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ABSTRACT 

Colorectal cancer (CRC) is the third most prevalent and second leading 

causes of cancer-associated deaths globally. Over the last few decades, 

ent-kaurane diterpenes have been widely investigated for their anticancer 

potentials. Flexicaulin A (9) is a naturally occurring ent-kaurane. Previously, our 

lab modified the structure of 9 by replacing the C-11 hydroxyl group with 

carbonyl group and obtained a novel compound oxoflexicaulin A (11). However, 

anticancer activities and mechanistic pathway of these two compounds are yet to 

be explored.  

In the current thesis, we evaluated the cytotoxicity of compounds 9 and 11 in 

A549 lung, A375 melanoma, PANC1 pancreatic, HCT-116 and HT-29 colon 

cancer and 293T human embryonic kidney cells as well as compared the activity 

with a number of known natural ent-kauranes to describe their structure-activity 

relationship. Our study found that the presence of α, β-unsaturated ketone groups 

in ent-kaurane structure acted as the pharmacophore. The replacement of C-11 

hydroxyl group by carbonyl in 9 (IC50: 3.68 µM) gives a novel potent anticancer 

compound 11 (IC50: 0.77 µM).   

Considering the novelty and superior activity of 11, its mechanistic pathway 

was studied in HCT-116 cells and compared with the natural scaffold 9. Flow 

cytometry analysis by Annexin V/PI staining along with fluorescent staining by 

DAPI showed that both compounds induced apoptosis in HCT-116 cells. 

Induction of apoptosis is mediated through up-regulation of tumor suppressor 

protein p53 and pro-apoptotic protein Bax, Bak and puma as well as promoting 

the cleavage of PARP while down-regulation of anti-apoptotic protein Bcl-2 and 

PARP. Apart from their effect on apoptosis, compounds 9 and 11 stimulated the 
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event of senescence, a process of cellular aging, as confirmed by β-galactosidase 

assay. Induction of senescence is related with up-modulation of p21 and p27 while 

down-modulation of p16, Rb and its transcription factor E2F1. Moreover, 

immunofluorescence staining showed translocation of p21 and p27 from the 

cytoplasm to nucleus after treatment with 9 and 11. Further study found that the 

two ent-kauranes inhibited the protein level of two NF-κB sub-units p65 and p50 

in the nucleus as well suppressed the cytoplasmic level of NF-κB inhibitor IkB-α. 

Both compounds also inhibited the expression and phosphorylation of STAT3 in 

the cytoplasm and nucleus, so as for the expression and phosphorylation of Src, an 

up-stream kinase of STAT3.       

In xenograft nude mice model, compound 11 remarkably inhibited tumor 

growths (volume and size) but the body weights of the mice were also reduced (p 

< 0. 05). Therefore, we designed to synthesis a series of prodrug analogs from 11 

by adding acetal protecting group to reduce the toxicity. One of the prodrug (37) 

significantly attenuated the tumor volume and size (p < 0.05) at 50 mg/kg without 

any toxicity (p > 0.05). The prodrug 37 is actually released as compound 11 in the 

mice due to its cleavage in the acidic microenvironment of tumor. Taken together, 

antitumor effect of compound 11 in CRC model is supposed to be mediated 

through induction of apoptosis and senescence via modulation of NF-κB and 

STAT3 signaling pathway.  

Keywords: Colorectal cancer, ent-kaurane, flexicaulin A, oxoflexicaulin A, 

cytotoxicity, anticancer, apoptosis, pathway, NF-κB, STAT3 
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CHAPTER 1 

 

INTRODUCTION 

 

 

A LITERATURE REVIEW ON PLANT AS A SOURCE OF ANTICANCER 

AGENTS 

 

This part is mainly from a paper published as follows, for which the permission to 

reuse in this thesis has been obtained from the publisher.  

 

Sarwar MS, Zhang HJ, Tsang SW. Perspectives of plant natural products in 

inhibition of cancer invasion and metastasis by regulating multiple signaling 

pathways. Current Medicinal Chemistry 2018; 25 (38): 5057-5087. 

 

 

 

 



2 
 

Overview 

Cancer is an endemic in the world, and is the second most frequent cause of 

death. Either the prophylactic or therapeutic treatment of cancer, especially at the 

late stages, remains very challenging today by virtue of the complex histopathology 

and genetic or epigenetic variations. Medicinal scientists had discovered many 

potential anticancer compounds from plant materials. In the present chapter, we 

report the anticancer agents derived from plant natural products, which are at 

clinical, preclinical or development stages. We obtained relevant information from 

a structured search of peer-reviewed articles, including both research- and 

review-based papers, related to the use of plant materials in cancer treatments. The 

aim is to provide our readers a convenient way in reviewing the potential anticancer 

plant-based products with links to different mechanistic pathways, and to inspire 

researchers with updated information for the development of new anticancer 

remedies.  

