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โปรตีนเป2าหมายหลายชนิด เชQน CSF1R และ AKT จากการศึกษากQอนหน;าน้ีแสดงให;เห็นวQาสารคูซูโนคินิน

สามารถจับกับโปรตีนเป2าหมายท่ีเกี่ยวข;องกับการแบQงตัวและการเคลื่อนย;ายของเซลล/ได;หลายชนิดด;วย 
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การศึกษาด;วยเทคนิคโมเลกุลาร/ดอกกิงพบวQาโปรตีน AKR1B1 และ MEK2 นQาจะเปbนเป2าหมายของสารคูซู

โนคินิน โดยโปรตีน AKR1B1 ให;ผลการจับที่ดีที่สุด ซึ่งจากการศึกษาพลวัตรเชิงโมเลกุลบQงชี้วQาสารคูซูโนคิ

นินมีลักษณะการจับใกล;เคียงกับสารที่เปbนตัวยับยั้งโปรตีน AKR1B1 ทั้งในแงQของพลังงานอิสระในการเข;า
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เปbนเซลล/มีเซ็นไคน/ (Epithelial Mesenchymal Transition; EMT) โดยพบการเพิ่มขึ้นของระดับโปรตีน 

E-cadherin และการลดลงของระดับโปรตีน N-cadherin ในเซลล/ Hs578T จากผลการศึกษานี้สามารถ

สรุปได;วQาสารคูซูโนคินินสามารถจับกับโปรตีน AKR1B1 ได;ดี สQงผลให;เกิดการยับยั้งการเกิดสภาวะเครียด

ของเซลล/ที่เกิดจากอนุมูลอิสระ และยังชักนำให;เกิดการเปลี่ยนแปลงของโปรตีนในกระบวนการ EMT ของ
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ABSTRACT 

Trans-(−)-kusunokinin hampers breast cancer growth by suppressing 

many target proteins, such as CFS1R and AKT. Previous results showed that it could 

bind other targets involved in cancer proliferation and migration. To fill in more 

information on the trans-(−)-kusunokinin target protein, this study used computational 

simulations and validated its target on breast and ovarian cancer cells. The results from 

molecular docking showed that AKR1B1 and MEK2 were potential targets. AKR1B1 

represented the strongest binding affinity. Trans-(−)-kusunokinin indicated 

comparable binding affinity, interaction and orientation in the binding site to AKR1B1 

inhibitors. Then, these results were indirect proof on breast (Hs578T and BT549) and 

ovarian (SKOV3 and A2780) cancer cells. Trans-(±)-kusunokinin had the cytotoxic 

effect on breast and ovarian cancer cells that were markedly stronger than well-known 

AKR1B1 inhibitors (zopolrestat and epalrestat). Moreover, trans-(±)-kusunokinin 

inhibited AKR1B1 enzyme activity with an IC50 value of 9.72 ± 0.18 µM which was 

stronger than trans-(−)-arctiin (13.65 ±  0.49 µM) but weaker than epalrestat (0.77 ± 

0.01 µM) and zopolrestat (31.03 ± 1.40 nM). Moreover, binding between trans-(±)-

kusunokinin and intracellular AKR1B1 protected the degradation of AKR1B1 at 75 oC 

and 60 oC on Hs578T and SKOV3 cells, respectively. Notably, the inhibitory effect of 

trans-(±)-kusunokinin on AKR1B1 led to the protection of glucose-induced cellular 

lipid peroxidation in a dose-dependent manner, which was stronger than epalrestat on 

Hs578T cells. In addition, trans-(±)-kusunokinin suppressed AKR1B1, resulting in the 

suppression of its signaling molecules, including PKCδ, NF-κB, AKT, Nrf2, COX2, 

Twist2. Trans-(±)-kusunokinin also altered epithelial mesenchymal transition (EMT) 

markers by increasing E-cadherin levels and decreasing N-cadherin levels on Hs578T 

cells. In conclusion, trans-(−)-kusunokinin exhibited a strong binding affinity with 
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AKR1B1, thereby mitigating oxidative stress and changing EMT protein levels on 

aggressive breast cancer. 

Keywords: kusunokinin, breast cancer, ovarian cancer, AKR1B1 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and rational 

 Cancer is an aggressive disorder that ranks as a primary cause of mortality and is 

a significant hindrance to increasing lifespan. The World Health Organization (WHO) 

approximates that cancer stands as either the primary or secondary foremost contributor 

to mortality among individuals below 70 years of age in 112 out of 183 countries. 

Cancer can occur in several parts of the body. The top ten cancer sites by estimated age-

standardized world incidence rates, both by sex and across all ages, are breast, prostate, 

lung, colorectum, cervix uteri, stomach, liver, corpus uteri, ovary and thyroid, 

respectively. Among them, the most common area that can be found is the breast. 

Moreover, breast cancer is reported as having the second-highest age-standardized 

mortality rate. Interestingly, the ovary is the common site of gynecologic cancer (Sung 

et al., 2021) and is linked to breast cancer through several comparable molecular 

oncogenesis pathways, especially in the hereditary breast and ovarian cancer (HBOC) 

syndrome (Kobayashi et al., 2013). Therefore, breast and ovarian cancers piqued our 

interest and we selected them as models for this study. 

 Breast and ovarian cancer treatment is based on the subtype and stage of the 

cancer. In general, the combination of chemotherapeutic drugs is usually recommended 

after the surgery. For example, paclitaxel and the platinum-based combination is used 

as the first line chemotherapy for ovarian cancer, doxorubicin and cyclophosphamide 

combination is the regimen for early-stage breast cancer treatment. Chemotherapy 

followed by surgery (neoadjuvant) is a strategy for treating patients with advanced stage 

of breast and ovarian cancers to reduce the tumor volume and make it easier for surgery 

(Kayl et al., 2006). However, several side effects of chemotherapeutic drugs hinder the 

quality of life in breast and ovarian cancer patients. In addition, due to the low 

specificity of eliminating cancer cells of chemotherapeutic drugs, targeted therapy has 

recently played an important role in cancer treatment. Unfortunately, the high cost of 

most targeted medications makes them unaffordable in economically developing 

countries (Prasad et al., 2021). Hence, phytochemical-based drugs are interesting for 
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developing in clinical use and could be considered for lessening strong side effects and 

medical expenses. 

 Target identification and validation is an early process of drug discovery and 

development. Most chemotherapeutic drugs for breast and ovarian cancer treatments 

target DNA, such as alkylating agents, platinum-based agents and antibiotics agents. 

These drugs attach alkyl groups to DNA, resulting in DNA cross-linking, DNA 

fragmentation and abnormal base paring leading to DNA synthesis inhibition and cell 

death at last (Roy et al., 1999). In addition, microtubule is one of the targets of 

chemotherapeutic drugs that are derived from a natural compound such as paclitaxel 

binds to β-tubulin to inhibit depolymerization. Whereas vincristine and vinblastine, 

vinca-alkaloid compounds, act to inhibit microtubule polymerization. Both events 

suppress microtubule dynamic instability that inhibits mitotic progression leading to 

cell cycle arrest at the M phase and cell death (Lichota and Gwozdzinski, 2018). 

Moreover, lignans are a fascinating natural compound that has potential anticancer 

activity. Food and Drug Administration (FDA) approved chemotherapeutic drugs such 

as etoposide and teniposide which are semisynthetic derivatives from podophyllotoxin 

act as topoisomerase II inhibitors that inhibit re-ligation of cleaved DNA leading to 

critical errors in DNA synthesis at the premitotic stage of cell division (Yousefzadi et 

al., 2010; Pan et al., 2012). However, a multitude of proteins possess the capacity to 

govern various aspects of cancer cell behavior, including proliferation, cell cycle 

progression, cell survival, migration, DNA repair, and resistance to multiple drugs. 

These proteins represent promising candidates for targeted interventions through 

anticancer drugs. (Alimbetov et al., 2018). 

 Trans-(−)-kusunokinin, a lignan compound from Piper nigrum, revealed the 

potential anticancer activity through induced cell apoptosis and G2/M phase arrest on 

breast cancer cells (Sriwiriyajan et al., 2017). In the mammary tumor rat model, trans-

(−)-kusunokinin exhibited the inhibition of tumor growth and migration with no side 

effects (Tedasen et al., 2020). However, trans-(−)-kusunokinin from the extraction of 

P. nigrum provides a low yield percentage and requires complicated extraction 

techniques (Rattnaburee et al., 2019). Therefore, the synthetic racemic trans-(±)-

kusunokinin (equimolar mixture of trans-(−)-kusunokinin and trans-(+)-kusunokinin) 

could be encouraged for further study.  
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 Trans-(±)-kusunokinin showed significantly decreased topoisomerase II, STAT3 

and cyclin D1 levels leading to inhibits proliferation of breast cancer cells 

(Rattanaburee et al., 2019). Interestingly, not only on breast cancer cells that trans-(±)-

kusunokinin showed potential cytotoxicity but also on colon, cholangiocarcinoma and 

ovarian cancer cells (Rattanaburee et al., 2019 and Mad-adam et al., 2022). 

Computational analysis of trans-(−)-bursehernin, a structure similar to trans-(−)-

kusunokinin, showed that could bind strong affinity with the colony-stimulating factor 1 

receptor (CSF1R), which relates to the proliferation pathway and high expression in 

cancer tissue (Tedasen et al., 2017). Interestingly, trans-(−)-kusunokinin was predicted 

to bind to several target proteins, such as CSF1R, MMP-12, HSP90-α, CyclinB1 and 

MEK1. Among them, CSF1R revealed the best binding affinity. However, in vitro 

experimental proof revealed that trans-(±)-kusunokinin partially binds and suppresses 

CSF1R and AKT with a fairly different mechanism from pexidartinib, a CSF1R 

inhibitor (Rattanaburee et al., 2020). These results could be explained that trans-(+)-

kusunokinin, another enantiomer form, showed less binding affinity (Chompunud Na 

Ayudhya et al., 2022) leading to a racemic trans-(±)-kusunokinin exhibited the half 

inhibition effect on CSF1R. It was postulated that trans-(±)-kusunokinin may exert 

anti-cancer properties by targeting multiple proteins. Thus, this investigation aims to 

ascertain and validate the specific target protein of kusunokinin that plays a pivotal role 

in the progression of breast and ovarian cancer cells, employing both in silico and in 

vitro methodologies. The outcomes of this research endeavor may furnish insights into 

the mechanistic actions of kusunokinin and potentially contribute to the development of 

anti-cancer agents in the foreseeable future. 

1.2 Literature reviews 

         1.2.1 Breast and ovarian cancers 

 Breast cancer is the most common female cancer. Breast cancer was the second 

leading cause of cancer-related deaths among women in Thailand and worldwide. 

However, the recent trend in incidence and mortality rates has increased considering 

the world age-standardized incidence rate (ASR) of 47.8 and the world age-

standardized mortality rate (ASMR) of 13.6, which are the first and second ranking in 
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2020, respectively (Figure 1A). In Thailand, breast cancer has a first-ranking ASR of 

37.8 and a third-ranking ASMR of 12.7 (Figure 1B) (Sung et al., 2021). 

 The origins of breast cancer are ducts and lobules (Figure 2A). The major 

classification is between in situ and invasive carcinoma, which differs from the 

proliferation of cancer cells in the epithelial tissue with or without invasion of the 

basement membrane and surrounding tissue. There are four types of breast cancer that 

are classified by the receptor status of estrogen receptor (ER), progesterone receptor 

(PR), and human epidermal growth factor receptor 2 (HER2): luminal A, luminal B, 

HER2-enriched, and basal-like or triple-negative breast cancer (TNBC). Breast cancer 

treatment is based on receptor status; patients who have ER+ and PR+ will be treated 

with hormonal therapy; patients who have HER2 overexpression will be treated with 

anti-HER2; and patients with triple-negative will be treated with chemotherapy only 

(Figure 2B) (Goldhirsch et al., 2011). 

 Recently, ovarian cancer incidence and mortality rates have been ranked in the 

top 10 of ASR and ASMR in Thailand and worldwide in 2020 (Figure 1) (Sung et al., 

2021). Ovarian cancer can be classified into 3 major categories according to the 

anatomic structures from which the tumors originate: Epithelial ovarian cancer, germ 

cell tumor, and sex cord-stromal tumor. Epithelial ovarian cancer is the most 

common, accounting for about 90% of all ovarian cancer and found that 

chemotherapy regimens are different from those for germ cell and sex cord-stromal 

tumor groups (Figure 3) (Chen et al., 2003). 
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Figure 1. Estimated age-standardized incidence and mortality rates in 2020, both 

sexes, all ages in (A) Worldwide (B) Thailand (Sung et al., 2021). 
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A                                                                  B 

   

Figure 2. Breast cancer (A) Origin of breast cancer (B) Breast cancer classification 

based on receptor status (Goldhirsch et al., 2011). 

 

 
Figure 3. Ovarian cancer origin and classification (Chen et al., 2003). 

 1.2.2 Breast cancer progression pathway 

 Breast cancer subtypes exhibit distinct molecular pathways (Figure 4). Hormone 

receptor-positive subtypes, specifically ER+ and HER+ breast cancers, are primarily 

driven by ER or HER receptors, which regulate cellular proliferation and growth. In the 

case of ER+ breast cancer, the common treatment approach involves inhibiting estrogen 

synthesis. Medications such as tamoxifen and letrozole are employed for the management 

of ER+ cancer (Jordan et al., 1993; Nabholtz et al., 2008). HER+ breast cancer, on the 

other hand, is characterized by HER2 activation of the PI3K/AKT and Ras/MAPK/ERK 
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pathways, leading to signaling cascades that stimulate cell proliferation, survival, and 

differentiation. As a result, monoclonal antibodies targeting HER2, including trastuzumab 

and pertuzumab, assume critical roles in the treatment regimen (Albanell et al., 2003). 

Conversely, triple-negative breast cancer (TNBC), an aggressive subtype lacking ER, 

HER2, and PR expression, engages various signaling pathways such as EGFR, Trop2, 

and Wnt/β-catenin in its regulatory mechanisms. Although chemotherapeutic agents 

constitute the primary approach for TNBC treatment, therapeutic resistance remains a 

challenge. Therefore, the consideration of combining the monoclonal antibody 

sacituzumab govitecan with chemotherapeutic drugs has been proposed to enhance 

treatment efficacy (Bardia et al., 2019). Additionally, the presence of BRCA1/2 mutations 

in breast cancer gives rise to hereditary breast and ovarian cancer syndrome (HBOC). 

These mutations impair DNA repair mechanisms, leading to abnormal repair of damaged 

DNA. The standard treatment for HBOC involves the use of PARP inhibitors, which 

capitalize on defective DNA repair processes to induce cell death in affected cells.  

 

Figure 4. Breast cancer pathway and molecular mechanism of drugs for breast cancer 

treatment. 
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 1.2.3 Ovarian cancer progression pathway 

 Ovarian carcinogenesis is generally associated with HER2 overexpression that 

activates PI3K/AKT and Ras/MAPK/ERK signaling, leading to cell proliferation, survival 

and invasion. Moreover, the VEGFR pathway plays an important role in angiogenesis. 

Hence, the inhibition of VEGFR by bevacizumab is the vital approach for primary systemic 

therapy of fallopian tube/epithelial ovarian cancer. Besides, patients with NRTK gene-

fusion-positive tumors that highly activate the Trk receptor are encouraged to receive 

treatment with entrectinib or larotrectinib. Furthermore, PARP inhibitors are considered in 

HBOC patients because the BRCA1/2 mutation leads to abnormal repair of the damaged 

DNA. However, chemotherapy is commonly considered for first- or second-line drugs that 

usually target DNA and microtubules. These drugs have similar mechanisms of action: they 

attach an alkyl group to DNA, resulting in DNA cross-linking, DNA fragmentation and 

abnormal base pairing, leading to DNA synthesis inhibition and cell death at last. While, 

targeting microtubules, drugs drive mitotic spindle dysfunction, leading to cell cycle arrest 

and cell apoptosis (Figure 5) (Morgan et al., 2016). 

 

Figure 5. Ovarian cancer pathway and molecular mechanism of drugs for ovarian 

cancer treatment. 
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 1.2.4 Targets of breast and ovarian cancer drugs and mechanism of action 

  1.2.4.1 Estrogen receptor: Tamoxifen 

 Tamoxifen is a nonsteroidal triphenylethylene derivative employed for the 

treatment of estrogen receptor-positive breast cancers and for the prevention of breast 

cancer incidence in individuals at high risk (Figure 6). Its mechanism of action 

revolves around binding to the estrogen receptor, thereby obstructing estrogen's 

proliferative effects on the mammary epithelium. Tamoxifen's impact includes an 

elevation in sex hormone binding globulin and a reduction in tumor growth factor and 

insulin-like growth factor levels. The surge in sex hormone-binding globulin confines 

the availability of free estradiol, curtailing the presence of substances that stimulate 

tumor growth. Furthermore, tamoxifen has been observed to induce apoptosis in 

estrogen receptor-positive cells. This effect is likely linked to the inhibition of protein 

kinase C, impeding DNA synthesis. An alternative explanation for tamoxifen's 

apoptotic influence involves a potential approximately three-fold elevation in 

intracellular and mitochondrial calcium ion concentrations upon administration or 

tumor growth factor production (Jordan, 1993). 

  1.2.4.2 Aromatase: Letrozole 

 Letrozole is an oral non-steroidal type II aromatase inhibitor prescribed for the 

treatment of hormone receptor-positive early breast cancer in postmenopausal women. 

It is also indicated for postmenopausal women with early breast cancer who have 

previously undergone tamoxifen therapy. This medication functions by obstructing 

the active site of aromatase, resulting in competitive inhibition and preventing the 

conversion of androgens to estrogen (Figure 6). This action prompts an elevation in 

luteinizing hormone levels and a reduction in uterine weight. Notably, the primary 

source of estrogen in postmenopausal women stems from the enzymatic activity of 

aromatase. The scarcity of estrogen, due to the inhibition of its production, leads to 

the regression of estrogen-dependent cancers (Nabholtz, 2008). 
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Figure 6. Mechanism of action of tamoxifen and aromatase inhibitors (Nabholtz, 2008). 

  1.2.4.3 DNA 

   1.2.4.3.1 Alkylating agents 

 Alkylating agents are chemotherapeutic drugs that are not specific to any 

particular phase of the cell cycle. They exert their effects by directly targeting DNA. 

Examples of these agents include nitrogen mustards such as cyclophosphamide and 

ifosfamide. Cyclophosphamide, a precursor of alkylating nitrogen mustard with 

antineoplastic and immunosuppressive properties, requires activation in the liver to 

form the active aldophosphamide through CYP450 metabolism. This drug has found 

utility in treating breast cancer, ovarian cancer, lymphoma, and leukemia. 

Cyclophosphamide operates through three distinct mechanisms. First, alkyl groups are 

attached to DNA bases, leading to DNA fragmentation when repair enzymes attempt 

to replace the alkylated bases. This interference hampers DNA synthesis and RNA 

transcription from the affected DNA. Second, cross-links (bonds between atoms in the 

DNA) form, causing DNA damage that prevents the separation necessary for 

synthesis or transcription. The third mechanism involves inducing nucleotide 

mispairing, culminating in the occurrence of mutations (Figure 7) (Roy et al., 1999). 
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Figure 7. Mechanism of action of alkylating agents (Roy et al., 1999). 

   1.2.4.3.2 Platinum-based agents  

 Platinum-based drugs, including cisplatin and carboplatin, are widely employed in the 

treatment of various cancer types, such as ovarian cancer, lymphomas, and germ cell tumors. 

They work similar to alkylating agents that attach to DNA leading to DNA cross-linking. 

Moreover, they can activate extrinsic pathway of apoptosis by increase the expression Fas 

and PD-L (Figure 8) (Theile, 2017). 

   1.2.4.3.3 Antibiotics agents 

 Bleomycin, derived from Streptomyces verticillus, is classified as a glycopeptide 

antibiotic. Its primary function lies in the inhibition of DNA metabolism, making it a 

valuable component in antineoplastic treatments targeting various cancers, including 

ovarian cancer, squamous cell carcinoma, and lymphomas. Bleomycin achieves its 

cytotoxic effects by binding to Fe2+, resulting in the generation of free radicals upon 

exposure to oxygen. These free radicals subsequently insert themselves between DNA 

strands, thereby inducing both single- and double-stranded breaks in the DNA structure 

(Figure 9) (Bardal et al., 2011). 

   1.2.4.3.4 Antimetabolites 

 Antimetabolites are the cell cycle-specific chemotherapeutic drugs that interrupt 

the cell cycle in S phase by hinder the metabolism of DNA synthesis for example, 5-

fluorouracil, gemcitabine, and methotrexate (Figure 10) (Kim, 2020). 
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Figure 8. Mechanism of action of platinum-based agents (Theile, 2017). 

 

Figure 9. Mechanism of action of bleomycin (Bardal et al., 2011). 

 

Figure 10. Mechanism of action of antimetabolites (Kim, 2020). 
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  1.2.4.4 Topoisomerase: etoposide 

 Etoposide, a semi-synthetic derivative derived from podophyllotoxin, possesses 

significant anticancer properties. Its mechanism of action involves interaction with 

topoisomerase II and DNA, leading to the inhibition of DNA synthesis. This 

interaction with topoisomerase II results in the formation of a complex that induces 

double-stranded DNA breaks and impedes their repair. The accumulation of these 

DNA breaks prevents the cell from progressing into the mitotic phase of cell division, 

ultimately leading to cell death (Figure 11). Etoposide primarily exerts its effects 

during the G2 and S phases of the cell cycle. Clinically, etoposide finds application in 

the treatment of various cancers. It is used in combination with other 

chemotherapeutic agents for treating refractory testicular tumors and serves as a first-

line treatment for patients with small cell lung cancer. Additionally, etoposide is 

employed in the management of other malignancies, including ovarian cancer, 

lymphoma, non-lymphocytic leukemia, and glioblastoma multiforme (Yousefzadi et 

al., 2010; Jain et al., 2017). 

