scaffold. The commercially available analogue of indirubin, indirubin-3-oxime, 

one of the indirubin analogue strongly inhibit the growth of various human cancer cells, mainly 

via the apoptosis. In the attempt to reveal the mechanism of action of I3M, various biological 
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activities of I3M have been discovered. It has been reported to induce apoptosis in human 

cervical cancer HeLa cells, hepatoma HepG2 cells, colon cancer HCT116 cells (Shi and Shen, 

2008), human laryngeal carcinoma Hep-2 cells (Kameswaran et al., 2009 and Paulkumar et al., 

2010) and renal cell cancer cell lines in a time- and dose-dependent manner (Perabo et al., 

2011). In vivo study carried out in rat tumor model provides further evidence for the anti-cancer 

activity of I3M. Ravichandran et al was shown I3M exhibited anticancer effect against 

[B(α)P] induced lung cancer by its apoptotic action in A/J mice (Ravichandran et al., 2010). 

However, the modulatory effects and the detailed molecular action mechanisms of I3M on 

human HCT 116 colon cancer cells have yet to be studied. 

Apoptosis is generally characterized by distinct morphological characteristics and energy-

dependent biochemical mechanisms and evolutionarily conserved cell death mechanism that is 

activated by various stimuli (Orrenius et al., 2011). Apoptosis induced by p53 is strongly 

established as a central mechanism of tumor suppression (Loughery and Meek., 2013). 

Primarily, p53 is located in the cytoplasm in normal cells and, upon genotoxic stresses, it 

translocates into the nucleus in a tightly regulated manner (Loughery and Meek., 2013). 

However, this subcellular localization and subsequent function of p53 in nuclear and 

cytoplasmic compartments of a cancerous cell is compromised by p53's cytoplasmic 

sequestration (Comel et al., 2014). Oxidative stress is also known to induce apoptosis that 

depends on the p53 expression level (Hussain et al., 2004). Following stabilization as a result 

of apoptotic stimuli, activation of p53 leads to enhance expression of various genes that are 

involved in apoptosis and growth arrest (Liebermann et al., 2007). This status is based on the 

fact that p53 is functionally mutated in a high percentage of human cancers (Essmann and 

Schulze-Osthoff., 2012). Indeed, the activation of p53 in cancers has been recognized as a 
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promising strategy for treatment of cancers, and several drugs targeting p53 are currently being 

evaluated in preclinical and clinical trials (Essmann and Schulze-Osthoff., 2012). Studies with 

mouse cells, for example, have provided obvious evidence of drug resistance after p53 

inactivation. The systematic screening of panels of human tumor-derived cell lines for 

sensitivity to therapeutic agents has revealed associations between p53 status and drug 

sensitivity (Brown and Wouters., 1999). In consequence, a precise understanding of the diverse 

activities of p53 has been an important research objective with significant clinical impact. 

It has been reported that p53 directly modulates expression of death receptors DR4 and 

DR5, thus enhance the sensitivity to TRAIL-induced apoptosis (Carter et al., 2008). Surget et 

al was shown that silencing of p53 strongly decreased the expression of DR5 in human 

myeloma cells (Surget et al., 2012). Therefore, both p53 and DR5 is believed to be significant 

factors regulating TRAIL-induced apoptosis. Although the mechanism of p53 regulates 

expression of DR5 is not fully understood, several mechanisms have been suggested so far. At 

transcriptional level, expression of DR5 can be regulated by binding of CHOP to promoter 

region of the DR5 gene (Liu et al., 2012). CHOP is primarily regulated at the transcriptional 

level and is one of most induced gene during ER stress (Liu et al., 2012). Numerous recent 

studies have been indicated that CHOP regulates apoptosis via induction of DR5 expression 

(Yamaguchi et al., 2004). Consequently, TRAIL potently induces apoptosis in cancer cells by 

binding to the DR5 (Liu et al., 2012). Therefore, death receptors are attractive therapeutic 

approaches through TRAIL as well as p53 status for the induction of the apoptosis of the target 

cancer cells.  

Although the efficacy and potential use of TRAIL in treatment of cancers has been suggested, 

little is known about the factors that determine the sensitivity of cancer cells to killing by 
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TRAIL. Recently, there were some reports on the determinants of TRAIL sensitivity in breast 

cancer cells, melanoma, and brain tumors (Kim et al., 2000). Since TRAIL signaling pathway 

somewhat controversial we were interested to investigate the I3M/TRAIL-mediated apoptosis 

in HCT colon cancer cells through the expression of DR5 depend on the p53 status. In addition, 

we also reported the correlation between DR5, p53 and Ras to enhance TRAIL-sensitization 

via increasing oxidative stress. Our results provide essential preclinical information that may 

be useful in the design of clinical trials using I3M/TRAIL in the therapy of human colon 

cancers. 

 

2.6. Materials and method 

2.6.1. Materials and reagents 

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), N-

acetylcysteine (NAC), propidium iodine (PI), and annexin V were purchased from Sigma 

Chemical Co. (St. Louis, MO). Rabbit anti-human antibodies against Bid, Bax, caspase-3, RAS, 

p53, CHOP, DR5, TRAIL, caspase-8, PARP, Bcl2, cytochrome c, and β-actin were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). Peroxidase-labeled goat anti-rabbit 

immunoglobulin was purchased from KOMA Biotechnology (Seoul, Republic of Korea). 

Dulbecco's Modified Eagle's Medium (DMEM), antibiotic mixture, pan-caspase inhibitor, z-

VAD-fmk, Roswell Park Memorial Institute (RPMI)-1640 medium, and fetal bovine serum 

(FBS) were obtained from WelGENE Inc. (Daegu, Republic of Korea). 

 

2.6.2. Cell culture 
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P53-Null (p53−/−) and wild-type (p53+/+) human HCT-116 colon carcinoma cells were 

obtained from the American Type Culture Collection (Manassas, VA) and maintained in a 

RPMI medium supplemented with 10% heat-inactivated FBS and 1% penicillin–streptomycin 

in 5% CO2 at 37°C. Periodically, cells were tested and resulted negative for mycoplasma 

contamination using the MycoAlert Mycoplasma Detection Kit (Lonza, Rockland, ME). 

 

2.6.3. Cell viability assay with MTT reduction 

Cell viability was measured using the MTT assay, which is based on the conversion of 

MTT to formazan crystals by mitochondrial dehydrogenases. p53-Null (p53−/−) and wild-type 

(p53+/+) human HCT-116 colon carcinoma cells (1 × 105 cells/ml) were cultured in medium 

with or without serum in 24 well plates at 37oC. 24 h after incubation cells were pretreated with 

various concentrations of I3M and 1 h after followed by TRAIL treatment. The medium (500 μl) 

was then incubated with 0.5 mg/ml MTT solution for 45 min at 37°C. The culture medium was 

removed, and 700 μl dimethyl sulfoxide was added to each well to dissolve the formazan. The 

absorbance was measured at 540 nm using a microplate reader. 

 

2.6.4. Western blotting 

Briefly, 24 h after the treatment of indicated chemical concentrations cells were harvested 

by scraping from the wells and washed twice with cold phosphate buffered saline (PBS). Total 

cell extracts were prepared using a 100 μl ice-cold PROPREP protein extraction kit (iNtRON 

Biotechnology). Lysates were centrifuged at 16,000 rpm at 4°C for 30 min to obtain the 

supernatants. Protein concentrations of the supernatants were determined with a Bio-Rad 
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protein assay kit (Bio-Rad, Hercules, CA). Proteins were loaded on 5% SDS-PAGE for 

electrophoresis. Then proteins were electrophoretically transferred to a polyvinylidene 

difluoride membrane. The membrane was incubated with primary antibodies overnight at 4°C, 

rinsed the blot 3 times for 10 min with TBST (20 mM Tris pH 7.5, 150 mM NaCl, and 0.1% 

Tween 20). Membranes were incubated with peroxidase-labeled goat anti-rabbit secondary 

antibody solution (KOMA Biotechnology, Seoul, Republic of Korea) for 2hrs at room 

temperature. Using TBST, membranes were rinsed 3 times for 10 min and detection of specific 

proteins was carried out with a Chemiluminescence (ECL) western blotting kit (Amersham) 

according to the recommended procedure. 

 

2.6.5. Flow cytometry analysis 

The p53-null (p53−/−) and wild-type (p53+/+) human HCT-116 colon carcinoma cells were 

treated with different concentrations of I3M for the indicated time, then trypsinized and washed 

in cold 1× PBS. The cells were then resuspended in 1× annexin-V binding buffer for 15 min at 

room temperature. The stained samples were measured using a fluorescence-activated cell 

sorting caliber bench-top flow cytometer (Becton Dickinson San Jose, CA). 

 

2.6.6. Reverse transcription-polymerase chain reaction (RT-PCR) 

Total RNA was extracted using Easy-blue reagent (iNtRON Biotechnology, Sungnam, 

Republic of Korea) according to the manufacturer's protocol. A total of 2 µg RNA was reverse 

transcribed to cDNA using the One-Step RT-PCR Premix (iNtRON Biotechnology). 

Synthesized single stand cDNA was amplified by RT-PCR with the following primer pairs: 

DR5 forward, 5′-AAG ACC CTT GTG CTC GTT GTC-3′, DR5 reverse 5′-GAC ACA TTC 
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GAT GTC ACT CCA-3′, CHOP forward 5′-CAA CTG CAG AGA TGG CAG CTG A-3′ and 

CHOP reverse 5′-CTG ATG CTC CCA ATT GTT CAT-3′, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) forward 5′-GTC TTC ACC ACC ATG GAG-3′ and GAPDH reverse 

5′-CCA CCC TGT TGC TGT AGC-3′. The reaction sequence consisted of 50°C for 30 min, 

94°C for 2 min, and 94°C for 29 cycles of 15 s each; 60°C for 30 s; and 72°C for 45 s with an 

extension at 72°C for 10 min. PCR products were analyzed by electrophoresis on 1% agarose 

gel and expression levels of each molecule were normalized to GAPDH levels within the same 

sample. 