 

Keywords: Cancer, anticancer, ent-kaurane, apoptosis, cell cycle, metastasis, 

autophagy, natural products 
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1. Introduction 

Cancer is a major public health issue in the globe, and is the second leading 

causes of death, preceded by heart diseases [1]. It causes approximately 8 million 

deaths per year worldwide. According to World Health Organization (WHO), the 

estimated number of new cases of cancer is about 18.1 million worldwide in 2018 

and the probable cancer deaths are nearly 9.6 million. One in every six deaths is 

from cancer. The most common cases of cancers are lung, breast, colorectal, 

prostate, skin and stomach cancers whereas the most common deaths are from 

lung, colorectal, stomach, liver and breast cancer (Figure 1.1) [2]. Most 

worryingly, the incidence of cancer continues to increase with an estimated 13.1 

million deaths by 2030 [3,4]. 

  

Figure 1.1. The estimated cases and mortality of different cancers worldwide in 

2018 [2] 

 

A recently published paper estimated that around 48.4% of the new cancer 

cases and almost 57.3% of cancer-deaths in 2018 may occur in Asia; partly due to 

60% of worlds’ population reside in this area. With only 9% residents, Europe 

shares 23.4% of total cancer incidence and 20.3% of cancer mortality, followed 

by America which accounts 21% and 14.4% of cases and deaths, respectively. In 

comparison to other continents, the prevalence (7.3%) and mortality (5.4%) rate 
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of cancer in Africa is slightly lower [5]. The reasons behind high incidence of 

cancer are complex but use of tobacco and alcohol, aging, unhealthy lifestyle (diet 

and physical activity), chronic infection, environment and genetic factors are most 

common risk factors. Among the different types of cancers, the most commonly 

occurred cancers are lung, breast, colorectal, prostate, skin and stomach while the 

leading causes of cancer-death are lung, colorectal, stomach, liver and breast 

cancer [6].  

 

1.1 Colorectal Cancer  

Colorectal cancer (CRC) is the third most prevalent cancer and second 

leading causes of cancer-related death in the world [7]. Every year approximately 

1.2 million of patients are diagnosed with CRC and causes about 8% of total 

cancer-associated deaths. It has a highly metastatic characteristic and the 5-year 

survival rate metastatic CRC patients are only 10% [8]. In 2018, the estimated 

number of CRC incidence is 1.8 million with 881,000 deaths, causing 1 in every 

10 cancer cases and deaths globally. The incidence of CRC is predominately 

higher in Europe (Hungary, Norway, Netherlands, Slovakia, Slovenia, Denmark 

and Portugal), East Asia (South Korea and Japan), Southeast Asia (Singapore and 

Brunei) and Oceania (Australia and New Zealand). Hungary and Norway are 

ranked one in terms of prevalence rate of CRC among the male and female 

respectively. The frequency of CRC is comparatively lower in most parts of 

Africa and in South Asia [5].  

Among the Chinese population, CRC is the fourth most common malignant 

tumor and third leading causes of cancer-related mortality [8]. There is an 

increasing trend in the colorectal cancer in China since 1998 [9]. The 
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gender-specific incidences of CRC in China are 23 and 27 per 100,000 among the 

female and male, respectively. Although the frequency of CRC in China is less 

than the western countries but the number of CRC patients in the economically 

advanced cities such as Hong Kong and Shanghai have increased by 10% and 

50% respectively from 1980 to 2002 [10]. In 2016, CRC was the most prevalent 

cancer affecting 5437 individuals (17.3% of total cancer cases) in Hong Kong. It 

was the second leading causes of cancer deaths involving 2,089 deaths (14.7% of 

total cancer deaths). The incidence of CRC was higher among the males (3169 

patients) than the females (2268 patients) and similar trend was observed in case 

of mortality among the men (1208 deaths) and women (881 deaths) in Hong Kong 

[11].  

