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ABSTRACT (THAI) 
 อังคณา วงษ์สกุล : ผลของ N-trans-p-coumaroyl tyramine ต่อความเป็นพิษของอินโดเม

ทาซินหรือไดโคลฟีแนคในเซลลม์ะเร็งเต้านม. ( The effect of N-trans-p-coumaroyl 
tyramine on indomethacin-/diclofenac-mediated-cytotoxicity in breast cancer 
cells.) อ.ที่ปรึกษาหลัก : รศ. ภญ.ดร.สุรีย์ เจียรณ์มงคล 

  
ยาอินโดเมทาซิน (INDO) และ ไดโคลฟีแนค (DIC) คือ ยาต้านการอักเสบที่ไม่ใช่สเตียรอยด์ 

(NSAIDs) ได้ถูกรายงานว่ามีศักยภาพในการต้านมะเร็ง ความเป็นพิษต่อเซลล์ของยาอินโดเมทาซินและได
โคลฟีแนคอาจเพิ่มขึ้นเมื่อรวมกับสารธรรมชาติบางชนิด  เช่น piperine ที่อยู่ในพืชตระกูลพริกไทย 
นอกจากนี้ยังพบ N-trans-p-coumaroyltyramine (TCT) (อนุพันธ์ของกรดคูมาริก) จ านวนมากในพืช
ชนิดนี้และพืชชนิดอ่ืน ๆ ที่ใช้กันทั่วไปในการรักษาแผนโบราณ ในการศึกษานี้เพื่อประเมินศักยภาพของ 
TCT ต่อ NSAIDs (INDO และ DIC) ที่เหนี่ยวน าความเป็นพิษในเซลล์มะเร็งเต้านม MCF-7 และกลไกที่
เก่ียวข้อง การรวมกันของ TCT กับ NSAIDs หรือ ER stressors ที่ความเข้มข้นไม่เป็นพิษต่อเซลล์สามารถ
ลดการมีชีวิตของเซลล์ MCF-7 และเซลล์ MCF-7 ที่ดื้อต่อยาไมโตแซนโทรน หลังจากให้เป็นเวลา 48 
ชั่วโมง ในการศึกษานี้เซลล์ MCF-7 ที่ดื้อต่อยาไมโตแซนโทรน มีการแสดงออกของตัวขนส่งสารออกนอก
เซลล์ (BCRP) ที่สูงกว่าเซลล์ MCF-7 ผลการศึกษาได้แสดงว่า TCT ไม่มีผลในการยับยั้งการท างานของตัว
ขนส่งสารออกนอกเซลล์ ซึ่งชี้ให้เห็นว่าศักยภาพของ TCT ในการเพิ่มความเป็นพิษต่อเซลล์ไม่ได้ขึ้นกับตัว
ขนส่งสารออกนอกเซลล์ นอกจากนี้การรวมกันของ TCT กับ NSAIDs หรือ ER stressorsสามารถลด 
mitochondria membrane potential (MMP) ได้อย่างมีนัยส าคัญ และในท านองเดียวกันพบว่าสัดส่วน
ของ Bax/BcL-2 และการตายของเซลล์แบบอะพอพโทซิสในเซลล์ MCF-7 ทั้งสองชนิดเพิ่มขึ้น นอกจากนี้
การรวมกันของ TCT กับ NSAIDs หรือ ER stressors จะส่งผลต่อการลดการแสดงออกของโปรตีนที่
เกี่ยวข้องกับการอยู่รอดของเซลล์ p-Nrf-2/HO-1 และเพิ่มการกระตุ้นวิถีสัญญาณความเครียดของเอน
โดพลาสมิคเรติคูลัม PERK/eIF-2a/ATF-4/CHOP ดังนั้นการศึกษานี้สรุปว่า TCT สามารถเพิ่มความเป็น
พิษของยาอินโดเมทาซินหรือไดโคลฟีเแนคของเซลล์ MCF-7 โดยการกระตุ้นการตายของเซลล์แบบอะ
พอพโทซิสที่เก่ียวข้องกับความเครียดของเอนโดพลาส  มิคเรติคูลัมในเซลล์มะเร็งเต้านม MCF-7 
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ABSTRACT (ENGLISH) 
# # 5987812920 : MAJOR PHARMACOLOGY 
KEYWORD: N-trans-p-Coumaroyltyramine; NSAIDs; ER stress; Apoptosis; Potentiation; 

Breast cancer cells 
 Angkana Wongsakul : The effect of N-trans-p-coumaroyl tyramine on 

indomethacin-/diclofenac-mediated-cytotoxicity in breast cancer cells.. Advisor: 
Assoc. Prof. SUREE JIANMONGKOL, Ph.D. 

  
Indomethacin (INDO) and diclofenac (DIC) are non-steroidal anti-inflammatory 

(NSAIDs) have been reported their anticancer potential.  Their cytotoxicity could be 
increased when combining with certain natural compounds such as piperine in Piper 
plants. N-trans-p-coumaroyltyramine (TCT) (a coumaric acid derivative) was also found at 
significant amount in these plants and other commonly used in traditional 
medicine.  This study determined the potentiative effect of TCT on NSAIDs (INDO and 
DIC) induced cytotoxicity in MCF-7 breast cancer cells, and the underlying 
mechanisms.  Combination of TCT with either NSAIDs or various ER stressors at their non-
cytotoxic concentrations were able to reduce cell viability in MCF-7 and mitoxantrone-
resistant MCF-7/MX cells after 48 h treatment.  In this study, MCF-7/MX cells expressed 
higher activities of efflux transporter (BCRP) than the parental MCF-7 cells.  The results 
showed that TCT had no inhibitory effect on their activities, suggesting that the 
potentiation was independent of transporters.  Evidently, combination of TCT with either 
NSAIDs or ER stressors significantly reduced mitochondria membrane potential (MMP) in 
concurrent with the rising of Bax/BcL-2 ratio and apoptosis in both MCF-7 cell 
types.  Furthermore, the combination also resulted in decreased expression of survival 
proteins p-Nrf-2/HO-1, and increased activation of the endoplasmic reticulum (ER) stress 
signaling PERK/eIF-2a/ATF-4/CHOP pathways.  In conclusion, TCT could increase INDO or 
DIC cytotoxicity of MCF-7 cells by promoting ER stress-dependent apoptosis in MCF-7 
breast cancer cells.  
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CHAPTER I  
INTRODUCTION 

 

1.1 Background and rationale         
High dose of anticancer drugs often causes unendurable adverse effects to 

the breast cancer patients which lead to failure cancer treatment (Nurgali et al., 

2018; Wang et al., 2019).  Addition of pharmacoenhancers to anticancer regimens is 

one approach to boost therapeutic outcomes in cancer treatment without titrating 

up the dose of anticancer drugs may not be needed, and patients can consequently 

better tolerate chemotherapy.  Several natural compounds such as flavonoids, 

naphthoquinone, terpenes, and alkaloids have been reported their ability to 

enhance cytotoxicity of anticancer agents through various mechanism such as 

inhibition of efflux transporters, increased cellular stress and induction of apoptosis 

(Chaisit et al., 2017; T. Chen et al., 2019).  For example, a naphthoquinone 

rhinacanthin-C at its non-cytotoxic concentrations (0.04 or 0.1 µM) significantly 

enhanced doxorubicin-mediated cytotoxicity by 38 fold in MCF-7 cell after 48 h 

treatment, possibly through inhibition of MRP2 and P-gp activities (Chaisit et al., 

2017).  Treatment colorectal cancer HCT116 and LoVo cells with piperlongumine (2 

µM) significantly enhanced oxaliplatin (10 µM) mediated cytotoxicity by 2-fold after 1 

h treatment through ER stress-mediated apoptotic cell death (T. Chen et al., 2019).   

Indomethacin (INDO) and diclofenac (DIC) are non-steroidal anti-inflammatory 

drugs (NSAIDs) known mainly for pain relief via inhibition of cyclooxygenase.  (Poku et 

al., 2020; Zhang et al., 2018).  It has shown their anticancer activities both cancer cell 

model and animal model (Boonyong et al., 2020a, b; Feng et al., 2016; Rana et al., 

2015; Wong, 2019).  The underlying mechanisms of INDO/DIC induced cytotoxicity has 

been linked to increase production of reactive oxygen species ( ROS)  and 

accumulation of unfolded proteins in endoplasmic reticulum (ER stress) (Kim et al.; 
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Mazumder et al., 2019; Wang et al., 2018; Zeeshan et al., 2016).  As known high 

levels of accumulated unfolded protein exceeding UPR results in activation of three 

signaling proteins sensors are PERK (protein kinase RNA (PKR)-like ER kinase) , IRE-1α 

(inositol-requiring protein-1α), and ATF-6 (activating transcription factor).  It has been 

reported PERK and IRE-1α are initiate ER stress sensors and related to apoptotic cell 

death (Bhattarai et al., 2021; Hetz and Papa, 2018; Ishiwata-Kimata et al., 2018; 

Rellmann et al., 2021).  Several studies have been reported that both INDO and DIC 

were able to activation of PERK and IRE-1α signaling pathways in various cancer cells 

which leading to cell death such as Caco-2 cells, BT-474 cells, and lung A549 cells 

(Boonyong et al., 2020a; Guo et al., 2015; Park et al., 2018).  Moreover, using NSAIDs 

in combination with certain phytochemicals such as resveratrol, curcumin, piperine or 

naringenin effectively increased cancer cell death both in vitro and in vivo (Boonyong 

et al., 2020a, b; Feng et al., 2016; Rana et al., 2015; Redondo-Blanco et al., 2017).  