 

Figure 11. Mechanism of action of topoisomerase inhibitor (Jain et al., 2017). 
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  1.2.4.5 Microtubule 

   1.2.4.5.1 Taxane-diterpenes: paclitaxel and docetaxel 

 Placlitaxel is a taxane-diterpene from Taxus baccata. (European yew) and Taxus 

brevifolia. (Pacific yew) while docetaxel is semisynthetic derivative of placlitaxel. 

Both drugs contribute to tubulin dimers forming microtubules and stabilize them by 

avoiding depolymerization. This stability prevents the microtubule network's dynamic 

rearrangement, which is necessary for crucial interphase and mitotic cellular 

processes leading to cell cycle arrest and cell death by apoptosis at last (Figure 12). 

They are used for combination treatment of advanced or metastatic breast cancer, 

ovarian cancer and non-small cell lung carcinoma (Lichota and Gwozdzinski, 2018). 

   1.2.4.5.2 Vinca-alkaloids: vincristine and vinblastine 

 Vincristine and vinblastine are vinca-alkaloids isolated from Catharanthus spp. or 

Vinca spp. They inhibit microtubule polymerization by promoting a curved conformation 

or inhibiting a straightened conformation necessary for proper microtubule formation, 

leading to mitotic arrest or cell death (Figure 12). Vincristine and vinblastine are indicated 

for the treatment of ovarian cancer, breast cancer, Hodgkin's disease, Kaposi's sarcoma, 

and testicular cancer (Lichota and Gwozdzinski, 2018). 

 

Figure 12. Mechanism of action of taxane-diterpenes and vinca alkaloids (Lichota 

and Gwozdzinski, 2018). 
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  1.2.4.6 HER2: Trastuzumab 

 Trastuzumab Trastuzumab has a strong and specific binding affinity for the 

extracellular domain of the human epidermal growth factor receptor protein, HER2. It 

is primarily used to treat HER2-positive breast cancer, which occurs when the HER2 

gene is amplified or the HER2 protein is overexpressed in tumor cells. Approximately 

20-30% of breast tumors show this genetic alteration, leading to excessive HER2 

activation. This heightened activation triggers abnormal cell proliferation through 

downstream signaling pathways like Ras/Raf/MAPK/ERK and PI3K/Akt. 

Trastuzumab works by binding to HER2, inhibiting cancer cell growth, proliferation, 

and survival (Figure 13) (Albanell et al., 2003). 

 

Figure 13. Mechanism of action of trastuzumab (Albanell et al., 2003). 

  1.2.4.7 Trop2: Sacituzumab govitecan 

 Tumor-associated calcium signal transducer 2 (Trop2) is a transmembrane 

glycoprotein that plays an importance role in metastasis in various cancer such as, 

breast cancer and ovarian cancer. Sacituzumab govitecan, a selective Trop2 inhibitor, is 

recommend for metastatic triple-negative breast cancer treatment (Bardia et al., 2019). 

 

  1.2.4.8 VEGFR: Bevacizumab 

 Bevacizumab selectively binds to VEGFR that plays an importance role in 

angiogenesis through PLC/PKC/eNos pathway. The indication of bevacizumab is 

stage I/II of fallopian tube/epithelial ovarian cancer treatment (Morgan et al., 2016). 
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  1.2.4.9 TrkA/B/C receptor: entrectinib 

 Entrectinib is a Trk inhibitor that encourage to use in recurrent platinum-resistant 

epithelial ovarian cancer patient who has a NRTK gene-fusion positive. Trk is a tyrosine 

kinase receptor that plays an importance role in cell proliferation, cell survival, cell invasion 

through the signaling pathway of PI3K/AKT and Ras/MEK/ERK (Morgan et al., 2016). 

  1.2.4.10 EGFR: gefitinib 

 EGFR is a  tyrosine kinase receptor that plays an importance role in cancer cell 

proliferation. Gefitinib is the one of EGFR inhibitors that used as combination treatment 

with cisplatin in ovarian cancer patient with EGFR overexpression. (Yuan et al., 2014). 

  1.2.4.11 PARP: olaparib 

 PARP plays an importance role in DNA repair which regulate BRCA1/2. 

Olaparib is the one of  PARP inhibitor that used in hereditary breast and ovarian 

cancer syndrome (HBOC), patient with BRCA1/2 mutation (Morgan et al., 2016). 

 1.2.5 General treatment of breast and ovarian cancer 

 In general, a surgery is considered for both breast and ovarian cancers treatment. In 

breast cancer, removing the tumor with preserving breast (Lumpectomy) or entire breast 

(Mastectomy) will be done depending on the condition of patient. In ovarian cancer, 

surgical treatment regularly removes both ovaries and fallopian tubes that called bilateral 

salpingo-oophorectomy including uterus that called hysterectomy (Morgan et al., 2016). 

In addition, radiation therapy is also recommended in patient who have a larger tumor. 

Given after surgery is most commonly whereas given before surgery is only considered 

when a tumor cannot be removed with surgery. However, the spreading of cancer cell 

into lymph vessel and circulation hinders the achievement of treatment. Hence, systemic 

treatments of drugs play an important role in cancer treatment (Sangkhathat et al., 2017). 

 1.2.6 Drugs for breast cancer treatment 

 Chemotherapeautic, hormonal, and targeted drugs for breast cancer treatment 

are used depending on the subtype and stage of breast cancer (Table 1). 
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Table 1. Drugs for breast cancer treatment. 

Drugs Target and mechanism of action Indication References 

Hormonal therapy    

Tamoxifen 

 

It binds to the estrogen receptor and the blocks the 

proliferative actions of estrogen on mammary 

epithelium leading to reduce levels of factors that 

stimulate tumor growth. It also induces apoptosis 

thought the inhibition of protein kinase C leading 

to DNA synthesis prevention. 

Tamoxifen is indeed a commonly used 

treatment for premenopausal patients 

with early-stage and metastatic breast 

cancer who have estrogen receptor-

positive (ER+) tumors, including 

subtypes luminal A and luminal B. 

Jordan et al., 1993 

Letrozole 

 

It blocks the active site of aromatase enzyme and 

shows competitive inhibition prevents the 

conversion of androgens to estrogen leading to a 

reduction in uterine weight.  

Letrozole is a medication commonly 

used in the treatment of postmenopausal 

women with hormone receptor-positive 

early breast cancer. It is also prescribed 

for postmenopausal women who have 

previously been treated with tamoxifen. 

 

Nabholtz et al., 2008 
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Table 1. Drugs for breast cancer treatment (continued). 

Drugs Target and mechanism of action Indication References 

Chemotherapy    

Cyclophosphamide 

 

Cyclophosphamide's metabolites attach alkyl groups to 

DNA bases, leading to several disruptive effects on 

DNA such as, DNA fragmentation, inhibition of DNA 

synthesis, RNA transcription inhibition, formation of 

DNA cross-links, nucleotide mispairing and mutations. 

Cyclophosphamide is an adjuvant 

chemotherapy for early stage and 

metastatic stage of breast cancer 

with the combination of other 

chemotherapeutic drugs. 

Roy et al., 1999 

Doxorubicin 

 

Doxorubicin exerts its cytotoxic effects primarily by 

intercalating into DNA molecules. This intercalation 

disrupts the normal structure and function of DNA, leading 

to several cellular consequences, including, DNA damage, 

inhibition of DNA replication, induction of apoptosis and 

generation of reactive oxygen species. 

Doxorubicin is an adjuvant 

chemotherapy for early and 

metastatic stage of breast cancer. 

Goldhirsch et al., 2011 

5-fluorouracil 

 

Uracil is replaced by the active metabolite 5-fluoroxyuridine 

monophosphate, which prevents RNA processing and limits 

cell development. Thymidylate is inhibited by the active 

metabolite 5-5-fluoro-2'-deoxyuridine-5'-O-monophosphate. 

5-Fluorouracil is indeed used in the 

treatment of breast cancer, particularly 

as part of adjuvant chemotherapy 

regimens for both early-stage and 

metastatic breast cancer. 

Goldhirsch et al., 2011 
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Table 1. Drugs for breast cancer treatment (continued). 

Drugs Target and mechanism of action Indication References 

Targeted therapy    

Trastuzumab 

 

Trastuzumab selectively binds with high affinity to 

the extracellular domain of the HER2 and 

suppresses cancer cells growth, proliferation, and 

survival through HER2 downstream signaling such 

as Ras/Raf/MAPK/ERK and PI3K/Akt signaling. 

Trastuzumab is used as a treatment of 

HER2 positive breast cancer, where 

there is a proven amplification of the 

HER2 oncogene or overexpression of 

the HER2 protein in tumors. 

Albanell et al., 2003 

Sacituzumab govitecan 

 

Its mechanism of action involves the targeted 

delivery of a potent chemotherapy drug to 

cancer cells overexpressing TROP2, thereby 

inhibiting cancer cell growth and promoting 

cell death. This targeted approach represents an 

important advancement in cancer treatment, 

especially for patients with metastatic triple-

negative breast cancer and metastatic urothelial 

cancer. 

 

Sacituzumab govitecan is approved 

for the treatment of metastatic 

triple-negative breast cancer and 

metastatic urothelial cancer. 

 

Bardia et al., 2019 
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 1.2.7 Drugs for ovarian cancer treatment 

 Chemotherapy is a common recommendation for the first/second-line drugs of ovarian cancer treatment. These drugs usually work similar 

mechanism of action by targeting DNA and microtubule. A few of usage of targeted therapy as show in Table 2.  

Table 2. Drugs for ovarian cancer treatment. 

Drugs Target and mechanism of action Indication References 

Chemotherapy    

Cisplatin/Carboplatin 

 

Cisplatin and carboplatin work similar to alkylating agents 

that attach to DNA leading to DNA cross-linking. 

Moreover, they can activate extrinsic pathway of 

apoptosis by increase the expression Fas and PD-L. 

Cisplatin and carboplatin are 

commonly used in the treatment of 

various cancers, including ovarian 

cancer and lung cancer. 

Theile et al., 2017 

Bleomycin 

 

Bleomycin forms a complex with Fe2+, and when 

exposed to oxygen, this complex triggers the 

generation of free radicals. Subsequently, these free 

radicals insert themselves between the strands of 

DNA, resulting in the creation of both single-

stranded and double-stranded breaks within the DNA 

molecule. 

 

Bleomycin is a first-line/adjuvant 

chemotherapy in malignant ovarian 

germ cell tumors and malignant sex 

cord-stromal tumors. 

Brown et al., 2005 
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Table 2. Drugs for ovarian cancer treatment (continued). 

Drugs Target and mechanism of action Indication References 

Dactinomycin 

 

Dactinomycin causses guanine-cytosine intercalation 

leading to prevention of RNA polymerase from 

transcription of DNA. Additionally, it results in DNA 

breakage, presumably as a result of an interaction with 

topoisomerase II or a free radical intermediate. 

Dactinomycin is a first line/adjuvant 

chemotherapy in malignant ovarian 

germ cell tumors and malignant sex 

cord-stromal tumors. 

Hadi et al., 2020 

Paclitaxel/ Docetaxel 

 

Paclitaxel and docetaxel target microtubules by 

promoting the assembly of microtubules from tubulin 

dimers and stabilizing microtubules by preventing 

depolymerization. Resulting in mitotic cellular 

functions leading to cell cycle arrest and cell death by 

apoptosis. 

Paclitaxel is the first/second-line 

adjuvant/neoadjuvant in epithelial 

ovarian cancer. While docetaxel is 

an adjuvant chemotherapy for early 

stage of breast cancer.  

Lichota et al., 2018 

Vincristine/Vinblastine 

 

Vincristine and vinblastine target microtubules and 

inhibit microtubule polymerization by promoting a 

curved conformation or inhibiting a straightened 

conformation necessary for proper microtubule 

formation, leading to mitotic arrest or cell death. 

Vincristine and vinblastine are used 

for the treatment of malignant 

ovarian germ cell tumors and 

malignant sex cord stromal tumors. 

However, a combination with other 

chemotherapeutic drugs is required. 

Lichota et al., 2018 
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Table 2. Drugs for ovarian cancer treatment (continued). 

Drugs Target and mechanism of action Indication References 

Targeted therapy    

Bevacizumab 

 

Selectively binds to VEGFR that plays an 

importance role in angiogenesis 

Stage II-IV epithelial ovarian cancer Morgan et al., 2016 

Entrectinib 

 

Inhibit TrkA/B/C receptor NRTK gene-fusion positive tumors in 

recurrent platinum-resistant epithelial 

ovarian cancer 

Morgan et al., 2016 

Olaparib 

 

Inhibitor of the nuclear enzyme poly(ADP-ribose) 

polymerase (PARP) 

Hereditary breast and ovarian 

cancer syndrome (HBOC) patient 

with BRCA1/2 mutation 

Morgan et al., 2016 
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 1.2.8 Aldo-keto reductase family 1 member B1 (AKR1B1) 

 Aldo-keto reductase family 1 member B1 (AKR1B1) is a NADPH-dependent 

enzyme that catalyzed various substrate, including retinal (Crosas et al., 2003), 

glucose, glyceraldehyde (Hamada et al., 1991), and prostaglandin H2 (Nagata et al., 

2011). AKR1B1 is metabolic enzyme that upregulate gene expression by the signaling 

from Triiodothyronine (T3) binding with thyroid hormone receptor alpha (TRα) or 

thyroid hormone receptor beta (TRβ) and heterodimerize with retinoid X receptor 

(RXR) located on thyroid hormone response elements (Chi et al., 2013).  

 AKR1B1 plays an importance role in cell proliferation and the aggressiveness 

on various human cancer. Ramana and colleague reveal that the inhibition of 

AKR1B1 hinders epidermal growth factor (EGF) and fibroblast growth factor (FGF)-

induced colon cancer cell proliferation by inhibit G1/S phase transition through 

PI3K/AKT pathway. Inhibition of AKR1B1 also prevented DNA binding activity of 

E2F-1, the phosphorylation of cyclin-dependent kinase 2  and retinoblastoma protein 

(pRb), and the expression of G1/S transition regulatory proteins such as cyclin D1, 

cyclin E and c-myc (Figure 14A) (Ramana et al., 2010). Moreover, AKR1B1 is highly 

expression on triple negative breast cancer associate with the aggressive metastasis. 

AKR1B1 expression is induced by the transcription of Twist2. It converts PGH2 to 

PGF2α that relays NF-κB activation leading to up-regulates Twist2 expression in 

consequence of the positive feedback loop that activates the epithelial–mesenchymal 

transition process (Wu et al., 2017) (Figure 14B). 
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A                                                                  B   

                      
 

Figure 14. Role of AKR1B1 signaling in cancer (A) AKRB1B1 regulation in colon 

cancer cell proliferation (B) The regulation of EMT by AKR1B1 through a positive 

feedback loop leading to tumorigenicity and metastasis on triple negative breast 

cancer (Ramana et al., 2010; Wu et al., 2017). 

 1.2.9 Aldose reductase inhibitors (ARIs) 

 According to the extreme attempt to develop an effective drug for targeting 

AKR1B1, only some aldose reductase inhibitors (ARIs) can hit clinical trials. 

Generally, ARIs can be classified into two groups based on their structure. Carboxylic 

acid-containing ARIs, the largest group of ARIs, exhibit activity through carboxylate 

anion head groups that are suitable for insertion into the anion binding pocket of ARIs 

and aromatic moiety, which stabilizes orientation in the hydrophilic domain 

(Chatzopoulou et al., 2012). As a result of their severe hepatotoxic side effects, 

several carboxylic acid-containing ARIs, including alrestatin, tolrestat, zenarestat, and 

zopolrestat, were discontinued. Hydantoin containing ARIs, another ARI that has a 

hydantoin ring combined with a chroman ring to form the rigid structure, such as 

sorbinil, fidalrestat, minalrestat, and ranirestat. However, hypersensitivity reactions 

are usually found in these drugs (Sarges et al., 1988; Lipinski et al., 1992). Among of 

them, only epalrestat is marketed and used to treat diabetic neuropathy in Asian 

countries (Hotta et al., 2008) and used for metastatic triple-negative breast cancer in a 

clinical trial (Khaled et al., 2019). However, as a result of the withdrawal in other 
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countries, its low effectiveness and adverse effects continue to be an issue. Hence, the 

exploration of new ARIs with high efficacy and less toxic is still important. Recently, 

only a few ARIs that the researcher investigates their anticancer activity as show in 

Table 3 and Figure 15. 

 

 

Figure 15. Molecular mechanism of action of ARIs in anticancer activity. 
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Table 3. Aldose reductase inhibitors (ARIs) with anticancer effects in vitro and in vivo experiments. 

Drugs Description Adverse effects References 

 

Epalrestat 

 

 

- Triple-negative breast cancer treatment (phase II clinical trial) 

- Suppressed invasion and migration on MDA-MB231 and SUM159 

- Tumor size reduction and suppression of lung tumor spread 

- Targeted co-delivery with doxorubicin increased apoptosis and 

cell cycle arrest in the G2/M phase on MDA-MB-231 and 4T1 

 

Hepatic dysfunction, 

Elevation of aspartate 

transaminase and alanine 

transaminase 

 

Wu et al., 2010, 

Ramirez et al., 2008 

Banala et al., 2019 

 

Zopolrestat 

 

 

- Prevented EGF and bFGF-induced DNA binding activity of E2F-1 

and phosphorylation of retinoblastoma protein on colon cancer cell 

 

Liver and renal toxicity 

 

Ramana et al., 2010 

Maccari et al., 2015 
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Table 3. Aldose reductase inhibitors (ARIs) with anticancer effects in vitro and in vivo experiments (continued). 

Drugs Description Adverse effects References 

 

Fidarestat 

 

 

- Decreased the expression of anti-apoptotic proteins including, Bcl-

xL, Bcl-2, survivin, XIAP and FLIP 

- Increased the expression of pro-apoptotic proteins leading to 

release of cytochrome c and activation of caspases-3 

- Activated the forkhead transcription factor FOXO3a to control 

AKT/PI3K signaling 

 

Hypersensitivity reaction 

 

Shoeb et al., 2013 

 

 

Sorbinil 

 

 

- Prevented retinoblastoma protein phosphorylation and EGF and 

bFGF-induced DNA binding activity of E2F-1 on colon cancer cells 

 

Hypersensitivity reaction 

 

Ramana et al., 2010 

Maccari et al., 2015 



 28 

 1.2.10 Lignans 

 Lignans, the natural plant products which are biosynthesized through shikimate 

pathway that provides aromatic compounds, especially l-phenylalanine which is the 

precursor to form lignans by multi-process of shikimate pathway. Briefly, 

phosphoenolpyruvate (PEP) from the glycolytic pathway and D-erythrose 4-

phosphate from the pentose phosphate cycle are incorporated to biosynthesize 

shikimic acid. Then, it turns to chorismic acid which is an important initiator 

molecule in aromatic amino acids L-phenylalanine and L-tyrosine (Figure 16A). They 

are precursors of 4-hydroxycinnamyl alcohol, coniferyl alcohol and sinapyl alcohol 

that act as C6C3 unit (phenylpropanoid core) building blocks to form lignins and 

lignans. Lignans are characterized by dimeric C6C3 units linked at carbons 8 and 8’ 

position whereas lignins are polymeric (Figure 16B) (Simpson et al., 2017) 

 Several lignan reported as anticancer property such as flaxseed lignans that 

effect by multiple targets of hallmarks of cancer (De Silva et al., 2019). In addition, 

FDA approved lignans as chemotherapeutic drug namely etoposide and teniposide, 

semisynthetic derivative from podophyllotoxin, act as topoisomerase II inhibitor 

leading to occur critical errors in DNA synthesis at the premitotic stage of cell 

division (Yousefzadi et al., 2010; Pan et al., 2012). 
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A 

 
B 

 
 

Figure 16. Lignan biosynthesis. Lignans are biosynthesize from L-phenylalanine and 

L-tyrosine (A) and the core structure of lignans (B) (Simpson et al., 2017). 

 1.2.11 Lignan as an anticancer compound 

 Etoposide and other semi-synthetic derivatives of podophyllotoxin are lignan-

based medications that are well-known cases of anticancer for clinical-used and 

approved by FDA. In addition, several natural lignan compounds have been reported 

the potential hinder breast and ovarian cancer as show in Table 4 and Figure 17. 
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Table 4. Anticancer compounds from lignan. 

Lignans Sources Anticancer effects References 

Podophyllotoxin 

 

Podophyllum peltatum It has a potent antiproliferation on various cancer cell lines by 

binds to α, β-tubulin that effect on loss of microtubule and the 

formation of abnormal mitotic spindles leading to G2/M arrest. 

However, it rarely used in cancer therapy due to highly toxicity. 

You et al., 2005 

Etoposide 

 

Semisynthetic derivative 

of podophyllotoxin 

Etoposide operates by forming a complex with topoisomerase II 

and DNA, effectively halting DNA synthesis. This complex, 

through its interaction with topoisomerase II, induces double-

stranded DNA breaks, impeding their repair mechanisms. The 

accumulation of DNA damage prevents cells from progressing 

into the mitotic phase of cell division, ultimately leading to cell 

death. Etoposide is utilized in the treatment of ovarian cancer. 

You et al., 2005 

Teniposide 

 

Semisynthetic derivative 

of podophyllotoxin 

Teniposide is a phase-specific cytotoxic drug that disrupts cell 

division during the late S or early G2 phase of the cell cycle. It 

achieves this by inducing breaks in both single- and double-

stranded DNA and forming protein-DNA crosslinks. The primary 

mechanism of action appears to be the inhibition of topoisomerase 

II activity.  