1.1.1 Diagnosis and Staging of CRC 

Diagnosis of CRC involves both physical and digital examinations. Initially, 

the doctors note the signs and symptoms of the patients and visually check the 

rectal condition or insert a lubricated, gloved finger to examine if there is any 

unusual lump or mass. In addition to physical and digital examination, 

microscopic observation to check presence of blood in the stool sample is also 

considered as a sign of CRC. This process is known as fecal occult blood test 

(FOBT). However, with the progress of imaging technologies, there is significant 

improvement in the diagnosis and management of CRC. Among the different 

diagnostic tools, optical colonoscopy is considered as the gold standard to detect 

the early stage CRC due to its high diagnostic efficiency [12]. This technique 

involves endoscopic examination of colon by inserting a tube fitted with a camera 

through the anus. Colonoscopy also allows biopsy and polypectomy of tumor 

lesions as small as 1 mm or less, hence helps efficient management of CRC [13]. 
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However, optical colonscopy is not suitable for patients with stenosis, 

aged-persons and thos who are suffering from comorbidities [14]. Another 

alternative for CRC diagnosis is non-invasive virtual colonoscopy technique 

which utilizes computed tomography (CT) or nuclear magnetic resonance (MR) 

scans. Unlike standard colonoscopy, virtual colonoscopy does not permit 

visualization for tumor polyp smaller than 5 mm [12]. 

 

Next to diagnosis of CRC, it is important to determine the staging of cancer. 

The staging of cancer helps to identify the extent and severity of cancers. The very 

early stage of CRC is known as stage 0 which then ranges between stage 1 and 4. 

The larger the value of stage number, the greater the severity. Tumor node 

metastasis (TNM) system developed by American Joint Committee on Cancer 

(AJCC) is the most frequently followed system for CRC staging (Table 1.1). 

According to this system, there are three main information for CRC staging 

[15,16]:  

1. Tumor (T) size i.e how far the cancer has spread to the colonic or rectal wall. 

Generally, the wall of the colon is divided into 4 layers such as mucosa (the inner 

layer where almost all colorectal cancer starts which also include a thin muscle 

layer), submucosa (a fibrous tissue under the muscular layer), muscularis propria 

(thick muscle layer), and subserosa and serosa (the outermost thin connective 

tissue) (Figure 1.2).  

2. Does the cancer spread to the adjacent lymph node (N) 

3. Does the cancer spread to distant organ i.e metastasis (M) 
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Figure 1.2. Schematic diagram of normal colon wall. The image is obtained from:   

https://www.cancer.org/cancer/colon-rectal-cancer/detection-diagnosis-staging/sta

ged.html 

Table 1.1. Staging of CRC according to American Joint Committee on Cancer 

(AJCC)[15,16] 

Stage 0 Tis 

N0 

M0   

The cancer is at early stage (Tis) and no evidence of 

metastasis to nearby lymph nodes (N0) or distant 

organ (M0) 

Stage I T1, T2 

N0 

M0  

The cancer has spread to submucosa (T1) and 

muscularis propria (T2) but no evidence of metastasis 

to nearby lymph nodes (N0) or distant organ (M0) 

Stage IIA T3  

N0 

M0  

The cancer has spread to subserosa and serosa but 

has not passed through them (T3) and no evidence of 

metastasis to nearby lymph nodes (N0) or distant 

organ (M0) 

Stage IIB T4a The cancer has passed through the colon or rectal 

https://www.cancer.org/cancer/colon-rectal-cancer/detection-diagnosis-staging/staged.html
https://www.cancer.org/cancer/colon-rectal-cancer/detection-diagnosis-staging/staged.html
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N0 

M0  

wall but has not invade nearby tissues or organs 

(T4a) and no evidence of metastasis to nearby lymph 

nodes (N0) or distant organ (M0) 

Stage IIC T4b 

N0 

M0  

The cancer has passed through the colon or rectal 

wall and has invaded nearby tissues or organs but no 

evidence of metastasis to nearby lymp nodes (N0) or 

distant organ (M0)  

 

 

 

Stage IIIA 

T1, T2 

N1/N1C  

M0 

The cancer has spread to submucosa (T1) and 

muscularis propria (T2). It has invaded the adjacent 1 

to 3 lymph nodes (N1) or the fat of the lymph nodes 

but not the nodes (N1C). No evidence of metastasis 

to distance organ (M0) 

T1  

N2a 

M0 

The cancer has spread to submucosa (T1). It has 

invaded the adjacent 4 to 6 lymph nodes but no 

evidence of metastasis to distance organ (M0) 

 

 

 

 

 

 

 

Stage IIIB 

T3, T4a  

N1/N1C 

M0 

The cancer has spread to subserosa and serosa but 

has not passed through them (T3) or the cancer has 

passed through the colon or rectal wall but has not 

invaded nearby tissues or organs (T4a). It has 

invaded the adjacent 1 to 3 lymph nodes (N1) or the 

fat of the lymph nodes but not the nodes (N1C). No 

evidence of metastasis to distance organ (M0) 

T2, T3  

N2a 

M0 

The cancer has spread to muscularis propria (T2) or 

to subserosa and serosa but has not passed through 

them (T3). It has invaded the adjacent 4 to 6 lymph 
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nodes but no evidence of metastasis to distance organ 