In addition to promoting stress-mediated cell death, the chemo-sensitizing 

effects of phytochemicals may be correlated to their interference with the activities 

of the ATP binding cassette (ABC) drug efflux transporters, particularly P-glycoprotein 

(P-gp), multi-drug resistance proteins 1 (MRP1) and 2 (MRP2), and breast cancer 

resistance protein (BCRP) (Dobiasova et al., 2020; Li et al., 2016; Tinoush et al., 2020).  

The suppression of drug efflux pumps could increase the accumulation of their 

cytotoxic drug substrates to effective levels within the target cells.  For examples, 

the natural chemo-sensitizers are alkaloids (e.g. lobeline, stemofoline), flavonoids 

(e.g. naringenin), and polyphenols (e.g. resveratrol, rhinacanthin-C) (Chaisit et al., 

2017; Cocetta et al., 2021; Iriti et al., 2017; Umsumarng et al., 2017; Ye et al., 2019). 
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N-trans-p-coumaroyltyramine (TCT) is a coumaric acid derivative with an 

amide found in the stems and fruits of Piper wallichii (Miq.) Hand.-Mazz (family 

Piperaceae).  P. wallichii have been used medicinally in the treatment of gastro-

intestinal, inflammatory and circulatory diseases in China, India and Thailand 

(Daorueang, 2020; Salehi et al.).  Although this compound can also be found as a 

constituent of several other plants, few reported of its pharmacological activities 

have been done.  TCT was reported as displaying anti-trypanosomal activity and 

inhibitory action against acetylcholinesterase and α-glucosidase (Kim and Lee; 

Moradi-Afrapoli et al., 2012; Nishioka et al., 2014).  It has been reported that amide 

alkaloid from Piper plants such as piperine and piperlongumine were capable of 

potentiating the cytotoxicity of oxaliplatin and placlitaxel through mechanism 

involving ROS-mediated ER stress and inhibition of drug efflux transporters (W. Chen 

et al., 2019; Rawat et al., 2020; Syed et al., 2017; Yaffe et al., 2015).  Regarding this, 

we studied the chemo-enhancing potential of TCT on NSAIDs-mediated cytotoxicity 

in cancel models.  The information on the potentiation effect and the underlying 

mechanisms of the TCT and NSAIDs (INDO and DIC) combination have not been 

demonstrated.   

In this study, we demonstrated for the first time that TCT was able to 

enhance the ER stress-associated apoptosis induced by INDO or DIC in MCF-7 breast 

cancer cells and mitoxantrone-resistant MCF-7 cells (MCF-7/MX).  The potentiation 

mechanisms were mainly related to ER stress induction via activation of PERK and 

IRE-1 signaling pathways.  In addition, drug transporter dependent mechanism of 

cytotoxic potentiation is also evaluated. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

1.2 Hypothesis 
TCT could enhance INDO- and DIC-cytotoxicity in breast cancer MCF-7 cells 

and the underlying mechanism of TCT may involve ER stress induction which leading 

to apoptotic cell death. 

 

1.3 Objectives 
The objectives of this work were  

1. To evaluate the potentiation effect of TCT when combining with either   

    INDO or DIC on the cytotoxicity in MCF-7 breast cancer cells. 

 2. To elucidate the mechanisms of TCT in enhancing NSAIDs-mediated    

              cytotoxicity and the involvement of ER stress response in MCF-7 breast    

             cancer cells. 

 

1.4 Scope of study 
The scope of this study demonstrated the potential of TCT as a 

pharmacoenhancer when combining with INDO and DIC in MCF-7 cancer cells and its 

mechanism of potentiation.  The study was divided into 2 subtopics following: 

1. Determination of the potentiation effect of TCT when combining with 

either INDO or DIC on cytotoxicity in MCF-7 breast cancer cells. 

2. Investigation of underlying mechanism of TCT in enhancing INDO and DIC 

cytotoxicity in MCF-7 breast cancer cells through various mechanism such 

as inhibition of efflux transporters, increased cellular stress and induction 

of apoptosis. 
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CHAPTER II  
LITERATURE REVIEW 

 

2.1 Nonsteroidal anti-inflammatory drugs (NSAIDs) in cancer treatment 

 Non-steroidal anti-inflammatory drugs (NSAIDs) such as indomethacin (INDO), 

diclofenac (DIC) are anti-inflammatory, analgesics, and antipyretics drugs through 

inhibition of prostaglandin (PG) biosynthesis (Gunaydin and Bilge, 2018).  In addition, 

INDO and DIC have been reported their potential in cancer treatment.  It was 

demonstrated that either DIC (18 mg/kg /twice a week, for 4 week) or INDO (2.5 

mg/kg/day, for 6 week) significantly reduced tumor volume by 33% and 22% in nude 

mice injected with ovarian adenocarcinoma HEY cells, compared to those of control 

groups (Valle et al., 2013).  INDO (3 mg/kg) given to HCT116/nude mice for 4 weeks 

significantly decreased HCT116 tumor volume by approximately 2-fold (Wang and 

Zhang, 2005).  DIC (18 mg/kg) significantly decreased tumor volume in nude mice 

with A549 non-small lung cancer by 2-fold (Moody et al., 2010).  It is likely that, in 

addition to COX-dependent mechanism, NSAIDs might induce direct cytotoxicity 

toward cancer cells. 

 

2.2 The mechanisms of INDO- and DIC-induced cytotoxicity 
The mechanisms of INDO and DIC induced cytotoxicity have been linked to 

inhibition of mitochondria complex I and increasing intracellular ROS level 

(Mazumder et al., 2019; Sandoval-Acuña et al., 2012).  INDO and DIC at the 

concentration ranging from 500 nM to 1000 µM generated cytotoxicity in various cell 

models such as Caco-2, AGS cells, 4T1EM3 cells (Boonyong et al., 2020b; Mazumder 

et al., 2019; Terasaki et al., 2019).  It was reported that INDO (20 µM) increased ROS 

production from 5-fold to 10-fold after 24 h-treatment, resulting in apoptotic cell 

death in metastatic breast 4T1E/M3 cancer cell line (Terasaki et al., 2019).  INDO and 
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DIC (1000 µM) were able to increase intracellular ROS production by 3-fold in Caco-2 

cells after 2-h treatment (Boonyong et al., 2020b).  In addition, INDO and DIC at 250 

µM were able to inhibit mitochondrial complex I activity in Caco-2 and AGS cells, 

leading to ROS-mediated cells death (Mazumder et al., 2019; Sandoval-Acuña et al., 

2012).  

Increase of intracellular ROS levels was associated with increased unfolded 

proteins in endoplasmic reticulum (ER).  As known, unfolding protein response (UPR) 

involves in the control of protein homeostasis (Boonyong et al., 2020a; Lindholm et 

al., 2017).  High levels of accumulated unfolded proteins lead to activation of three 

signaling proteins sensors which are PERK (protein kinase RNA (PKR)-like ER kinase) , 

IRE-1α ( inositol-requiring protein-1α) , and ATF-6 (activating transcription factor).  

These proteins sensors normally form complex with chaperone Binding 

immunoglobulin protein (BiP) in the ER.  Upon increasing amount of these unfold 

proteins, their dissociation from BiP-sensors complexes occurs.  Subsequently, these 

free sensors (i.e., PERK, IRE-1α and ATF-6) turn into their active phosphorylated forms 

by autophosphorylation process ( Figure 1)  (Almanza et al., 2019; Bhattarai et al., 

2021; Hetz and Papa, 2018).  Activation of PERK and IRE-1α is related to increasing of 

Bax (pro-apoptotic) and decreasing of Bcl-2 (anti-apoptotic) expression.  This process 

was reportedly dependent on up-regulation of CHOP (C/EBP homologous 

transcription factor) protein (Boonyong et al., 2020a; Li et al., 2019; Riaz et al., 2020).  

In addition, autophosphorylated PERK leads to up-regulation of a detoxification 

enzyme heme oxygenase-1 (HO-1) and increasing of survival response through Nrf2 

activation (Consoli et al., 2021; Fujiki et al., 2019; Gáll et al., 2019).  The 

phosphorylated IRE-1α involves with apoptotic cell death by activation of JNK 

pathway (Fu et al., 2021; Li et al., 2019; Riaz et al., 2020).  Activation of three UPR 
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signaling proteins sensors at ER membrane has been reported to associate with 

cancer cell death (Figure 1) (Fu et al., 2021; Limonta et al., 2019).   