 

2.6.7. DNA fragmentation assay 

I3M-treated or untreated cells were fixed in ice-cold buffer containing 10 mM Tris–HCl 

(pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5% Triton X-100 for 30 min. Lysates were 

vortexed and purified by centrifugation at 10,000 g for 20 min. Using the equal volume of 

neutral phenol:chloroform:isoamylalcohol (25:24:1,v/v/v) fragmented DNA in the supernatant 

was extracted and analyzed electrophoretically on 1.5% agarose gels. DNA was visualized by 

ethidium bromide staining. 

 

2.6.8. Transient knockdown of CHOP 

Cells were transfected CHOP-specific silencing RNA (siRNA, Santa Cruz Biotechnology) 

for 24 h. For each transfection, 450 μl growth medium was added to 20 nM siRNA duplex with 

the transfection reagent G-Fectin (Genolution Pharmaceuticals, Inc., Seoul, Republic of Korea) 

and the entire mixture was added gently to the cells. 
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2.6.9. Confocal microscopy 

Cells were stained with phycoerythrin-conjugated rabbit monoclonal anti-human DR5 for 

45 min at 4°C according to the manufactures protocol and analyzed by flow cytometry with 

FITC-conjugated IgG. 

 

2.6.10. Statistical analysis 

All values are expressed as means ± SEM. The data were derived from at least three 

independent experiments. Multiple group comparison was performed by one-way ANOVA test. 

The images were visualized with Chemi-Smart 2000 (Vilber Lourmat, Cedex, France). Images 

were captured using Chemi-Capt (Vilber Lourmat) and transported into Adobe Photoshop 

(version 8.0). Values of P < 0.05 were considered to be statistically significant. 

 

6.3. Results 

6.3.1. I3M influence the viability of HCT-116 colon cancer cells depends on the p53 expression 

It has been reported that I3M is known to be a potent anticancer agent, while the molecular 

mechanism underlying I3M-induced apoptosis has not been fully elucidated. Therefore, we 

first investigated the effects of I3M on the viability of HCT-116 colon cancer cells by MTT 

assay and annexinV staining. To establish the optimal conditions for apoptosis of human colon 

carcinoma cells by I3M, p53+/+ HCT-116 or p53-/- HCT-116 colon cancer cell lines were 
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cultured in the absence or presence of I3M for 24 h. Cell viability was then measured by MTT 

assay.  Fig. 34A demonstrates dose-dependent I3M-induced cytotoxicity in p53+/+ HCT-116 

colon cancer cells while did not affect cell viability of p53-/- HCT-116 colon cancer cells (Fig. 

1A). Maximum I3M-induced cytotoxicity was evident after 24 h exposure to 20 μM I3M on 

p53+/+ HCT-116 colon cancer cells (Fig. 34A). Therefore, the sub-toxic concentrations (≤ 20 

μM) were used in subsequent experiments. Next, flow cytometric analysis performed to 

evaluate I3M cytotoxicity in more detail. Data obtained using annexinV staining showed that 

of the 15 μM I3M-treated p53+/+ HCT-116 cells, 59.64% were annexin V+ or apoptotic; 

however, a negligible population of I3M-treated p53-/- HCT-116 cells were found to be annexin 

V+, thereby suggesting that I3M influence on viability of HCT-116 colon cancer cells regards 

to the p53 expression (Fig. 34B). Parallel, we also analyzed expression of proteins level of Bid, 

Bax, and pro-caspase-3 in cell lysates of p53+/+ HCT-116 cells. Treatment of 15 μM of I3M 

caused significant expression levels of apoptotic proteins Bid and Bax while decreasing pro-

caspase-3 expression level (Fig. 34C). Elevated Bid and Bax were not observed in I3M-treated 

p53−/− HCT116 cells, although notable accumulation of pro-caspase-3 was noted (data was not 

shown). Moreover, concentration dependent manner treatment of I3M produced comparable 

levels of DNA fragmentations that are characteristic of apoptosis in p53+/+ HCT-116 cells (Fig. 

34D). Taken together, these data indicate that p53 status influence the ability of I3M to induce 

apoptosis in HCT-116 cells. 
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Fig. 34. Effect of I3M on the viability of p53-null (p53−/−) and wild-type (p53+/+) human HCT-

116 colon carcinoma cells. The p53-null (p53−/−) and wild-type (p53+/+) HCT-116 cells were 

treated with various concentrations of I3M (0-20 μM). (A) Cell viability was measured by an 

MTT assay following 24 h. (B) In a parallel experiment, apoptotic (p53−/−) and (p53+/+) HCT-

116 cells were measured by flow cytometric analysis. The percentages of gates (apoptosis) are 

represented in each panel. (C) The cytosolic protein lysates were prepared at 24 h, subjected to 

SDS-PAGE, and immunoblotted using specific antibodies against Bid, Bax, and caspase-3. β-

Actin was used as an internal control for western blotting analysis. (D) Total DNA was 

extracted from the cells and DNA fragmentation assay was performed using 1.5% agarose gel. 

 

6.3.2. I3M enhances Ras expression in HCT-116 colon cancer cells dependent of p53 

expression 

Previous reports have been shown that expression of p53-induced apoptosis accompanied 

by accumulation of oncogenic Ras.  Therefore, we were interest in elucidate the apoptotic 
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effect of I3M via TRAIL sentizisation in p53+/+ and p53−/− HCT-116 cells regards the Ras 

expression. Recent evidence suggests a link between Ras activity and the death receptor 

mediated apoptosis through TRAIL sentizisation. For example, transformation by oncogenic 

Ras sensitizes TRAIL-induced apoptosis by up-regulating DR4 and DR5 in human colon 

cancer cell lines (Zhang et al., 2005 and Nesterov et al., 2004). Nevertheless, to extend our 

finding beyond the association between Ras activity and TRAIL sensitivity, we addressed the 

issue of whether p53 regulates the expression of Ras in colon cancer cells. Evidence supported 

that biochemical interaction between Ras and p53 to promote apoptosis (Lowe et al., 2004). To 

explore this possibility, we performed a western blot analysis to examine the Ras and p53 

protein expression level which correlated with the TRAIL sentizisation. Concentration 

dependent treatment of I3M down-regulated the Ras expression level while increasing p53 

expression level in p53+/+ HCT-116 cells (Fig. 35A). Moreover, I3M significantly reduced Ras 

proteins levels whereas inducing protein level of p53 in p53+/+ HCT-116 cells, with the starting 

point at 18h and clearly at 24 h after treatment (Fig. 35B). To confirm the critical role of p53 

in upregulation of Ras by I3M, p53−/− HCT-116 cells were used to assed the role of p53 status. 

As shown in Fig. 2C and Fig. 2D, I3M significantly induced Ras levels in p53−/− HCT-116 

cells both in time and concentration dependent manner respectively (Fig. 35C and 35D). 

Further, western blot results confirmed that p53 expression was knocked out successfully with 

no induction of p53 in p53−/− HCT-116 cancer cells, whereas increased p53 levels were 

observed in p53+/+ HCT-116 cells. These results suggest that the effect of I3M on regulation of 

Ras expression in colon cancer cells independent on the status of p53. 
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Fig. 35. Effect of I3M on the expression of p53 and Ras in (p53−/−) and (p53+/+) HCT-116 cells. 

(A ) (p53+/+) HCT-116 cells treated with  indicated concentrations of I3M (0-15 μM) for 24 h 

and (B) the indicated times (0–24 h). The expression of p53 and Ras protein was detected by 

Western blot assay. (C) (p53−/−) HCT-116 cells treated with indicated concentrations of I3M (0-

15 μM) for 24 h and (D) the indicated times (0–24 h). Equal amounts of cell lysates were 

separated by SDS–PAGE and specific protein detection was performed using Western blotting 

as indicated. β-actin was used as a loading control. 

 

6.3.3. I3M induced DR5 expression dependent of p53 expression 

Researchers have been shown that the versatile relationship between p53 and DR5 thereby 

induced the sensitivity to TRAIL-induced apoptosis (Deguin-Chambon et al., 2000). More 

importantly, Surget et al. have reported that p53 affects the sensitivity of myeloma cells to the 

DR5 agonistic human antibody (Surget et al., 2012). In order to determine the relationship 

between the DR5 and p53, we analyzed the expression of DR5 and p53 at transcriptional level. 

We found that p53 controls the sensitivity to TRAIL-induced apoptosis through enhancing the 
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expression of DR5 in p53+/+ HCT-116 cells. Pretreatment of p53+/+ HCT-116 cells with time 

dependent manner significantly increased the expression of m-RNA and protein level of DR5 

by I3M, however markedly increased DR5 expression was observed after 18 h after the 

treatment of I3M (Fig. 36A). To further show whether I3M could modulate the DR5 expression 

depends on the p53 status we analyzed the m-RNA and protein level of DR5 in concentration 

dependent manner treatment of I3M by RT-PCR and western blot analysis respectively. 

Confirming above data, concentration dependent manner treatment of I3M remarkably 

enhanced mRNA and protein level of DR5 (Fig. 36B). The confocal microscopic analysis with 

FITC-conjugated antibodies to DR5 receptor confirmed the upregulation of DR5 during the 

treatment of colon cancer cells in the presence of I3M (Fig. 36C). Moreover, to further 

verification of DR5 expression directly regulates via p53 expression, a specific sip53 was 

transfected into p53+/+ HCT-116 cells. Then, we conduct the western blot analysis to determine 

the transient efficiency of p53 in p53+/+ HCT-116 cells. The sip53 treatment group remarkably 

depleted p53 expression compared with the sicontrol treatment group (Fig. 36D). Transient 

knockdown of p53 alone suppressed the m-RNA expression level of DR5 (Fig. 36E). Further, 

western blot analysis has shown transfection of p53 into p53+/+ colon cancer cells, 

comparatively reduced I3M-induced DR5 expression (Fig. 36F). We next examined whether 

the suppression of DR5 by specific DR5 blocking antibody could abrogate the effects of I3M-

induced apoptosis using flow cytometry. As shown in Fig. 3G, the pretreatment with the DR5-

specific blocking antibody significantly blocked sub-G1 cell population induced by I3M alone 

treatment (Fig. 36G). Nevertheless, the DNA fragmentation assay showed typical DNA ladders 

in p53+/+ HCT cells treated with I3M alone, whereas treatment with DR5-blocking antibody 

crucially inhibited fragmented DNA indicating that DR5 play a key role in apoptosis process 
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(Fig. 36H). Therefore, these results indicate that I3M enhances the apoptosis in colon cancer 

cells through intensifying interaction of p53 via DR5 overexpression.  