(M0) 

T1, T2  

N2b 

M0 

The cancer has spread to submucosa (T1) and 

muscularis propria (T2). It has invaded the adjacent 7 

or more lymph nodes but no evidence of metastasis 

to distance organ (M0) 

 

 

 

 

 

Stage IIIC 

T4a 

N2a 

M0 

The cancer has passed through the colon or rectal 

wall but has not invaded nearby tissues or organs 

(T4a). It has invaded the adjacent 4 to 6 lymph nodes 

but no evidence of metastasis to distance organ (M0) 

T3, T4a 

N2b 

M0 

The cancer has spread to subserosa and serosa but 

has not passed through them (T3) or the cancer has 

passed through the colon or rectal wall but has not 

invaded nearby tissues or organs (T4a). It has 

invaded the adjacent 7 or more lymph nodes but no 

evidence of metastasis to distance organ (M0) 

T4b  

N1, N2 

M0 

The cancer has passed through the colon or rectal 

wall and has invaded nearby tissues or organs (T4b). 

It has attached to at least one lymph node or fats of 

the lymph node (N1 or N2) but no evidence of 

metastasis to distance organ (M0) 

Stage IVA Any T  

Any N 

M1a 

The cancer has or has not passed through the colon or 

rectal wall (Any T). It may or may not invade nearby 

lymph nodes (Any N). The cancer has metastasized 

to 1 distant organ or set of distant lymph nodes but 
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not the distant peritoneum (M1a)  

Stage IVB Any T  

Any N 

M1b 

The cancer has or has not passed through the colon or 

rectal wall (Any T). It may or may not invade nearby 

lymph nodes (Any N). The cancer has metastasized 

to more than 1 distant organ or set of distant lymph 

nodes but not the distant peritoneum (M1a) 

Stage IVC Any T  

Any N 

M1C 

The cancer has or has not passed through the colon or 

rectal wall (Any T). It may or may not invade nearby 

lymph nodes (Any N). The cancer has metastasized 

to distant peritoneum (M1a) and may or may not 

invade distant organ or lymph nodes. 

1.1.2 Current Therapies for CRC 

Surgery 

About half of the total CRC patients who are at stage I and II are curable 

with surgery alone. Surgery includes the removal of tumor-affected part of the 

bowel as well as the adjacent tissues and lymph nodes. Indeed, the resection 

process largely depends on the anatomic position of the tumor in the colon. For 

example, if the tumor is located on the left or right side of the colon, left or right 

hemicolectomy is treatment of choice respectively while wide sigmoid resection is 

chosen for CRC in the sigmoid. Again, mesorectal excision is executed for the 

cancers positioned in the middle or distal part of the rectum [17].  
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Chemotherapy 

Over the last few decades, there has been a significant improvement in the 

treatment of CRC. Fluropyrimidines are considered as the mainstay treatment of 

CRC. One of the most commonly used drugs of this class is 5-fluorouracil (5-FU) 

which alone or in combination with leucovorin was the only treatment option for 

CRC for long time. Currently several drugs such as irinotecan, oxaliplatin and 

trifluridine/tipiracil have been approved to treat this disease [18]. Appproximately, 

50% of the CRC patients who undergo bowel surgery have a tendency of 

recurrence of the cancer condition or advancement to distant metastatic CRC 

(mCRC). A randomized trial compared the efficacy of 5-FU/levamisol (5-FU/LV) 

and surgery in mCRC patients who found that patients receiving the 

chemotherapy showed 41% less tendency to recur the disease while 33% patients 

had reduced risk of death [19].  

An alternative to intravenous 5-FU for CRC therapy is oral capecitabine 

which is mostly preferred due to its dosage flexibility, prolonged blood 

concentration and avoidance of complications related with intravenous 

administration [20]. Basically, capecitabine is a tumor-site specific prodrug which 

is enzymatically converted into 5-FU within the tumor, thus ensure maximal 

antitumor activity and reduced systemic toxicity [21]. Despite of having several 

advantages, one of the major toxicities of capecitabine is hand-foot syndrome 

(HFS) which is associated with edema, erythema, ulcer, tingling, blistering and 

severe pain in the palm, sole and fingers [22].  

Oncologists and pharmacologists continuously investigated several 

combinations of chemotherapeutic drugs to reduce the complications of HFS. 

Previous studies observed slightly different results for the severity of HFS 
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between US (11%) and non-US (5%) patients after administration of capecitabine 

in combination with oxaliplatin (CAPOX) [23,24]. The effect of CAPOX was 

later compared with combination of intravenous 5-FU/LV and oxaliplatin 

(FOLFOX) for the treatment of mCRC where CAPOX showed better activity than 

FOLFOX as second-line agent in terms of progression-free survival and almost 

similar activity as first-line agent [25]. Therefore, CAPOX is preferred over 

FOLFOX due to its superior effect and oral administration route, though it has 

slightly inferior response rate and higher toxicity. 