You et al., 2005 
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Table 4. Anticancer compounds from lignan (continued). 

Lignans Sources Anticancer effects References 

Bursehernin 

 

Bursera spp. Bursehernin shows a cytotoxic effect on breast, colorectal and 

cholangiocarcinoma cells. It significantly induces cell cycle 

arrest at the G2/M phase and inhibits proliferation by 

significantly decreasing topoisomerase II, cyclin D1 and 

STAT3. In addition, it induces apoptosis through enhanced 

multi-caspase activity. 

Rattanaburee et al., 2019 

Matairesinol 

 

Wikstroemia sikokiana, 

Wikstroemia indica, 

Piper philippinum 

Matairesinol has cytotoxicity against breast cancer and inhibits 

Akt signaling. It sensitizes cancer cells to TRAIL-induced 

apoptosis. Moreover, it has inhibitory effect on aldose reductase. 

Peuhu et al., 2010 

Arctigenin 

 

Wikstroemia indica, 

Fructus arctii. 

Arctigenin has cytotoxicity against breast cancer (MCF-7) with 

IC50 values of 9.6 μM and strongly inhibits Akt activation. 

Moreover, it has inhibitory effect on aldose reductase. 

Xu et al., 2010 
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Table 4. Anticancer compounds from lignan (continued). 

Lignans Sources Anticancer effects References 

Arctiin 

 

Fructus arctii. Arctiin exhibits anti-angiogenesis by inhibition of STAT3 

phosphorylation. Moreover, it has inhibitory effect on aldose 

reductase. 

Xu et al., 2010 

Wikstromol 

 

Wikstroemia sikokiana, 

Wikstroemia indica 

Wikstromol inhibits several components of the RTK/PI3K/Akt 

pathway in LNCaP prostate cancer cells and enhances TRAIL-

induced apoptosis. 

Peuhu et al., 2013 

Polygamain 

 

Haplophyllum 

tuberculatum, 

Amyris madrensis 

It exhibits antiproliferation activities on various cancer cell lines 

such as MDA-MB-453, MDA-MB-231, SKOV-3 and SKOV-3-

MDR-1-6/6 with IC50 values of 26.3, 78.2, 51.3 and 102.1 nM, 

respectively. Futhermore, it binds to α,β-tubulin that effect on loss 

of microtubule and the formation of abnormal mitotic spindles 

leading to G2/M arrest. 

Hartley et al., 2012 

Magnolol 

 

Magnolia officinalis Magnolol inhibits HER2 expression on SKOV-3 and downregulate 

PI3K/Akt signaling. 

Chuang et al., 2011 
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Figure 17. Molecular mechanism of action of lignan compounds in anticancer 

activity. 

1.2.12 Kusunokinin 

 Kusunokinin is one of the dibenzylbutyrolactone lignans. The International 

Union of Pure and Applied Chemistry (IUPAC) nomenclature of kusunokinin is 

(3R,4R)-3-(1,3-benzodioxol-5-ylmethyl)-4-[(3,4-dimethoxyphenyl)methyl]oxolan-2-

one. The molecular formula of kusunokinin is C21H22O6 and its molecular weight is 

370.4 g/mol (Figure 18). This compound has no hydrogen bond donor but has 6 

hydrogen bond acceptors. Kusunokinin was first isolated from Cinnamomum 

camphora along with two novel lignan compounds, cinnamonol and kusunokinol 

(Takaoka et al., 1977). Kusunokinin was also isolated from various plants such as 

Zanthoxylum setulosum (Mora et al., 2011), Haplophyllum spp. (Gözler et al., 1996), 

Virola spp. (Kato et al., 1990), and Wikstroemia spp. (Kato et al., 2014). 
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 Kusunokinin plays a crucial role in protecting plants from insects. Messiano and 

colleagues isolated kusunokinin from Aristolochia malmeanahas which revealed 

insecticidal activity on Anticasia gemmatalis at an LD50 value of 230.1 μg/μL 

(Messiano et al., 2008). The results from these studies were concordant with the 

Bicalho studies that isolated it from Virola sebifera and showed insecticidal activity 

on Anticasia gemmatalis at LD50 value of 230.1 μg/μL and on Atta sexdens 

rubropilosa at 90% mortality after 25 days and fungicidal activity on Leucoagaricus 

gongylophorus. (a symbiotic fungus on ants) at 100% mycelial growth inhibition 

(Bicalho et al., 2012). Several reports identified kusunokinin as an active antiparasite. 

Sartorelli and colleagues isolated kusunokinin from Aristolochia cymbifera which 

revealed antitrypanosomal activity at IC50 51.51 and 17.02 μM on Trypanosoma cruzi. 

trypomastigotes and amastigotes stages, respectively, with an absence of hemolytic 

activity (Sartorelli et al., 2010) similar result to Morais and colleagues that isolated 

from Piper cernuum showed activity against trypomastigotes at an IC50 value of 31.8 

μM (Moraisa et al., 2019). In addition, it was selectively docked to Leishmania 

mexicana pyruvate kinase with a binding energy value of -130.5 kJ/mol (Ogungbe et 

al., 2019). Moreover, Mohamed and colleagues investigated the potential antibacterial 

targeting of penicillin binding protein and penicillin-binding protein2a of methicillin-

resistant Staphylococcus aureus (MRSA) strain SO-1977. They revealed that the 

docking binding free energy of kusunokinin with PBP2a is -12.74 kcal/mol 

(Mohamed et al., 2019). 

 Karahisar and co-workers studied the neurobiological potential of 

Haplophyllum sahinii and Haplophyllum vulcanicum extracts containing kusunokinin 

and several of its derivatives that showed inhibitory activity on acetylcholinesterase, 

butyrylcholinesterase and tyrosinase, which are associated with Alzheimer’s disease 

and Parkinson’s disease (Karahisar et al., 2019). In addition, Kusunokinin, which has 

been isolated from Piper philippinum, showed anti-platelet aggregation at 83.7%, 

79.8%, 79.9% and 80.8% inhibitory effects that were induced by thrombin, 

arachidonic acid, collagen and platelet-activating factor, respectively (Chen et al., 

2007). 

 Interestingly, a growing number of recent studies indicate kusunokinin as an 

anticancer compound. Trans-(−)-kusunokinin from Piper nigrum showed a cytotoxic 
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effect on breast cancer cell lines (MCF-7, MDA-MB-468 and MDA-MB-231) and 

colorectal cancer cells (SW-620) with IC50 values of 1.18, 1.62, 91.79 and 2.60 μg/ml, 

respectively. These suggest that trans-(−)-kusunokinin induced cell cycle arrest at the 

G2/M phase by decreasing topoisomerase II level and increasing p53 and p21 levels, 

including induced apoptosis by the decreasing bcl-2 level and the increasing bax, 

cytochrome c and caspase-8, -7 and -3 activities (Sriwiriyajan et al., 2017). These 

results were similar to the study of the synthetic racemic kusunokinin that showed the 

cytotoxic effect on breast cancer cell lines (MCF-7, MDA-MB-468 and MDA-MB-

231), colorectal cancer cells (HT-29) and cholangiocarcinoma cell lines (KKU-M213, 

KKU-K100 and KKU-M055) with IC50 values of 4.30, 5.90, 7.57, 5.51, 5.93, 7.16 

and 12.19 μM, respectively. The results concluded that it modulates cell cycle and 

proliferation by decreasing topoisomerase II, STAT3 and cyclin D1, while p21 was 

significantly increased. Furthermore, it induced apoptosis by enhancing multi-caspase 

activity (Rattanaburee et al., 2019). In addition, the studies in mouse models revealed 

the inhibition of tumor growth and migration with no adverse effect (Tedasen et al., 

2020). Interestingly, computational stimulation revealed that trans-(−)-kusunokinin 

was predicted to bind several target proteins, such as CSF1R, MMP-12, HSP90-α, 

cyclinB1 and MEK1. Among them, CSF1R revealed the best binding affinity. Trans-

(−)-kusunokinin binds the juxtamembrane region and forms π-π stacking at the 

binding site of CSF1R (Rattanaburee et al., 2020). Moreover, it also binds to the ATP 

binding domain of HER2 but revealed low binding affinity and a different mode of 

action from the HER2 inhibitor (neratinib) (Rattanaburee et al., 2021). 

                         

Figure 18. Trans-(±)-kusunokinin structure. 
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1.2.13 Signaling pathway related to carcinogenesis 

  1.2.13.1 Cancer cell proliferation 

 Self-sufficiency in growth signals is one of the molecular hallmarks of cancer 

that leads to uncontrollable proliferation. Normal cells from different tissues are in 

various stages of cell progression by modulation of growth-promoting signals to 

homeostasis of cell amount and function. Cell proliferation requires cell 

communication that interacts between growth factors, receptors on the cell membrane 

and intracellular signaling pathways. In overview, total activation of cell proliferation 

depends on classes and amount of growth factors and receptors. Growth factors may 

be hormones from the endocrine system, activated proliferation protein from contact 

cells or extracellular matrix (paracrine) and adhesion molecules. Cancer cells have a 

potential strategy for cell proliferation mechanism by creating growth factors for 

autoactivation (autocrine) leading to independent from environment signaling, for 

example, platelet-derived growth factor (PDGF), colony-stimulating factor (CSF) and 

tumor growth factor beta (TGF-β) from cancer cell that activated itself and adjacent 

cells. Furthermore, cancer cells may communicate with stromal cells, fibroblasts, or 

white blood cells in inflammatory processing that enhances growth factor release 

(Kharaishvili et al., 2014). 

 Another strategy that cancer cells use to activate proliferation is increasing the 

copy number of receptors on the cell membrane surface. Breast cancer patients found 

that 15-30% with amplification of HER2/neu gene leads to high expression of HER2 

receptor that can be detected by immunohistochemistry on breast tissue. Another 

instance pertains to gastroesophageal adenocarcinoma, where a notable observation is 

the elevated expression of epidermal growth factor receptor (EGFR), a prominent 

member of the tyrosine kinase receptor family. Increasing of copy number leads to 

abundantly signal activation of proliferation into cells, even though the amount of 

growth factor is not alterative. Amount receptor alteration from high expression is not 

only one reason but also abnormal pathology on the receptor that may have abundant 

signaling such as EGFR mutation found in lung cancer leading to the intracellular 

domain of the receptor is self-sufficiency in growth signals from environment 

(Sharma et al., 2007). 
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Signaling activation of cell proliferation from the receptor into the nucleus is done 

through an intracellular signaling pathway. Signaling from tyrosine kinase receptors 

will be relayed into MAPkinase through Ras/Raf proteins. Abnormal pathology on 

intracellular signaling pathways may lead to signaling autoactivation such as K-RAS 

mutation that is found in pancreatic and colorectal cancer leading to continually signal 

RAS into downstream molecules (Figure 19). Both of MAPkinase pathway and PI3K 

pathway signal activation into an expression of the gene in the nucleus that gets free 

from modulation of all growth factor (acrine) (Sangkhatat et al, 2017). 

 

Figure 19. Relay signaling of cell proliferation. Linear transfer of information 

through a phospho relay system based on a sequential series of phosphorylation 

events (Berridge, 2014). 

 Receptors that play an important role in cancer cell proliferation are enzyme-

linked receptors and G protein-coupled receptors (GPCRs). The enzyme-linked 

receptor is a single-pass transmembrane receptor. The extracellular domain is the 

binding site of ligands or growth factors, leading to signal activation from the 

intracellular domain to the intracellular signaling pathway. The binding interaction of 

ligands causes dimerization of receptors and enzymatic activity on the intracellular 

side, which leads to phosphorylation on the downstream molecules that act to retrieve 

the γ-phosphate group from ATP to tyrosine by tyrosine kinases such as FGFR, TrkB, 

TrkC and PDGFR. Tyrosine kinase receptors operate as a relay for the MAPK 
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(mitogen-activated protein kinase) signaling pathway, which is essential for cell 

growth. Extracellular-signal regulated kinases 1/2 (ERK1/2) are phosphorylated as a 

result of tyrosine kinase-linked receptor activation, and they subsequently go into the 

nucleus. Cyclic adenosine monophosphate (cAMP) response element binding protein 

is a transcription factor that ERK1/2 primarily targets in the nucleus (CREB). ERK1/2 

also stimulates a variety of other transcription factors (Heit et al., 2006). 

 Another group is serine/threonine kinases such as TGF-βR, ACVR and BMPR. 

Transforming growth factor (TGF)-mediated suppression of cell proliferation is 

carried out through the Smad signaling pathway. The Smad transcription factors are 

activated by stimulation of the TGF- receptor and subsequently go into the nucleus. 

Inhibitor of cyclin-dependent kinase (CDK) (p15) expression, which reduces cell 

proliferation, is one of the Smads' roles (Figure 20) (Heit et al., 2006). 

G protein-coupled receptors (GPCRs) are transmembrane receptors with seven 

membrane-spanning segments. They fulfill a pivotal role as receptors that are triggered 

by neurotransmitters, hormones, and growth factors, subsequently engaging with 

diverse signaling pathways. The intracellular (cytoplasmic) domain of GPCRs is 

coupled to the G protein, which is a 3-subunit protein (heterotrimeric protein) consisting 

of Gα, Gβ and Gγ. The Gα subunit can be classified by its role in action. In general, 

GPCRs that regulate proliferation are coupled to Gαq. When the growth factor binds to 

the extracellular domain of GPCRs, it causes conformational changes in the receptor 

and activates heterotrimeric G proteins, leading them to detach from the receptor and 

separate into GTP-bound and Gβ/γ dimers. The subsequence has two main pathways. 

One is the activation of c-Jun N-terminal kinase (JNK) and p38 pathway through Rac 

and RhoA which are guanine nucleotide-exchange factor (GEF). JNK and p38 pathway 

activation leads to the activation of a number of transcription factors that relate to cell 

proliferation and apoptosis. Another one is the activation of phospholipase Cβ (PLCβ), 

which is an enzyme on the cell membrane that catalyzes phosphatidylinositol 4,5-

bisphosphate [IP(4,5)P2] to  inositol 1,4,5-trisphosphate (IP3) and diacylglycerol 

(DAG). DAG will activate protein kinase C (PKC), which regulates numerous cellular 

responses, including cell proliferation and apoptosis, through the Ras/Raf/MEK/ERK, 

JNK and NF-κB pathways. IP3 will operate the gate Ca2+ ion channel and release Ca2+ 

to the cytoplasm, stimulating cell proliferation in various pathways such as targeting 
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transcription factors nuclear factor of activated T cells (NFAT) and NF-κB. The Janus 

kinase (JAK) is a non-receptor tyrosine kinase protein that works with cytokine 

receptors such as interleukin-2. When it is activated, the signal transducer and activator 

of transcription (STAT) will be recruited and form dimerization. After that, STAT 

dimers will be translocated into the nucleus and act as activators of gene transcription 

(Figure 20) (Heit et al., 2006). 

 

Figure 20. Signaling pathways of cell proliferation. Numerous signaling pathways are 

activated by growth factors to promote cell division. Several signaling pathways work 

together to modulate the effects of growth factors (Berridge, 2014).  

  1.2.13.2 Cell cycle signaling pathway 

 Cell cycle signaling regulates and controls the cell for cell division. The main 

protein that regulates cell cycle progression is cyclins, which alters expression during 

each phase. Based on the premise that cyclins lack intrinsic enzymatic activity, their 

functional effects are mediated through interaction with cyclin-dependent kinases 

(CDKs) to establish complexes known as cyclin/CDK complexes (Cobrinik, 2005).  

CDKs are serine/threonine kinase proteins that specifically bind with each cyclin 

and regulate each phase of cell division. The G1 phase is regulated by cyclin D/CDK4,6 
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complex which is activated by several mitogens or growth factors through signaling that 

regulates cyclin D expression. Phosphorylation of retinoblastoma protein (pRB), 

orchestrated by the cyclin D/CDK4,6 complex, induces its dissociation from E2F, a 

transcription factor that binds to promoters, thereby activating gene expression crucial 

to cell cycle regulation. This encompasses genes encoding cyclin E, cyclin A, and 

enzymes engaged in nucleotide processes, such as thymidylate synthase and 

ribonucleotide reductase. Therefore, this step can be called ‘restriction point’ then 

following by activation of cyclin E/CDK2 which is operates G1 to S phase including 

cyclin A/CDK2 which regulate DNA synthesis in S phase. However, the activation of 

cyclin E/CDK2 and cyclin A/CDK2 can be inhibited by p21Cip1 and p27Kip1 wherease 

cyclin D/CDK4,6 is inhibited by p15INK4B. For G2/M phase is regulated by cyclin 

B/CDK1 which is activated by the cyclin-dependent kinase -activating kinase (CAK) 

that containing cyclin H/CDK7 complex (Figure 21) (Pei and Xiong, 2005). 

 

Figure 21. Cell cycle signaling pathways (Berridge, 2014). 
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 1.2.13.3 Apoptosis pathway 

 The apoptosis signaling pathway regulates the cell's decision of whether it survives 

or dies. Program cell death through the apoptosis process begins with the activation of 

death receptors such as the Fas receptor, tumor necrosis factor receptor (TNF-R) and 

TRAIL-R, which are mediated by extracellular activation such as hypoxia and survival 

factor deficiency. This process is called the extrinsic pathway or death receptor pathway. 

Whereas intracellular abnormalities such as DNA damage are activated by intracellular 

molecules such as p53. This process is called the intrinsic pathway or mitochondrial 

pathway and the two of these processes are linked together into an integrated network of 

caspase cascades. For the extrinsic pathway, cytokines such as the Fas ligand (FasL) and 

tumor necrosis factor α (TNFα) activate death receptors and relay signaling to caspase 8 

or caspase 10, which activate caspases 3, 6 and 7. Whereas the intrinsic pathway, caspase, 

cooperates with the Bcl-2 superfamily, which can be classified into three groups. (1) pro-

survival proteins which have 4 conserved domains (BH1-BH4) such as Bcl-2, Bcl-xl, 

Mcl-1 and BFL1, (2) Bax/Bak-like proteins that have conserved domains like pro-

survival proteins but act as pro-apoptosis, and (3) BH3 only, which is pro-apoptotic 

proteins that have only BH3 conserved domains, such as Bim, Puma, Noxa, Bik, Bad and 

Bid (Mayer and Oberbauer, 2003).  

 The initiator caspases (caspases 8, and 10 from the extrinsic pathway and caspase 9 

from the intrinsic pathway) activate the executioner caspases (caspases 3, 6 and 7) that 

respond to drive the apoptosis process (Figure 22). The intrinsic pathway is associated with 

the interaction of the endoplasmic reticulum (ER) and mitochondria, which regulate 

calcium ions (Ca2+) which play an important role in modulating Bcl-2 superfamily 

function and leading to the initiation of apoptosis. ER stress constitutes a signaling pathway 

that triggers an influx of Ca2+ into the cytoplasm, subsequently serving as an output signal 

for the activation of caspase 12. This activation feeds into the caspase cascade. However, 

the mitochondria, which release a variety of apoptotic factors including cytochrome c and a 

second mitochondrial-derived activator of caspase (SMAC), which feed into the caspase 

cascade, as well as apoptosis-inducing factor (AIF) and endonuclease G (EndoG), which 

feed into the caspase-independent pathway, provide the majority of the output signals from 

the intrinsic pathway (Figure 22) (Orrenius et al., 2013). 
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The Bcl-2 superfamily consists of proapoptotic and antiapoptotic factors that 

play an important role in regulating the intrinsic pathway (Figure 22). Moreover, there 

are various cell signaling pathways that can regulate the expression of proapoptotic 

and antiapoptotic genes. Some signaling pathways regulate apoptosis by changing the 

Bcl-2 superfamily's activity, e.g., AKT phosphorylation of Bim. Genotoxic stress is 

one of the processes that activate the transcription factor p53, which plays an 

important role as a tumor suppressor by increasing the expression of apoptotic factors 

such as puma and noxa (Figure 22) (Distelhorst and Shore, 2004). 

 

 

Figure 22. Network that signals apoptosis. Several interrelated pathways regulate the 

beginning of apoptosis (Berridge, 2014). 

  1.2.13.4 Multidrug resistance (MDR) 

 The most common mechanism of MDR is increased efflux pumps in the cell 

membrane that pump anticancer drugs out of cells. The ATP-binding cassette (ABC) 

transporter superfamily could be considered for targeting in MDR since they play the main 

mechanism of several anticancer efflux pumps such as ABCB1 (P-glycoprotein), ABCC 

(MRP) and ABCG2 (BCRP). Overexpression of the ABC transporter results from the 

activation of various growth factors that relay to activate JAK/STAT and AKT/mTOR 

signaling, leading to increased expression of the ABC transporter. Finally, increased 

exportation of chemotherapeutic drugs out of the cancer cells (Figure 23) (Arumugam et al., 

2019).  



 43 

  1.2.13.5 Migration  

Migratory progression of cancer cells is required several processes to occur this 

mechanism such as epithelial–mesenchymal transition (EMT) process that associated 

with loss of the epithelial cell-cell adhesion molecule (E-cadherin) and increased 

mesenchymal cell–cell adhesion proteins such as N-cadherin, P-cadherin and vimentin. 

Furthermore, reorganization of the actin cytoskeleton process plays an importance role 

of migration by regulates actin dynamics, lamellipodia and filopodia. There are several 

proteins that can activate regulation of actin such as Rho protein family (Rho, Rac, 

CDC42), PAK, ROCK and WASP (Figure 23) (Arumugam et al., 2019). 