 

Fig. 36. I3M upregulates DR5 expression in (p53+/+) HCT-116 cells. (A) Cells were seeded at 

2 × 105 cells/ml and incubated with 15 μM I3M for the indicated time (0-24 h) and (B) cells 

were incubated with indicated concentrations of I3M (0-15 μM) for 24 h. RT-PCR and western 

blot analyses of DR5 was performed at 24 h, respectively. (C) DR5 immunofluorescence of 

(p53+/+) HCT-116 cells treated for 24 h with I3M (15 μM). The cells were fixed, permeabilized, 

and stained with the DR5 monoclonal antibody. The monoclonal antibody was detected using 

an antimouse secondary antibody conjugated with Alexa Fluor® 488 and then stained with 

DAPI solution. Stained-DR5 and nuclei were then observed under a fluorescent microscope 

(×400). Cells were pretreated with 15 μM I3M for 24 h with or without DR5-specific chimeric 

antibody. (D) Cells were transiently transfected with p53 siRNA for 24 h and then to determine 

the transfection efficacy, western blot analysis was carried out. Cells were transiently 
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transfected with p53 siRNA for 24 h and then treated with or without before treatment with 15 

μM I3M for 6 h and 24 h. (E) RT-PCR and (F) western blot analyses of DR5 was performed at 

6 h and 24 h, respectively. (G) The percentage of apoptotic cells were analyzed by flow 

cytometry. Percentages of apoptotic cells are represented in each panel. Data in the figure 

represent percentages of each apoptotic cell populations in cell cycle distribution. (H) 

Fragmented DNAs were extracted from the treated cells and analyzed on 1.5% agarose gel. 

 

6.3.4. I3M-induced DR5up-regulation is mediated through induction of CHOP 

Because CHOP has been linked with the up-regulation of DR5 expression, we next 

examined the role of CHOP in I3M-induced DR5 up-regulation (Yamaguchi et al., 2004). Our 

results showed that I3M-induced the CHOP mRNA expression level with optimum induction 

occurring at around 24 h (Fig. 37A, upper panel). On the other hand, I3M markedly increased 

m-RNA levels of CHOP expression in concentration dependent manner (Fig. 37A, lower panel). 

In a parallel experiment, we further examined the I3M-induced CHOP expression at protein 

level by western blotting analysis. Treatment with I3M (15 μM) enhanced maximum protein 

expression level of CHOP at 24 h (Fig. 37B, upper panel). According to that concentration 

dependent manner treatment of I3M remarkably increased the CHOP protein expression level 

in p53+/+ HCT cells at 24 h (Fig. 37B, lower panel). To date, no studies have examined the 

relationship between the expression of CHOP and p53 and the induction of apoptosis. 

Therefore, to examine the above relationship between CHOP and p53 knockdown was 

performed by siRNA transfection. The western blot analysis shown the transfection efficacy of 

both p53 and CHOP protein expressions with the depletion of both proteins in transfected group 
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compared to the control-transfected (CON siRNA) group (Fig. 4C). Compared to the control-

transfected (CON siRNA) group, p53 siRNA transfected HCT cells reduced the I3M-induced 

p53 expression (Fig. 37D). Additionally, we investigated Ras expression in p53 transfected 

(p53 siRNA) and control-transfected (CON siRNA) cells. We found that I3M-down regulated 

the expression of Ras whereas p53 siRNA transfected group sharply increased the Ras 

expression in colon cancer cells (Fig. 37D). Nevertheless, to clarify the functional role of 

CHOP in I3M-induced up-regulation of DR5, CHOP siRNA was used. The DR5 expression 

was up-regulated by I3M in control-transfected (CON siRNA) cells transfection with CHOP 

siRNA significantly abrogated the up-regulation of DR5 protein and m-RNA level (Fig. 37E 

and 37F). Thus our results indicate that I3M-induced DR5up-regulation is mediated via the 

induction of CHOP in p53+/+ HCT cells. 
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Fig. 37. I3M upregulates CHOP expression in (p53+/+) HCT-116 cells. Cells were seeded at 

2 × 105 cells/ml and incubated with 15 μM I3M for indicated time (0-24 h) and/or cells were 

incubated with indicated concentrations of I3M (0-15 μM) for 24 h. (A) Total RNA was isolated 

and RT-PCR analysis of CHOP was performed. (B) The cytosolic extracts were prepared to 

determine the level of CHOP by western blot analysis. (C) Cells were transiently transfected 

with p53 and CHOP siRNA for 24 h. The transfection efficiency was assayed by western blot 

analysis. (D) Cells were transiently transfected with p53 and (E and F) CHOP siRNA for 24 h 

and then treated with or without before treatment with 15 μM I3M for 24 h. The cytosolic 

protein lysates were prepared at 24 h, subjected to SDS-PAGE, and immunoblotted using 

specific antibodies against p53, CHOP, Ras and DR5 respectively. (F) Total RNA was isolated 

and RT-PCR analysis of DR5 was performed. β-Actin and GAPDH were used as an internal 

control for western blot and RT-PCR analyses respectively. 

 

6.3.5. I3M-induced up-regulation of p53 increases apoptosis to I3M-enhanced oxidative stress. 

Cumulative data have revealed that role of p53 in regulating cellular oxidative stress. 

Given that both ROS and p53 occupies a pivotal position in maintaining apoptosis processes, 

we were interested to investigate the interactions between p53 and oxidative stress in I3M-

treated p53+/+ HCT-116 cells. First, we examined whether I3M can induce oxidative stress via 

ROS production. H2DCFDA and HE-based fluorescence analysis showed that treatment with 

I3M increased ROS generation by increasing intracellular superoxide anion and hydrogen 

peroxide levels respectively (Fig. 38A). Then, to understand the roles of p53 in regulating I3M-

induced oxidative stress, cells were transfected with p53 siRNA. As shown in Fig. 38B, 

fluorometric data confirmed that silencing of p53 had more dramatic effect on I3M-induced 
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ROS production. Past studies have suggested that ROS are important for the induction of 

apoptosis. Therefore, we next investigated whether ROS generation was directly associated 

with I3M-induced apoptosis. NAC pretreatment markedly blocked I3M-induced ROS 

production thereby reduced the accumulation of annexin-V positive cells indicating the 

importance of ROS to enhance the apoptosis by I3M (Fig. 38C). Because of the co-relation 

between p53 and ROS, we next examined the effect of p53 regulating of apoptosis. As shown 

in Fig. 5D, western blot analysis indicated that I3M-induced expression of Bid and Bax level 

were markedly reduced by sip53 transfection proving that p53 play a key role in induction of 

apoptosis via regulating ROS level in colon cancer cells (Fig. 38D). Nevertheless, transfection 

of p53 si RNA enhanced the pro-caspase 3 expression level where as its reduced by I3M alone 

treatment. Furthermore, cell viability assay shown transfection of p53 si RNA comparatively 

increased I3M-attenuated viability of colon cancer cells (Fig. 38E). In particularly, 

morphological analysis also shown I3M-induced apoptotic body formation significantly 

attenuated by treatment of sip53 in p53+/+ HCT-116 cells (Fig. 38F). Collectively, these results 

are consistent with p53 involved induction of oxidative stress in I3M-treated colon cancer cells. 
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Fig. 38. I3M-mediated upregulation of p53 increases susceptibility to oxidative stress. (A) 

(p53+/+) HCT-116 cells treated with indicated concentrations of I3M (0-15 μM) for 24 h and 

then stained with HE and DCFDA. Redox status was measured using flow cytometry. (B) Cells 

were transiently transfected with p53 siRNA for 24 h and then treated with or without before 

treatment with 15 μM I3M for 24 h. ROS generation was analyzed by a fluorometer. (C and D) 

The cells were incubated with 5 mM NAC 1 h before 15 μM I3M treatment for 24 h. ROS 

generation and apoptotic cells were analyzed by flow cytometry. Cells were transiently 

transfected with p53 siRNA for 24 h and then treated with or without before treatment with 15 

μM I3M for 24 h. (D) Cells were harvested and the indicated proteins were detected by western 

blot analysis. β-actin was used as a loading control. (E) Cell viability was determined using an 

MTT assay. (F) The morphology of cells treated with or without I3M was examined under light 

microscopy (×400). 
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6.3.6. I3M enhances the expression of TRAIL in p53+/+ HCT-116 cells 

TRAIL was shown to be able to induce apoptosis in a variety of cancer cells, raising hopes 

that TRAIL may have therapeutic potential as an anti-cancer agent. Because, our flow 

cytometry data shown that treatment of I3M for 2 h, followed by treatment with pan caspase 

inhibitor Z-VAD fmk, remarkably attenuated I3M-induced sub G1 cell population (Fig. 39A). 

Particularly, MTT assay indicated I3M-increased cell death significantly reduced with the 

pretreatment of Z-VAD fmk (Fig. 39B). Since limited data are available about TRAIL 

expression we were widespread interest to investigate the TRAIL expression in p53+/+ HCT-

116 cells. To confirm the TRAIL expression in p53+/+ HCT-116 cells, whole cell lysates were 

analyzed by flow cytometry. Compared with the untreated control one I3M treatment induced 

the TRAIL expression in time dependent manner (Fig. 39C). Consequently, dose-dependent 

treatment of I3M enhanced the TRAIL protein expression as induced mean fluorescence 

intensity (MFI) as 15.89, 17.87, 19.63, and 22.77 in untreated group, 0, 5, 10, and 15 μM I3M 

treatment groups, respectively (Fig. 39D). Furthermore, western blot analysis shown dose 

dependently treatment of I3M induced TRAIL protein expression (Fig. 39E). It is known that 

TRAIL activates apoptosis through the binding of distinct death receptors DR4 and DR5. We 

therefore performed a western blot analysis cells with the treatment of DR5 blocking antibody. 