Another phase 3 clinical trial evaluated the combination of capecitabine and 

irinotecan (CAPIRI) with combination of intravenous 5-FU/LV and irinotecan 

(FOLFIRI) where FOLFIRI showed better results than CAPIRI in terms of 

progression-free survival and decreased toxicities such as nausea, vomiting and 

diarrhea [26]. Triplet combinations of 5-FU/LV, oxaliplatin, and irinotecan 

(FOLFOXIRI) with or without vascular endothelial growth factor (VEGF) 

inhibitor bevacizumab are also considered as efficient therapy for mCRC [27]. A 

clinical trial also compared the effect between FOLFOXIRI and combination of 

capecitabine, oxaliplatin, irinotecan (CAPOXIRI) with bevacizumab which found 

comparable efficacy between two groups but higher toxicities in CAPOXIRI 

group [28-30]. 

Radiotherapy 

Radiation therapy or radiotherapy is generally used in combination with 

chemotherapy to control the growth of cancer cells. As an adjuvant therapy, 

radiotherapy may be used before (preoperative radiotherapy) or after 

(postoperative radiotherapy) tumor surgery. Preoperative radiotherapy is preferred 

over postoperative radiotherapy because of significant tumor shrinkage, easy 
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resection and sphincter-sparing process and better tolerability. The best course of 

radiation therapy is yet to be determined which sometimes differ country to 

country. In USA, preoperative chemoradiotherapy comprising of 4500-5000 

centigray (cGy) radiation in combination with 5-FU is choice of treatment for 

CRC patients with stage 2 or higher. The duration of therapy is 5 to 6 weeks and 

surgical resection is done after 6 to 10 weeks of radiotherapy. While in Europe a 

preoperative short duration but high exposure of radiotherapy (25 Gy for 5 days) 

without chemotherapy is preferred for the same patients [31].  

Immunotherapy 

While there have been significant advances in chemotherapy and 

radiotherapy to improve the survival rate of CRC patients, still it is necessary to 

discuss about the immunotherapy-based treatment, especially for mCRC. Current 

immunotherapies that are approved by FDA or at clinical trial stages include 

antibody-based immunotherapy, peptide vaccines, cytokine therapies and 

autologous vaccines. The most common immunotherapies are vascular endothelial 

growth factor (VEGF) inhibitors eg. bevacizumab, aflibercept, ramucirumab and  

cetuximab, endothelial growth factor receptor (EGFR) inhibitor eg. panitumumab, 

and multikinase inhibitor eg. regorafenib [32]. These monoclonal antibodies target 

the cell surface antigens expressed in tumor cells.  

Peptide vaccines target specific elements of cancer cells by recognizing 

peptides which normally comprised of 8-11 amino acids. These types of therapies 

are inexpensive, easy to produce and modify as well as they are tumor-specific 

[33]. To date, several tumor antigens in CRC patients targeted by peptides have 

been reported such as squamous cell carcinoma antigen recognized by T-cells 3 

(SART3), β-hCG, EpHA2, p53, survivin 2B and carcinoembryonic antigen [34].  
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Cytokine therapy is another important treatment for cancer patients which 

mainly works through extracellular signaling and functions in autocrine and 

paracrine pattern [35]. Among the cytokines, IL-2 is approved by FDA for the 

treatment of melanoma while TNF-α is under investigation for the treatment of 

several hematological cancers as well as medullary thyroid cancer, cervical cancer 

and squamous cell carcinoma. Although there are scarcity of studies reporting 

cytokine therapy in CRC but a phase 1 trial found improved disease stability in 

one CRC patients out of four patients after 40 weeks treatment with recombinant 

IL-10 [36].  

Autologous vaccines are produced from the cells that are collected from that 

specific patient. This method ensures that the vaccines include all cancer-specific 

antigens for the specific persons [34]. Although whole cell vaccines carry antigens 

from the extracted cells but most of the antigens may also present in normal cells. 

Consequently, autologous vaccines are non-specific and have limited efficacy [37]. 