 

Figure 23. Regulation of multidrug resistance and migration pathway (Modified 

pathway from Arumugam et al., 2019). 

 1.2.14 Breast and ovarian cancers develop through multiple molecular pathways 

 Hereditary breast and ovarian cancer syndrome (HBOC syndrome) is a 

hereditary propensity to develop breast, ovarian, and other cancers. It is assumed that 

this propensity is passed down by certain gene abnormalities. The likelihood of 

BRCA germline mutations is predicted by clinical factors such as the kind of tumor, 

age of incidence, and family history. The youngest breast cancer patient's age, the 

number of ovarian cancer instances in the family, and the pathological diagnosis are 

all factors that certain physicians often consider. BRCA1 or BRCA2 gene mutations 
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are to account for up to 80% of HBOC cases. There are several BRCA1 and BRCA2 

mutations spread out throughout the whole set of coding exons (Dohrn et al., 2012). 

 DNA repair mechanisms are present in normal cells to preserve and restore the 

genomic integrity. Cancer and mutation are caused by structural alterations such DNA 

strand breaks, DNA-protein crosslinks, DNA inter/intra-strand crosslinks, and DNA base 

damage. Prominent components in the detection and regulation of the DNA damage 

response, exemplified by BRCA1 and BRCA2, possess the capability to identify and 

rectify single-strand breaks (SSBs) or double-strand breaks (DSBs) by initiating DNA 

repair mechanisms and activating checkpoints for cell division. The DNA damage spots 

attracted the BRCA1 and BRCA2 genes. BRCA1 serves as a pivotal element in DNA 

damage repair, effectively engaging homologous recombination (HR), nucleotide 

excision repair (NER), and potentially non-homologous end joining (NHEJ) pathways. Its 

interaction network extends to several partner proteins. Through the Fanconi anemia-

breast cancer susceptibility gene (FA-BRCA) pathway, BRCA1, when prompted by cdk1, 

establishes a direct interaction with MutL. On the other hand, BRCA2, also recognized as 

FANCD1, holds a significant role in DNA repair, particularly in homologous 

recombination (HR). This is achieved by its direct modulation of RAD51, a central gene 

within the HR pathway, and its interaction with PALB2, a gene vital to HR repair and 

checkpoint functions. An intriguing observation lies in the intricate control exerted by the 

FA-BRCA, MMR (mismatch repair), BER (base excision repair), and NER pathways 

over the nuclear activities of BRCA proteins. (Dohrn et al., 2012). 

 The intricate mechanisms governing the interaction and aggregation of additional 

DNA repair proteins associated with BRCA, however, remain predominantly unexplored. 

Consequently, hereditary mutations within other susceptibility genes such as those 

involved in Fanconi anemia (FA), mismatch repair (MMR), and general DNA repair 

processes, might constitute the underlying basis for hereditary breast and ovarian cancer 

(HBOC) instances. These predisposing genes include mutations in the ATM, ATR, CDH1, 

CHK2, MSH1, MSH2, MLH1, FANCD1, FANCD2, FANCJ, FANCP, STK11, TP53, 

PTEN and PMS2 genes, and they may also be connected with the BRCA core complex. 

These genes also encode for the regulators of BRCA gene products. Families with various 

disorders, including Fanconi anemia, Cowden syndrome (PTEN mutations), Li-Fraumeni 

syndrome (TP53 mutations), xeroderma pigmentosum, and ataxia-telangiectasia, display 
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additional cancer forms beyond the HBOC cancer spectrum (Figure 24) (Kobayashi et 

al., 2013). 

 1.2.14.1 DNA damage pathway 

 Base excision repair (BER), a pivotal mechanism for rectifying DNA single-

strand breaks (SSBs), is under the governance of the enzyme poly(ADP-ribose) 

polymerase (PARP), which additionally contributes to cellular recovery post DNA 

damage. Focusing on malignancies characterized by compromised homologous 

recombination (HR)-mediated DNA repair, the inhibition of PARP prompts synthetic 

lethality and cell demise (Tinker and Gelmon, 2012). Cancers marked by deficient 

BRCA1, BRCA2, or TP53 functionality demonstrate heightened susceptibility to 

PARP inhibition. Several protein clusters, including those involved in DNA repair 

checkpoints (ATR, ATM, CHK1, and CHK2), BRCA-associated proteins, CDK 

cluster, NER cluster, FA cluster, and TP53 cluster, play roles in homologous 

recombination and contribute to the sensitivity to PARP inhibition. Consequently, 

PARP inhibitors present a plausible therapeutic avenue for tumors with dysregulated 

BRCA and hold promise across diverse cancer types, including breast and ovarian 

malignancies. These heritable mutations and epigenetic changes can potentially serve 

as indicators of BRCA-related conditions and biomarkers for susceptibility to PARP 

inhibition (Lederman et al, 2012).   

 The effectiveness and safety of olaparib, a strong oral PARP inhibitor, in patients 

with germline BRCA mutations and recurrent ovarian cancer were recently compared in a 

phase II clinical trial research (Kaye et al. 2012). Regrettably, discernible variations in 

progression-free survival (PFS) were not evident between the cohorts administered 

olaparib and pegylated liposomal doxorubicin. An alternative clinical inquiry 

demonstrated that employing olaparib as maintenance therapy prolonged PFS, albeit 

without a corresponding extension in overall survival for individuals afflicted with 

progressed, platinum-sensitive high-grade serous ovarian cancer (Lederman et al, 2012).  

 The NER pathway oversees removing large DNA damages. NER serves as a 

defensive mechanism against many forms of DNA damage and is essential for 

preserving genomic integrity. Replication protein A1 (RPA1), a protein that binds to 

single-stranded DNA, is involved in the employment of the two structure-specific DNA 
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endonucleases xeroderma pigmentosum complementation group F with excision repair 

cross complementation group 1 (XPF-ERCC1 complex), which forms the 5' incision in 

NER, and XPG (xeroderma pigmentosum, also known as ERCC5). Cutting the broken 

DNA strand and repairing the DNA through the NER pathway both need the XPF-

ERCC1 complex. As a part of the MRE11-RAD50-NBS1 complex, NBN (nibrin, also 

known as NBS1) played a role in DNA-DSB repair and DNA damage-induced 

checkpoint activation. It is believed that NBN mutations increase the likelihood of 

developing breast cancer. Additionally, the repair of DNA-SSB and oxidative damage 

is accomplished by X-ray repair complementing deficient repair in Chinese hamster 

cells 1 (XRCC1). In the BER pathway, the XRCC1 protein interacts with DNA ligase 

III, polymerase, and PARP1 (Figure 24). Chemoradiation may be conferred by reduced 

XRCC1 expression, which increases patient survival (Veazi et al., 2011). 

 

Figure 24. Breast and ovarian cancers develop through multiple molecular pathways. 

Molecular processes including interaction with the FA, MMR, and other DNA repair 

genes in HBOC disease include DNA repair mechanism in BRCA pathways or 

networks of several proteins that the breast and ovarian cancer sensitivity genes and 

their functional networks of several proteins in promoting DNA repair. BRCA1 and 

BRCA2 keep cellular processes related to genomic integrity in check. Genome 

instability results from mutations that impact the processes that identify, stabilize, and 

repair DNA damage (Kobayashi et al., 2013). 
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1.3 Objectives 

Part I. Identification of trans-(−)-kusunokinin target by in silico studies 

 1. To screen the possible target proteins of trans-(−)-kusunokinin in proliferation, 

cell cycle, apoptosis, multidrug resistance and migration pathway on breast and ovarian 

cancers using molecular docking and molecular dynamics. 

Part II. Validation of trans-(±)-kusunokinin target by in vitro studies 

 1. To determine the cytotoxicity effect of trans-(±)-kusunokinin on breast and 

ovarian cancer cells. 

       2. To determine the inhibition effect of trans-(±)-kusunokinin toward enzyme 

activity. 

 3. To prove the cellular target engagement of trans-(±)-kusunokinin through 

affinity-based approach using cellular thermal shift assay (CETSA). 

 4. To determine the anti-lipid peroxidation activity of trans-(±)-kusunokinin 

using thiobarbituric acid reactive substances assay (TBARS). 

 5. To determine the mechanism of action of trans-(±)-kusunokinin against the 

target and its downstream molecules using small interfering RNA (siRNA) and 

Western blot analysis. 
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CHAPTER 2 

RESEARCH METHODOLOGY 

 This research project was divided into two distinct phases. The initial phase 

involved the identification of the target of trans-(−)-kusunokinin through 

computational analysis. Subsequently, the outcomes derived from the in silico 

investigation were subjected to directed validation in a cell culture model, and further 

substantiated through in vitro experimentation, thereby providing empirical evidence. 

(Figure 25). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Study workflow of this research. 
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Part I. Identification of trans-(−)-kusunokinin target by in silico studies 

1. Computer system 

 1.1 Hardware 

• Personal computer, DellTM OptiPlexTM 7010, Rock Cluster on CentOSâ 7, 

Integrated Intelâ HD Graphics 4000, Intelâ CoreTM i7 (3rd Gen) 3770/3.4 

GHz, DDR3 SDRAM – non-ECC 8 GB/1600 MHz of RAM located at 

Department of Biomedical Science and Biomedical Engineering, Faculty of 

Medicine, Prince of Songkla University, Hat-Yai, Songkhla, Thailand. 

 1.2 Software 

• AutoDockTools version 1.5.6 (ADT) 

• Visual Molecular Dynamics vesion 1.9.3 (VMD) 

• BIOVIA Discovery Studio 2019 Client 

• AMBER16 package 

• Gaussian16 package 

• xmgr program 

 1.3 Bioinformatics tools and database 

• Protein Data Bank (PDB): https://www.rcsb.org/ 

• PubChem: https://www.pubchem.ncbi.nlm.nih.gov/ 

• Online SMILES Translator: https://cactus.nci.nih.gov/translate/ 

• PROPKA: http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/ 

2. Computational methods 

 2.1 Protein structure preparation  

 The three-dimensional structure of 114 proteins that related to breast and 

ovarian cancer pathogenesis were retrieved from Protein Data Bank as a PDB format 

file. The water molecules in the crystallographic file were eliminated and polar 
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hydrogen atoms were put in the crystallographic file using AutoDockTools program 

version 1.5.6 (ADT) (Morris et al., 2009). The highest occupancy of each atom was 

considered as a selected atom in the crystallographic file. Then, all PDB format files 

were generated into PDBQT format files. 

 2.2 Ligand preparation 

 The trans-(−)-kusunokinin structure file was obtained from the PubChem database 

(Pubchem CID 384876). The structure was then converted into PDB file using Online 

SMILES Translator and Structure File Generator (https://cactus.nci.nih.gov/translate/). 

Using the Visual Molecular Dynamics (VMD) software (Humphrey et al., 1996), the 

native ligands that are readily available on Protein Data Bank were directly isolated from 

the crystallographic structure as a PDB file. Hydrogen atoms were added in all ligands. 

The partial charge was computed by Gasteiger charges for the whole molecule and 

assigned the atom type using automatically formats of ADT. Finally, the structure was 

translated in the PDBQT file format. 

 2.3 Molecular docking parameters  

 Molecular docking studies were accomplished using the abovementioned 

protein and ligand structures as PDBQT file format to perform by Autodock4 

program. In the calculation process, the ligand was configured as a flexible molecule, 

but the protein structure was set as a rigid molecule. The docking site for the ligand 

on the target protein was assigned by establishing a grid box with the number of 

points in the x-y-z dimension of 120-120-120 Å3 and located the grid spacing in the 

middle of the protein structure. The genetic algorithm (GA) parameters for 50 GA 

runs with a population size of 200 were used to operate the molecular docking search 

parameters. Other parameters were set to the ADT package's default settings and the 

output docking files were done by Lamarckian Genetic algorithm 4.2. The best 

conformation was considered on the basis of the lowest binding energy. The 

interactions of the ligand-protein complex including hydrogen bonds and π-π 

interaction were analyzed using Discovery Studio 2019 Client (Biovia, 2016) and 

VMD. 
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 2.4 Molecular docking operation 

 To make sure that the docking procedure was accurate and precise of a 

reasonable potential binding model, the docking process and parameters were 

validated by the self-redocking. The reproducibility of Autodock program was 

described on a basis of the similarity of native reference ligand and docked-ligand in 

orientation and position. The all-atom root mean square deviation (RMSD) between 

docked and native reference ligand with value of less than 2 Å was considered as a 

successful procedure.  

 AutoDock4 program scores the binding free energy between ligand and protein 

by semi-empirical AMBER force field that evaluates binding in two steps summation. 

The first step is calculated by a pair-wise atomic energetic transition (V) of each 

intramolecular ligand (L) and protein (P) in unbound to bound state: 

ΔG = (VL-bound - VL-unbound) + (VP-bound - VP-unbound) 

 The second step is calculated by the intermolecular (LP) energetic transition from 

separated to ligand-protein complex state and include the entropy lost while binding 

(ΔS): 

ΔG = (VLP-separated - VLP-complex + ΔS) 

 The pair-wise atomic terms are evaluated from the summation of dispersion/ 

repulsion, hydrogen bonding, electrostatics, and desolvation (Huey et al., 2007). 

 2.5 Molecular dynamics simulation 

 As the trans-(−)-kusunokinin target screening from molecular docking study, 

AKR1B1 was predicted as a potential trans-(−)-kusunokinin target with the lowest 

binding energy. Thus, AKR1B1 was continued to perform molecular dynamics 

simulation.  AKR1B1 crystallographic structure with the highest resolution was 

retrieved from PDB (PDB code: 1US0, resolution: 0.66 Å). AKR1B1 crystallographic 

structure was dehydrated and desolvated but retained the dihydro-nicotinamide-

adenine-dinucleotide phosphate (NADPH), an AKR1B1 cofactor. In a case of docked 

pose for the ligand (trans-(−)-kusunokinin, AKR1B1 inhibitors or substrates), all 
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polar hydrogen from docking conformation structure was eliminated. The leap 

module included in the AMBER16 package was then used to add the hydrogen atom. 

At pH 7, the sidechains of all ionizable amino acids were set according to a 

protonation state in which lysine and arginine sidechains had +1e charges while 

glutamate and aspartate sidechains had -1e charges. Histidine's imidazole ring was 

neutral. The AKR1B1 structure lacked any disulfides. Using the Gaussian16 

package38, parameters for trans-(−)-kusunokinin, AKR1B1 inhibitors, and a substate 

(PGH2) were determined based on calculations of the restrained electrostatic atomic 

potential (RESP). The prior report's NADPH parameters were used (Ryde U, 1995). 

 AKR1B1-ligand complexes were retrieved from the molecular docking 

conformation that provide the best docking score and used as the initial molecular 

dynamics process. The transferable intermolecular potential with three points (TIP3P) 

was then used to solve the structure of AKR1B1 or AKR1B1 with docked ligand at a 

distance of 14 from the surface. This produced around 12000 water molecules. The 

system was subsequently neutralized with the sodium ions, and 18 NaCl pairs were 

added, equivalent to 0.1 M NaCl solution. 

 In the equilibration stage (canonical ensemble, NVT), Langevin Dynamics at 

310 K (37° C) was used to equilibrate the AKR1B1 solution. A location of AKR1B1, 

NADPH, and the ligand were each subjected to the harmonic constraint potential, 

with force constants of 200, 100, 50, 20, and 10 kcal/mol-2, respectively. With a time 

step of 1 fs, each NVT ensemble with the specified force constant lasted for 200 ps. 

Later, using the Berendsen technique, the system was converted to isobaric-isothermal 

(NPT) at 310 K and 1.013 Bar (1 atm). With a time step of 2 fs, an MD simulation 

was ran for 150 ns.  

 Finally, MD trajectory with 2500 equidistant snapshots was obtained. The first 

90 ns simulation omitted and the last 60 ns MD conformation (1000 snapshots) was 

taken for a configurational average, free binding energy calculation and 

conformational analysis using cpptraj module. VMD package were used to analyze 

the parameters of root mean square deviation (RMSD) and structure visualization. 

Root mean square fluctuation (RMSF) and a pattern of distance geometry were 

analyzed via cpptraj. MM/GBSA was computed in a unit of kcal/mol. 
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 2.6 Binding free energy evaluation  

 Molecular mechanics/Generalized Born-Surface Area (MM/GBSA) was used to 

compute an average binding free energy ⟨(G)⟩ (Kollman et al., 2000 and Hou et al 

2011). The ⟨(G)⟩ was taken from an average molecular mechanical energy ⟨(EMM)⟩, 

an average solvation free energy ⟨(GGBSA)⟩ from a GB model, and a polar free energy 

with a surface area term (SA).  A solute entropy (TSMM) was estimated from quasi-

harmonic analysis of molecular dynamics simulation (Jayaram et al., 1998): 

⟨(G)⟩ = ⟨(EMM)⟩ + ⟨(GGBSA)⟩ - TSMM. 

 The average energy was defined as ⟨(EMM)⟩ and obtained AMBER functional 

formula (Kollman, 1993): 

⟨(EMM)⟩	= ⟨(Ebond)⟩ +	)*Eangle+, + ⟨(Etorsion)⟩ +	⟨(Evdw)⟩ +	 ⟨(Eelec)⟩. 

Each functional energetic form was written as followed:  

Ebond = ∑ 𝐾(𝑟 − 𝑟!")#$%&'  

Eangle = ∑ 𝐾ɵ(ɵ	
*+,-. − ɵ./	 )# 

Etorsion = ∑ 0!
#
(1	

123452+ + cos(𝑛ɸ − ɣ)		 

Evdw = ∑ (	 6"#
	7"#
$%

	
589 	− 	:"#

7"#
& 	)	 

Eelec = ∑ 	"""#
ɛ7"#

	
589 .  

 The average binding free energy (ΔG) in kilocalorie per mol (kcal/mol) was 

calculated from the following equation:  

∆G = )*Gcomplex+ − *Greceptor+ − *Gligand+ ,  

Gcomplex , Greceptor , and Gligand denote free energies from the complex structure, receptor 

structure, and drug/compound structure, respectively. 
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Part II. Validation of trans-(±)-kusunokinin target by in vitro studies 

1. Methods 

1.1 Cell culture condition 

 All human breast (MCF7, Hs578T, BT549) and ovarian cancer cells (OVCAR3, 

A2780, SKOV3) in this study were purchased and grown in proper media as Table 5. 

All of cell lines were incubated in 5% CO2 atmosphere, at 37°C and 96% relative 

humidity. 
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Table 5. Breast and ovarian cancer cells used in this study. 

Cancer 

cells 
Subtype Medium and supplementation 

Migration 

aggressiveness* 
Companies 

MCF7 Luminal A breast cancer RPMI-1640 with 10% FBS, 1% L-glutamine, 

and 1% penicillin- streptomycin 

Low potential ATCC (Manassas, VA, USA) 

Hs578T Triple negative breast cancer DMEM with 10% FBS, 1% L-glutamine, 

and 1% penicillin- streptomycin 

Aggressive ATCC (Manassas, VA, USA) 

BT549 Triple negative breast cancer RPMI-1640 with 10% FBS, 1% L-glutamine, 

and 1% penicillin- streptomycin 

Aggressive ATCC (Manassas, VA, USA) 

OVCAR3 High-grade serous ovarian cancer RPMI-1640 with 20% FBS, 1% L-glutamine, 

and 1% penicillin- streptomycin 

Low potential ATCC (Manassas, VA, USA) 

A2780 Non-serous ovarian cancer RPMI-1640 with 10% FBS, 1% L-glutamine, 

and 1% penicillin- streptomycin 

Aggressive ECACC (Salisbury, Wiltshire, 

UK) 

SKOV3 Non-serous ovarian cancer RPMI-1640 with 10% FBS, 1% L-glutamine, 

and 1% penicillin- streptomycin 

Aggressive ATCC (Manassas, VA, USA) 

Note: *Yang et al., 2017; Potts et al., 2019 
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 1.2 Compounds for cancer cell treatment 

 The compounds utilized for the treatment of cancer cells in this study are 

outlined in Table 6. All of the compounds were initially prepared as stock solutions 

by dissolving them in DMSO, with the exception of doxorubicin and cisplatin, which 

were dissolved in DI water. 

Table 6. Substances for cancer cell treatment. 

Substances Companies CAS number 

Trans-(±)-kusunokinin 

((±)KU) 

It was synthesized as a previous report 

(Rattanaburee et al., 2019) 

- 

Trans-(−)-arctiin ((−)AR) MedChemExpress (NJ, USA) 20362-31-6 

Zopolrestat (ZP) Sigma-Aldrich (Saint Louis, MO, USA) 110703-94-1 

Epalrestat (EP) Sigma-Aldrich (Saint Louis, MO, USA) 82159-09-9 

Doxorubicin (DOX) Sigma-Aldrich (Saint Louis, MO, USA) 25316-40-9 

Cisplatin (CIS) Sigma-Aldrich (Saint Louis, MO, USA) 15663-27-1 

 1.3 Cytotoxicity by MTT assay 

 Trans-(±)-kusunokinin and other compounds, as shown in Table 5 tested the 

cytotoxicity in breast and ovarian cancer cells using the 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay as previously described (Sriwiriyajan 

et al., 2014). All the cancer cell lines were seeded in a 96-well plate at appropriate 

density (3.0 x 104, 2.5 x 104, 2.0 x 104, 1.0 x 104, 2.0 x 104, 3.7 x 104 cells/well for 

BT549, Hs578T, MCF7, A2780, SKOV3, and OVCAR3 cells, respectively, with a 

volume of 100 µl/well). After 24 h of incubation, cells were treated with various 

concentrations of trans-(±)-kusunokinin, trans-(−)-arctiin, zopolrestat, epalrestat, 

doxorubicin, and cisplatin for 72 h. After that, cells were washed with phosphate 

buffer solution (PBS), then added 100 µl/well of MTT solution and incubated at 37°C 

for 30 min. Next, cells were added 100 µl/well of DMSO to dissolve the formazan 

crystals. The cells were incubated at room temperature for 30 min, with measures 

taken to prevent exposure to light. Subsequently, cell viability was assessed by 

measuring the absorbance at wavelengths of 570 nm and 650 nm. The half maximal 
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inhibitory concentration (IC50) value was then computed using a Varioskan™ LUX 

Multimode Microplate Reader (ThermoFisher Scientific, Waltham, MA, USA). 