I3M treatment group up-regulated TRAIL protein expression level, in contrast 10 ng/ml 

treatment of DR5 blocking antibody attenuated I3M-induced protein expression level of 

TRAIL (Fig. 39F). These results suggest that I3M enhances the expression of TRAIL thereby 

induced the apoptosis in p53+/+ HCT-116 cells. 
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Fig. 39. I3M upregulates TRAIL expression in (p53+/+) HCT-116 cells. Cells were seeded at a 

density of 1 × 105 cells/ml and incubated with the indicated concentration of I3M (15 μM) 2 h 

before treatment with Z-VAD-FMK (25 μM) for 24 h. (A) The percentage of apoptotic cells 

were analyzed by flow cytometry. Percentages of apoptotic cells are represented in each panel. 

Data in the figure represent percentages of each apoptotic cell populations in cell cycle 

distribution. (B) Cell viability was determined using an MTT assay. (C and D) Cells were 

seeded at 2 × 105 cells/ml and incubated with 15 μM I3M for indicated time (0-24 h) and/or 

cells were incubated with indicated concentrations of I3M (0-15 μM) for 24 h. Flow cytometry 

was conducted to analyze the expression level of TRAIL. (E) Cells were seeded at 

2 × 105 cells/ml and incubated with indicated concentration of I3M (0-15 μM) for 24 h and/or 

(F) cells were incubated with 15 μM I3M for 24 h with or without DR5-specific blocking 

chimera antibody. Equal amount of cell lysates was resolved on SDS–polyacrylamide gels, 

transferred to nitrocellulose membranes, and probed with antibodies against TRAIL. β-actin 

was used as a loading control. 
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6.3.7. Treatment of TRAIL synergistically enhanced I3M-induced DR5 expression 

We postulated that I3M induced DR5 expression through a CHOP-dependent mechanism. 

To further evaluate the above fact, cells were subjected to expression of protein analysis 

through western blot. We found that compared with the untreated control group, combined-

treatment of I3M and TRAIL synergistically enhanced DR5 expression in p53+/+ HCT-116 cells 

(Fig. 40A).  In this study, we also examined that I3M did not affect DR4 surface expression at 

the transcriptional level (data not shown). Many scientists have reported that the DR5 signaling 

pathway is more prominently involved in TRAIL-induced apoptosis in malignant liver cell 

lines than DR4 (Zhang et al., 2005). To confirm the functional role of DR5 induced by I3M in 

the sensitization of TRAIL-induced apoptosis, we examined the effect of a DR5-specific 

blocking chimera antibody on I3M/TRAIL-induced apoptosis. Concentration dependent 

manner addition of a DR5 specific blocking antibody significantly blocked I3M/TRAIL-

induced reduction of cell growth (Fig. 40B). To further confirmation of above results next cells 

were treated with siRNA DR5 and transfection efficacy was analyzed by western blot analysis. 

Compared with the control-transfected (CON siRNA), DR5 transient knockdown group 

markedly decreased the DR5 protein expression level (Fig. 40C). Similarly, treatment with 

siRNA DR5 in p53+/+ HCT-116 cells decreased the cleavage of PARP induced by I3M/TRAIL 

(Fig. 40D). Further, combination treatment reduced protein level of pro caspase 8 was reduced 

by transfection of siRNA DR5. Nevertheless, we have evaluated the effects of a DR4-specific 

blocking chimeric antibody, which did not significantly block I3M/TRAIL-induced cell death 

p53+/+ HCT-116 cells (data not shown). Therefore, these results support the hypothesis that 

I3M-induced DR5 upregulation is critical for caspase activation and induction of TRAIL 

sensitivity in p53+/+ HCT-116 cells. 
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Fig. 40. Treatment of TRAIL synergistically enhanced I3M-induced DR5 expression in (p53+/+) 

HCT-116 cells. (A) Cells were seeded at a density of 1 × 105 cells/ml and incubated with the 

indicated concentration of I3M (15 μM) 2 h before treatment with TRAIL (100 ng/ml). RT-

PCR and western blot analyses of DR5 was performed at 6 h and 24 h, respectively. (B) Cells 

were pretreated with 15 μM I3M and 100 ng/ml TRAIL for 24 h with or without DR5-specific 

blocking chimera antibody or DR5 siRNA. Cellular viability was measured by an MTT 

assay. (C) Cells were transiently transfected with DR5 siRNA for 24 h. The transfection 

efficiency was assayed by western blot analysis. (D) Cells were transiently transfected 

with DR5 siRNA for 24 h and then cells were pretreated with 15 μM I3M and 100 ng/ml 

TRAIL for 24 h. Cells were harvested and the indicated proteins were detected by Western blot 

analysis. β-Actin was used as a loading control. 

 

6.3.8. Treatment of TRAIL more sensitize I3M-mediated apoptosis 
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Previous our data was shown treatment of I3M alone reduced the cell viability as 60% in 

p53+/+ HCT-116 cells. Despite the widespread interest on whether treatment of TRAIL could 

synergistically enhance the I3M-upregulates apoptosis. Therefore, to facilitate examine this 

matter we treated p53+/+ HCT-116 cells with or without I3M or TRAIL. Interestingly, 

combination treatment of I3M (15 μM) and TRAIL (100 ng/ml) decreased viability of cells 

nearly as 30% (Fig. 41A). Moreover, the morphology changes of p53+/+ HCT-116 cells were 

observed in Fig. 41B. Compared to the untreated control group, formation of apoptotic bodies 

were appeared in the I3M and TRAIL combination treatment group (Fig. 41B). Next, to 

determine the effect of caspase activation on I3M/TRAIL-induced apoptosis, we compared the 

effects of I3M/TRAIL on apoptosis induction in the absence and presence of z-VAD-fmk. The 

accumulation of sub-G1 phase cell populations significantly up-regulated by I3M/TRAIL-

combination treatment as nearly as 48.49% whereas I3M alone treatment it’s indicated as 16.20% 

(Fig. 41C, upper panel). Pre-treatment with z-VAD-fmk significantly blocked the 

accumulation of sub-G1phase cell populations (Fig. 41C, upper panel). Furthermore, we 

detected that treatment of p53+/+ HCT-116 cells with a combination of I3M and TRAIL for 

24 h significantly increased the annexin-V positive cell population, but treatment with I3M or 

TRAIL alone significantly did not (Fig. 41C, lower panel). Although resistance to TRAIL in 

some cell types occurred, because of the reduced the release of second mitochondria-derived 

activator of caspases (Smac/Diablo) from the mitochondria to the cytosol (Zhang et al., 2005). 

Therefore, apoptotic events in the mitochondria were evaluated by measuring the 

mitochondrial membrane potential using DiOC6. Marked reduction in the mitochondrial 

membrane potential was observed in cells treated with I3M and TRAIL (Fig. 41D). 

Additionally, this process was accompanied by the release of cytochrome c from the 
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mitochondria into the cytosol (Fig. 41E). Further, combination treatment of I3M and TRAIL 

reduced the anti-apoptotic protein Bcl-2 expression and increased the cleaved PARP in cytosol 

compartment (Fig. 41F). Taken together, these results suggest that treatment of TRAIL 

effectively induced I3M-mediated apoptosis in p53+/+ HCT-116 cells. 

 

Fig. 41. Treatment of TRAIL more sensitize I3M-mediated apoptosis in (p53+/+) HCT-116 cells. 

in (p53+/+) HCT-116 cells were treated with 15 μM I3M and with or without 100 ng/ml TRAIL 

for 24 h. (A) Cell viability was tested by the MTT assay. (B) The morphology of cells treated 

with or without I3M was examined under light microscopy (×400). Cells were seeded at a 

density of 1 × 105 cells/ml and incubated with the indicated concentration of I3M (15 μM) 2 h 

before treatment with Z-VAD-FMK (25 μM) for 24 h. (C) The percentage of apoptotic cells 

were analyzed by flow cytometry. Percentages of apoptotic cells are represented in each panel. 

Data in the figure represent percentages of each apoptotic cell populations in cell cycle 

distribution. In a parallel experiment, the percentage of apoptosis was analyzed by flow 
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cytometry after staining with annexin V. Cell populations for annexin V+ are shown in each 

panel. (E and F) Cells were treated with 15 μM I3M and with or without 100 ng/ml TRAIL for 

24 h. Cells were harvested and the indicated proteins were detected by western blot analysis. 

β-actin was used as a loading control. 

 

6.4. Discussion 

I3M has been reported to have a broad spectrum of anti-cancer functions in many human 

cancer cells (Kim et al., 2007). Previous studies have demonstrated that I3M is a promising 

anti-cancer agent based on the capability of selectively induce apoptotic cell death in a wide 

spectrum of human cancer cells with minimal toxicity on normal cells and potentiates to arrest 

tumor growth in rat model in vivo (Kim et al., 2007). However, the molecular mechanisms 

underlying the apoptotic cell death induced by I3M has not been fully elucidated. In this study 

we provide convincing evidence demonstrating that I3M-induced apoptosis via TRAIL-

sensitization engage the CHOP and DR5. Further, we have shown that expression of DR5 

depends on the p53 status in HCT-116 colon carcinoma cells. 

Tumor necrosis factor-related apoptosis-inducing ligand or Apo2 ligand (TRAIL/Apo2L) 

is a member of the tumor necrosis factor (TNF) family of ligands capable of initiating apoptosis 

through binding of its death receptors (Kim et al., 2012). TRAIL selectively induces apoptosis 

of a variety of tumor cells and transformed cells, but not normal cells, and therefore has 

garnered intense interest as a promising agent for cancer therapy (Kim et al., 2012). To date, 

few studies have examined the distribution pattern of TRAIL in human tissues. Recent study 
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reported that expression of TRAIL in human hepatocytes, bile duct epithelium, colon, germ 

and leydig cells (Spierings et al., 2004). Another past research was shown that TRAIL is 

expressed in activated T cells with a CD4+ and a CD8+ phenotype (Mariani and Krammer, 

1998). Therefore, we examined whether treatment of I3M induce the expression of TRAIL in 

p53+/+ HCT-116 cells. Interestingly, our data shown I3M treatment significantly induce the 

TRAIL expression in concentration and time dependent manner. Further, this study has shown 

that combination treatment of I3M and TRAIL synergistically enhanced apoptosis than in I3M-

alone treatment. 