Moreover, it is not clear which agents (eg. cytotoxic or chemical agenst, ionizing 

radiation) are better to kill cancer cells for producing highly specific vaccines 

[32].     
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2. Natural Products as a Source of Drugs 

Natural products (NPs) are the agents which are obtained from nature such as 

plants, microorganisms, animals and marine sources. Human have a long history 

to use NPs for the treatment of different diseases. Among the different NPs, 

plant-based compounds are most common source of drugs. World Health 

Organization (WHO) estimates that 80% of the people living in rural areas depend 

on medicinal plants as a source of primary health care system. In addition, more 

than 25% of the prescribed drugs in industrialised countries are derived directly or 

indirectly from plants [38]. In developing countries, about three quarters of the 

population relies on plant based preparations in their traditional medicinal system 

[39]. Until somewhat lately, most of NPs were mainly used in the extract or oil 

forms. However, the progress in chemical and pharmacological techniques during 

the last century have permitted isolation, structure determination, purification, 

formulation, mechanism of action and toxicity study of these compounds leading 

to effective and safer therapeutic agents [40].  

For centuries, pharmacists, chemists, biologist and pharmacologists are 

searching drug candidates from natural sources. With the development of 

medicinal chemistry in early 19
th

 century, scientists were able to explore the 

medicinal applications of NPs. In 1804, a German pharmacist, namely, Friedrich 

Wilhelm Adam Serturner isolated and purified the analgesic drug morphine from 

opium. This discovery encouraged other scientists to search bioactive molecules 

which led to the isolation of quinine from cinchona and cocaine from coca. 

However, the progress of structure elucidation of these compounds took longer 

time, for example, the structure of cocaine and quinone were first elucidated in 

1898 and 1908, respectively, while the planner structure of morphine was first 
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determined in 1923. It took several other decades to synthesize the compounds, 

for instance, morphine was first synthesized in 1956 [41]. The discovery of 

antibacterial penicillin from Penicillin notatum by Alexander Fleming in 1929 led 

to extensive search of drug molecules from natural sources. Since then a large 

number of compounds have been discovered including antibacterial agents 

(penicillin), antimalarial drugs (artemisinin), anticancer drugs (belomycin, 

doxorubicin, and paclitaxel), antihypertensive drugs (reserpine) and 

anti-tuberculosis drug (streptomycin). Meanwhile only 10% of the world’s 

biodiversity have been investigated for their bioactivity, providing that many 

potential drug candidates are still in the drug discovery pipepline [42,43]. 

Newman et al. (2016) reported that among the 1562 new approved drugs between 

1984 and 2014, 1142 (73%) drugs were directly or indirectly from natural sources. 

Among these 1142 molecules, 67 (6%) compounds were from natural sources 

without modification, 320 (28%) were natural product derivatives, 250 (22%) 

were botanical macromolecules, 9 (1%) were botanical drugs, 101 (9%) were 

vaccines, 61 (5%) were synthetic compounds with natural product pharmacophore, 

and 334 (29%) were synthetic compounds designed from the knowledge obtained 

from natural products (Figure 1.3) [44].  

 
Figure 1.3. The newly approved drugs from 1984 to 2014; n = 1562.  



17 
 

Available at: https://pubs.acs.org/doi/full/10.1021/acs.jnatprod.5b01055 [44]. 

Note: Permission to reuse the figure has been obtained from ACS publications. 

Further permissions related to the material excerpted should be directed to the 

ACS.  

3. Plant as a Source of Anticancer Agents 

There is a long history about the use of plant-derived natural compounds for 

the treatment of cancers. The age of clinical use of plant products as anticancer 

drugs started with the development of two alkaloids vinblastine and vincristine 

from the Madagascar periwinkle, Catharanthus roseus plants [45]. After that, 

more than 3000 plant species have been identified possessing anticancer activity 

[46]. Several plant-based compounds are now commonly used in the clinical 

setting for the treatment of different cancers. Moreover, a good number of plant 

compounds also have synergistic effect on currently available anticancer drugs, 

making a new hope to search more anticancer herbs. Currently available plant 

based anticancer compounds are usually classified into four types, such as vinca 

alkaloids, epipodophyllotoxin lignans, taxane diterpenoids and camptothecin 

quinoline alkaloid derivatives.  

According to the study of Newman et al. (2016), out of 246 anticancer drugs 

approved between 1940 and 2014, only 47 (19%) drugs were directly obtained 

from synthetic reactions while remaining 199 (81%) drugs were obtained from 

directly or indirectly from natural products such as 30 (12%) compounds were 

from natural sources without modification, 62 (25%) were natural product 

derivatives, 33 (14%) were botanical macromolecules, 1 (0%) were botanical 

drugs, 5 (2%) were vaccines, 22 (9%) were synthetic compounds with natural 

product pharmacophore, and 46 (19%) were synthetic compounds designed from 

the knowledge obtained from natural products (Figure 1.4) [44].    

https://pubs.acs.org/doi/full/10.1021/acs.jnatprod.5b01055
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Figure 1.4. All anticancer drugs from 1940s to 2014 by source; n=246. Available 

at: https://pubs.acs.org/doi/full/10.1021/acs.jnatprod.5b01055 [44]. Note: 

Permission to reuse the figure has been obtained from ACS publications. Further 

permissions related to the material excerpted should be directed to the ACS. 