INDO (1000 µM) were able to activate PERK and IRE-1α pathway of the UPR in CaCo-

2 cells, leading to increase of CHOP-dependent expression of the apoptotic protein 

(Bax and BcL-2) after 48 h exposure (Boonyong et al., 2020a).   

Figure 1.  Unfolded protein response-mediated ER stress pathways 
             (Modified from (Di Fazio et al., 2012) 

 

2.3 Pharmacoenhancer in cancer treatment 
One approach to boost therapeutic outcomes in breast cancer treatment is 

the addition of pharmacoenhancers in anticancer regimens.  Several mechanisms 

leading to the loss of drug effectiveness include activation of detoxifying systems 

(e.g. HO-1, NQO1) , enhanced repair of drug induced DNA damage, evasion of drug-

induced apoptosis, increases of ATP-binding cassette ( ABC)  efflux transporters 

including P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), multidrug 
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resistance-associated proteins (MRPs) etc. (Gillet and Gottesman, 2010b; Mansoori et 

al., 2017) (Figure 2).  Hence, any compounds interfering with such mechanism might 

increase cell susceptibility to anticancer agents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  The mechanisms of multidrug resistance in cancer cells 
(Modified from (Yergeri et al., 2014) 

 

It has been reported that the combinatorial approach has much more 

effectiveness in cancer treatment than the use of cytotoxic drugs alone (Bayat 

Mokhtari et al., 2017; Nurgali et al., 2018; Wang et al., 2019).  Currently, several 

natural compounds have been reported their ability to potentiate cytotoxicity of 

anticancer agents through transporter-dependent mechanism and transporter-

independent mechanisms (Cao et al., 2019; Chaisit et al., 2017; T. Chen et al., 2019; 

Pérez-Soto et al., 2019). 
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2.3.1 Transporter-dependent mechanism 
High expression level of the ATP binding cassette (ABC) efflux transporters, 

particularly P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and 

multidrug resistance-associated proteins (MRPs), has been largely responsible for 

multi-drug resistance in cancer.  As known, the ABC transporters could limit 

intracellular accumulation of their cytotoxic substrates.  Consequently, intracellular 

concentration of those cytotoxic drugs could not reach their cytotoxic threshold 

(Figure 2) (Chaisit et al., 2017; Choi and Yu, 2014; Robey et al., 2018).  Examples of 

cytotoxic drug substrates are doxorubicin (P-gp and MRP2 substrate), and 

mitoxantrone (a specific substrate of BCRP) (Austin Doyle and Ross, 2003; Chaisit et 

al., 2017; Kawahara et al., 2020).  In addition, INDO and DIC are also reported as 

substrate of MRPs and BCRP efflux transporters (Lagas et al., 2008; Zhang et al., 

2016).    

Hence, direct inhibition of the activities of these ABC efflux transporters could 

increase intracellular accumulation of cytotoxic drugs, and increased cytotoxicity of 

those drugs (Chaisit et al., 2017; Choi and Yu, 2014; Robey et al., 2018).  Several plant 

derived compounds such as naphthoquinones, alkaloids have been demonstrated 

their enhancing effects through this transporter related mechanism.  For example, 

rhinacanthin-C (naphthoquinone) at its non-cytotoxic concentrations (0.04 or 0.1 µM) 

significantly increased doxorubicin-mediated cytotoxicity by approximately 38-fold in 

MCF-7 cell after 48-h treatment through inhibition of MRP2 and P-gp activities (Chaisit 

et al., 2017).  In addition, piperine (alkaloid) at non-cytotoxic concentrations (30-65 

µM) could enhance cell sensitivity toward doxorubicin treatment in CEM/ADR 5000 

resistance cell (overexpress p-gp) and Caco-2 cell via inhibition of P-gp activities (H. Li 

et al., 2018).   
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2.3.2 Transporter-independent mechanism 
Ineffectiveness of cytotoxic compounds might stem from survival adaptation 

of cellular processes.  It was demonstrated that certain natural compounds such as 

alkaloids increased cellular stress and mitochondria dysfunction, leading to apoptosis 

of cancer cells (Figure 2) (Cadenas, 2004; Liou and Storz, 2010).  For example, 

piperlongumine (alkaloid) at 2 µM caused a 2-fold increase of intracellular ROS 

levels, and significant apoptotic death of the HCT-116 and LoVo cells treated with 

oxaliplatin, compared with oxaliplatin alone (Chen et al., 2009).  Similarly to 

piperlongumine, a terpene alantolactone was able to enhance oxaliplatin 

cytotoxicity via increased ROS production in HCT-116 and RKO cells after 24-h 

exposure (Cao et al., 2019).  In addition, combination of alantolactone (10 mg/kg) and 

oxaliplatin (2 mg/kg) reduced tumor growth of HCT-116 cells in nude mice after 13-

days treatment (Cao et al., 2019).  Moreover, an alkaloid isoliensinine significantly 

enhanced cellular uptake of cisplatin, and increased ROS-mediated apoptosis in 

colorectal HCT-15 cancer cells (Manogaran et al., 2019). 

 

2.4 Phytochemicals in cancer treatment   
Several bioactive phytochemicals such as flavonoids, anthocyanidins, 

carotenoids, terpenoids, alkaloids have been reported their capability to induce 

apoptotic cell death through ROS-mediated ER stress in vitro and in vivo models (Cao 

et al., 2019; T. Chen et al., 2019; Gu et al., 2015; Park et al., 2018).  For example, an 

antraquinone chrysophanol (10-100 µM) increased ROS generation after 48-h 

exposure in BT-474 and MCF-7 cells, leading to phosphorylation of PERK, eIF-2α, 

CHOP and IRE-1α proteins (Park et al., 2018).  Resveratrol was able to increase 

arsenic trioxide cytotoxicity through ROS production and up-regulation of pro-

apoptotic Bax protein in lung A549 cells (Gu et al., 2015).  Berberine a major alkaloid 
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in Berberis aquifolium caused ROS-mediated ER stress in C6 rat glioma cells (Chen et 

al., 2009).  Treatment breast cancer MCF-7 cells with platycodin D at 10-30 µM for 1 

h increased intracellular ROS, followed by ER stress response (Yu and Kim, 2010).  In 

addition, piperlongumine (30 mg/kg/day) intraperitoneal injected to xenograft nude 

mice for 3 weeks significantly reduced tumor weight by 2-fold, possibly through ROS 

production, ER stress and PARP cleavage in tumors (Karki et al., 2017).  

Combination of NSAIDs with certain phytochemicals such as resveratrol, 

curcumin, piperine or naringenin has been demonstrated their effectiveness in 

enhancing cancer cell death both in vitro and in vivo (Boonyong et al., 2020a, b; Feng 

et al., 2016; Rana et al., 2015; Redondo-Blanco et al., 2017).  Co-treatment of 

resveratrol (10-30 µM) with INDO (30 µM) for 48-h significantly induced apoptotic cell 

death in colon cancer HCA-17 and SW480 cells, compared with INDO alone (Feng et 

al., 2016).  The combination of DIC (8 mg/kg) and curcumin (50 mg/kg) caused 

apoptotic cell death in 1,2-dimethylhydrazine dihydrochloride (DMH)-induced 

colorectal cancer in Sprague-Dawley rats after 6 week-treatment by increasing ROS 

generation and decreasing the mitochondria membrane potential (Rana et al., 2015).  

Moreover, the combination of DIC (1000 µM) with either curcumin (50 µM), naringenin 

(100 µM) or piperine (10 µM) significantly enhanced apoptotic cell death in Caco-2 

cells (Boonyong et al., 2020a, b).   

 

2.5 N-trans-p-coumaroyltyramine (TCT) 
N-trans-p-coumaroyltyramine (amide alkaloid compound) is a coumaric acid 

derivative, the chemical structure of TCT consists of coumaric acid and tyramine 

linking by amide bond (Figure 3) (Kim and Lee, 2003; Park et al., 2002).  TCT was 

abundantly found in Piper wallichii (Miq.) Hand.-Mazz. (Thai common name: Sa-kan) 

and others in.  Piperaceae family including white pepper (Piper nigrum), bell pepper 

(Capsinum annuum), eggplant (Solanum melongena).  In addition to TCT, piperine 
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(PIP) was also found in Sa-kan.  Sa-kan, is an herbal plant commonly found in the 

northern and northeastern part of Thailand.  It has been used as carminative, 

antiflatulent and tonic element in several traditional medicines combatting 

gastrointestinal discomfort (Daorueang, 2020; Salehi et al., 2019; Sireeratawong et al., 

2012).  

 

 

 

 

 

 

 

Figure 3.  Structure of N-trans-p-coumaroyltyramine 
(Kim and Lee, 2003) 

 

A few pharmacological activities of TCT have been reported, including anti-

trypanosomal activity and inhibit of some enzymes such as acetylcholinesterase and 

α-glucosidase (Kim and Lee, 2003; Moradi-Afrapoli et al., 2012; Nishioka et al., 2014).  