Specifically, past studies have demonstrated the functional importance of the oncogenic 

Ras in modulating TRAIL-induced apoptosis in RAS-transformed cells (Drosopoulos et al., 

2005). The oncogenic Ras protein controls the cellular proliferation, differentiation in cancers 

and other pathological processes (Fernández-Medarde et al., 2011). There are three closely 

related Ras family members, encoded by distinct genes on different chromosomes the K-

Ras, H-Ras and N-Ras, and the vast majority of cancerous mutations are found in K-Ras 

(Drosopoulos et al., 2005). Besides, aberrant Ras activation up-regulates the expression of 

TRAIL receptors, thereby induced the TRAIL sensitization. Therefore, to investigate the 

functional mechanism of Ras to induce TRAIL- mediated apoptosis, next we examined the Ras 

expression in both p53+/+ and p53-/- HCT-116 cells by I3M. Recent studies have established a 

biochemical link between oncogenic Ras and tumor suppressor p53 signaling. The ability of 

Ras to activate p53 has been extensively studied in past decades (Lin et al., 2001). On the other 

hand, several studies have been reported about the oncogenic Ras directly modulates by p53 

gene. It has been noted that oncogenic Ras activates by p53 through activation of MAPK and 

PI3K/Akt signaling pathway (Fang et al., 2001). More importantly Deguin-Chambon et al have 
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also reported that c-Ha-Ras gene directly transactivation by p53 either overexpressed or 

activated in response to a cellular stress (Deguin-Chambon et al., 2000). The endogenous c-

Ha-Ras gene expression is positively regulated by wt p53 protein in human transformed cell 

lines (Deguin-Chambon et al., 2000). Despite, our data was shown opposing effect according 

to the above facts. Oncogenic Ras expression was upregulated in p53-/- HCT-116 cells while 

decreased the Ras expression in p53+/+ HCT-116 cells treated with I3M in time and dose 

dependent manner. Eventhough Ras expression was upregulated in p53-/- HCT-116 cells since 

there was no significant effect of cell viability we determined that apoptosis occurred via 

TRAIL sensitization independent of oncogenic Ras.  

Therefore, next we focused on alternative signal transduction pathways which are 

mediated by p53. Much has been learned about the TRAIL receptor DR5 expression mediated 

through p53 as DR5 is downstream target of p53 (Xiaowen and Yi., 2012). OCI-AML3 and 

U937 leukemia cells treated with triptolide for 48 h enhanced both p53 and DR5 expression 

level (Carter et al., 2008). Apoptosis augmented by TRAIL-sensitization mediated via 

expression of DR5 in p53 dependent manner in human hepatocellular carcinoma cells (Wang 

et al., 2009). Consequently, treatment of I3M induced DR5 expression in p53+/+ HCT-116 cells. 

Aside from the induction of DR5 expression in p53+/+ HCT-116 cells by I3M, p53-/- HCT-116 

cells was found to did not change the expression of DR5 (data not shown). Therefore, I3M 

regulate the extrinsic apoptosis pathway through the induction of DR5 via p53. Since p53 can 

activates the intrinsic pathway of cellular apoptosis by targeting several p53-regulated 

apoptotic target genes further studies needed to evaluate the efficacy of I3M- mediated 

apoptosis in colon cancer cells. 
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It is well known that DR5 expression regulate at the transcriptional level through binding 

of CHOP to promoter region of the DR5 gene (Liu et al., 2012). CHOP is primarily regulated 

at the transcriptional level and is one of most induced genes activated by ER stress. As such, 

ER stress inducers such as thapsigargin and tunicamycin potentiate to enhance DR5 expression 

via CHOP and sensitize tumor cells to TRAIL-induced cell death, thus CHOP may be a good 

target for new anticancer agents (Shiraishi et al., 2015 and Yamaguchi 2004). In this study we 

have shown the induction of CHOP expression by I3M both in m-RNA and protein level. 

Moreover, further researches are needed to investigate the effect of ER stress on the expression 

of DR5 in colon cancer cells. Nevertheless, our data was shown that siRNA transfection of p53 

remarkably reduced the I3M-induced CHOP expression in p53+/+ HCT-116 cells. However, 

because of insufficient data to elucidate the functional relationship between p53 and CHOP, 

further studies are essential to investigate the above fact.  

Though it is generally recognized that oxidative stress is associated with p53- dependent 

apoptosis, a clear understanding of the mechanisms of the interactions between oxidative stress 

and p53 is still exclusive. Therefore, next we have reported interaction among p53 and 

oxidative stress with I3M treatment. According to our data, treatment of I3M induced 

intracellular superoxide anion and hydrogen peroxide levels by indicating increased ROS 

production in p53+/+ HCT-116 cells. More interestingly, that I3M induced-ROS production in 

p53+/+ HCT-116 cells did not change in p53-/- HCT-116 cells (data not shown).  Therefore, it 

was specified that interrelationship between p53 and oxidative stress. Hussain et al was 

reported that p53 enhanced the upregulation of redox-controlling genes, such as MnSOD and 

GPx thereby induced the oxidative stress in doxorubicin treated TK6 cells with WT p53 

(Hussain et al., 2004). In addition, another report has illustrated that transactivation of p53 is 
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acquired to induce ROS production by engaging the mitochondrial branch of the apoptotic 

machinery (Ott et al., 2007). Specially, p53 can regulate the genes which have an impact on 

cellular oxidative stress (Ott et al., 2007). Similar to the above results our data also indicated 

the knockdown of p53 attenuated I3M-induced ROS production in p53+/+ HCT-116 cells. 

Further, siRNA treatment with p53 enhanced I3M-reduced cell viability and pro-caspase 3 

protein expression level while decreasing I3M-induced Bid and Bax expression levels. Aside 

p53 regulate the oxidative stress, it was also found to oxidative stress regulate the p53. It has 

suggested ROS can regulate p53 through many signaling pathways. Nevertheless, ROS can 

lead to p53 activation in leukemia cells (Karawajew et al., 2005) and normal lymphocytes and 

stabilization of p53 during hypoxia condition in MCF-7 human breast cancer cells (Chandel et 

al., 2000). Thus, NAC treated p53+/+ HCT-116 cells were shown remarkably reduced I3M-

induced annexin V positive cells by confirming the ROS regulate p53 activation. Hence, above 

facts indicates how oxidative stress influence the activation of cell death, which might be used 

for therapeutic intervention in colon cancers. 

 

6.5. Conclusion 

Taken together, we showed that I3M potently enhances TRAIL-induced apoptosis by 

upregulating DR5 expression via activating p53. Furthermore, we have demonstrated that 

TRAIL-sensitization independent of oncogenic Ras expression. We suggest that relationship 

between p53 and oxidative stress indirectly regulate I3M/TRAIL induced apoptosis in p53+/+ 

HCT-116 cells. 
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Chapter 7 

 

I3M suppresses NLRP3 & NLRP1 inflammasomes 

activation in BV2 microglia cells; Involvement of ROS 

dependent autophagy 
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Abstract 

Indirubin is the active ingredient of the traditional Chinese medicine Dang Gui Long Hui 

Wan, a mixture of plants, was reported used as an anti-leukemic, anti-inflammatory, and 

detoxification treatment. Nevertheless, the anti-inflammatory properties of Indirubin-3-

monoxime (I3M) occurred via inflammasomes components against LPS- and ATP-stimulated 

responses have not yet been studied. In this study, we elucidated whether I3M has the ability 

to attenuate the expression of pro-inflammatory cytokine IL-1β by suppression of 

inflammasomes activity in BV2 microglial cells. Moreover, we have shown the relation 

between reactive oxygen species (ROS) and autophagy process in regulation of inflammasomes 

activation. I3M has the ability to attenuate the expression of IL-1β and caspase-1 in LPS- and 

ATP-stimulated BV2 microglial cells. Pretreatment of caspase-1 inhibitor significantly 

decreased the expression levels of LPS- and ATP-induced caspase-1 and IL-1β genes suggests 

IL-1β expression is associated with activation of caspase-1. Furthermore, we found that I3M 

suppresses LPS- and ATP-induced NLRP1 and NLRP3 inflammasomes expression in BV2 

microglial cells. The protein expression levels of Beclin-1 and Atg7 was attenuated by I3M 

treatment where as an autophagy inhibitor, 3-Methyladenine (3-MA) suppressed the LPS- and 

ATP-induced Beclin-1, and Atg7 protein level. Fluorometric analysis showed that 

approximately 30% of the relative fluorescence intensity of DCFDA was increased in response 

to LPS and ATP. The LPS- and ATP-enhanced Beclin-1 and Atg7 protein notably decreased 

with the treatment of NAC and GSH, therefore these results indicate that LPS- and ATP-

enhanced autophagy process regulate via ROS production in BV2 microglial cells. Taken 

together our results demonstrated that the I3M is a potent inhibitor of LPS-and ATP-induced 

caspase-1 activation and IL-1β secretion by suppression of NLRP1, NLRP3 inflammasomes, 
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ROS production and autophagy process. Considering above facts, I3M may be useful as an 

anticancer agent to treat various inflammatory diseases.  

Key words; inflammasomes; reactive oxygen species; IL-1β; autophagy 

 

7.1. Introduction 

Microglia are the resident macrophages of the Central Nervous System (CNS) which are 

primary cells that regulate the inflammatory responses. Activated microglia play an important 

role during initiation and development of inflammatory responses by secreting pro- and anti-

inflammatory cytokines such as IL-18 and IL-1β (Kaushik et al., 2012). IL-1β is an endogenous 

pyrogen, also one form of IL-1, perform many of the functions and bind to the IL-1 receptor 

(IL-1R) (Duque and Descoteaux., 2014). Together IL-1β and IL-18 belongs to the IL-1 cytokine 

superfamily promote the various innate immune responses associated with inflammation and 

autoimmunity. IL-1β produced as an inactive 31 kDa precursor, known as pro-IL-1β, in 

response to molecular motifs presence on the pathogens called ‘pathogen associated molecular 

patterns’ (PAMPs) (Eigenbrod et al., 2016). The Increased production of IL-1β involved in a 

development of different autoinflammatory syndromes, most notably the monogenic 

conditions referred to as CAPS, due to mutations in the inflammasome receptor NLRP3 which 

triggers processing of IL-1β. Nonetheless, IL-1β has been associated with severe inflammatory 

disorders, such as chronic infantile neurologic, Muckle-Wells syndrome, cutaneous and 

articular syndrome/neonatal onset multisystem inflammatory disease, and gout (Church et al., 

2008).  