 1.4 Aldose reductase activity assay  

 The evaluation of aldose reductase activity towards trans-(±)-kusunokinin and 

other compounds including trans-(−)-arctiin (a lignan reported as an ARI), 

zopolrestat (a potential ARI), epalrestat (used as a positive control), and DMSO 

(solvent control) was conducted utilizing the Aldose Reductase Inhibitor Screening 

Kit (BioVision, CA, USA). The procedure was executed in accordance with the 

guidelines provided by the manufacturer. The procedure involved the preparation of 

the aldose reductase (AR) enzyme solution, containing 10 µM DTT, by diluting it at a 

ratio of 1:90 with AR buffer, and maintaining it on ice. Additionally, NADPH was 

prepared by diluting it at a ratio of 1:18 with AR buffer. The AR substrate reaction, 

involving glucose, was prepared by diluting it at a ratio of 1:10 with AR buffer. The 

tested compounds were subjected to varying concentrations, as outlined below: 

1. Trans-(±)-kusunokinin: 5, 10, 20, 40, 80 µM 

2. Trans-(−)-arctiin: 5, 10, 20, 40, 80 µM 

3. Epalrestat: 0.312, 0.625, 1.250, 2.500, 5.000 µM 

4. Zopolrestat: 15, 30, 60, 120, 240 nM 

 The solution formulated according to this protocol was introduced into a 96-

well plate, as per the specifications provided in Table 7. Subsequent to the addition of 

the AR substrate reaction, the plate was promptly subjected to the measurement of the 

reduction in absorbance at OD 340 nm in kinetic mode. This monitoring spanned a 

duration of 100 minutes at a temperature of 37°C, accomplished using the 

Varioskan™ LUX Multimode Microplate Reader (Thermo Fisher Scientific, MA, 

USA). To ensure accuracy, all the readings were adjusted by subtracting the values 

obtained from the background control (lacking the enzyme). Subsequently, the 

percentage of relative activity was computed using the ensuing formula: 

% Relative activity = 
|"#$%&	$(	[*&+,&-	.$/%$01-]|
|"#$%&	$(	[3145/&	.$1,6$#]|
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Table 7. Steps for adding solution in each condition of aldose reductase activity. 

Solutions 

Conditions 

Tested 

compound 

Inhibitor 

control 

Enzyme 

control 

Background 

control 

Solvent 

control 

AR enzyme 90 µl 90 µl 90 µl - 90 µl 

NADPH 60 µl 60 µl 60 µl 60 µl 60 µl 

Tested compound 10 µl     

100 µM Epalrestat  10 µl    

AR buffer   10 µl 100 µl  

DMSO     10 µl 

Mix thoroughly and incubate at 37°C for 20 min. (protect from light) 

AR substrate  40 µl 40 µl 40 µl 40 µl 40 µl 

Total volume  200 µl 200 µl 200 µl 200 µl 200 µl 

 1.5 Cellular thermal shift assay (CETSA) 

 For the implementation of CETSA, cell lines characterized by high AKR1B1 

expression were selected. Hs578T and SKOV3 cells were chosen as representative 

models exhibiting elevated AKR1B1 expression. The procedure was conducted in 

accordance with previously established methodologies (Jafari et al., 2014). To 

commence, Hs578T and SKOV3 cells were cultured and subsequently collected in 50 

ml conical tubes, with a cell density of 2×106 cells/ml, equating to 15 ml for each 

condition. For each condition, cells were exposed to trans-(±)-kusunokinin at 

concentrations of 20 µM, 10 µM, and 5 µM, achieved by adding 30 µl, 15 µl, and 7.5 

µl, respectively, to the cells. The control condition consisted of adding 30 µl of 

DMSO. Following this, the cells were incubated in a CO2 incubator at 37°C for 1 h. 

After the incubation period, cells were harvested and centrifuged at 300x g for 3 min. 

The cell suspension was removed, and the cells were resuspended with 15 ml of PBS. 

This washing process was repeated twice. Subsequently, the cells were collected in 1 

ml of PBS supplemented with 1x protease inhibitor cocktail (Sigma-Aldrich, Saint 

Louis, MO, USA) and mixed thoroughly. The resulting cell suspension was divided 
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into 0.2 ml PCR tubes at a volume of 100 μl per tube. The samples were subjected to 

heating at 60°C or 75°C for 3 min, followed by cooling at 25°C for 3 min within a 

C1000 thermal cycler (Bio-rad, CA, USA). The heated cells were rapidly frozen in 

liquid nitrogen and stored at -80°C overnight. Following this, cell lysis was carried 

out through two freeze-thaw cycles involving liquid nitrogen, and the lysate was 

subsequently subjected to centrifugation at 20,000x g for 20 min at 4°C. The resulting 

supernatants were analyzed for AKR1B1 protein levels through Western blot analysis. 

 1.6 Thiobarbituric acid reactive substances assay (TBARS) 

 Hs578T cells were seeded on 6-well plates at a density of 5 x 105 cells/well for 24 h 

before being treated with various concentration of trans-(±)-kusunokinin or epalrestat for 

24 h. After that, cells were induced to undergo lipid peroxidation by 100 mM glucose for 

1 h. Cells were harvested and resuspended at 1x107 cells/ml in PBS and sonicated with 

50% amplitude, pulse on/off for 2 sec, time for 1 min, 2 cycles. The quantitation of 

malondialdehyde (MDA), a marker of oxidative stress, was measured using OxiSelect™ 

TBARS Assay kit (Cell Biolabs, San Diego, CA, USA) following the manufacturer’s 

protocol. The sonicated cells were diluted 1:1 with an SDS lysis solution. Then, the 

sonicated cells were incubated at room temperature for 5 min and were added to 125 µl of 

thiobarbituric acid (TBA) solution (concentration of 5.2 mg/ml and adjusted to pH 3.5 by 

NaOH). After that, the samples were heated at 95°C for 1 h. The samples were 

immediately chilled on ice for 5 min. Then, the samples were centrifuged at 3,000x g for 

15 min. The supernatants with a volume of 150 µl were transferred to a 96-well plate. The 

samples were measured the absorbance at 532 nm together with the MDA standard (final 

concentration range of 0 - 62 µM) which was prepared as per the same procedure. 

 1.7 Cells treatment and protein extraction 

 Hs578T cells were seeded on 24-well plates at a density of 7 x 104 cells/well for 24 h. 

After that, Hs578T cells were treated with trans-(±)-kusunokinin (1.40 and 2.79 µM) or 

epalrestat (24.02 and 48.04 µM) for 48 h. Cells were harvested by trypsinization and kept at 

-80°C. Cell pellets were lysed using RIPA buffer. Then, cells were vortexed and chilled on 

ice for 10 min. After that, homogenized cells were centrifuged at 14,000x g for 10 min at 4 
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°C. The supernatants were measured the protein quantification by Bradford assay. Protein 

samples were adjusted to a desired concentration by 4X SDS sample loading dye (0.2 M 

Tris-HCl pH 6.8, 277 mM SDS, 0.4 M DTT. 4.3 M glycerol, 8% (w/v) β-mercaptoethanol, 

and 6 mM bromophenol blue) and boiled for 5 min. After that, protein samples were chilled 

on ice for 10 min and kept at -20°C (Merck KGaA, 2020). 

 1.8 SDS-PAGE 

 The glass plates were meticulously cleaned using ethanol and then arranged on a 

casting stand. Subsequently, the resolving gel solution (as detailed in Table 8) was poured 

into the glass plates. It was important to take care in adding a layer of distilled water atop 

the gel to prevent dehydration, and the gel was allowed to solidify over a span of 90 min. 

Following this, the distilled water was removed, and the space between the glass plates 

was dried using filter paper. The stacking gel solution (also outlined in Table 8) was then 

poured, and a comb was cautiously inserted to prevent the formation of air bubbles. This 

configuration was allowed to solidify over a period of 30 min. The electrophoresis 

running unit was subsequently assembled. The comb was removed, and the well was 

washed using 1x running buffer, diluted from 5x running buffer consisting of 15.1 g tris-

base, 94 g glycine, 25 ml of 20% SDS, and 1,000 ml of distilled water. The chamber was 

filled with 1x running buffer. For the electrophoresis process, protein samples were 

loaded at a quantity of 15 μg. The voltage was initially set to 80 V for 30 minutes. 

Subsequently, the voltage was adjusted to 120 V and the process was continued for 1 

hour, or until the protein had migrated to the end of the gel (Merck KGaA, 2020). 

 1.9 Protein transfer and Western blotting 

 The gel was removed from its cassette and any stacking gel and wells were trimmed 

away. Subsequently, the gel, nitrocellulose membrane, filter paper, and fiber pad were 

assembled within the cassette holder. The avoidance of air bubbles between these layers 

was ensured by rolling. This cassette holder was then positioned within the transfer tank. 

Transfer buffer, composed of 7.9 g glycine, 5.8 g tris-base, 200 ml methanol, and 600 ml 

distilled water, was introduced into the tank. The electrophoresis unit was assembled and 

the voltage was initially set to 35 volts, maintained at 4°C overnight, and then adjusted to 
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100 volts for 30 min. Following the transfer, the membrane was taken out and subjected to 

staining with Ponceau S solution (0.3% w/v) in 5% acetic acid (v/v), using agitation for 5 

min. The membrane was subsequently rinsed with distilled water, after which the protein 

band of interest was excised. The membranes were subjected to blocking with either 5% 

non-fat milk powder or 5% BSA in 1x TTBS buffer (prepared by diluting 5x TTBS buffer, 

consisting of 5.8 g Tris-base, 5 ml Tween 20, 45 g NaCl, 31.75 g Tris-HCl, with distilled 

water until reaching a total volume of 1,000 ml) for 1 h on a rotator. Following the blocking 

step, the membranes underwent three washes with 1% non-fat milk powder in 1x TTBS 

buffer. Each wash involved rotation for 5 min. The membranes were then subjected to 

incubation with primary antibodies, suitably diluted in 1% milk or 1% BSA in TTBS 

buffer. The dilution ratios and rotation times for primary antibodies are as specified in Table 

10. Following primary antibody incubation, the membranes were washed thrice with 1% 

milk in 1x TTBS buffer, again rotating for 5 min each time. Subsequently, the membranes 

were exposed to secondary antibodies for 1 h (details provided in Table 10), followed by 

three washes with 1% milk in 1x TTBS buffer, with each wash involving rotation for 5 min. 

The detection of bound antibodies was executed using a chemiluminescence assay kit 

(Thermo Scientific, Rockford, IL, USA) and the results were visualized through a CCD 

camera (Merck KGaA, 2020). The intensity of the protein bands was assessed using Image 

J software (NIH, Bethesda, MD, USA). 

Table 8. SDS-PAGE gel solution. 

Solutions 
Stacking gel 

(4%) 

Resolving gel 

(12%) 

Deionized water 3.28 ml 1.45 ml 

40% Acrylamide (N, N-methylenebisacrylamide, 19:1) 2.31 ml 250 μl 

1.0 M Tris-HCl (pH 6.8) 1.95 ml - 

1.5 M Tris-HCl (pH 8.8) - 250 μl 

10% Sodium dodecyl sulfate (SDS)  76.92 μl 20 μl 

10% Ammonium persulfate (APS)* 76.92 μl 20 μl 

N, N, N’, N’-tetramethylet-hylenediamine (TEMED)* 3.08 μl 2 μl 

Note: *APS and TEMED must be added in the last and pour immediately after preparation. 
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 1.10 Small interfering RNA condition 

 Hs578T cells were seeded into 24-well plates, with a cell density of 7 x 104 cells 

per well and allowed to adhere for a 24 h period. For transfection, the DharmaFECT 4 

transfection reagent (Dharmacon, CO, USA) and siRNA-AKR1B1 duplexes were 

employed. The siRNA-AKR1B1 sequences (Ambion, CA, USA) used were as follows: 

1. Cat No: 4390824; targeted exons: 8,9; 5’-UCAGUUCAAAGUCAAAGACCT-3’ 

2. Cat No: 492420; targeted exon: 5; 5’-UUAACUGCAGGCUUAUACUTC-3’  

 The DharmaFECT 4 transfection reagent and siRNA duplexes were diluted at 

ratios of 1.5:25 and 2.5:25, respectively, using Opti-MEM medium (Gibco, NE, USA). 

The diluted transfection reagent and siRNA were mixed and allowed to incubate at room 

temperature for 5 min. Subsequently, the cell media were replaced with 450 μl per well of 

Opti-MEM medium. The mixture solution, comprising the transfection reagent and 

siRNA, was then added to each well at a volume of 50 μl (resulting in a final siRNA 

concentration of 100 nM). The cells were further incubated for 24 h. A negative control 

was introduced using siGENOME control (Horizon Discovery, Waterbeach, Cambridge, 

UK), which targets firefly luciferase mRNA. Following the transfection period, the cells 

were treated with 2.79 μM trans-(±)-kusunokinin or 48.04 μM epalrestat for a duration of 

48 hours, in line with specifications in Table 9. Subsequently, the cells were harvested 

through trypsinization, and the protein levels of AKR1B1 and its downstream elements 

were assessed using Western blotting. 

 1.11 Statistical analysis 

 All data were presented as the mean ± standard deviation (SD) and were 

derived from three independent experiments. The statistical significance between the 

two data sets was assessed using the Student's t-test. For comparisons involving 

multiple groups, a one-way analysis of variance (ANOVA) was performed, followed 

by Tukey's multiple comparisons test. These analyses were conducted using Prism 

GraphPad 8.0.1 software (San Diego, CA, USA). A p-value less than 0.05 was 

deemed indicative of statistically significant differences. 
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2. Materials 

 2.1 Chemicals, reagents, antibodies and equipment 

 All the chemicals, reagents, and antibodies employed in this research were 

procured from the respective companies listed in Table 10 and 11. The equipment 

utilized for this research was available at the Department of Biomedical Sciences and 

Biomedical Engineering, Faculty of Medicine, Prince of Songkla University, as 

detailed in Table 12. 
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Table 9. Small interfering RNA procedures. 

Solution 

Conditions 

Transfection 

reagent control 
siRNA control siRNA-AKR1B1 

siRNA-AKR1B1 + 

trans-(±)-kusunokinin 

siRNA-AKR1B1 + 

epalrestat 

Solution I      

DharmaFECT 4 transfection reagent 1.50 µl 1.50 µl 1.50 µl 1.50 µl 1.50 µl 

Opti-MEM medium 23.50 µl 23.50 µl 23.50 µl 23.50 µl 23.50 µl 

Solution II      

RNAse free water 2.50 µl     

siGENOME non-targeting control  2.50 µl    

siRNA-AKR1B1 duplexes I   1.25 µl 1.25 µl 1.25 µl 

siRNA-AKR1B1 duplexes II   1.25 µl 1.25 µl 1.25 µl 

Opti-MEM medium 22.50 µl 22.50 µl 22.50 µl 22.50 µl 22.50 µl 

Mixed the solution I and solution II and incubated at room temperature for 5 min before treat the cells for 24 h. 

DMSO 2.00 µl 2.00 µl 2.00 µl   

0.7 mM trans-(±)-kusunokinin    2.00 µl  

12 mM epalrestat     2.00 µl 

Replaced the medium and treated the cells for 48 h before harvesting the cells by trypsinization.  
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Table 10. List of antibodies used in this study. 

Antibodies 
MW 

(kDa) 
Companies 

Catalogue  

number 
Source Blocking 1st Ab 

dilution 
Incubation 

time 
2nd Ab 

dilution 
Detection 

kit 

Anti-N-cadherin 140 Cell signaling 14215 Mouse 5% Milk 1:1,000 Overnight 1:2,500 Femto 

Anti-E-cadherin 120 BD-Bioscience 610181 Mouse 5% Milk 1:5,000 3 h 1:5,000 Femto 

Anti-NF-κB 65 Cell signaling 8242 Rabbit 5% Milk 1:500 3 h 1:2,500 Pico 

Anti-β-actin 42 Sigma-aldrich A5441 Mouse 5% Milk 1:5,000 1 h 1:5,000 Pico 

Anti-AKR1B1 36 Sigma-aldrich AV48180 Rabbit 5% Milk 1:1,000 Overnight 1:2,500 Dura 

Anti-Twist2 18 Sigma-aldrich WH117581M1 Mouse 5% BSA 1:1,000 Overnight 1:2,500 Femto 

Anti-COX2 74 Cell signaling 4842 Rabbit 5% Milk 1:500 3 h 1:2,500 Femto 

Anti-AKT 60 Cell signaling 9272 Rabbit 5% BSA 1:1,000 3 h 1:2,500 Dura 

Anti-PKCδ 78 Cell signaling 2058 Rabbit 5% Milk 1:1,000 3 h 1:2,500 Femto 

Anti-STAT3 79,86 Cell signaling 4904S Rabbit 5% Milk 1:2,000 3 h 1:2,500 Femto 

Anti-Nrf2 61 Santa cruz sc-365949 Mouse 5% Milk 1:1,000 Overnight 1:2,500 Femto 

Anti-rabbit IgG - Cell signaling 7074S Goat - - - - - 

Anti-mouse IgG - Cell signaling 7076S Goat - - - - - 

Note: MW; molecular weight, 1st Ab; primary antibody, 2nd Ab; secondary antibody.
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Table 11. Chemicals and reagents used in this study. 

Chemicals and reagents Cat. No Companies 

Acrylamide/Bis solution (40%, 29:1) 161-0148 Bio-Rad 

Aldose Reductase Inhibitor Screening Kit K174-100 BioVision 

Ammonium Persulfate (APS) 161-0700 Bio-Rad 

Chromatography paper 3 mm 1001-090 Whatman 

Dulbecco’s Modified Eagle Medium 31600-034 Gibco 

Fetal bovine serum (FBS) 16000036 Gibco 

L-glutamine 200 mM LS25030081 Gibco 

Methanol UN1230 Labscan 

MTT reagent M6494 GibThai 

Nitrocellulose membrane (0.45 μm) 162-0115 Bio-Rad 

OxiSelect™ TBARS Assay kit STA-330 Cell Biolabs 

Penicillin-streptomycin 15140122 Gibco 

Pierceâ RIPA Buffer 89900 ThermoFisher 

Polyoxyethylene 20 (Tween 20) 9480 Calbiochem 

Potassium Chloride (KCl) 0395 Amresco 

Potassium Phosphate (KH2PO4) P-0662 Sigma-Aldrich 

Precision Plus Protein™ Kaleidoscope™ 161-0375 Bio-Rad 

Protein assay dye reagent concentrate 500-0006 Bio-Rad 

Purified BSA 100X 10 mg/ml B9001S Biolabs 

RPMI Medium 1640  31800022 Gibco 

Sodium Bicarbonate (NaHCO3) 0865 Amresco 

Sodium Chloride (NaCl) 0241 Amresco 

Sodium Dodecyl Sulfate (SDS) 0227 Amresco 

SuperSignalTM West Dura Extended Duration 34075 ThermoFisher 

SuperSignalTM West Femto Maximum Sensitivity 34095 ThermoFisher 

SuperSignalTM West Pico PLUS Chemiluminescent   34079 ThermoFisher 

Tris Hydrocloride (Tris-HCL) M108 Amresco 

Tris-base 0826 Amresco 

Trypsin-EDTA (0.25%) 25200056 Gibco 
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Table 12. Equipment used in this study. 

Equipment  Companies 

C1000 Thermal Cycler Bio-rad 

CO2 incubator Sheldon 

Eppendorf centrifuge 5417C Eppendorf 

Esco class II cabinet Sorenson Bioscience 

Fusion FX CCD Fisher Biotec 

Gilson pipetman 0.2-2 μl, 2-20 μl, 20-200 μl and 1000 μl Gilson 

Mettler Toledo pH meter Metter 

Mini rocker MR-1 Bio san 

Multifit pipette tips 0.1-10 μl, 1-200 μl and 100-1000 μl Sorenson Bioscience 

Olympus CK2 inverse microscope Olympus 

Olympus microscope digital camera (DPT2 IX71) Olympus 

Safeseal microcentrifuge tubes 11510 Sorenson Bioscience 

Sigma Z-16PK centrifuge Sartorius 

Spectra Max M5 microplate reader Molecular Devices 

Universal 30RF centrifuge Universal 

Vortex-2 Genie Scientific Industries 

Water bath shaker ZHWY-110X30 ZHICHENG 
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CHAPTER 3 

RESULTS   

Part I. Identification of trans-(−)-kusunokinin target by in silico studies 

1. Trans-(−)-kusunokinin target screening 

 Trans-(−)-kusunokinin target screening was performed using molecular 

docking by consideration of binding energy between trans-(−)-kusunokinin toward 

114 possible target proteins from 8 mechanisms, including cell proliferation, 

multidrug resistance, epigenetic regulation, cell migration, cell survival, cell cycle 

progression, angiogenesis, and DNA repair. All candidate target proteins were 

selected based on following criteria 

 1. Binding free energy (∆G) of trans-(−)-kusunokinin is lower than -10.00 

kcal/mol. 

 2. Binding free energy of trans-(−)-kusunokinin can be comparable to native 

ligand with a discrepancy of 1 kcal/mol. 