Recently, a TCT derivative, N-coumaroyl tyramine diacetate was reported to increase 

cytotoxicity of TNF-Related Apoptosis Inducing Ligand (TRAIL) in dose-dependent 

manner in Kelly and TRIAL-resistant Hela cells after 12-h exposure (Yashaswini and 

Salimath, 2017).  In addition, mice given N-coumaroyl tyramine diacetate (2.85 mg/kg) 

in concurrent with radiation had less microvessel density than the control group 

(Yashaswini and Salimath, 2017).  However, the information of TCT on mechanisms of 

anticancer activity and its potential enhancement effect is very limit. Moreover, 

effects of a combination between TCT and NSAIDs on cytotoxicity in cancer model 

have not been reported. 

TCT (C17H17NO3) MW: 283.3 
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CHAPTER III  

MATERIALS AND METHODS 
 

3.1 Materials 

3.1.1 Compounds 

N-trans-p-coumaroyltyramine (TCT) was kindly provided by Associate 

Professor Rutt Suttisri, Ph.D., Department Pharmacognosy and Pharmaceutical Botany, 

Faculty of Pharmaceutical Sciences, Chulalongkorn University, Thailand.  TCT was 

isolated from vines plant of Piper wallichii (Miq.) Hand.-Mazz or Sa-kan (Thai 

common name).  The dried plant material was extracted with methanol (3 times) at 

room temperature and filtered. The filtrate was evaporated to residue prior to 

purification, as previously described (Kim and Lee, 2003).  All methanolic extract was 

purified by silica gel column chromatography.  The structure was identified by 

spectroscopic techniques (Kim and Lee, 2003).   

A stock solution of 100 mM of TCT was prepared in dimethyl sulfoxide 

(DMSO) 99.9% and stored at -20ºC until analysis.  The final concentration of TCT 

were prepared by serial dilution with RPMI medium to concentrations of 10 and 100 

µM and the percentage of DMSO was less than 0.1% (v/v). 

3.1.2 Chemicals and reagents 

Diclofenac (DIC) and indomethacin (INDO), and other compounds such as 

bovine serum albumin (BSA), bromophenol blue, calcein acetoxymethyl (Calcein-

AM), camptothecin (CAM), carboxy-dichlorofluorescein (CDCF), 2′,7′-

dichlorofluorescein diacetate (CDCF-DA), cyclosporine A (CsA), dimethyl sulfoxide 

(DMSO), ethylenediaminetetraacetic acid (EDTA), glycerol, Hanks’ balanced solution 

(HBSS), Hoechst 33342, hydrogen peroxide (H2O2), KO143, -mercaptoethanol, 
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mitoxantrone (MX), non-essential amino acid, paraformaldehyde, penicillin, piperine 

(PIP), phenylmethylsulfonyl fluoride (PMSF), protease inhibitor cocktails, rotenone 

(ROT), sodium chloride (NaCl), sodium dodecyl sulfate (SDS), sodium fluoride (NaF), 

sodium orthovanadate (Na3VO4), streptomycin sulfate, tamoxifen (TAM), 

tetramethylrhodamine (TMRE), thapsigargin (TGN), tris hydrochloride (Tris-HCl), triton 

X-100, trypsin tunicamycin (TUN), tween 20, and vinblastine (VBL) were purchased 

from Sigma Chemical Co. (St Louis, MO, USA).  RPMI-1640 medium, L-glutamine, fetal 

bovine serum (FBS) and 3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) were purchased from Gibco Life Technologies (Grand Island, NY, USA).  

RPMI-1640 without phenol red medium were purchased from Corning (NY, USA).  

Pierce™ BCA protein assay kit was purchased from Thermo Fisher Scientific (Waltham, 

MA, USA).  The Immobilon-P PVDF membranes was purchased from Merck Milliporen 

(Darmstadt, Germany).  Super signal West Pico chemiluminescent substrates is 

purchased from Pierce Biotechnology (Rockford, IL, USA).  The mouse monoclonal 

anit-Bax, anti-Bcl-2, anti-HO-1, anti-Nrf-2 antibodies were purchased from Santa Cruz 

Biotechnology, Inc. (Dallas, Texas, USA).  The mouse monoclonal anti-ATF-4, anti-

CHOP, anti-IRE-1, anti-p-IRE-1, anti-PERK, were purchased from Cell Signaling 

Technology (Beverly, MA, USA).  The mouse monoclonal anti-GAPDH and secondary 

goat anti-mouse IgG (H&L) horseradish peroxidase (HRP) were purchased from 

Calbiochem (San Diego, CA, USA).  Rabbit monoclonal anti-JNK, anti-p-JNK, anti-p-Nrf-

2, anti-p-PERK and rabbit monoclonal HRP-conjugated anti-(rabbit-IgG) antibodies 

were purchased from Cell Signaling Technology (Beverly, MA, USA). 
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3.1.3 Experimental instruments 
1. Autoclave: Hirayama, Saitama, Japan 

2. Bio-Rad Incubators Electrophoresis Power Supply: Cambridge Scientific    

   Corp, USA 

3. Fluorescence microscope: BX-FLA, Olympus, Tokyo, Japan 

4. GE ImageQuant LAS 4000: GE Healthcare Life-Science Ltd., Branch, Taiwan 

5. Hot air oven: MEMMERT, Buchenbach, Germany 

6. Humidified carbon dioxide incubator: Forma Scientific, Marietta, OH, USA 

7. Image J program: NIH, Bethesda, MD, USA 

8. Inverted microscope: Axivert 135, Ziess, Konstanz, Germany 

9. Microplate reader: Wallac 1420 VICTOR 3, PerkinElmer Inc., Hopkinton, MA,    

    USA 

         10. Multi-well plates: Corning, New York, NY, USA 

         11. Laminar air flow hood: BossTech, Bangkok, Thailand  

         12. pH meter: CG 842, Schott, Hofheim, Germany 

         13. Refrigerated centrifuge Z 383K: Hermle Labortechink, Burtadingen,     

     Germany  

         14. Trans-blot SD semi-dry transfer cell: Missouri, TX, USA  

         15. Tissue culture flasks: Corning, New York, NY, USA  

         16. Vortex mixer: mode K550-GE. Scientific Industries, New York, NY, USA 

         17. Water bath: WB22, Memmert, Hannover, Germany 
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3.1.4 Cell culture 
Cell culture were used in this study including human breast adenocarcinoma 

MCF-7 (ATCC® HTB-22™ ) was obtained from the American Type Culture Collection 

(ATCC, Rockville, MD, USA).  The cells were subcultured at 80-90% confluence, using 

0.25% trypsin solution containing 1 mM EDTA.  The cells were maintained in RPMI-

1640 supplemented with 10% FBS and 1% penicillin–streptomycin at 37 °C in a 

humidified atmosphere of 5% CO2.  

The mitoxantrone-resistant subline MCF-7/MX cells were in-house developed 

from the MCF-7 cells by culturing the cells in RPMI-1640 medium containing 

mitoxantrone (MX).  The cells were further developed into the MX-resistant subline 

MCF-7/MX cells by stepwise selection method upon increasing concentrations of MX 

at 0.01 µM until the maximum concentration of 0.7 µM (Ji et al., 2010).  Then, MCF-

7/MX cells were maintained in RPMI-1640 complete medium containing 

mitoxantrone 0.7 µM.  The cells were cultured in MX-free RPMI-1640 complete 

medium for 1 weeks before experiments. 
 

3.2 Methods 
3.2.1 Cell viability assay  

Cell viability was determined using by MTT assay.  The cells were seeded into 

96 well plates at the density of 5×103 cells/well for 24 h.  The cells were treated 

with non-toxic concentration of the test compounds (i.e., TCT 10, 100 µM, PIP 10, 100 

µM, INDO 10 µM and DIC 10 µM) for 48 h.  After 48-h treatment, the cells were 

further incubated with MTT solution (0.5 mg/ml) in the CO2 incubator at 37 °C for 4 h.  

The formazan crystals were dissolved in 100 µl DMSO and then quantified 

spectrophotometrically at 570 nm using a microplate reader. 
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3.2.2 Apoptosis assay 
Apoptotic cell death was detected by Hoechst 33342 staining method 

(Crowley et al., 2016).  The cells were seeded into 96-well plates at 5×103 cells/well 

overnight prior to treatment with the test compounds (i.e., TCT 100 µM, PIP 100 µM, 

INDO 10 µM, DIC 10 µM, TGN 0.0125 µM, TUN 0.25 µg/ml and H2O2 10 µM) for 48 h.  

After treatment, cells were washed three times with PBS and stained with Hoechst 

33342 (10 µM) for 30 min.  Then, the cells were fixed 4% paraformaldehyde for 30 

min at 4°C, followed by washing three times with ice-cold PBS.  The cells were 

visualized under a fluorescence microscope ( 20X, original magnification)  at 

wavelengths at 350/461 nm (excitation/emission).  The apoptotic cells are considered 

by chromatin condensation or nuclei fragmentation.    