The IL-1β and IL-18 are synthesized as inactive precursors (pro-IL1 β and pro-IL-18) that 

https://en.wikipedia.org/wiki/Autoinflammatory_syndromes
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accumulate within monocytes and macrophages. The secretion of IL-1β and IL-18 must be 

stimulated by pathogen associated molecular patterns (PAMPs) or damage associated 

molecular patterns (DAMPs) (Castejon and Brough., 2011). PAMP referred to as small 

molecular motifs conserved within a class of microbes that are recognized by cells of the innate 

immune system. Since PAMPs produced the first signal that induces the generation of pro-IL1 

β and pro-IL-18, a second signal in the form of DAMPs normally necessitate to enhances 

inflammasome complex formation, caspase-1 activation, secretion of cytokines and their 

precursor cleavage (Lamkanfi and Dixit., 2014). 

Inflammasomes are a group of intracellular molecular complexes that sense and respond to 

injury and infections. Recent advances have highly increased the comprehension of the 

macromolecular activation of inflammasomes, respond to large range of PAMPs, derived from 

invading pathogens and DAMPs, such as resulting due to endogenous stress (Lamkanfi and 

Dixit., 2014). Inflammasomes activation promotes the caspase-1 activation and the proteolytic 

cleavage of pro-IL-1β and pro-IL-18 converts their active forms (Sollberger et al., 2014). The 

inflammasome complexes are derived by three components; a nucleotide binding and 

oligomerization domain (NOD)-like receptor (NLR), ASC (apoptosis-associated speck-like 

protein containing a caspase recruitment domain), and pro-caspase-1. Upon activation, NLR 

protein binds the inflammasome adaptor protein ASC, which interacts with caspase-1 promotes 

to its activation. The active caspase-1 is a cysteine-dependent protease that induces the 

maturation of proinflammatory cytokines IL1 β and IL-18 (Latz et al., 2013). Several distinct 

inflammasomes have currently been described, among them NLRP1, (CARD7, NAC, 

CLR17.1 or DEFCAP) and NLRP3 (PYCARD, CASP1, CASP4, or CASP5) well 

characterized canonical inflammasomes recognized thus far (Davis et al., 2011). Several 

https://en.wikipedia.org/wiki/Innate_immune_system
https://en.wikipedia.org/wiki/Innate_immune_system
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stimuli activate the NLRP3 including extracellular ATP, reactive oxygen species, cholesterol, 

crystals of monosodium urate, K+ efflux, environmental particles and nanoparticles, 

etc. Inflammasome activation is essential for host defense to pathogens but recent research 

have also investigated a role for the inflammasomes in the pathogenesis of several 

inflammatory diseases such as rheumatoid arthritis, multiple sclerosis, Alzheimer’s disease, 

Parkinson’s disease, inflammatory bowel disease, and atherosclerosis (Guo et al., 2016). This 

inappropriate inflammasome activity has been incriminated in the pathogenesis of many 

inflammatory diseases, therapeutics should be carried out targeting inflammasomes is one of 

the best approach. 

Autophagy is an important “self-eating” process by which cytoplasmic compartments such 

as organelles and protein aggregates are broken down and recycled via the lysosomal apparatus 

and required for maintaining intracellular homeostasis (Kaur and Debnath., 2015). Autophagy 

occurs constitutively under normal physiological conditions but may be up-regulated by 

various factors, including nutrient stress, hormonal regulation and environmental stressors such 

as heat stress, hypoxia, ER stress and accumulation of reactive oxygen species (ROS) (Hale et 

al., 2013). Nevertheless, autophagy emerging as a process of significant importance in 

starvation adaptation, cell death and development, anti-aging, tumor growth retardation, as well 

as regulation of innate immunity and inflammation (Zhang et al., 2014).   

Indirubin is the active ingredient in the ancient herbal remedy, Danggui Longhui Wan, 

which comprises 11 plant ingredients was reported used as an anti-leukemic, anti-inflammatory, 

and detoxification treatment. Indirubin originates from the root of herbal plant Isatis 

indigotica, Strobilanthes cusia, and Polygonum tinctorium, has been used to 

treat inflammatory-based diseases. Several indirubin analogues, such as N-methyl isoindigo, 
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5-chloro-indirubin and indirubin-3'-monoxime (I3M), have been synthesized by various 

molecular substitution of the parental indirubin with improved selectivity, solubility, and 

bioavailability (Damiens et al., 2001 and Blažević et al., 2015). Nevertheless, several studies 

have been shown the anti-inflammatory activity or immunomodulatory effects of different 

derivatives of indirubin (Kwok et al., 2016 and Kim et al., 2012). However, the effect of 

inflammasomes activation by I3M was not characterized so far. Therefore, main objective of 

the current study was to determine whether I3M can modulate inflammasome activation in 

microglial cells. We evaluated that I3M attenuates IL-1β secretion and activation of caspase-1 

in BV2 microglial cells. The suppression of IL-1β and caspase-1 activation is associated with 

down regulation of NLRP1 and NLRP3 inflammasomes. Moreover, LPS- and ATP-induced 

autophagy are suppressed by I3M and our data indicates this autophagy process dependent on 

ROS production. 

 

7.2. Materials and method 

7.2.1. Reagents and antibodies 

Antibodies against Atg-7 and SQSTM1/p62 and Beclin-1 were obtained from Thermo 

Scientific (Thermo Fisher Scientific). Antibodies against NLRP1, NLRP3, Caspase 1, IL-1β 

and P2X7 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). ATP, LPS and 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were obtained from 

Sigma Chemical Co. (St. Louise, MO). The antibody against β-actin was purchased from Cell 

Signaling (Beverly, MA). Peroxidase-labeled goat anti-rabbit immunoglobulin was obtained 

from Thermo Scientific. Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine 
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serum (FBS) were purchased from WelGENE Inc. (Daegu, Republic of Korea). Glutathione 

(GSH) and N-acetyl-L-cysteine (NAC) were purchased from Sigma. Other chemicals were 

purchased as Sigma grades. 

 

7.2.2. Cell culture and cytotoxicity 

BV2 microglial cells were cultured in DMEM medium in supplemented with 5% FBS and 

1% Penicillin-Streptomycin (WelGENE). Cells were maintained at 37℃ in 5% CO2 level. The 

cells were tested periodically and resulted negative for mycoplasma contamination using the 

MycoAlert Mycoplasma Detection Kit (Lonza, Rockland, ME). Viability of cells were assessed 

using a commercial MTT-based assay. This assay detects viable cells based on the generation 

of the purple formazan in viable cells. BV2 cells were incubated with the indicated 

concentrations (0-5 uM) of I3M, followed by treatment with LPS (400 ng/ml) for 1 h and ATP 

(1.0mM) for 1 h. After 24 h, MTT (5 mg/ml) were added to each well, and the plates were 

incubated at 37℃ for 45 min. The precipitate of each wells were dissolved with 700 μl DMSO. 

Absorbance was monitoring the signal at 540 nm using a microplate reader (Thermo Electron 

Corporation, Marietta, OH, USA). 

 

7.2.3. Measurement of the IL-1β production 

BV2 microglial cells were seeded at 1 × 105 cells/ml in 24 well plates. The cells were pre-

incubated with I3M at the indicated concentration for 1h followed by treatment with LPS (400 

ng/ml) for 1 h and ATP (1.0 mM) for 1 h. Secreted IL-1β was measured in cell culture 

supernatants using commercially-available ELIASA kits following the instructions provided 

by the manufacturers. 
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7.2.4. Western blot analysis 

Cellular proteins were isolated from the cells using PRO-PREP protein extraction solution 

(iNtRON Biotechnologu, Sungnam Republic of Korea). After treatment with various 

concentrations of I3M, prior treatment with LPS and ATP, cells were collected, washed once 

with 1X PBS and gently lysed for 1 h in ice-cold PRO-PREP solution. Lysates were centrifuged 

15,000 rpm at 4℃ for 20 min to obtain the supernatants. Protein concentrations of the 

supernatants were measured using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA). The 

protein samples were separated on SDS-polyacrylamides gels and transferred to nitrocellulose 

membranes (GE Healthcare Bio-Sciences coporation, NJ, USA). The detection of specific 

proteins was carried out with an ECL western blotting kit (Amersham) according to the 

recommended procedure. 

 

7.2.5. Isolation of total RNA and RT-PCR  

Total RNA was extracted from BV2 cells using the Easy-Blue reagent (iNtRON 

Biotechnology, Sungnam, Republic of Korea). One microgram of RNA was reverse-transcribed 

using moloney murine leukemia virus reverse transcriptase (Bioneer, Daejeon, Republic of 

Korea). Following the manufacturer′s protocol (One-Step RT-PCR Premix; Daejeon, Republic 

of Korea), RT-PCR was conducted. The NLRP3 sense primer 5′-ATT ACC CGC CCG AGA 

AAG G-3′ and the anti-sense primer 5′-TCG CAG CAA AGA TCC ACA CAG-3′ were used to 

amplify mouse NLRP3 mRNA. The P2X7R sense primer 5′-GAC AAA CAA AGT CAC CCG 

GAT-3′ and the anti-sense primer 5′-GCG TCA CCA AAG CAA AGC TAA T-3′, Caspase 1 

sense primer 5′-CTG ACT GGG ACC CTC AAG-3′ and the anti-sense primer 5′-CCT CTT 
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CAG AGT CTC TTA CTG-3′, IL1β sense primer 5′-GCC CAT CCT CTG TGA CTC AT-3′ and 

the anti-sense primer 5′-AGG CCA CAG GTA TTT TGT CG-3′ were used to amplify mouse 

P2X7R, caspase-1, and IL-1β mRNA, respectively. For glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), the sense primer 5′-CCA CCC ATG GCA AAT TCC ATG GCA-3′ 

and the anti-sense primer 5′-TCT AGA CGG CAG GTC AGG TCC ACC-3′ were used. The 

following PCR conditions were applied: GAPDH, 28 cycles of denaturation at 94°C for 30 s, 

annealing at 58°C for 30 s and extended at 72°C for 30 s; NLRP3, 31 cycles of denaturation at 

94°C for 30 s, annealing at 57°C for 30 s and extended at 72°C for 30 s; Caspase 1, 33 cycles 

of denaturation at 94°C for 30 s, annealing at 57°C for 30 s and extended at 72°C for 30 s; IL1β, 

32 cycles of denaturation at 94°C for 30 s, annealing at 57°C for 30 s and extended at 72°C for 

30 s. GAPDH was used as an internal control. 