 3. Trans-(−)-kusunokinin binding site located in the protein at the same site of 

native ligand. 

 The selected candidate protein must match all the mentioned criteria. The 

binding energy from the docking studies of trans-(−)-kusunokinin and native ligand 

of the exploration protein were shown in Table 13. The results exhibited that hits-

target from the filtration with no violation of all criteria were AKR1B1 and MEK2.  

 Trans-(−)-kusunokinin showed the best binding potential with AKR1B1 and 

provided the outstanding docking score of -11.11 kcal/mol lower than AKR1B1 

native ligand (IDD594) with ∆G of -10.73 kcal/mol. While MEK2, signaling protein 

mediated-cancer cell proliferation was predicted as the possible trans-(−)-

kusunokinin target with the binding energy -10.14 kcal/mol and showed lower than 

native ligand (5EA) with ∆G of -9.56 kcal/mol. However, AKR1B1 was our interest 

to further investigation in consequence of the lowest binding energy and several 

supporting report that lignan-base structure revealed the AKR1B1 inhibition such as 

arctigenin and arctiin. 
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Table 13. Binding energy of trans-(−)-kusunokinin and native ligands. 

Protein PDB code Relative binding energy (kcal/mol) 
Trans-(−)-kusunokinin Native ligand 

Cell migration    

AKR1B1 1US0 -11.11 -9.83 

WASP 1T84 -8.75 -9.77 

ROCK2 4WOT -8.68 -11.23 

PAK6 4KS7 -8.54 -9.80 

CDC42 1DOA -8.36 -7.67 

RAC3 2C2H -8.32 -5.96 

ROCK1 6E9W -8.12 -9.91 

PAK1 2HY8 -7.72 -10.76 

Cell proliferation    

MEK2 1S9I -10.14 -9.56 

TrkC 3V5Q -9.67 -13.51 

TrkB 4AT3 -9.60 -9.94 

FGFR3 4K33 -9.49 -8.60 

RSK2 1T7V -9.46 -8.72 

TRα 3ILZ -9.41 -11.48 

EphA3 3DZQ -9.42 -12.9 

SGK1 2R5T -9.32 -21.57 

SHIP-1 6IBD -9.32 -10.85 

PPARD 5XMX* -9.32 -10.84 

TRβ 1N46 -9.31 -11.48 

EP3 6M9T -9.22 -8.08 

BMPR2 3G2F -9.19 -8.29 

ACVR2B 2QLU -9.18 -8.82 

EP4 5YHL -9.18 -11.86 

BMPR1B 3MDY -9.14 -9.97 

PDGFRA 5GRN -9.10 -12.28 

MSK2 O75676* -9.04 -5.38 

Note: *SWISS-MODEL structure was modelled homologically based on the respective PDB. 
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Table 13. Binding energy of trans-(−)-kusunokinin and native ligands (continued). 

Protein PDB code Relative binding energy (kcal/mol) 
Trans-(−)-kusunokinin Native ligand 

ADORA2A 6GT3 -9.01 -7.47 

MK3 3FHR -8.94 -10.01 

PLA2 1POE -8.92 -8.40 

SGK3 Q96BR1* -8.90 -9.59 

JNK2 3NPC -8.77 -14.72 

ALK 5FTO -8.75 -11.65 

DDR2 6FER -8.74 -10.35 

INSR 3EKK -8.72 -10.18 

LAT1 6IRS -8.72 -7.81 

DDR1 3Z0S -8.70 -10.79 

JNK1 2GMX -8.70 -7.25 

MSK1 3KN5 -8.68 -7.85 

RON 3PLS -8.67 -8.15 

YES1 P07947* -8.67 -9.86 

RSK1 2Z7Q -8.67 -15.87 

p70S6K-β Q9UBS0* -8.60 -9.26 

MEK6 3FMF -8.59 -10.98 

MER 3BPR -8.52 -7.62 

BLVRA 2H63 -8.52 -6.39 

PPARA 1KKQ -8.50 -10.09 

ALK1 3MY0 -8.49 -9.65 

AKT2 2JDO -8.39 -9.54 

p70 S6K-α 3A62 -8.33 -10.45 

PLCB 2ZKM -8.27 -9.38 

LYN 3A4O -8.25 -8.34 

c-RAF 3OMV -8.24 -9.41 

TAK1 3P0U -8.24 -7.38 

BMPR1A 2H62 -8.22 -9.40 

Note: *SWISS-MODEL structure was modelled homologically based on the respective PDB.  
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Table 13. Binding energy of trans-(−)-kusunokinin and native ligands (continued). 

Protein PDB code Relative binding energy (kcal/mol) 
Trans-(−)-kusunokinin Native ligand 

MEK3 P46734* -8.21 -18.06 

RHEB 6BT0 -8.19 -9.04 

EphA7 3DKO -8.16 -10.47 

CTSL2 1FH0 -8.16 -9.66 

PLCG 4FBN -8.15 -7.82 

B-Raf 5CSW -8.13 -10.96 

FGFR2 1OEC -8.07 -10.10 

FGFR4 6JPJ -8.05 -7.52 

SHP2 5EHR -8.03 -10.74 

MELK 4D2P -7.88 -10.58 

MTOR 1FAP -7.87 -20.22 

ACVR1B P36896* -7.79 -8.91 

EphB1 5MJA -7.78 -9.16 

EphB3 5L6O -7.78 -7.62 

AXL 5U6B -7.75 -9.82 

BTK 6O8I -7.68 -8.99 

FAK2 3FZR -7.67 -7.93 

MEK7 5Z1E -7.61 -7.47 

MEK4 3ALO -7.44 -18.63 

IRS-1 1QQG -7.42 -7.21 

WIP1 O15297* -7.39 -6.64 

SHIP-2 4A9C -7.21 -12.79 

GRB7 4WWQ* -6.89 -8.11 

FNTA 1SA4 -6.85 -8.61 

CXCR4 3OE9 -6.68 -7.74 

SP1 1SP2 -6.45 -5.90 

YAP 3KYS -6.45 -8.86 

HSC70 3FZH -6.36 -6.87 

Note: *SWISS-MODEL structure was modelled homologically based on the respective PDB.  



 72 

Table 13. Binding energy of trans-(−)-kusunokinin and native ligands (continued). 

Protein PDB code Relative binding energy (kcal/mol) 
Trans-(−)-kusunokinin Native ligand 

p75NTR 2N80 -6.21 -5.98 

MYC 6G6K -5.57 -4.90 

Multidrug resistance   
 

ABCC1/MRP1 2CBZ -8.66 -8.71 

ABCB1/P-gp 6FN1 -6.63 -8.75 

ABCC3/MRP3 O15438* -6.11 -6.16 

ABCC2/MRP2 Q92887* -5.98 -6.82 

ABCG2/BCRP 6ETI -5.45 -5.71 

Epigenetic regulation   
 

BRDT 4KCX -8.92 -8.92 

BRD4 2YEL -8.75 -10.56 

BRD3 3S91 -8.60 -10.42 

BRD2 2YEK -8.57 -9.98 

HDAC1 5ICN -7.87 -4.58 

Cell survival    

MCL1 6O6F -9.11 -12.54 

IkB-alpha 1IKN -8.65 -11.94 

SERCA1 2BY4 -7.83 -1.11 

BFL-1 4ZEQ -7.72 -8.43 

BCLW 4CIM -7.66 -9.59 

BAG1 3FZK -6.13 -4.98 

IKKB 4KIK -6.04 -9.67 

IKKA 5EBZ -5.91 -7.87 

Cell cycle    

Aurora B 4AF3 -8.71 -10.01 

CDK7 1UA2 -8.52 -11.15 

CDK4 2W96 -8.22 -9.02 

CCNE1 1CKP -8.07 -7.90 

MPS1 2ZMD -7.93 -6.75 
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Table 13. Binding energy of trans-(−)-kusunokinin and native ligands (continued). 

Protein PDB code Relative binding energy (kcal/mol) 
Trans-(−)-kusunokinin Native ligand 

Angiogenesis    

VEGFR1 3HNG -8.92 -11.68 

TIE2 3L8P -8.42 -13.04 

PHD2 2HBT -7.76 -11.19 

HIF1A 4H6J -5.92 -6.89 

DNA repair    

PARP2 4TVJ -8.85 -13.07 

PARP1 5XSR -8.71 -9.23 

ERCC1 2A1I -8.53 -8.00 

2. Preliminary predicted binding energy and interaction of trans-(−)-

kusunokinin and AKR1B1 inhibitors on active site 

 The accuracy and precision of Autodock program were validated by self-

redocking. The result showed that IDD594 redocking ligand exhibited almost the 

same orientation overlay the native ligand from the crystallography structure with 

RMSD value of 0.37 Å which lower than the cutoff value of 2.0 Å (Figure 26). 

Moreover, other inhibitors showed a similar binding of AKR1B1 structure. These 

results suggested reproducibility that process was valid and reliable. 

 

Figure 26. IDD594 overlay orientation of self-redocking. Cyan structure was exhibited as a 

native ligand; orange structure was exhibited as a redocking orientation. Conformational 

sampling of self-redocking were executed from 50 genetic algorithm runs with a population 

size of 200 and were analyzed using VMD package. 
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 The molecular docking study showed that trans-(−)-kusunokinin suitably 

inserted in the AKR1B1 active site that surrounded of hydrophobic and aromatic amino 

acid (Figure 16). Trans-(−)-kusunokinin active site exhibited 3 apparent binding 

pockets including a large pocket with hydrophobic nature (Trp79, Trp111, Phe115, 

Phe122, Trp219, Cys298, Leu300, Cys303, and Tyr309), a small pocket with 

hydrophobic nature (Trp20, Val47 and Tyr48), and an anion binding pocket (Tyr48, 

His110, and Trp111). The result showed that 2 aromatic rings of trans-(−)-kusunokinin 

were buried in the small and large hydrophobic pockets. A carboxylic group of the 

compound formed hydrogen bond with the anion binding pocket while γ-butyrolactone 

ring of trans-(−)-kusunokinin was buried in the anion binding pocket (Figure 27). 

 

Figure 27. Trans-(−)-kusunokinin binding site on AKR1B1. It consists of anion binding 

pocket (green residues), small hydrophobic pocket (pink residues), and large hydrophobic 

specific pocket (yellow residues). Conformational sampling was executed from 50 genetic 

algorithm runs with a population size of 200 and were analyzed using VMD package. 

 Molecular docking of trans-(−)-kusunokinin against AKR1B1 along with other 

available AKR1B1 substrates or inhibitors was performed. In our study, the selected 

AKR1B1 inhibitors (ARIs) were classified into 3 categories. The first one is carboxylic 

ARI which contains carboxylic group and be experimentally approved the binding with 

AKR1B1 that be available on Protein Data Bank (Figure 28). The result showed that 

carboxylic ARIs provided the potential binding free energy toward AKR1B1 with the 
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range of -8.92 to -11.54 kcal/mol, and more than half of them revealed less than -10.00 

kcal/mol (Table 6). Interestingly, trans-(−)-kusunokinin showed the binding energy of -

11.11 kcal/mol which lower than most of carboxylic ARIs except zenarestat and 

zopolrestat.  

 

Figure 28. Structure of carboxylic ARIs. A carboxylic group was highlighted in red.  

 Secondly, hydantoin ARIs, contain hydantoin ring in the structure and be 

experimentally approved the binding with AKR1B1 that be available on Protein Data 

Bank (Figure 29). The result showed that minalrestat and ranirestat revealed the 

potential binding toward AKR1B1 with binding free energy less than -10.00 kcal/mol. 

While fidarestat and sorbinil revealed poor binding free energy (Table 12). 

Interestingly, trans-(−)-kusunokinin provided the binding free energy lower than all of 

hydantoin ARIs group.  

  

Figure 29. Structure of hydantoin ARIs. A hydantoin ring was highlighted in red. 
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 The last group, suggested potential ARIs were selected from synthetic or natural 

compounds which have been reported as the potential AKR1R1 inhibitor for example; 

arctigenin and its glucoside arctiin are lignan compound which have similar structural feature 

to trans-(−)-kusunokinin (Figure 30). The results showed trans-(−)-kusunokinin provided 

the binding free energy better than all of suggested potential ARIs group (Table 14).

 

Figure 30. Structure of suggested potential ARIs. 

 Moreover, we further studies of molecular docking of AKR1B1 substrates and 

substrate analogs to compare the competitiveness of trans-(−)-kusunokinin to inhibit 

against AKR1B1 (Figure 31). The result revealed that trans-(−)-kusunokinin showed 

the potential binding free energy better than all of AKR1B1 substrates and substrate 

analogs. Interestingly, trans-(−)-kusunokinin binding site revealed the similar site to 

AKR1B1 substrate. The results predicted that trans-(−)-kusunokinin could inhibit 

AKR1B1 with the potential competitiveness. 

 
Figure 31. Structures of AKR1B1substrate and substrate analog. 
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Table 14. Binding energy between ligands and AKR1B1 from molecular docking. 

Ligands PubChem CID ∆G 
(kcal/mol) 

  Trans-(−)-kusunokinin 384876 -11.11 
Carboxylic ARIs 

Zenarestat 5724 -11.54 
Zopolrestat 1613 -11.21 
Sulindac 11245227 -11.19 
Lidorestat 157839 -10.92 
IDD1219 10150300 -10.86 
Epalrestat 1549120 -10.57 
IDD740 10150441 -10.52 
IDD594 4369325 -9.83 
IDD552 448658 -9.53 
Tolrestat 53359 -9.38 
Tolmetin 5509 -9.22 
Alrestatin 2120 -8.92 

Hydantoin ARIs 
Minalrestat 190816 -10.88 
Ranirestat 153948 -10.41 
Fidarestat 160024 -7.50 
Sorbinil 337359 -6.92 

Suggested potential ARIs 
Oleanolic acid 10494 -10.90 
AD5467 197383 -10.84 
γ-mangostin 13873657 -9.63 
Arctiin 100528 -9.85 
Arctigenin 64981 -9.55 
10C 76370315 -9.32 
Caffeic acid phenethyl ester 5281787 -9.08 

Substrates and substrate analogs 
 UVI2008 124081750 -10.71 
 PGA1 5281912 -10.01 
Retinol 445354 -9.91 
PGH2 445049 -9.71 
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 Trans-(−)-kusunokinin was positioned within the active pocket in a manner 

reminiscent of well-established ARIs such as epalrestat, zenarestat, and minalrestat, 

exhibiting a similar location and orientation. Notably, Trp20 and Trp111 emerged as 

recurring residues that interacted with the aromatic rings of ARIs. These residues, either 

individually or in combination, played a pivotal role in maintaining the conformation of 

the ARIs through π-π stacking interactions with the aromatic rings. Furthermore, Trp20 

and Trp111 demonstrated a dual role, participating not only in π-π stacking interactions 

but also forming hydrogen bonds, alongside Tyr48 and His110 (Figure 32). 

 

Figure 32. Observed interaction of trans-(−)-kusunokinin and ARIs with AKR1B1. 

Ligands are showed in the binding site including epalrestat (yellow), zenarestat (green), 

minalrestat (pink) and trans-(−)-kusunokinin (red). Red dashed lines indicate hydrogen 

bonds, whereas black dashed lines surrounded yellow represent the π-π interaction. 

Conformational sampling of self-redocking were executed from 50 genetic algorithm 

runs with a population size of 200 and were analyzed using VMD package. 

3. Molecular dynamics trajectory analysis 

 Molecular docking simulations might not accurately capture the dynamic 

behavior within the actual reaction environment. To address this limitation and to 
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better represent the realistic dynamic behavior of both ligand-free AKR1B1 and 

ligand-AKR1B1 complexes, molecular dynamics simulations were conducted. These 

simulations were carried out in a solution containing 0.10 M NaCl, at a temperature of 

310 K, and at a pressure of 1 atm. The analysis of molecular dynamics trajectory was 

performed for the protein ligand with the statistical parameters: RMSD, RMSF, 

pattern of distance geometry, molecular mechanics/Generalized-Born surface area 

(MM/GBSA), and protein-ligand interaction analysis. 

 RMSD was performed to measure the similarity of atomic coordinates between 

ligand-free AKR1B1 and ligand-AKR1B1 complexes in dynamics progression 

(Figure 33). All MD trajectories of ligand-free AKR1B1, trans-(−)-kusunokinin-

AKR1B1 and inhibitor-AKR1B1 became stable after 90 ns. This proved 90-150 ns 

simulation was in equilibrium state and be suitable for analysis. In this duration time, 

backbone RMSD data of ligand-AKR1B1 complexes indicated no significant 

flexibility and distinction from the ligand-free AKR1B1. 

 
Figure 33. RMSD of the molecular dynamic trajectory from the simulation of 

AKR1B1. The observed simulations were ligand free-AKR1B1, and AKR1B1 with six 

docked molecule complexes. RMSD calculation was conducted using VMD package. 

 Besides, the RMSF was performed to identify the flexibility of side chain amino acid 

(Figure 34). In each residue, RMSF was computed from Cα atom.  The RMSF of ligand-
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AKR1B1 complexes exhibited the similar flexibility pattern throughout mostly the AKR1B1 

structure. However, AKR1B1 residue 210 to 230 and 295 to 305 in UVI2008-AKR1B1 and 

PGH2-AKR1B1 were observed the distinctive RMSF with more flexible. In addition, 

AKR1B1 residue 5 to 10 and 120 to 130 in Minalrestat-AKR1B1 were observed more 

distinctive RMSF than other ligand-AKR1B1 complexes including ligand-free AKR1B1. 

 

Figure 34. RMSF of molecular dynamic trajectory from the simulation of AKR1B1. 

The observed simulations were ligand free-AKR1B1, and AKR1B1 with six docked 

molecule complexes. The distinctive observed RMSF were indicated by black arrow. 

RMSF was computed using the cpptraj module. 

 To investigate the alteration effect in AKR1B1 structure or conformation resulting 

from ligand binding. Distance pattern of ligand-AKR1B1 complexes were performed by 

plotting the distance between each amino acid and origin point at the center of the 

structure and compared to ligand-free AKR1B1 as a reference structure. The same 

distance pattern means this residue shared the same distance from an origin, implying the 

structure of the amino acid remained the same. On the contrary, if the ligand-bound 

structure showed different distance pattern from the reference structure, it means that the 

binding of ligand effects to alteration of the structure and conformation of protein (Figure 
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35). The results exhibited the similar pattern among seven AKR1B1 simulations. These 

finding suggested that the binding of trans-(−)-kusunokinin, AKR1B1 substrate, and 

AKR1B1 inhibitors did not alter the AKR1B1 conformation (Figure 36). 

 

Figure 35. Pattern of distance geometry. Distance pattern of reference structure 

(ligand-free) that set the origin point (0,0,0) and align with the comparative structure 

(ligand-bound). Residue 1 (r1) and residue 2 (r2) of both structures show the same 

distance (d1 and d2) but residue 3 (r3) shows the different distance (d3). 

 

Figure 36. Distance pattern of AKR1B1 complexes with and without ligands in 

molecular dynamic simulations. The pattern of distance geometry was acquired using 

the cpptraj module. 
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 Apart from the comparison of the overall dynamic property and conformational 

change, the average MM/GBSA binding free energy was used to calculate the trans-(-)-

kusunokinin-AKR1B1 binding affinity in comparison to the other three experimentally 

identified AKR1B1 inhibitors, namely zenarestat, minalrestat, and epalrestat. According 

to MM/GBSA calculations, trans-(−)-kusunokinin showed the binding free energy of -

42.23 kcal/mol. It showed comparable to other selected ARIs, which in the range of -

29.63 to -38.96 kcal/mol (Table 15). The result predicted that trans-(−)-kusunokinin 

could have comparable binding affinity to other AKR1B1 inhibitors. 

Table 15. Trans-(−)-kusunokinin and selective ARIs with the values of MM/GBSA 

binding energy toward AKR1B1. 

Ligands MM/GBSA binding energy (kcal/mol) 

Trans-(−)-kusunokinin -42.23 ± 0.09 

Epalrestat -38.96 ± 0.08 

Minalrestat -36.55 ± 0.07 

Zenarestat -29.63 ± 0.10 

4. Binding mode insight of trans-(−)-kusunokinin, ARIs, and AKR1B1 substrate 

throughout the MD progression 

 According to the trans-(−)-kusunokinin binding mode insight, the aromatic ring on 

1,2 dimethoxybenzene consistently interacted with Trp111 by π-π stacking, and the oxygen 

atoms at the ketone group on the compound's γ-butyrolactone ring interacted with His110, a 

crucial catalytic site in the AKR1B1 anion binding pocket, by hydrogen bonding (Figure 

37a). While carboxylic acid group of zenarestat and epalrestat access into His110 with the 

stable hydrogen bond (Figure 37b and 37d). However, the minalrestat hydantoin ring can 

only make momentary hydrogen connections with His110. (Figure 37c). 

 Furthermore, an aromatic ring of trans-(−)-kusunokinin plays an important role in 

stabilized orientation using π-π stacking with Trp111 which resembles all selected ARIs 

(Figure 35a, 35b, 35c and 35d). Moreover, Tyr48 and Trp20 residues can temporarily form 

hydrogen bond and π-π stacking, with some ARIs. Trp111 was too responsible to π-π 

stacking with an aromatic ring of UVI2008, an AKR1B1 substrate analog (Figure 37e), as 
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well as PGH2 binding using π-alkyl interaction from PGH2 hydrocarbon chain (Figure 37f). 

These findings are in good agreement with the report that Trp111 is the key residue to 

stabilize orientation in all ARIs and acts as specific binding mode of AKR1B1. 