3.2.3 Uptake assay  
Inhibitory effects of the test compound on activities of the major ABC efflux 

transporters (i.e., P-gp, MRP1, MRP2, and BCRP) were demonstrated using specific 

substrate accumulation assay (Chaisit et al., 2017).  Cells (2×105 cells/ well) were 

seeded onto 24-well plates overnight prior to pre-treat with a known pump inhibitor 

(i.e., CsA 50 µM, INDO 500 µM, KO143 10 µM, TCT 10, 100 µM, PIP 10, 100 µM) for 30 

min at 37 °C followed by treatment with the specific substrate of each transporter 

(i.e., calcein-AM 0.4 µM (P-gp), DCDF 5.2 µM (MRP1), CDCFDA 5 µM (MRP2) and 

pheophobide A 10 µM (BCRP) was added for another 30 min.  At the end of this co-

incubation period, the cells were lysed with 1% Triton X-100 and read the 

fluorescent intensity of each substrate with a microplate reader at 485/535 nm 

(excitation/emission) for calcein, DCDF and CDCF; and at 488/ 675 nm 

(excitation/emission) for pheophorbide A.   
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3.2.4 Determination of reactive oxygen species (ROS)  
 To measure ROS production, cells (2×104 cells/well) were grown overnight in 

96-well plates prior to DCFH-DA assay (Boonyong et al., 2020b).  Cells were 

incubated with a fluorescent probes DCFH-DA 100 µM for 30 min, followed by 

addition of the test compounds (i.e., TCT 100 µM, INDO 10 µM, DIC 10 µM) for 2 h.  

Rotenone at 20 µM was used as a positive control group.  At the end of this co-

incubation period, the cells were lysed with 1% Triton X-100 and measured 

fluorescent intensity with a microplate reader at 485/535 nm (excitation/emission). 

3.2.5 Determination of mitochondrial function  
Mitochondrial function was evaluated by TMRE assay (Boonyong et al., 

2020a).  The cells were seeded into 96-well plates at 5×103 cells/ well overnight, 

followed by incubation with the test compounds (i.e., TCT 100 µM, INDO 10 µM and 

DIC 10 µM) for 48 h.  Then, cells were washed three times with PBS and TMRE 1 µM 

was added for another 30 min, followed by wash three times with ice-cold PBS and 

the fluorescent intensity of TMRE in mitochondrial matrix was read with a microplate 

reader at 549/575 nm (excitation/emission). 

3.2.6 Western blot analysis 

The expression of ER stress signaling proteins such as PERK, IRE-1 and 

apoptotic regulatory protein such as Bax and BcL-2 were determined by western blot 

analysis.  After treatment, cell lysates were prepared in RIPA lysis buffer (50 mM Tris-

HCl pH 6.8, 150 mM NaCl, 1% Tritron-X, 0.5% sodium deoxycholate, 0.1% SDS, 1mM 

EDTA, 1 mM PMSF, 1 mM NaF, 1 mM, Na3VO4 and protease inhibitor cocktails) for 

protein extraction.  Cell lysate was then centrifuged at 12000 x g for 20 min at 4 °C 

and collected the supernatant for blotting analysis.  Protein concentration was 

quantified using Pierce BCA protein assay kit according to the manufacturer's 

instructions. 
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Equal amounts of proteins (40 µg) was added into sample buffer (60 mM Tris-

HCl, 2% SDS, 10%  glycerol, 5% -mercaptoethanol and 0.01% bromophenol blue).  

Then, the proteins were denatured at 95 °C or 5 min and loaded onto 7-12% SDS-

PAGE, and separated at constant voltage of 100 V for 3 h.   The proteins were 

transferred to PVDF membrane using constant voltage of 10 V for 1.  After blocking 

with 5% skim milk in TBS-T for 30 min at room temperature, the membranes were 

probed with primary antibodies at for anti-Bax (1:1000), anti-Bcl-2 (1:1000), anti-CHOP 

(1:1000) , anti-PERK (1:1000) , anti-p-PERK (1:1000) , anti-ATF-4 (1:1000) , anti-eIF-2 

(1:1000), anti-p-eIF-2 (1:1000), anti-HO-1 (1:1000), anti-IRE-1 (1:1000), anti-p-IRE-1 

(1:1000), anti-JNK1/2 (1:1000), anti-p-JNK1/2 (1:1000), anti-Nrf-2 (1:1000), anti-p-Nrf-2 

(1:1000) , and  GAPDH (1:2000)  with TBS-T containing 3% non-fat dry milk at 4 °C 

overnight, followed by incubation with the HRP-conjugated secondary antibodies 

(1:2000).  Protein bands were then developed using the Super signal West Pico 

chemiluminescent substrates.  The immunoblots were visualized and quantified by a 

GE ImageQuant LAS 4000 (GE Healthcare Life-Sciences Ltd., Branch, Taiwan).  Protein 

expression levels were normalized to those of GAPDH (an internal control for 

proteins loaded onto the gel).  

3.2.7 Statistical analysis 
Data are presented as mean ± SEM and obtained from least three separated 

experiments (n = 3).  The differences between treatments groups were determined 

by One-way analysis of variance (ANOVA), followed by the Bonferroni post-hoc test.  

The statistical significance between untreated and treated groups is considered at p 

< 0.05. 
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CHAPTER IV  
RESULTS 

 

4.1 Effects of TCT on drug-induced cytotoxicity in MCF-7 cells 

4.1.1 Enhancement effect of TCT on INDO- and DIC-mediated cytotoxicity  

As shown in Table 1, the IC50 values of INDO, DIC and mitoxantrone (MX) in 

MCF-7/MX cells were approximately 2.3, 5.1, 11.7 times less sensitive than those in 

MCF-7/WT cells.  The IC50 values of PIP in sensitive and resistant MCF-7 cell after 48-h 

exposure were comparable.  The concentration ranges of TCT in this study (10-100 

µM) were non-cytotoxic in both cell types, therefore its IC50 values could not be 

estimated.   

.  TCT and PIP 10 µM significantly increased both INDO and DIC by 

approximately 1.5-2.5 times in MCF-7/WT and MCF-7/MX cells.  Upon increasing the 

concentration of both compounds in combination with NSAIDs to 100 µM, the 

cytotoxicity increased significantly as shown in Figure 4A-D.  Moreover, both TCT and 

PIP (at 10 and 100 µM) were able to significantly increase cytotoxicity of MCF-7/WT 

cells exposed to MX (at the IC50 value of 2 µM) as shown in Figure 4A and B.  

However, their sensitization effect was not observed in MCF-7/MX cells exposed to 

MX (at the IC50 of 24 µM) as shown in Figure 4C and D.  Effects of PIP-MX 

combination and PIP alone on cytotoxicity of MCF-7/MX cells were not statistically 

different.  It was worth noting that, at 10 and 100 µM, TCT had no effect on cell 

viability, whereas PIP significantly reduced the viability of MCF-7/WT and MCF-7/MX 

cells to approximately 38% (Figure 4B and D).     

 

 

. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 25 

 

 

Table 1 The IC50 Values of Indomethacin (INDO), Diclofenac (DIC), Mitoxantrone (MX) 
Piperine (PIP) and N-trans-p-coumaroyltyramine (TCT) in MCF-7 and MCF-7/MX cells. 
N.D. = Not determined 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds 
IC50 (µM) ± SEM. (48 h) 

MCF-7/WT MCF-7/MX 

INDO 111.97 ± 0.03 254.10 ± 0.02 

DIC 77.41 ± 0.02 393.13 ± 0.01 

MX 2.08 ± 0.02 24.32 ± 0.03 

PIP 

TCT 

55.47 ± 2.02 

N.D. 

66.25 ± 2.32 

N.D. 
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Figure 4.  Effects of TCT or PIP on drug-induced cytotoxicity in MCF-7/WT (A and B) 
and MCF-7/MX cells (C and D)after 48-h exposure to INDO, DIC, and MX.  Each bar 

represents mean ± SEM (n=3).  *P< 0.05 compared with the drug-treated group in the 

absence of the test compound.  #P< 0.05 compared with the untreated control. 
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4.1.2 Enhancement effect of TCT on other cytotoxic agents  

As shown in Figure 5A-D neither TCT nor PIP increased cell sensitivity to the 

cytotoxic agents including tamoxifen 10 µM (TAM), vinblastine 1 nM (VBL), and 

camptothecin 0.5 nM (CPT) after 48-h exposure.  In contrast, as shown in Figure 5A 

and C the combination of TCT (at 10 and 100 µM) with certain ER stressors including 

hydrogen peroxide 10 µM (H2O2), rotenone 1 µM (ROT), thapsigargin 0.0125 µM (TGN), 

and tunicamycin 0.25 µg/ml (TUN) significantly increased cell death approximately 

1.23-10.27-fold for MCF-7/WT and 1.34-6.84-fold for MCF-7/MX.  PIP-mediated 

sensitization to H2O2 was observed in both MCF-7/WT and MCF-7/MX cells.  However, 