3.1 Plant-derived Anticancer Agents in Clinical Use 

Vincristine and vinblastine are two vinca alkaloid-derivatives isolated from 

Madagascar periwinkle, Catharanthus roseus which were first clinically used 

anticancer agents from plant source (Table 1.2 and Figure 1.5) [45]. Interestingly, 

these drugs were investigated for their hypoglycemic activity in rat which showed 

reduced white blood cell count and bone marrow suppression. Subsequent 

investigation found these were active against lymphocytic leukemia in mice. 

Recently, two new semisynthetic derivatives, vinorelbine (VRLB) and vindesine 

(VDS), have been developed from the vinca alkaloids which are used with other 

anticancer cancer for the treatment of leukemias, lymphomas, advanced testicular 

cancer, breast and lung cancers as well as Kaposi’s sarcoma [47].  

Etoposide and teniposide are two semi-synthetic derivatives of 

epipodophyllotoxin (an isomer of podophyllotoxin) which are available in 

Podophyllum species (Podophyllaceae), such as Podophyllum peltatum Linnaeus 

https://pubs.acs.org/doi/full/10.1021/acs.jnatprod.5b01055
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and Podophyllum emodii Wallich (Table 1.2 and Figure 1.5). Podophyllotoxin 

was first extracted in 1880, but its correct structure was identified during 1950s. 

After that several podophyllotoxin-derivatives were isolated, most of them were 

not considered as effective and safe due to their inferior efficacy and high toxicity. 

Vigorous investigation directed toward the development etoposide and teniposide 

which have clinical application for the treatment of lymphomas, bronchial and 

testicular cancers [48].  

Another milestone in the development of anticancer agents was the discovery 

of taxanes (Paclitaxel and docetaxel). Paclitaxel is currently one of the most 

commonly used anticancer agents, isolated from the bark of Taxus brevifolia 

(Table 1.2 and Figure 1.5). It was found during a random plant collection 

program by the U.S. Department. Several types of cancers including ovarian, 

breast, and non-small cell lung cancer (NSCLC) are commonly treated with 

paclitaxel, while docetaxel is primarily used in the treatment of breast cancer and 

NSCLC [49].  

Camptothecin and its derivatives isolated from Camptotheca acuminate are 

considered as another important class of anticancer agents (Table 1.2 and Figure 

1.5). It was underwent clinical trial during 1970s but failed to meet safety profile 

due to bladder toxicity. Extensive study of camptothecin-derivatives resulted in 

the development of two effective drugs- Topotecan and Irinotecan. The first one 

showed effectiveness for the treatment of NSCLC and ovarian cancer while 

second one against colorectal cancer [47].   
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Figure 1.5. Representatives of some currently used anticancer agents from plant 

source.  

Topotecan 
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Table 1.2. Examples of clinically used plant-derived anticancer agents [47] 

Anticancer agents Source Clinical use 

Vinblastine, 

vincrisitne, 

vinorelbine, vindesine 

Catharanthus roseus Leukemias, lymphomas, 

advanced testicular cancer, 

breast and lung cancers, and 

Kaposi’s sarcoma 

Etoposide, 

Teniposide 

Podophyllum peltatum 

Linnaeus, 

Podophyllumem odii 

Wallich 

Lymphomas, bronchial and 

testicular cancers 

Paclitaxel, 

Docelitaxel 

Taxus brevifolia Breast, ovarian,  NSCLC and 

Kaposi sarcoma 

Topotecan, Irinotecan Camptotheca acuminate NSCLC, ovarian and 

colorectal cancer 

3.2. Plant-derived Anticancer Agents at Development Stages 

Despite the advancement of anticancer drugs, treatment of cancer still remain 

very challenging as most of the current drugs have potential side effects and some 

are ineffective or less effective to different cancer patients. So, medicinal 

scientists are looking for the development of safer, effective and selective 

anticancer agents from plant source. A good number of compounds are currently 

undergoing through preclinical and clinical trial. Some of them have potential 

anticancer effect with major side effects and researchers are trying to develop the 

new derivatives of those compounds to minimize the hazardous effect while 

retaining activity. The anticancer potential of some plant-derived compounds have 

been discussed here.   
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Flavopiridol is currently considered as the most promising plant-derived 

anticancer agents, making a new hope to develop the first cyclin dependent kinase 

inhibitor. It was developed from the plant-derived alkaloidal compound rohitukine, 

extracted from Amoora rohituka and Dysoxylum binectariferum (Table 1.3 and 

Figure 1.6) [50]. Flavopiridol showed good response rate in several solid and 

hematological cancers with secretory diarrhea as toxicity during the phase I 

clinical trial. This drug is now under phase II clinical trial in colorectal, NSCLC, 

renal and prostate cancers as well as in non-Hodgkin’s lymphoma and chronic 

lymphocytic leukemia. Currently it is also extensively investigated in combination 

with paclitaxel or cisplatin due to its synergistic activity against different solid 

malignancies at advanced stage [48].  