 

7.2.6. Measurement of ROS 

BV2 microglial cells were seeded on 24-well plate at a density of 1 × 105 cells/ml and 

preincubated with fluorescence dye 6-carboxy-2′,7′-dichlorofluorescein diacetate (H2DCFDA, 

Molecular Probes, Eugene, OR) for 1 h and then treated the indicated concentrations of I3M, 

NAC and GSH, 1 h before stimulation with ATP (1.0 mM) and LPS (400 ng/ml) for 24 h. Using 

triton, cells were lysed and the sample was centrifuged and supernatant was analyzed 

for ROS production using GLOMAX luminometer (Promega). 

 

7.2.7. Flow cytometric analysis 

Flow cytometer was used to analyze the Atg-7, Beclin-1expression level. Cells grown 

overnight were treated with I3M for 24 h in complete media. Cells were trypsinized, washed 

http://topics.sciencedirect.com/topics/page/Reactive_oxygen_species
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once with PBS, fixed with ice-cold 70% ethanol for overnight and immunostained with a rabbit 

anti-Atg7, Beclin-1antibodies followed by a FITC-conjugated goat anti-rabbit antibody. The 

Atg7 and Beclin-1 expression levels were analyzed using a fluorescence-activated cell sorting 

cater-plus flow cytometry. 

 

7.2.8. Statistical analysis 

All values are expressed as means ± SEM. The data were derived from at least three 

independent experiments. Multiple group comparison was performed by one-way ANOVA test. 

The images were visualized with Chemi-Smart 2000 (Vilber Lourmat, Cedex, France). Images 

were captured using Chemi-Capt (Vilber Lourmat) and transported into Adobe Photoshop 

(version 8.0). Values of P < 0.05 were considered to be statistically significant. 

 

7.3. Results 

7.3.1. Effect of I3M on viability of BV2 microglial cells 

To address the cytotoxic effect of I3M in BV2 microglial cells, we first pre-treated the cells 

with the various concentrations of I3M for 1 h, then with LPS (400 ng/ml) for 1 h and with 

ATP (1.0 mM) for 24 h. Viability was determined by the metabolic reduction of a tetrazolium 

salt to a formazan dye using MTT assay. No cytotoxicity was observed with I3M at a 

concentration up to 2.5 μM of regardless of the presence of LPS and ATP; however, significant 

cytotoxicity was observed with 5 μM I3M (Fig. 42A). Therefore, the sub-toxic concentrations 

(≤ 0.9 μM) were used in subsequent experiments. The cell morphology was observed by light 

microscopy also showed that no apoptotic cell death was observed for 0.9 μM I3M, compared 
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to the results for the positive H2O2-treated group (Fig. 42B). Collectively, these results indicate 

low doses of I3M do not influence the viability of BV2 microglial cells, regardless of the 

presence of LPS and ATP.  

 

Fig. 42. Effects of I3M on the viability of BV2 microglial cells. (A) Cells were seeded at 

1 × 105 cells/ml and incubated with the indicated concentrations of I3M 1 h before treatment 

with LPS (400 ng/ml) and ATP (1.0 mM) for 24 h. Cell viability was determined by an MTT 

assay. (B) The morphology of cells was examined under light microscopy (×400). H2O2 treated 

group serve as a positive control group. 

 

7.3.2. Effects of I3M on inflammasomes activation in BV2 microglial cells 

Among the inflammasomes components, NLRP1 and NLRP3 inflammasomes have been 

broadly studied and respond to a wide range of pathogen-associated molecular patterns (PAMP) 

or damage--associated molecular patterns (DAMP). In this study we examine the potency of 

I3M on the regulatory effect of NLRP1 and NLRP3 inflammasomes activation.  RT-PCR 

analysis showed that pretreatment with I3M significantly decreased LPS- and ATP-induced 
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expression of NLRP1 and NLRP3 inflammasomes in a dose-dependent manner at 6 h 

(Fig. 43A). Consistent with the RT-PCR data on NLRP1 and NLRP3 inflammasomes 

expression, western blot analysis also showed that I3M downregulated LPS- and ATP-induced 

NLRP1 and NLRP3 inflammasomes expression (Fig. 43B). These results confirm that I3M 

suppresses LPS- and ATP-induced NLRP1 and NLRP3 inflammasomes expression in BV2 

microglial cells. 

 

Fig. 43. Effects of I3M on inflammasomes activation in BV2 microglial cells. (A) Cells were 

seeded as density as 1 × 105 cells/ml then exposure to I3M for 1 h prior to stimulation with 

LPS and ATP for 6 h. (A) Total RNA was isolated and RT-PCR analysis of NLRP1, NLRP3 

and P2X2 was performed. (B) In a parallel experiment, cells were treated with I3M for 1 h 

prior to stimulation with LPS and ATP, cytosolic protein lysates were prepared at 24 h, 

subjected to SDS-PAGE, and immunoblotted using specific antibodies against NLRP1, NLRP3 

and P2X2. GAPDH and β-Actin were used as internal controls for RT-PCR and western blot 

analyses respectively. 

 

7.3.3. Effect of I3M on IL-1β activation in BV2 microglial cells 
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Since it is reported that activation of inflammasomes trigger the release bioactive IL-1β 

from its pro form. Therefore, we next examine the effect of I3M on IL-1β secretion and 

particular gene expression, BV2 microglial cells were pretreated with various concentrations 

of I3M for 1 h, followed by stimulation with LPS and ATP with 1 h interval. The level of IL-

1β secreted in the culture supernatants of treated maicroglial cells were analyzed by using 

ELISA. The dose dependent manner pre-treatment of cells with I3M remarkably reduced ATP- 

and LPS-enhanced the level of IL-1β secretion (Fig. 44A). Both RT-PCR and western blot 

analysis were conducted to determine the inhibitory effects of I3M on the expression of IL-1β 

mRNA and protein level. RT-PCR analysis showed that treatment with LPS plus ATP 

significantly enhanced the expression of IL-1β mRNA level at 6 h (Fig. 44B). Western blot 

analysis also showed that IL-1β protein level was correlated at 24 h with the levels of the 

corresponding IL-1β mRNA level. The expression of IL-1β mRNA and protein was 

concentration-dependently attenuated by pretreatment with I3M for 1 h (Fig. 44B and 44C). 

These data suggest that I3M downregulates ATP enhanced LPS-induced IL-1β expression. 

 

Fig. 44. Effect of I3M on IL-1β activation in BV2 microglial cells. BV2 microglial cells were 

seeded at 2 × 105 cells/ml and incubated with the indicated concentrations of I3M 1 h before 
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treatment with 400 ng/ml LPS and another 1 h prior to treatment with ATP (1.0 mM) for 24 h 

(A and C) or 6 h (B). (A) IL-1β production was determined by ELISA according to the 

manufacturer's instructions. (B) RT-PCR analysis of IL-1β was performed from total RNA 

isolated at 6 h. (C) In a parallel experiment, an equal amount of cell lysates at 24 h was resolved 

on SDS-polyacrylamide gels, transferred to nitrocellulose membranes, and probed with 

specific antibody against IL-1β. GAPDH and β-Actin were used as internal controls for RT-

PCR and western blot analyses respectively. 

 

7.3.4. Effects of I3M on caspase-1 expression 

Activated inflammasomes serve as a platform for activation of caspase-1. To examine 

whether I3M affects caspase-1 expression, BV2 microglial cells pre-treated with different 

concentrations of I3M for 1 h, prior to LPS and ATP treatments. As shown in Fig. 4A, dose 

dependent manner exposure to I3M remarkably increased the LPS- and ATP-reduced pro-

caspase-1 m-RNA expression level (Fig. 45A). Nevertheless, the expression of caspase-1 

further analyzed in protein level by western blot analysis. Similar to the RT-PCR analysis, the 

expression levels of pro-caspase-1 protein were markedly down regulated in the presence of 

LPS and ATP. However, the expression levels of pro-caspase-1 were consistently upregulated 

with increasing concentrations of I3M (Fig. 45B). In order to that, the active form of caspase-

1 decreased in I3M treated group compared with the LPS and ATP treated group. Moreover, to 

detect the ability of I3M to reduce IL-1β expression is associated with decreased expression 

and activation of caspase-1, using a caspase-1 inhibitor evaluate the expression levels of 

caspase-1 and IL-1β mRNA and protein levels. As expected, caspase-1 inhibitor significantly 

decreased the expression levels of LPS- and ATP-induced caspase-1 and IL-1β genes (Fig. 
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45C).  Additionally, western blot data indicated that LPS- and ATP-induced caspase-1 and IL-

1β protein expression remarkably attenuated by I3M (Fig. 45D). These data indicated that I3M 

supresses LPS- and ATP-induced caspase-1 expression and expression of IL-1β depends on the 

caspase-1. 

 

Fig. 45. Effects of I3M on caspase-1 expression. Cells were seeded at 2 × 105 cells/ml and 

incubated with the indicated concentrations of I3M 1 h before LPS (400 ng/ml) and ATP (1.0 

mM) treatment for 24 h or 6 h. Total RNA was isolated at 6 h and RT-PCR analysis of caspase-

1 was performed. (B) In a parallel experiment, expression of caspase-1 was measured by 

Western blot analysis in cytosol compartment.  The cells were incubated with 5 μM of 

caspase-1 inhibitor 1 h before treatment with 400 ng/ml LPS and 1.0 mM ATP. (C) After 6 h 

incubation, the total RNA was isolated and RT-PCR analyses of caspase-1 and IL-

1β expression were performed. (D) Equal amount of cell lysates were resolved on SDS–

polyacrylamide gels, transferred to nitrocellulose membranes, and probed with antibodies 

against caspase-1 and IL-1β. GAPDH and β-actin were used as internal controls for RT-PCR 
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and western blot analyses, respectively. 