PIP did not significantly potentiate cytotoxicity of ROT and TUN in the resistant cells.   
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Figure 5.  Effects of TCT or PIP on the viability of MCF-7/WT (A and B) and MCF-7/MX 

cells (C and D) after 48-h exposure to either cytotoxic anti-cancer agents (TAM, VBL, 

and CPT) or ER stressors (H2O2, ROT, TGN, and TUN). Each bar represents mean ± SEM 

(n=3).  *P< 0.05 compared with the drug-treated group in the absence of the test 

compound.  #P< 0.05 compared with the untreated control.  
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4.2 Effect of TCT on drug efflux transporters  

 4.2.1 Function expression of efflux transporter in MCF-7 cells 

As shown in Figure 6A and B, MCF -7/WT and MCF-7/MX cells expressed 

fu n c t io n a l ly  a c t iv e  MRP1 and MRP2.  INDO 500 µM (an MRP1/MRP2 inhibitor) 

significantly increased intracellular accumulation of the MRP1 substrate DCDF and the 

MRP2 substrate CDCF.  Moreover, MCF-7/MX cells also showed an appreciable level 

of BCRP activity.  The presence of KO143 10 µM (a BCRP inhibitor) significantly 

increased the BCRP substrate pheophorbide A in MCF-7/MX cells by approximately 

2.4 times.  Neither MCF-7/WT nor MCF-7/MX cells exhibited significantly increased 

level of intracellular calcein in the presence of cyclosporine A 50 µM (a P-gp 

inhibitor), suggesting the absence of P-gp function. 

4.2.2 Effect of TCT on efflux transporter activity  

As shown in Figure 7A and B, neither TCT nor PIP at 10 and 100 µM was able 

to significantly increase accumulation of DCDF, CDCF, and pheophorbide A after 30 

min exposure in both cells, suggesting the lack of inhibitory action against MRP1, 

MRP2, and BCRP activities.  Hence, TCT and PIP exerted their potential chemo-

sensitizing activity to INDO and DIC via mechanisms independent of drug efflux 

transporters. 
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Figure 6.  Basal activities of P-gp, MRP1, MRP2, and BCRP in MCF-7/WT (A) and MCF-
7/MX (B). Each bar represents mean ± SEM (n=3).  *P < 0.05 compared with the 
control group (without inhibitor).  
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Figure 7.  Activities of the drug efflux transporters in MCF-7/WT and MCF-7/MX cells. 

 Intracellular accumulation of specific fluorescent substrates of each transporter 

(DCDF, CDCFDA and Phe A) in the presence of TCT (A) and PIP (B).  Each bar 

represents mean ± SEM (n=3).  *P < 0.05 compared with the control group (without 

inhibitor).  
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4.3 Effect of TCT on enhances of INDO- and DIC- mediated apoptotic cell death  

The apoptotic cells were characterized by cell shrinkage, chromatin 

condensation, and nuclei fragmentation, using Hoechst 33342 dyes staining.  As 

shown in Figure 8A and B, both MCF-7/WT and MCF-7/MX cells that were treated 

with 100 µM of TCT in combination with 10 µM of INDO and DIC or ER stressors (TGN; 

0.0125 µM, TUN; 0.25 µg/ml, and H2O2; 10 µM) after 48-h exposure showed higher 

number of apoptotic cells, compared to those treated with single compound.  The 

percentage of drug-induced apoptotic MCF-7/WT and MCF-7/MX cells significantly 

increased, by approximately 4-fold, in the presence of 100 µM TCT (Figure 8A and B).  

At 100 µM, PIP alone increased apoptotic cell death by 4-5 folds, compared to the 

untreated MCF-7/WT and MCF-7/MX groups.  Apparently, when 100 µM PIP was used 

in combination with INDO, DIC or ER stressors, PIP itself was mainly responsible for 

the observed apoptotic cell death after 48-h treatment.  It should be noted that the 

sensitivity of MCF-7/WT and MCF-7/MX cells to each treatment was comparable.    
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Figure 8.  Fluorescent imaging of Hoechst 33342 staining MCF-7/WT (A) and MCF-

7/MX cells (B) after 48-h exposure to ER stressors (INDO, DIC, TGN, TUN, and H2O2) in 

the presence and absence of TCT or PIP. (20x magnification; scale bar = 500 µm).  

Apoptotic cells having condensed chromatin and/or fragmented nuclei were counted 

and expressed relative to total cells.  Each bar represents mean ± SEM (n = 3).  *P< 

0.05 compared with the ER stressor-treated group in the absence of the test 

compound.  #P< 0.05 compared with the untreated control.  

 

4.4 Effects of TCT on ROS production in MCF-7 cells. 

As shown in Figure 9A and B, INDO and DIC at 500 µM were significantly 

increased intracellular ROS levels by approximately 1.5 times in both MCF-7/WT and 

MCF-7/MX cells after exposure for 2 h.  Compared to NSAIDs alone group, 

combination with TCT at 100 µM did not increase ROS levels in both cell types.  In 

addition, TCT could not enhance rotenone-mediated ROS generation.  The results 

suggested that TCT did not possess intrinsic activity to enhance ROS production in 

the NSAIDs-treated cells.   
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Figure 9.  Reactive oxygen species (ROS) production in MCF-7/WT (A) and MCF-7/MX 

cells (B) after 2-h exposure to INDO, DIC and ROT in the presence and absence of 

100 µM TCT. Each bar represents mean ± SEM (n = 3). *P< 0.05 compared with the 

drug-treated group in the absence of TCT.  #P< 0.05 compared with the untreated 

control.  
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4.5 Effects of TCT on mitochondria function in MCF-7 cells. 

As shown in Figure 10A and B, either INDO, DIC at 10 µM or ER stressors (TGN; 

0.0125 µM, TUN; 0.25 µg/ml, and H2O2; 10 µM) alone did not cause the loss of 

mitochondria membrane potential (MMP) after 48 h exposure.  The combination of 

either INDO, DIC or ER stressor with TCT at 100 µM for 48 h were significantly reduced 

MMP function by approximately 35-55% in both MCF-7/WT and MCF-7/MX cells 

when comparing with NSAIDs or ER stressor alone. 

The reduction of MMP in the cells exposed to either INDO, DIC at 10 µM or ER 

stressors (TUN at 0.25 µg/ml) in the presence of 100 µM TCT for 48 h was well 

correlated to increment of apoptotic Bax/ Bcl-2 proteins and apoptotic cell death.  

As shown in Figure 11A-D, after 48-h incubation period, either INDO, DIC at 10 µM or 

TUN at 0.25 µg/ml had no significant effect on the expression levels of pro-apoptotic 

Bax and antiapoptotic Bcl-2 proteins both MCF-7/WT and MCF-7/MX.  While 

combining TCT with INDO, DIC or TUN significantly increased pro-apoptotic Bax and 

decreased anti-apoptotic Bcl-2  protein levels when compared with groups without 

TCT in MCF-7/WT and MCF-7/MX.  The ratio of Bax/Bcl-2 of the combination of either 

INDO, DIC or TUN after 48 h treatment increased by approximately 2.5-3-fold in MCF-

7/WT and MCF-7/MX.   
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Figure 10.  Effect of TCT on mitochondrial membrane potential (MMP) in MCF-7 (A) 

and MCF-7/MX cells (B) after 48-h exposure to ER stressors (INDO, DIC, TGN, TUN, and 

H2O2). Each bar represents mean ± SEM (n = 3). *P< 0.05 compared with the stressor-

treated group without TCT.  #P< 0.05 compared with the untreated control.  
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Figure 11.  Immunoblots and their densitometrical analysis of Bax and Bcl-2 proteins 

in MCF-7 (A, B) and MCF-7/MX cells (C, D) after 48-h exposure to ER stressors (INDO, 

DIC, and TUN) in the presence and absence of TCT.  Each bar represents mean ± SEM 

(n=3).  *P< 0.05 compared with the stressor-treated group without TCT.  #P< 0.05 

compared with the untreated control.  

 

4.6 Involvement of ER stress signaling pathways in TCT enhancing effect on 

INDO- and DIC-mediated cytotoxicity.   

INDO and DIC have been reported to produce ER stress-mediated cytotoxicity 

via activation of PERK and IRE-1 stress sensors in various cancer cell lines 

(Boonyoung et al., 2020; Chang et al., 2020; Park et al., 2018; Gu et al., 2015).  This 

study investigated the effect of TCT on promotion breast cancer cell sensitivity to 

both NSAIDs via ER stress-dependent mechanism.   
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4.6.1 Effects of TCT on ER stress-mediated PERK/eIF-2/ATF-4/CHOP 

signaling pathways.   