 

Figure 37. Insight binding mode of trans-(−)-kusunokinin, ARIs and AKR1B1 substrate 

throughout the MD progression. The key binding residues in AKR1B1 are denoted in the 

figure. The black, red and green dotted lines represented hydrogen bond, π-π interaction, 

and π-alkyl interaction respectively. The structure visualization was conducted using VMD 

package. 
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Part II. Validation of trans-(±)-kusunokinin target by in vitro studies 

1. AKR1B1 expression on breast and ovarian cancer cells 

To explore the correlation between AKR1B1 expression levels and distinct 

subtypes of breast and ovarian cancer, we conducted an investigation employing 

Western blotting. Our findings revealed that within the breast cancer cell cohort, 

Triple negative breast cancer (TNBC) cells, specifically BT549 and Hs578T cells, 

exhibited markedly elevated AKR1B1 protein levels in comparison to the luminal A 

subtype represented by MCF cells. Notably, among the TNBC cells, Hs578T cells 

displayed the most pronounced overexpression of AKR1B1. Moreover, within the 

ovarian cancer cell cohort, the non-serous ovarian cancer cells, NS (A2780 and 

SKOV3 cells) showcased the highest levels of AKR1B1 expression. This observation 

contrasts with the AKR1B1 levels in the high-grade serous ovarian cancer cell line 

(OVCAR3 cells). Collectively, our results suggest an association between heightened 

AKR1B1 expression and the aggressive migration phenotype present in TNBC and 

NS cells. Importantly, a survival analysis of breast and ovarian cancer patients, 

utilizing data from the KM-plotter database, disclosed that patients exhibiting 

elevated AKR1B1 expression experienced median survival rates of 48 and 19.3 

months, respectively. In contrast, patients with lower AKR1B1 expression levels 

displayed notably prolonged median survival rates of 100 and 21 months for breast 

and ovarian cancer, respectively. These findings collectively imply that heightened 

AKR1B1 expression in breast and ovarian cancer patients is linked with unfavorable 

prognoses in comparison to those displaying lower AKR1B1 expression levels. 
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A 

 
B 

 
                                   Breast cancer cells                               Ovarian cancer cells 
 
Figure 38. Expression level of AKR1B1 on the breast (BT549, Hs578T, and MCF7) 

and ovarian (A2780, SKOV3, and OVCAR3) cancer cells. (A) Cells were grown in a 

10 cm culture dish and were harvested at 80% confluence. Then, cells were extracted 

the protein and performed Western blotting (B) Quantitative protein level of AKR1B1 

was normalized with β-actin band intensity. Data are represented as mean ± SD of three 

independent experiments. Statistically significant differences were deter-mined by the 

student’s t-test (* p < 0.05 versus MCF7, # p < 0.05 versus OVCAR3).  

 

 

 

 

 

 

 

 



 86 

2. Cell viability of breast and ovarian cancer cells with (±)KU treatment 

 Cell viability of breast and ovarian cancer cell toward 72 h treatment of trans-

(±)-kusunokinin ((±)KU) was assessed using the MTT test. The IC50 value of (±)KU 

were compared to trans-(−)-artiin ((−)AR) lignan, well-known aldose reductase 

inhibitors (ARIs) (zopolrestat (ZP) and epalrestat (EP)), and chemotherapeutic drugs 

(doxorubicin (DOX) and cisplatin (CIS)). The outcomes demonstrated that, except for 

SKOV3 and OVCAR3 cells, the IC50 value of (±)KU displayed the potential cytotoxic 

with IC50 values less than 10 µM in MCF7, Hs578T, BT549, and A2780 cells. In 

addition, (±)KU had the most cytotoxic effects on the ovarian and breast cancer cell 

lines MCF7 and A2780, respectively. On both cell lines, interestingly, (±)KU 

demonstrated a cytotoxic impact with an IC50 value lower than well-known ARIs 

(Figure 39). We found that well-known ARIs (ZP and EP) showed cytotoxicity in all 

cancer cells leading to displayed distinctive curves from (±)KU, (−)AR, doxorubicin, 

and cisplatin (Figure 30-35). Furthermore, cisplatin also displayed distinctive curves 

from (±)KU, (−)AR, doxorubicin on breast cancer cells (Figure 41-42) because it is not 

suitable for breast cancer treatment. However, all drugs had a dose-dependent decrease 

in cell viability percentage as shown by the dose-response curve. (Figure 40-45). 

 

 

Figure 39. IC50 values of (±)KU, ARIs, and chemotherapeutic drugs against breast 

and ovarian cancer cells. Cells were treated the compounds for 72 h and then were 

performed MTT assay. Data are represented as mean ± SD with three independent 

experiments. (±)KU, trans-(±)-kusunokinin; (−)AR, trans-(−)-artiin; ZP, zopolrestat; 

EP, epalrestat; DOX, doxorubicin; CIS, cisplatin. 



 87 

 

Figure 40. Cell viability of BT549 cells. Cells were treated with the compounds for 

72 h and determined cell viability by MTT assay. All data represent as mean ± SD 

with three independent experiments. 

 

Figure 41. Cell viability of Hs578T cells. Cells were treated with the compounds for 

72 h and determined cell viability by MTT assay. All data represent as mean ± SD 

with three independent experiments. 
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Figure 42. Cell viability of MCF7 cells. Cells were treated with the compounds for 72 

h and determined cell viability by MTT assay. All data represent as mean ± SD with 

three independent experiments. 

 

Figure 43. Cell viability of A2780 cells. Cells were treated with the compounds for 

72 h and determined cell viability by MTT assay. All data represent as mean ± SD 

with three independent experiments. 
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Figure 44. Cell viability of SKOV3 cells. Cells were treated with the compounds for 

72 h and determined cell viability by MTT assay. All data represent as mean ± SD 

with three independent experiments. 

 

Figure 45. Cell viability of OVCAR3 cells. Cells were treated with the compounds 

for 72 h and determined cell viability by MTT assay. All data represent as mean ± SD 

with three independent experiments. 
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3. Aldose reductase activity 

 To ascertain the potential of (±)KU as an inhibitor of aldose reductase, an 

examination was conducted by evaluating the reduction of NADPH, a key cofactor in 

the enzyme's reaction. This approach allowed for the analysis of (±)KU's inhibitory 

impact on aldose reductase, an enzyme responsible for converting glucose substrate 

into sorbitol. To ensure that dimethyl sulfoxide (DMSO), the solvent for (±)KU, did 

not interfere with the reaction, the aldose reductase activities of two control 

conditions were compared: a solvent control (with DMSO) and an enzyme control 

(without DMSO). Notably, the slopes of the curves representing these control 

conditions exhibited no significant differences (Figure 46A). 

 Furthermore, the background control, devoid of the enzyme, was utilized to 

eliminate its effect from all conditions. Epalrestat, a recognized aldose reductase 

inhibitor, was employed as a positive control. The aldose reductase activity was then 

depicted through logarithmic progress curves, illustrating the percentage of activity 

across varying concentrations of compounds ((±)KU, (−)AR, zopolrestat, and 

epalrestat) in nanomolar (nM). Interestingly, all substances demonstrated a dose-

dependent inhibition of aldose reductase activity (Figure 46B). 

 In particular, (±)KU displayed considerable potential in inhibiting aldose 

reductase activity, yielding an IC50 value of 9.72 ± 0.18 μM. Notably, this 

performance surpassed that of the previously reported aldose reductase inhibitor 

lignan (−)AR, which exhibited an IC50 value of 13.65 ± 49 μM. In comparison, 

zopolrestat and epalrestat, both recognized inhibitors of AKR1B1 specifically 

designed for targeting aldose reductase, exhibited IC50 values of 31.03 ± 0.14 nM and 

0.77 ± 0.01 μM, respectively (Figure 46C). 
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Figure 46. Aldose reductase activity. (A) Progress curves of the aldose reductase reaction 

control. (B) Progress curves of aldose reductase enzyme activity of tested compounds at 

various concentrations. (C) IC50 values of tested compounds in the inhibition of aldose 

reductase activity. Data representation as mean ± SD with two independent experiments. 

Statistically significant differences in IC50 values of (±)KU vs. ARIs were determined using 

a one-way analysis of variance followed by Tukey's multiple comparisons tests (*p < 0.05).  
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4. Cellular thermal shift assay (CETSA) 

 In silico studies suggested the potential binding of (±)KU to AKR1B1. 

Nevertheless, there is limited evidence supporting AKR1B1 as a specific target of 

(±)KU based on in vitro investigations. To ascertain whether (±)KU directly interacts 

with AKR1B1, we employed cellular thermal shift assay (CETSA), a label-free 

method that confirms compound-protein interactions. CETSA is rooted in the concept 

that drug binding enhances protein thermal stability.  

 Upon subjecting Hs578T and SKOV3 cell lysates to temperatures of 75°C and 

60°C, respectively, the results revealed a significant decrease in the abundance of the 

AKR1B1 protein. However, when cell lysates were treated with (±)KU, we observed 

a stabilization of AKR1B1 protein levels after heating, in contrast to untreated lysates. 

This phenomenon was particularly evident at 75°C and 60°C for Hs578T and SKOV3 

cells, respectively (Figure 47). 

 Further analyses were conducted utilizing these specific temperatures and 

various concentrations of (±)KU. The results indicated that (±)KU exhibited a dose-

dependent effect in enhancing the stability of the AKR1B1 protein levels across both 

cell lines. Notably, in the Hs578T cell lines, the AKR1B1 protein was significantly 

stabilized at (±)KU concentrations of 10 and 20 μM. Similarly, in the SKOV3 cell 

line, significant stabilization was observed at (±)KU concentrations of 5, 10, and 20 

μM (Figure 48). 
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Figure 47. CETSA with various of temperatures. CETSA-based determination of 

target engagement of (±)KU toward AKR1B1 on (A) Hs578T cells and (B) SKOV3 

cells at various of temperatures. Cells were treated with 10 µM (±)KU final 

concentration for 1 h. Then, cells were heated at designated temperature for 3 min and 

cooled down at 25oC for 3 min. Cells were snap-frozen with liquid nitrogen and were 

determined the protein levels using Western blot analysis. 
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Figure 48. CETSA with various concentration of (±)KU. CETSA-based determination of 

target engagement between (±)KU and AKR1B1. (A) AKR1B1 levels were determined 

using Western blot analysis. (B) The quantitative protein level of AKR1B1 was normalized 

with β-actin band intensity. Data are represented as mean ± SD with three independent 

experiments. Statistically significant differences between treated cells vs. nontreated cells 

were determined by the student's t-test (* p < 0.05). 

5. (±)KU inhibited lipid peroxidation in high glucose condition 

 To assess the inhibitory effects of (±)KU on high glucose-induced AKR1B1-mediated 

oxidative stress responses, we employed the TBARS assay to detect lipid peroxidation on 

Hs578T cell lines. Hs578T cells were selected for this evaluation due to their demonstrated 

potential for greater cytotoxic effects compared to SKOV3 cells. 

 In our experimental setup, Hs578T cells were incubated with varying concentrations of 

(±)KU and epalrestat at 0.25X, 0.50X, and 1.00X IC50 levels. For (±)KU, these 

concentrations were 1.40, 2.79, and 5.58 μM, while for epalrestat, they were 24.02, 48.04, and 
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96.08 μM. After a 24-h incubation period, the cells were subjected to oxidative stress 

induction using a high glucose concentration of 100 mM for 1 h. 

 Subsequently, we quantified malondialdehyde (MDA) levels, a product of lipid 

peroxidation that forms MDA-TBA adducts. Our findings revealed that cells induced with 

high glucose exhibited a marked increase in MDA levels compared to non-treated cells. 

Intriguingly, cells pre-treated with (±)KU and epalrestat exhibited a dose-dependent 

reduction in MDA levels (Figure 49A). However, it's noteworthy that at concentrations 

corresponding to the IC50 values of cytotoxicity on Hs578T cells, (±)KU resulted in a lower 

decrease in MDA levels compared to epalrestat. 

 Furthermore, we expanded our analysis by investigating MDA levels when cells were 

pre-treated with (±)KU and epalrestat at the same concentration (1.5, 3.0, and 6.0 μM). Our 

observations demonstrated that (±)KU exhibited a more pronounced reduction in MDA 

levels compared to epalrestat (Figure 49B). 

6. (±)KU suppressed AKR1B1 level 

 To assess the comparative potential of (±)KU and the AKR1B1 inhibitor epalrestat 

in inhibiting AKR1B1 expression, we conducted experiments using Hs578T cells. The 

cells were treated with (±)KU or epalrestat at concentrations equivalent to 0.25X and 

0.50X IC50 levels. Specifically, these concentrations were 1.40 and 2.79 μM for (±)KU 

and 24.02 and 48.04 μM for epalrestat. The treatment duration was set at 48 h. 

 Our analysis encompassed the assessment of AKR1B1 protein levels along with 

those of its downstream signaling molecules, including PKCδ, NF-κB, AKT, Nrf2, 

COX2, Twist2, E-cadherin, and N-cadherin. Our findings illustrated that (±)KU exerted 

a substantial suppressive effect on AKR1B1 levels in a dose-dependent manner, 

mirroring the impact observed with epalrestat. Additionally, at a concentration equivalent 

to 0.50X IC50, (±)KU displayed significant down-regulation of multiple signaling 

molecules, including PKCδ, NF-κB, AKT, Nrf2, COX2, Twist2, and N-cadherin. 

Intriguingly, (±)KU also exhibited an up-regulatory effect on E-cadherin (Figure 50). 

 Importantly, the outcomes revealed that (±)KU demonstrated a potential to reduce 

AKR1B1 levels and modulate downstream signaling molecules comparable to the effects 

of epalrestat, even at a lower concentration. These results suggest that (±)KU possesses 
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the capability to suppress AKR1B1 expression and regulate associated signaling 

pathways in a manner similar to the actions of epalrestat (Figure 50). 

7. Down-regulation of AKR1B1 by (±)KU led to alteration of signaling molecules 

of oxidative stress and EMT markers 

 To elucidate the underlying mechanism by which (±)KU impacts oxidative 

stress responses and the epithelial-mesenchymal transition (EMT) process through 

AKR1B1 inhibition, we conducted a comprehensive study using Hs578T cells. These 

cells were subjected to treatments with 2.79 μM (±)KU, 48.04 μM epalrestat, 100 nM 

siRNA-AKR1B1, or a combination of 100 nM siRNA-AKR1B1 with each 

compound. In this investigation, we included untreated cells, dharmafect-transfection 

reagent treated cells, and siRNA-luciferase treated cells as negative controls. EP and 

siRNA-AKR1B1 treatments were utilized as positive controls to assess AKR1B1 

levels and the modulation of signaling molecules related to oxidative stress and EMT 

markers, encompassing PKCδ, NF-κB, AKT, Nrf2, COX2, Twist2, E-cadherin, and 

N-cadherin. 

 Our findings demonstrated that (±)KU exhibited a marked down-regulation of 

AKR1B1 levels, akin to the potential displayed by EP and siRNA-AKR1B1 

treatments, when compared to the negative control groups. Intriguingly, a synergistic 

effect of AKR1B1 suppression emerged when combining siRNA-AKR1B1 with 

(±)KU or EP. Furthermore, our analysis revealed a similar trend in the suppression of 

signaling molecules, encompassing NF-κB, Nrf2, and N-cadherin. However, this 

synergistic effect was not evident for PKCδ, AKT, COX2, and Twist2. Conversely, E-

cadherin levels demonstrated an up-regulation in response to (±)KU, EP, and siRNA-

AKR1B1 treatments, but decreased upon the combination treatment (Figure 51). 

 These results provide compelling evidence that (±)KU effectively suppresses 

AKR1B1 expression and modulates associated signaling molecules, mirroring the 

action of EP. Additionally, the observed synergistic effects with siRNA-AKR1B1 

combinations indicate a promising avenue for further exploration in understanding the 

therapeutic potential of (±)KU in the context of oxidative stress responses and EMT 

processes. 
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Figure 49. Lipid peroxidation on Hs578T in high glucose conditions. (A) 

Quantitative MDA level on Hs578T-pretreated cell with (±)KU and EP at 0.25X, 

0.50X and 1.00X IC50 values of cytotoxicity and (B) at the same concentration (1.5, 

3.0, 6.0 μM). All graphs showed mean ± SD with four independent experiments. 

Statistically significant differences were determined using a one-way analysis of 

variance followed by Tukey's multiple comparisons tests (*p < 0.05 versus only 

glucose treatment, #p < 0.05 is considered of (±)KU to compare to epalrestat 

treatment). 
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Figure 50.  Suppression of AKR1B1 and regulation of signaling molecules by 

(±)KU. Hs578T cells were treated with (±)KU and epalrestat at the concentration of 

0.25X and 0.50X IC50 (1.40, 2.79 μM for (±)KU and 24.02, 48.04 μM for epalrestat, 

respectively) for 48 h. (A) The expression of AKR1B1 and its downstream molecules 

(PKCδ, NF-κB, AKT, Nrf2, COX2, Twist2, E-cadherin and N-cadherin) were 

determined by Western blot analysis. (B) Quantitative protein level of AKR1B1 and 

its downstream molecules were normalized with β-actin band intensity. Data are 

represented as mean ± SD with three independent experiments. Statistically 

significant differences between treated cells vs. nontreated cells were determined by a 

one-way analysis of variance followed by Tukey's multiple comparisons tests (* p < 

0.05). (±)KU, trans-(±)-kusunokinin; EP, epalrestat. 
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Figure 51. Effect of (±)KU on signaling molecules through the downregulation of 

AKR1B1. Hs578T cells were treated with 2.79 μM (±)KU or 48.04 μM epalrestat or 100 

nM siRNA-AKR1B1 or a combination for 72 h. (A) The expression of AKR1B1 and its 

downstream molecules were determined by Western blot analysis. (B) Quantitative 

protein level of AKR1B1 and its downstream molecules were normalized with β-actin 

band intensity. Data are represented as mean ± SD with three independent experiments. 

Statistically significant differences between treated cells vs. nontreated cells were 

determined by a one-way analysis of variance followed by Tukey's multiple comparisons 

tests (*p < 0.05). NT, non-treated cells; TR, transfection reagent; si-C, siRNA control; 

(±)KU, trans-(±)-kusunokinin; EP, epalrestat; si-AR, siRNA-AKR1B1. 
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CHAPTER 4 

DISCUSSION 

Part I. Identification of trans-(−)-kusunokinin target by in silico studies 

 Previously, trans-(−)-kusunokinin inhibited breast cancer proliferation by partially 

binding and down-regulating CSF1R protein and significantly suppressing AKT levels 

(Rattanaburee et al., 2020). These suggested that trans-(−)-kusunokinin could regulate 

AKT through binding not only with CSF1R but also with other target proteins 

(Rattanaburee et al., 2020). Thus, we explored the new trans-(−)-kusunokinin target by 

selecting 114 possible target proteins from 8 mechanisms, including cell proliferation, 

multidrug resistance, epigenetic regulation, cell migration, cell survival, cell cycle 

progression, angiogenesis, and DNA repair. The results exhibited that trans-(−)-

kusunokinin showed the best binding potential with AKR1B1 and provided an 

outstanding docking score of 11.11 kcal/mol, which is better than the native ligand 

(IDD594). Moreover, the other cell proliferation-related proteins, including MEK2, TrkC, 

TrkB, and FGFR3, were possible kusunokinin targets with binding energies of -10.14, -

9.67, -9.60, and -9.49 kcal/mol, respectively (Figure 52). 

 Based on molecular docking, previous studies revealed that trans-(-)-kusunokinin 

targets CSF1R with the best binding energy of -11.53 kcal/mol. CSF1R directly activates 

the Ras/MEK/ERK pathway to drive cell proliferation. In the condition of CSF1R 

suppression, a src-dependent mechanism will activate the PI3K/AKT pathway that relays 

downstream molecules of cell cycle progression such as c-myc, CDK4 and cyclin D1 

(Lee et al., 2000). The inhibition of CSF1R by trans-(−)-kusunokinin or siRNA-CSF1R 

revealed that it suppresses AKT levels significantly (Rattanaburee 2020). Interestingly, 

the inhibition of AKR1B1 can also decrease AKT levels by reducing the phosphorylation 

of AKT, leading to tumorigenesis prevention (Saxena et al., 2018). Moreover, the 

inhibition of AKR1B1 hinders growth factor-induced cell cycle progression through the 

PI3K/AKT/E2F-1 pathway (Ramana et al., 2010).  

 We suspected that the suppression of AKT by trans-(−)-kusunokinin may also 

come from AKR1B1 inhibition. Hence, the upstream molecules that upregulate AKR1B1 

gene expression underwent molecular docking. AKR1B1 is a metabolic enzyme that 



 101 

upregulates gene expression by signaling from Triiodothyronine (T3) binding with thyroid 

hormone receptor alpha (TRα) or thyroid hormone receptor beta (TRβ) and 

heterodimerizing with the retinoid X receptor (RXR) located on thyroid hormone 

response elements (TREs) (Chi et al., 2013). These upstream molecules exhibited 

potential binding energy but not as well as AKR1B1 (Figure 52). 

 Moreover, the PGF2α signaling-related proteins, including phospholipases A2 

(PLA2), cyclooxygenase 2 (COX2) and NF-κB also exhibited binding energies higher 

than AKR1B1 (Figure 52). All these findings can predict that trans-(−)-kusunokinin 

could inhibit AKT levels that hinder cancer cell proliferation by targeting AKR1B1 with 

the independence of upstream molecules of AKR1B1 or PGF2α signaling-related proteins. 

Even though MEK2 showed the closeness of binding free energy (-10.14 kcal/mol), 

AKR1B1 was further investigated due to supporting data that arctigenin and arctiin, the 

lignan-based compounds with a core structure-like trans-(−)-kusunokinin, revealed the 

AKR1B1 inhibition (Xie et al., 2005).  