 

7.3.5. Effects of I3M on LPS- and ATP-induced autophagy process 

To elucidate the involvement of autophagy in the I3M reduced inflammasome activation, 

next we perform the western blot analysis to detect the expression levels of proteins which 

regulate the autophagy process. Treatment of I3M significantly reduced the LPS- and ATP-

induced protein expression levels of Beclin-1 and Atg7 (Fig. 46A). To further confirmation of 

above results then we used an autophagy inhibitor, 3-Methyladenine (3-MA). The combined 

treatment of LPS and ATP sharply enhanced the Beclin-1, and Atg-7 protein expression levels. 

However, exposure to both I3M as well as 3MA suppressed the LPS- and ATP-induced Beclin-

1, and Atg-7 protein level (Fig. 46B). Flow cytometry analysis further shown LPS- and ATP-

enhanced Atg-7 expression significantly decreased by the pretreatment of 3-MA and I3M (Fig. 

46C). Moreover, ELISA assay shown that LPS- and ATP-increased IL-1β secreation 

comparatively down regulated with the treatment of I3M and 3-MA (Fig. 46D). Theses data 

indicates I3M potent to down regulate LPS- and ATP-induced autophagy process in BV2 

microglial cells. 
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Fig. 46. Effects of I3M on LPS- and ATP-induced autophagy process. BV2 microglial cells 

were seeded at 2 × 105 cells/ml and incubated with the indicated concentrations of I3M 1 h 

before LPS (400 ng/ml) and ATP (1.0 mM) treatment for 24 h. (A) Cell lysates were prepared 

at 24 h and western blot analysis was performed using antibodies specific for Beclin-1 and Atg-

7. Cells were treated with indicated concentration of I3M (0.9 μM) and 300 μM of 3-

methyladenine (3-MA) in the absence or presence of LPS (400 ng/ml) and ATP (1.0 mM) for 

24 h. (B) Equal amount of cell lysates were resolved on SDS–polyacrylamide gels, transferred 

to nitrocellulose membranes, and probed with antibodies against Beclin-1 and Atg-7. (C) Cells 

were fixed, permeabilized, and stained with Atg-7 monoclonal antibody. The monoclonal 

antibody was detected using an antimouse secondary antibody conjugated with Alexa 

Fluor® 488. Flow cytometry was conducted to analyze the expression level of Atg-7. (D) IL-

1β production was determined by ELISA according to the manufacturer's instructions. β-Actin 

was used as an internal control for western blot analysis. 
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7.3.6. LPS- and ATP-induced autophagy regulates via ROS 

Past researches have shown the link between ROS and autophagy process. Thus, we first 

detect the ROS production in BV2 microglial cells 24 h after treated with I3M and ROS 

inhibitors NAC and GSH prior to stimulation with LPS and ATP. Fluorometric analysis showed 

that approximately 30% of the relative fluorescence intensity of DCFDA was increased in 

response to LPS and ATP. I3M down regulated LPS- and ATP-induced relative intensity 

corresponding to treatment with NAC and GSH (Fig. 47A). The flow cytometric data indicated 

that combine treatment of LPS- and ATP-upregulated Beclin-1 expression level comparatively 

decreased pretreatment of NAC and GSH (Fig. 47B). In a parallel experiment we conducted 

western blot analysis to detect the protein expressions of Beclin-1 and Atg-7. The LPS- and 

ATP-enhanced Beclin-1 and Atg-7 protein notably decreased with the treatment of NAC and 

GSH (Fig. 47C). Taken together, these results indicate that LPS- and ATP-enhanced autophagy 

process regulate via ROS production in BV2 microglial cells. 

 

Fig. 47. Effect of ROS on LPS- and ATP-induced autophagy in BV2 microglial cells. BV2 
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microglial cells were pretreated with 0.9 μM I3M, 5 mM NAC, and 2.5 mM GSH 1 h before 

stimulation with 400 ng/ml LPS and 1.0 mM ATP for 24 h. (A) Relative production of ROS 

generation were analyzed by fluorometry after staining with DCFDA. (B) Cells were fixed, 

permeabilized, and stained with Beclin-1 monoclonal antibody. The monoclonal antibody was 

detected using an antimouse secondary antibody conjugated with Alexa Fluor® 488. Flow 

cytometry was conducted to analyze the expression level of Beclin-1. An equal amount of cell 

lysates was isolated at 24 h, resolved on SDS-polyacrylamide gels, transferred to nitrocellulose 

membranes, and probed with antibodies against Beclin-1 and Atg-7. β-Actin was used as an 

internal control for western blot analysis. 

 

7.4. Discussion 

Inflammation is a protective immune response, tightly regulated by the host, relies on 

recognition of evolutionarily conserved innate immune system in response to harmful stimuli, 

such as pathogens, damaged cells or irritants (Delvaeye and Conway., 2009). Insufficient 

inflammation commonly leads to a greater susceptibly, on the other hand excessive 

inflammation can cause chronic or systemic inflammatory diseases (LaRock and Nizet., 2015). 

Inflammation mediated by the inflammasome and recent advances have greatly expanded our 

understanding of the macromolecular activation of inflammasomes. In the onset of 

inflammatory disease, inflammasomes play either causative or functional roles, and also 

inflammatory reactions to infectious agents may be exaggerated (Lukens and Kanneganti., 

2014). Activation of inflammasomes leads to number of autoinflammatory and autoimmune 

diseases, including Alzheimer's disease, Parkinson's disease, and multiple sclerosis like 
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neurodegenerative diseases and type II diabetes, atherosclerosis like metabolic disorders 

(Lukens and Kanneganti., 2014). Therefore, it has been thought that inhibition of 

inflammasomes activation would be beneficial for inhibition of inflammatory diseases. 

I3M, an indirubin analogue exhibits different biological properties, such as 

chemopreventive, antiangiogenic, and neuropreventive activities. A previous study has shown 

that I3M inhibits the production of nitric oxide (NO) and prostaglandin E2 (PGE2), interleukin 

(IL)-1β and IL-6 in LPS-induced RAW264.7 macrophage cells (Kim et al., 2012). In the present 

study, we reported the potential of I3M to down regulation of inflammasomes activity and 

inhibition of IL-1β and caspase-1 activity in BV2 microglial cells. 

Cumulative studies indicated that inflammasomes is participate in IL-1β secretion, hence 

we examined whether the decreased levels of IL-1β secretion in LPS- and ATP-stimulated cells 

were result of particular inflammasomes components. However, the activation of 

inflammasomes involves in protease caspase-1 activation, which is in turn modulate the 

activation as well as cleavage of IL-1β and mature cytokines secretion (Gurung et al., 2015). 

According to the present results, I3M down regulated the IL-1β and caspase-1 protein and m-

RNA level in LPS- and ATP-induced BV2 microglial cells. We observed that the LPS- and 

ATP-induced down regulation of production of IL-1β by I3M is due to the suppression of 

NLRP1 and NLRP3 inflammasomes and caspase-1 activation. Similar to present study, several 

studies have been indicated the correlation among inflammasomes components, NLRP1 and 

NLRP3 in activation of IL-1β via caspase-1 (Kaushal et al., 2015 and Huang et al., 2014). 

ROS are indispensable second messengers in innate and adaptive immune cells and 

excessive ROS production occurred in immune cells may be lead to hyperactivation of 
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inflammatory responses, resulting in tissue damage and pathology (Schieber et al., 2014). 

Nevertheless, ROS play a crucial role as intracellular mediators of inflammasomes activation. 

ROS can be promoted the activation of inflammasomes through P2X7R activation stimulate 

by ATP (Carta et al., 2015). Previously, Udumula et al. reported the antioxidant effect of I3M 

in rat cardiac myocytes (Udumula et al., 2016). Our data also demonstrated that pretreatment 

of I3M significantly inhibits ATP-induced P2X7R expression at protein and m-RNA level. 

Further, our experiment shown that ATP-stimulated ROS production is down regulates by 

exposure to I3M. In addition, in response to elevated ROS autophagy pathway can be activated, 

thus it may influence to activation of inflammasomes and related cytokines production. Past 

research have revealed the relation in between ROS and autophagy however, understanding of 

the mechanisms of ROS-enhanced autophagy related to activation of inflammasomes pathway 

may useful to treat inflammatory deseases. In this regard, Zhang et al. indicated NLRP3 

inflammasome activation via autophagy cause to lung inflammatory injury in pulmonary 

macrophages (Zhang et al., 2014). Our study also shown that I3M reduce LPS- and ATP-

induced autophagy process via ROS. Pretreatment of ROS inhibitors NAC and GSH 

suppressed the expression of autophagy related protein expression similar to the I3M treatment 

group by confirming ROS is involve to regulates the autophagy process in microglial cells. 

In summary, this current study demonstrated that the I3M is a potent inhibitor of LPS-and 

ATP-induced caspase-1 activation and IL-1β secretion in BV2 microglial cells. The 

suppression of caspase-1 activity and IL-1β secretion by I3M is linked with attenuation of 

P2X7 expression, NLRP1, NLRP3 inflammasomes, ROS production and autophagy process. 

Considering above facts, I3M may be useful as an anti-inflammatory agent to treat various 

inflammatory diseases. However, further experiments are essential to determine the effect of 
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I3M in vivo. 

 

7.5. Conclusion 

I3M inhibits LPS-and ATP-induced caspase-1 activation and IL-1β secretion in BV2 

microglial cells. The attenuation of caspase-1 activity and IL-1β secretion by I3M is associated 

with attenuation of P2X7 expression, NLRP1, NLRP3 inflammasomes, ROS production and 

autophagy process. I3M possesses potential anti-inflammatory activities in neuronal disorders 

induced by aberrant microglia. 
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