Activation of PERK proteins results in the stimulation eIF-2/ATF-4/CHOP 

signaling cascades which associated with apoptotic cell death through changes in the 

expression levels of pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins (Fujiki et al., 

2019; Zhang et al., 2019; Hu et al., 2019).  As shown in Figure 12A-J, either INDO, DIC 

at 10 µM or TUN at 0.25 µg/ml alone significantly increased the phosphorylation form 

of PERK (p-PERK) and eIF2-α (p-eIF-2α) protein expressions as well as the extents of 

ATF-4 and CHOP protein expressions in MCF -7/WT and MCF -7/MX after 48-h 

exposure.  Furthermore, the presence of 100 µM TCT in combination with INDO, DIC 

or TUN significantly increased protein expression levels of p-PERK/ p-eIF-2α/ ATF-

4/CHOP protein when compared to drug alone group.  
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Figure 12.  Expression of PERK/ eIF-2/ ATF-4/ CHOP proteins and their 

phosphorylated forms in MCF-7/WT (A-E) and MCF-7/MX cells (F-J) after 48-h 

exposure to ER stressors (INDO, DIC, and TUN) in the presence and absence of TCT. 

Data from densitometrical analysis are expressed as the ratios of p-PERK to PERK (B, 

G), p-eIF-2 to eIF-2 (C, H), ATF-4 to GAPDH (D, I) and CHOP to GAPDH (E, J).  Each 

bar represents mean ± SEM (n=3).  *P< 0.05 compared with the stressor-treated group 

without TCT.  #P< 0.05 compared with the untreated control.  

 

4.6.2 Effects of TCT on ER stress-mediated Nrf-2/HO-1 signaling pathway. 

Activation of PERK also stimulates cell survival mechanism, particularly the 

phosphorylation of transcription factor Nrf-2, resulting in the up-regulation of 

detoxifying enzymes including HO-1 providing cell survival mechanism against INDO, 

DIC, and other ER stressors (Boonyong et al., 2020; Fujiki et al., 2019; Dong et al., 

2020; Wang et al., 2020; Bellezza et al., 2017).  In this study, either INDO, DIC at 10 

µM or TUN at 0.25 µg/ml alone significantly increased phosphorylated form of Nrf-2 

(p-Nrf-2) protein expressions in MCF-7/WT and MCF-7/MX cells after 48-h treatment 

as shown in Figure 13A-F.  Similarly, the presence of 100 µM TCT in combination with 

INDO, DIC or TUN significantly increased protein expression levels of p-Nrf-2 in both 

cell types, but the protein expression level of HO-1 decreased significantly when 

compared to when compared to drug alone group.  
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Figure 13.  Expression of Nrf-2 and HO-1 proteins in MCF-7/WT (A-C) and MCF-7/MX 
cells (D-F) after 48-h exposure to ER stressor (INDO, DIC, and TUN) in the presence 
and absence of TCT.  Data from densitometrical analysis are expressed as the ratios 
of p-Nrf-2 to Nrf-2 (B, E) and HO-1 to GAPDH (C, F).  Each bar represents mean ± SEM 
(n = 3).  *P< 0.05 compared with the stressor-treated group without TCT.  #P< 0.05 
compared with the untreated control.  

 

4.6.3 Effects of TCT on ER stress-mediated IRE-1/JNK1/2 signaling 

pathway.   

Activation of IRE-1α/JNK1/2 signaling, leading to direct an increase of Bax/ 

Bcl-2 ratio and apoptotic cell death in cancer cells (Chang et al., 2020; Boonyong et 

al., 2020).  As shown in Figure 14A-F, INDO (10 µM), but not DIC (10 µM), or TUN (0.25 

µg/ ml) significantly increased phosphorylated form of IRE-1 ( p-IRE-1α)  protein 

expression in MCF-7/WT and MCF-7/MX cells when compared to the untreated 

groups after 48-h treatment.  However, INDO had no significant effect on the 

phosphorylation of JNK1/2 ( p-JNK1/ 2) protein expression in both cell types.  In 

addition, combination of TCT at 100 µM and INDO at 10 µM significantly increased p-

IRE-1α protein expression when compared to without TCT groups while had no 

effect on p-JNK1/2 protein expression in both cells (Figure 14A-F). 
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Figure 14.  Expression of IRE-1/JNK1/2 and their phosphorylated forms in MCF-

7/WT (A-C) and MCF-7/MX cells (D-F) after 48-h exposure to ER stressors (INDO, DIC, 

and TUN) in the presence and absence of TCT. Data from densitometrical analysis 

are expressed as the ratios of p-IRE-1 to IRE-1 (B, E) and p-JNK1/2 to JNK1/2 (C, 

F).  Each bar represents mean ± SEM (n = 3).  *P< 0.05 compared with the stressor-

treated group without TCT.  #P< 0.05 compared with the untreated control.  
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CHAPTER V  
DISCUSSION 

 
Combination of non-selective COX inhibitors (e.g. INDO and DIC) and certain 

natural compounds (e.g. resveratrol, curcumin, piperine and naringenin) have been 

reported its effectiveness in enhancing cancer cell death both in vitro and in vivo 

models (Boonyong et al., 2020a, b; Feng et al., 2016; Rana et al., 2015; Redondo-

Blanco et al., 2017).  In addition, a number of alkaloid compounds (e.g. piperine, 

piperlongumine and isoliensinine) have been reported their ability to increase 

cytotoxic effect of various anticancer agents (e.g. oxaliplatin, paclitaxel and cisplatin) 

through several mechanisms such as inhibition of efflux transporters, increased 

cellular stress and induction of apoptosis (Chaisit et al., 2017; T. Chen et al., 2019; Do 

et al., 2013; Manogaran et al., 2019).  In this study, INDO and DIC were selected as 

model drugs to investigate the potentiation effect of an alkaloid TCT on NSAIDs 

cytotoxicity in MCF-7 breast cancer cells and its mitoxantrone-resistant subline. 

It has been well established that high expression levels of the ATP binding 

cassette (ABC) transporters, particularly P-glycoprotein (P-gp), breast cancer resistance 

protein (BCRP), multidrug resistance-associated proteins (MRPs), lead to failure of 

several cytotoxic anti-cancer drugs such as mitoxantrone, doxorubicin in breast 

cancer treatment (Choi and Yu, 2014; Gillet and Gottesman, 2010a; Sun et al., 2012).  

Taken that INDO and DIC are substrate of MRPs and BCRP efflux transporter (Zhang et 

al., 2016), the mitoxantrone resistant MCF-7 subline with the high expression levels of 

BCRP efflux transporter was employed in this study.  The results showed that the 

MCF-7/MX cells were more resistant to mitoxantrone (MX) (a specific substrate of 

BCRP) by approximately 11.7 times, compared with the MCF-7/WT cell.  These results 

were corresponded to high activities of BCRP efflux transporter observed in the 

resistant subline. Both cell types expressed MRP1 and MRP2 activities.  Neither MCF-7 
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nor MCF-7/MX cells exhibited P-gp function.  Apparently, MCF-7 cell line was more 

sensitivity to INDO and DIC than MCF-7/MX subline.  It was likely that their different 

sensitivities toward INDO and DIC cytotoxicity could be related to the different 

expression levels of the efflux transporters.  The capability of TCT to potentiate 

NSAIDs cytotoxicity was first determined in both MX-sensitive and MX-resistant MCF-7 

cells.  At the concentration of 10 µM, INDO and DIC were not toxic to both cell 

types.  Concurrent treatment these two MCF-7 cell types with NSAIDs and TCT at 

their non-cytotoxic concentrations significantly increased cell death, as measured by 

MTT assay.  Notably, the potentiative effect of TCT in the combination was 

concentration dependent.  The results also indicated that the combinatorial effects 

were similar in both cell types.  In addition to TCT, piperine (PIP) was also found in 

Piper plants.  It has been reported PIP was capable of potentiating the cytotoxic 

drugs such as doxorubicin in Caco-2 and CEM/ADR 5000 resistant cells, leading to 

cancer cell death (H. Li et al., 2018).  Thus, PIP was also tested in parallel to TCT.  

The combination of PIP with NSAIDs had no significant effect on cell death when 

compared to PIP alone in both cell types.  It was likely that TCT was able to 

potentiate NSAIDs cytotoxicity better than PIP.   

Both TCT and PIP significantly increased the sensitivity of MCF-7 cells toward 

MX toxicity.  However, the potentiation effect of both compounds was not observed 

in MCF-7/MX cells.  In addition, combination of either TCT or PIP with other cytotoxic 

agents (i.e., tamoxifen (TAM), vinblastine (VBL), and camptothecin (CPT)) were also 

investigated.  TCT and PIP could not increase the cytotoxicity of these cytotoxic 

drugs in both cell types.  

The ability to enhance cytotoxicity effects of natural compounds may be 

related to their interference with the activities of ABC drug efflux transporters 

(Dobiasova et al., 2020; Li et al., 2016; Tinoush et al., 2020).  F o r  e x a m p le , a 

naphthoquinone rhinacanthin-C at its non-cytotoxic concentrations (0.04 or 0.1 µM) 
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significantly enhanced doxorubicin mediated cytotoxicity in MCF -7 cell after 48 h 

treatment through inhibition of MRP2 and P-gp activities (Chaisit et al., 2017).  Thus, 

the inhibitory effect of TCT and PIP on MRP1, MRP2 and BCRP activities were 

determined.  The results showed that TCT and PIP had no inhibitory effect on 

activities of MRP1, MRP2 and BCRP in both cell types.  Hence, TCT and PIP exert their 

potential chemo-sensitizing activity to INDO and DIC via mechanisms independent of 

drug efflux.   