 Trans-(−)-kusunokinin binding site on AKR1B1 is hydrophobically surrounded by 

several aromatic residues that stabilized trans-(−)-kusunokinin orientation by π-π 

stacking. These results were concordant with molecular docking in previous studies 

showing that trans-(−)-kusunokinin binds CSF1R using π-π interaction at the active 

pocket (Rattanaburee et al., 2020). Trans-(−)-kusunokinin binding site consists of a small 

hydrophobic pocket, a large hydrophobic specific pocket, and an anion binding pocket. 

These active pockets were similar to those previously reported of β-aminophenyl 

propanoic acid derivative binding site, where 2 aromatic rings stabilized orientation by 

small and large hydrophobic pockets. A carboxylic group of the compound creates a 

hydrogen bond to the anion-binding pocket (Wang et al., 2013).  

 Moreover, the position and orientation of trans-(−)-kusunokinin buried in the 

active pocket site of AKR1B1 are similar to well-known ARIs. The results suggested 

that Trp20 and Trp111 sustained trans-(−)-kusunokinin and ARIs orientation by π-π 

stacking and hydrogen bonding, as well as Tyr48 and His110. These four key residues 

play an important interaction site in trans-(−)-kusunokinin and most ARIs, which is 

consistent with the earlier report that the anion binding pocket contains Trp20, Tyr48, 

His110, and Trp111 and Trp20 is the hydrophobic specificity pocket that regulates the 

accessibility of aromatic ring-containing inhibitors (Zhu, 2013). AKR1B1 requires the 
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NADPH cofactor to form the holoenzyme, which is able to catalyze the substrate. 

AKR1B1 catalyzes PGH2 into PGF2α and relays the signals in the NF-κB pathway to 

regulate the EMT process in various cancers (Wu et al., 2017). The catalytic mechanism 

of AKR1B1 revealed that 4-pro-R hydrogen from NADPH transfers to the oxygen on 

the dioxabicycloheptane ring of PGH2. The imidazole ring in His110 plays an important 

role as a proton donor for PGH2 conversion into PGF2α (Nagata et al., 2011). The 

molecular dynamics simulation of PGH2 toward AKR1B1 exhibited that oxygen on the 

dioxabicycloheptane ring of PGH2 contacted the transferable proton of NADPH and 

stably formed a hydrogen bond with His110, as expected.  

 The binding mode with His110 exhibited trans-(−)-kusunokinin and carboxylic 

ARIs that can form a hydrogen bond with stable interaction. The obstruction or stable 

formation of hydrogen bonds with His110 of trans-(−)-kusunokinin and ARIs directly 

plays a crucial role in the prevention of PGH2 conversion. The mutually observed 

speculation in both trans-(−)-kusunokinin, substate analog, and all ARI groups was that the 

interaction of the compound with Trp111 could be a majority contribution to AKR1B1 

inhibition because the ligand would reside to interfere with the access of PGH2 into the 

catalytic site, even if the compound can create a hydrogen bond with His110 catalytic 

residue or not. 

 
Figure 52. Prediction of targets and propose mechanism of action of trans-(−)-kusunokinin.  
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Part II. Validation of trans-(±)-kusunokinin target by in vitro studies 

 Previously, trans-(±)-kusunokinin ((±)KU) had been investigated for its 

potential cytotoxic effects on various cancer cell lines. Notably, these included 

ovarian cancer lines (A2780, A2780cis, SKOV3, and OVCAR3), colon cancer (HT-

29), cholangiocarcinoma (KKU-M213 and KKU-K100), as well as distinct breast 

cancer subtypes, including luminal A (MCF7), basal-A (MDA‑MB‑468), and basal-B 

(MDA‑MB‑231) (Rattanaburee et al., 2019; Mad-Adam et al., 2022). In this study, we 

observed that (±)KU exhibited a cytotoxic effect on ovarian cancer cells (A2780, 

SKOV3, and OVCAR3), with IC50 values comparable to cisplatin, a well-known 

chemotherapeutic agent for ovarian cancer treatment. This finding was in agreement 

with a previous report (Mad-Adam et al., 2022). Furthermore, (±)KU demonstrated 

substantial cytotoxicity across breast cancer cell lines, including both minimally 

migratory (MCF7) and highly migratory (BT549 and Hs578T) phenotypes. 

Additionally, the IC50 values of (±)KU against triple-negative breast cancer (TNBC) 

cell lines (BT549 and Hs578T) aligned with previous findings for other TNBC cells 

(MDA‑MB‑468 and MDA‑MB‑231) (Rattanaburee et al., 2019). Interestingly, we 

observed that the cytotoxic effect of (±)KU did not exhibit a correlation with the 

expression of AKR1B1 in breast and ovarian cells. This could potentially be 

attributed to the multi-targeted action of (±)KU, impacting other factors such as 

CSF1R, MMP-12, HSP90-α, CyclinB1, and MEK1 (Rattanaburee et al., 2020). 

Comparatively, AKR1B1 inhibitors (ARIs) displayed relatively weak cytotoxic 

effects across all ovarian and breast cancer cell lines, particularly on MCF7 and 

OVCAR3 cells, which lack AKR1B1 expression. Notably, the IC50 values of ARIs 

against TNBC cell lines (BT549 and Hs578T) were consistent with prior reports. 

Specifically, the cytotoxicity effect of epalrestat on MDA-MB-231 cells demonstrated 

an IC50 value of 90.26 μM. The limited cytotoxicity of epalrestat can be attributed to 

its slightly hydrophilic properties and short half-life, rendering it less suitable as an 

anticancer drug (Banala et al., 2019). 

 (±)KU exerts its inhibitory effects on breast cancer cell proliferation by 

targeting CSF1R and its downstream signaling molecules, such as AKT, cyclinD1, 

and CDK1. Computational simulations previously predicted that trans-(−)-
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kusunokinin binds to the juxtamembrane region of CSF1R, forming π-π stacking 

interactions at the binding site (Rattanaburee et al., 2020). Moreover, it was found to 

bind to the ATP binding domain of HER2, although with lower binding affinity and a 

distinct mode of action from the HER2 inhibitor neratinib (Rattanaburee et al., 2021). 

Recent studies predicted that trans-(−)-kusunokinin could be an inhibitor of 

AKR1B1, a target implicated in cellular oxidative stress and the EMT process in 

cancer cells. Notably, its interaction with AKR1B1 was computationally proposed 

based on stabilizing interactions within the binding pocket, involving π-π stacking and 

hydrogen bond interactions with key catalytic site residues (Tanawattanasuntorn et al., 

2021). However, there was a lack of in vitro evidence to confirm this computational 

prediction. To address this gap, we employed the CETSA, a label-free technique 

utilized for protein target identification of active compounds within cells (Cui et al., 

2022). CETSA has been previously employed to investigate target interactions related 

to the antiosteoporosis effects of a lignan from Litsea cubeba (Peng et al., 2018). In 

the present study, we conducted CETSA experiments and observed that (±)KU could 

stabilize AKR1B1 protein levels when subjected to high temperatures in cells with 

AKR1B1 overexpression (Hs578T and SKOV3). Our results indicated significant 

stabilization of AKR1B1 levels at concentrations of 10 and 20 μM on both cell lines. 

These findings support the potential binding of (±)KU to AKR1B1, as evidenced by 

the protective effect of (±)KU against AKR1B1 degradation caused by heating. 

Collectively, these results provide valuable in vitro evidence suggesting that (±)KU 

indeed interacts with AKR1B1 and supports its potential as an AKR1B1 inhibitor, in 

line with earlier computational predictions. 

 Our investigations further delved into the inhibitory effects of (±)KU on 

AKR1B1 enzyme activity. Notably, we observed that (±)KU exhibited the potential 

to inhibit the conversion of glucose to sorbitol by AKR1B1 enzyme activity in a dose-

dependent manner. Interestingly, the inhibitory effect of (±)KU was more 

pronounced compared to that of trans-(-)-arctiin, a lignan compound previously 

reported as an AKR1B1 inhibitor (Xei et al., 2005). Worth mentioning is the 

structural similarity between (±)KU and trans-(−)-arctiin, which could underlie their 

shared inhibitory activity. Interestingly, various lignans derived from different plant 

sources have demonstrated the potential to inhibit AKR1B1 activity. For instance, 
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lignans extracted from Eucommia ulmoides (Gu et al., 2011), Fructus arctii (Xu et al., 

2010), and Viburnum cylindricum (Zhao et al., 2020) have all exhibited inhibitory 

effects on AKR1B1 activity. These findings provide additional support for the notion 

that (±)KU, along with lignan compounds sharing structural similarities, could indeed 

possess potential as AKR1B1 inhibitors. 

 AKR1B1 plays a crucial role in cellular oxidative stress through its involvement 

in the polyol pathway, where it catalyzes the conversion of glucose to sorbitol 

(Khayami et al., 2020). Under normal circumstances, the metabolic activity of glucose 

through the AKR1B1 pathway is relatively modest. However, in hyperglycemic 

conditions, the activity of AKR1B1 becomes stimulated, leading to increased 

generation of reactive oxygen species (ROS) through various mechanisms. In 

hyperglycemic conditions, several events contribute to the enhanced ROS generation. 

Firstly, the production of sorbitol from glucose consumes NADPH, a vital coenzyme 

involved in numerous cellular processes. Additionally, the conversion of oxidized 

glutathione (GSSG) to its reduced form (GSH) also depletes NADPH. Moreover, the 

conversion of sorbitol to fructose by sorbitol dehydrogenase (SDH) relies on NAD+ 

as a cofactor. All these processes contribute to a reduction in NADPH and NAD+ 

levels, further exacerbating the imbalance in redox homeostasis (Han et al., 2020). 

Furthermore, the accumulation of sorbitol itself can lead to oxidative stress, while the 

conversion of sorbitol to fructose generates advanced glycation end products (AGEs), 

which can contribute to enhanced ROS production (Figure 53). This heightened ROS 

generation results in oxidative damage to cellular components, particularly membrane 

lipids. Notably, the oxidation of membrane lipids leads to the production of stable 

mediators such as 4-hydroxy-trans-2-nonenal (HNE) and malondialdehyde (MDA), 

which serve as reliable markers reflecting the extent of oxidative stress (Figure 53) 

(Sonowal et al., 2019). In summary, AKR1B1's involvement in the polyol pathway 

during hyperglycemic conditions triggers a series of events that culminate in 

increased ROS generation, oxidative stress, and subsequent damage to cellular 

components. This process has implications for various pathological conditions, 

including those associated with cancer and other chronic diseases. 

 Previous research has highlighted the protective effects of fisetin against high 

glucose-induced oxidative damage in HT22 cells, as evidenced by a decrease in MDA 
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levels (Zhang et al., 2020). Furthermore, in in vivo studies involving STZ-induced 

diabetic rats, it was observed that diabetic rats exhibited elevated MDA levels, 

indicative of oxidative stress, and subsequent treatment with AKR1B1 inhibitors 

ameliorated oxidative stress in diabetic complications, leading to a reduction in MDA 

levels (Zhao et al., 2020; Zhang et al., 2022). Consistent with these prior findings, our 

research has demonstrated that Hs578T cells exposed to a high glucose environment 

(100 mM) exhibited a significant increase in MDA levels compared to cells cultured 

under normal glucose conditions (5.5 mM). Interestingly, exposure to (±)KU resulted 

in a significant reduction in MDA levels, and this effect was more pronounced 

compared to epalrestat. These results suggest that (±)KU may possess a protective 

effect against high glucose-induced oxidative stress in Hs578T cells, likely through its 

inhibition of AKR1B1 activity. This finding is noteworthy as it implies that (±)KU 

could potentially serve as a therapeutic agent for conditions associated with oxidative 

stress, including those linked to high glucose levels, such as diabetes and diabetic 

complications. Moreover, the comparative effectiveness of (±)KU versus epalrestat 

underscores its potential as a novel and promising candidate for the mitigation of 

oxidative stress-related pathologies. 

 AKR1B1 is closely associated with the epithelial-mesenchymal transition (EMT) 

process, a critical cellular program implicated in cancer progression and metastasis. In 

cancer studies, AKR1B1 has been shown to strongly correlate with aggressive and 

invasive cancer phenotypes. Research by Schwab and colleagues demonstrated that 

knockdown of AKR1B1 in A549 non-small cell lung cancer cells inhibited EMT, 

proliferation, and the expression of cancer stem cell markers. Furthermore, activation of 

AKR1B1 induced by high glucose conditions enhanced cell migration and led to 

alterations in EMT markers, including changes in the expression of E-cadherin, 

vimentin, and ZEB1, partly through TGF-β stimulation (Schwab et al., 2018). In 

diabetic studies, AKR1B1-induced EMT processes have also been observed, and these 

processes are mediated by oxidative stress. For example, in the context of diabetic 

cataract development, AKR1B1 is implicated in the EMT process. Cataract lenses from 

hyperglycemic patients with diabetes exhibited significantly higher expression levels of 

AKR1B1, RAGE (receptor for advanced glycation end products), 3NT (3-nitrotyrosine, 

a marker of protein nitration), N-cadherin, and MMP9 compared to non-diabetic 
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cataract lenses (Wu et al., 2020). These findings underscore the role of AKR1B1 in 

mediating EMT processes and oxidative stress in both cancer and diabetic contexts, 

further highlighting its significance in disease pathogenesis. 

 Moreover, AKR1B1 plays a significant role in EMT by participating in the 

metabolism of aldehydes derived from lipid peroxidation. Specifically, AKR1B1 

converts glutathionyl-4-hydroxynonenal (GS-HNE) into glutathionyl-1,4-

dihydroxynonene (GS-DHN). This conversion activates phospholipase C (PLC) and 

protein kinase C (PKC), subsequently facilitating NF-κB signaling modulation to 

regulate cell migration and invasion, as illustrated in Figure 53 (Khayami et al., 2019). 

Previous research has also shown that inhibiting AKR1B1 using sorbinil and 

zopolrestat impedes EGF/FGF-induced growth, migration, and invasion by disrupting 

GS-DHN-mediated oxidative stress, leading to NF-κB activation in HT29 and KM20 

colon cancer cells (Tammali et al., 2011). 

 AKR1B1 also exerts control over the epithelial-mesenchymal transition (EMT) 

process by influencing prostaglandin biosynthesis. In general, phospholipids are 

converted to arachidonic acid by phospholipase A2 (PLA2), which can be feasibly 

activated by GS-DHN. Subsequently, arachidonic acid is transformed into 

prostaglandin H2 (PGH2) by cyclooxygenase 2 (COX2), a crucial downstream 

molecule of the NF-κB signaling pathway (Khayami et al., 2019). AKR1B1 is 

responsible for converting PGH2 into prostaglandin F2α (PGF2α), which activates the 

PI3K/AKT signaling pathway and potentially triggers the activation of nuclear 

factor‑erythroid 2 related factor 2 (Nrf2), a regulator of AKR1B1 expression (Dodson 

et al., 2019). PGF2α directly modulates NF-κB signaling and indirectly stimulates NF-

κB through the PLC/PKC signaling cascade (Xu et al., 2015). NF-κB plays a pivotal 

role in the expression of Twist2, which in turn regulates EMT markers (E-cadherin 

and N-cadherin) and directly controls AKR1B1 expression, as depicted in Figure 53 

(Wu et al., 2017). These previous studies provide support for our current experiments. 

We evaluated the inhibitory effects of (±)KU on Hs578T cells, focusing on AKR1B1 

and its downstream molecules (PKCδ, NF-κB, AKT, Nrf2, COX2, and Twist2), as 

well as alterations in EMT markers (E-cadherin and N-cadherin). Our findings 

revealed that (±)KU significantly suppressed AKR1B1 and its downstream 

molecules, and it induced dose-dependent changes in EMT marker levels 
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(upregulation of E-cadherin and downregulation of N-cadherin). Our results align 

with previous research; for instance, gedunin, a limonoid compound, demonstrated 

inhibition of AKR1B1 and its downstream expression (AKT, ERK, and NF-κB), 

reduced ROS generation, and inhibited hypoxia-induced cell migration in SCC131 

oral cancer cells (Tanagala et al., 2018). Additionally, fidarestat, an AKR1B1 

inhibitor, reduced COX2 and NF-κB expression in HT29 colon cancer cells and 

inhibited PKC, AKT, and COX2 in azoxymethane-induced colonic premalignant mice 

(Saxena et al., 2014). 

 We extended our investigation into the impact of (±)KU on Hs578T cells by 

conducting comparative analyses with an AKR1B1 inhibitor (epalrestat), siRNA-

AKR1B1, and combinations of these treatments on Hs578T cells. Our findings 

indicated that (±)KU effectively suppressed AKR1B1 expression and its downstream 

molecular components, resulting in alterations in EMT marker levels. Remarkably, 

this effect closely resembled the actions of epalrestat and siRNA-AKR1B1. 

Furthermore, when we combined siRNA-AKR1B1 with (±)KU or epalrestat, we 

observed a more pronounced reduction in AKR1B1 and N-cadherin expression 

compared to siRNA-AKR1B1 treatment alone. These results strongly suggest that 

(±)KU inhibits AKR1B1 in a manner similar to epalrestat and exhibits a potential 

effect akin to siRNA-AKR1B1 treatment. Similarly, previous reports have 

documented the inhibitory effects of epalrestat on TNBC cells, such as MDA231 and 

SUM159. Epalrestat treatment and the knockdown of AKR1B1 expression led to 

changes in the levels of EMT markers, including an increase in E-cadherin and a 

decrease in vimentin, ultimately reducing cancer cell migration and invasion. 

Conversely, the overexpression of AKR1B1 via stable vector transfection in luminal 

breast cancer cells, like T47D and MCF7, exhibited contrasting effects (Wu et al., 

2017). 
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Figure 53. Propose mechanism of action of trans-(±)-kusunokinin in AKR1B1 pathway. 

Trans-(±)-kusunokinin inhibited AKR1B1 leading to reduction of lipid peroxidation and 

suppression of signaling molecules related to oxidative stress response and migration of 

breast cancer. 
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CHAPTER 5 

CONCLUSIONS 

Part I. Identification of trans-(−)-kusunokinin target by in silico studies  

 1. Trans-(−)-kusunokinin was predicted as a tentative target of AKR1B1 and 

MEK2. However, AKR1B1 piqued our interest as a consequence of its higher potential 

binding energy value and the supporting data that other lignan compounds (arctigenin and 

arctiin) with similar structures to trans-(−)-kusunokinin exhibited as potential AKR1B1 

inhibitors. 

  2. Trans-(−)-kusunokinin showed a potential binding affinity better than the 

AKR1B1 substrate (PGH2) and was comparable with reported potential well-known 

AKR1B1 inhibitors.  

 3. Molecular dynamics behavior revealed that trans-(−)-kusunokinin and AKR1B1 

inhibitors did not affect the AKR1B1 conformation. 

 4. The insight binding mode, trans-(−)-kusunokinin, was inserted in the active site 

with a similar position and orientation to AKR1B1 inhibitors and substrates. Trans-(−)-

kusunokinin structure also shared equivalent properties with the structure of ARIs. An 

aromatic ring was noticeably a common structure to perform π-π stacking with Trp111 in 

trans-(−)-kusunokinin and both groups of AKR1B1 inhibitors. Interestingly, the γ-

butyrolactone ring of trans-(−)-kusunokinin was considered as a counterpart of the 

carboxylic group of AKR1B1 inhibitors to interact with the His110 catalytic site via 

hydrogen bonds, preventing the substrate PGH2 from accessing the catalytic site (Figure 

54). All combinations implied that trans-(−)-kusunokinin could be a promising potential 

AKR1B1 inhibitor to be used in metastatic cancer treatment in the future. 
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Part II. Validation of trans-(±)-kusunokinin target by in vitro studies 

 1. IC50 values of trans-(±)-kusunokinin concordant with the aggressive cancer cell 

type (MCF7 and A5780, the grade I breast and ovarian cancer cells, respectively, showed 

the strongest cytotoxicity). While the IC50 values of well-known AKR1B1 inhibitors 

(zopolrestat and epalrestat) were concordant with the AKR1B1 protein level (MCF7 and 

OVCAR3), the low expression of AKR1B1 on breast and ovarian cancer cells, 

respectively, showed the weakest cytotoxicity). 

 2. Trans-(±)-kusunokinin inhibited AKR1B1 enzyme activity with an IC50 value of 

9.72 ± 0.18 µM and showed better activity than trans-(−)-arctiin, which reported lignan 

as an AKR1B1 inhibitor (IC50 value of 13.65 ± 0.49 µM). Whereas epalrestat and 

zopolrestat, the well-known AKR1B1 inhibitors, specifically designed for targeting 

aldose reductase, showed potential IC50 values of 0.77 ± 0.01 µM and 31.03 ± 0.14 nM, 

respectively. 

 3. Trans-(±)-kusunokinin protected intracellular AKR1B1 degradation from 

heating at 60 and 75°C on Hs578T and SKOV3 cells, respectively. 

 4. Trans-(±)-kusunokinin inhibited glucose-induced cellular lipid peroxidation on 

Hs578T cells with a more decreased MDA level than epalrestat. 

 5. Trans-(±)-kusunokinin suppressed AKR1B1, leading to the suppression of 

signaling molecules (PKCδ, NF-κB, AKT, Nrf2, COX2, Twist2) and the alteration of the 

EMT markers (increase E-cadherin level and decrease N-cadherin level) on Hs578T 

breast cancer cells (Figure 55). 
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Figure 54. Proposed binding model of trans-(±)-kusunokinin and ARIs to prevent the 

substrate PGH2 access into the catalytic site of AKR1B1. 

 

 

 

Figure 55. Proposed trans-(±)-kusunokinin mechanism of action in breast cancer 

cells. 
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