The enhancement effect on cytotoxicity of natural compounds may be 

related to increase cellular stress (T. Chen et al., 2019).  For example, tetrandrine 

(alkaloid) was able to potentiate hydrogen peroxide leading to apoptotic cell death 

in HaCaT Human keratinocyte cells after 12 h (Cheng et al., 2021).  In this study, the 

combinatorial effect of TCT and various ER stressors [i.e., H2O2, ROT, TGN, and TUN] 

on cytotoxicity were also assessed.  Similarly to the potentiative effects on NSAIDs 

cytotoxicity, both TCT and PIP were able to increase the death of MCF-7 cells caused 

by each ER stressor.  However, at the same concentration, TCT had no effect on cell 

viability whereas PIP was able to kill MCF-7 and MCF-7/MX cells.  Thus, PIP was 

excluded for further study.  These data suggested that TCT might induce apoptotic 

cell death caused by INDO and DIC through ER stress-related mechanisms. 

INDO and DIC have been reported to cause apoptotic cell death by inhibition 

of mitochondria complex I, increased intracellular ROS level and production of ER 

stress in several cancer cells such as Caco-2, Glioma H4, and 4T1EM3 cells (Boonyong 

et al., 2020b; Chang et al., 2020; Sandoval-Acuña et al., 2012; Terasaki et al., 2019).  

Evidently, combination of TCT with NSAIDs did not increase intracellular ROS level 

when compared to NSAIDs alone in both cell types.  As such, it was unlikely that TCT 

could enhance ROS production in the NSAIDs-treated cells.  Moreover, reduction of 

mitochondria activity was observed in both cell types after exposed to TCT in 

combination with either INDO, DIC or E  R stressors.  It should be noted that neither 
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INDO nor DIC alone had effect on mitochondria membrane potential (MMP).  These 

data suggested that TCT might enhance either INDO, DIC or ER stressors cytotoxicity, 

in part, from the loss of MMP in MCF-7 and MCF-7/MX cells.  In addition, combination 

of TCT with either INDO, DIC or ER stressors caused increase of Bax and decreased 

Bcl-2 expression in both cell types.  It has been reported that the loss of MMP was 

correlated to increase Bax/Bcl-2 expression ratios, leading to disruption of the 

mitochondria function and apoptotic cell death (Iurlaro and Munoz-Pinedo, 2016; Liu 

et al., 2015; Liu et al., 2016). 

INDO and DIC were demonstrated to produce ER stress-mediated cytotoxicity 

via activation of PERK/eIF-2α/ATF-4/CHOP signaling pathways.  The activation of PERK 

protein (stress sensors) is related to apoptotic cell death in various cancer cell lines 

including Caco-2, Glioma, H4BT-474, MCF-7, A549 cells (Boonyong et al., 2020a; 

Chang et al., 2020; Gu et al., 2015; Park et al., 2018).  In this study, INDO and DIC 

were able to significantly increase phosphorylation of PERK (p-PERK) as well as ER 

stressor (TUN) by approximately 1.4 to 1.7 times.  The activation of p-PERK 

subsequently triggers phosphorylated eIF-2 (p-eIF-2), ATF-4, and CHOP expression 

(Fujiki et al., 2019; Zhang et al., 2019).  Combination of TCT with either INDO, DIC or 

TUN were able to significantly increase protein expression of p-PERK/p-eIF-2α/ATF-

4/CHOP by approximately 2 times when compared to those without TCT in both cell 

types.   It has been reported that CHOP is a nuclear transcription factor that regulates 

the expression of proteins involved in controlling ce ll homeostasis and stress 

responses such as Nrf-2 signaling and apoptotic BCl-2 proteins (Hu et al., 2018; Huang 

et al., 2021).  Increased CHOP expression could trigger cell death and promote 

apoptosis through changing in the expression levels of Bax and Bcl-2 proteins.  Thus, 

these data suggested that TCT was able to enhance apoptotic cell death either INDO, 

DIC or ER stressor via activation of PERK/eIF-2/ATF-4/CHOP pathway. 
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The activation of PERK also stimulates cell survival mechanism, particularly 

Nrf-2/HO-1 pathway, in various cell models such as Caco-2, HL-7702, mpkCCD and 

NCMs cardiomyocytes cells (Boonyong et al., 2020a; Dong et al., 2020; Fujiki et al., 

2019; Wang et al., 2020).  Phosphorylation of Nrf-2 results in the up-regulation of 

detoxifying enzymes including HO-1, providing cell survival mechanism against INDO, 

DIC, and other ER stressors (Bellezza et al., 2017; Boonyong et al., 2020a).  In 

addition, several natural compounds such as procyanidins (flavonoid) were reported 

to protect apoptosis through the activation of PERK/ Nrf-2/ HO-1 pathway (Dong et 

al., 2020; Tan et al., 2020).  Interestingly, combination of TCT with either INDO, DIC or 

TUN was able to significantly increase protein expression level of p-PERK and p-Nrf-2 

whereas the expression level of HO-1 protein was decreased in both cell types.  

These data suggested that TCT were able to enhance the cytotoxicity mediated by 

INDO, DIC or TUN through the suppression of HO-1 expression.  It has been 

demonstrated that the HO-1 gene is a cytoprotective molecule against stress-induced 

apoptosis (Consoli et al., 2021).  Phosphorylation of Nrf-2 leads to its dissociation 

from Kelch-like erythroid cell-derived protein with CNC homology-associated protein 

1 (Keap-1), allowing its translocation into nucleus to initiate HO-1 transcription 

(Loboda et al., 2016; Yu and Xiao, 2021).  Hence, it might be possible that TCT could 

interfere with nuclear translocation of Nrf-2.  Several previous reports demonstrated 

that certain compounds such as trigonelline (alkaloid), retinoic acid were induced 

apoptosis through the inhibition of Nrf-2 transport into nucleus and the reduction of 

HO-1 expression in various cancer cell lines cells (Arlt et al., 2013; Kim et al., 2015; 

Valenzuela et al., 2014).  However, the effect of TCT on HO-1 transcription, 

independent of Nrf-2 inhibition, could not be excluded.  Regulation of HO-1 

expression has been associated with several transcription factors, such as nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-B) and activator protein-1 

(AP-1), binding to antioxidant response elements (AREs) and promoting HMOX1 
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transcription (Hahn et al., 2020; Medina et al., 2020).  For example, the combination 

of TNF-α (15 ng/mL) and Bay11-7082 (NF-B inhibitor) at 10 µM were able to 

decrease HO-1 expression which leading to increase apoptotic cell death in DLBCL 

cells (Huang et al., 2016; X. Li et al., 2018).  Taken together, these data indicated that 

the molecular mechanism underlying of TCT-mediated downregulation of HO-1 

require further investigation. 

  INDO has been reported to activate IRE-1α/JNK1/2 signaling, leading to an 

increase of Bax/ Bcl-2 ratio and apoptotic cell death in cancer cells such as Glioma 

H4, Huh-7 and CaCo-2 cells (Boonyong et al., 2020a; Chang et al., 2020; Franceschelli 

et al., 2011).  In this study, INDO but not DIC or TUN alone was able to increase 

phosphorylation of IRE-1 (p-IRE-1).  In addition, either INDO, DIC or TUN had no 

effect on the phosphorylation of JNK1/2 in both cell types.  However, this increment 

of phosphorylated IRE-1 could not subsequently lead to the activation of JNK1/2 

signaling.  These data suggested that the downstream of IRE-1 were not mediated 

by JNK1/2 signaling in MCF-7 and MCF-7/MX cells.  The activation of IRE-1α has been 

linked to the phosphorylation of JNK1/2 protein and X box-binding protein 1 (XBP1) 

mRNA splicing (Junjappa et al., 2018; Salminen et al., 2020).  IRE-1α activity-

dependent XBP1 mRNA splicing leads to increasing CHOP expression and changes in 

Bax and Bcl-2 expression, resulting in mitochondrial apoptotic cell death in cancer 

cells (Comitato et al., 2016; Hu et al., 2018; Lv and Qiao, 2018; Shi et al., 2013).  

Certain compounds such as Saxifragifolin D (triterpenoid) were reported to up-

regulate IRE-1α, XBP-1 and CHOP protein expression, resulting to apoptotic cell 

death in MCF-7 and MDA-MB-231 cells (Shi et al., 2013).  It was possible that TCT 

could potentiate INDO-mediated apoptosis in both cell types via activation of IRE-1α 

/XBP-1 signaling pathway.  The role of XBP-1 in the enhancing effects of TCT on INDO 

toxicity in breast cancer cells should be investigated further.     
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In conclusion, TCT at non-toxic concentration was able to enhance INDO- and 

DIC-mediated apoptosis both MCF-7 wild type and resistance cell by suppression of 

survival proteins p-Nrf-2/HO-1, leading to promotion of the ER stress signaling 

PERK/eIF-2/ATF-4/CHOP pathways.   
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