Homoharringtonine is a natural anticancer agent available in Cephalotaxus 

harringtonia which with its enantiomer homoharringtonine is now used in China 

to treat acute myelogenous leukemia and chronic myelogenous leukemia when 

they are combined in equal amount (Table 1.3 and Figure 1.6) [51,52]. The 

suggested mechanism of action includes inhibition of protein synthesis and 

induction of cell cycle arrest. Elliptinium is an ellipticine-derivative isolated from 

Bleekeria vitensis which is currently used in France to treat breast cancer patients 

(Table 1.3 and Figure 1.6). The quinone compound β-lapachone which was 

isolated from the bark of the lapacho tree (Tabebuia avellanedae) native in South 

America which is currently under phase I-II clinical trial in different cancers 

including breast, colon, prostate, lung and ovarian cancer. It acts by inducing 

G1/S phase cell cycle arrest (Table 1.3 and Figure 1.6) [53].   

Combretastatin A4 is a natural stilbenoid extracted from the bark of 

Combretum caffreum which act by inhibiting the polymerization of tubulin as well 
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as suppressing angiogenesis (Table 1.3 and Figure 1.6). Initial data from Phase I 

clinical trial found favorable safety and toxicological profile [54]. This drug is 

effective against advanced anaplastic thyroid cancer and inhibits the metastatic 

ability of breast and colorectal cancer. 4-Ipomeanol is another plant-derived 

anticancer agent a pneumotoxic furan derivative available in sweet potato 

Ipomoeca batatas which is clinically investigated for its anti-lung cancer effect 

(Table 1.3 and Figure 1.6). This compound is converted into DNA-binding 

intermediate after metabolically activated by cytochrome P450 that is available in 

lung cell [55]. 

Phenoxodiol is a chemosensitizer which was derived from plant isoflavone 

genistein available in Genista tinctoria (Table 1.3 and Figure 1.6). It induces 

apoptosis by inhibiting cell proliferation and plasma membrane electron transport. 

This drug is currently under phase III clinical trial in patients with ovarian cancer 

and in early stage of trial for cervical and prostate cancer [56]. Protopanaxadiol is 

tetracyclic terpene sapogenin isolated from Panax ginseng which induces cell 

cycle arrest in different cancer cell line (Table 1.3 and Figure 1.6). It is used to 

treat colorectal, breast and pancreas cancer. This drug is currently going through 

Phase I clinical trial in lung cancer and other solid tumors [57]. Ingenol 3-angelate 

is an ingenol-derivative which is available in Euphorbia peplus (Table 1.3 and 

Figure 1.6). This drug is under investigation at phase II clinical trial for the 

treatment of basal cell carcinoma [58]. 

Curcumin is a hydrophobic phenolic compound found in the rhizome of 

spice turmeric (Curcuma longa) that has potent anticancer activity through its 

regulation of a variety of pathways and multiple proteins (Table 1.3 and Figure 

1.6) [59]. The IC50 value of curcumin differs in different cell lines, with 
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differences in cell density, ranging from 2 to 40 µg/mL [60]. Due its reliable 

safety data from phase I clinical trial, this polyphonic is undergoing phase II trial 

for the treatment of multiple myeloma, pancreatic and colorectal cancer.  

Betulinic acid is a pentacyclic triterpenoid which was first isolated from 

Betula species and then from Zizyphus species, e.g. Mauritiana rugosa and 

Mauritiana oenoplia (Table 1.3 and Figure 1.6). It showed anticancer activity by 

inhibiting topoisomerase [61,62]. In-vitro studies showed betulinic acid is active 

against malignant brain tumors, ovarian carcinoma and leukemia cells [63,64]. 

Till now, several betulinic acid analogs have been derived but most of them failed 

to meet the safety profile. However, NVX- 207 is a betulinic acid-derivative 

which exhibited remarkable anticancer activity in different canine and human 

cancer cell lines. Moreover, in a phase I/II clinical trial, local administration of 10 

mg/mL NVX-207 in dogs suffering from naturally occurring cancer resulted in 

complete remission in all animals [65].  

Beside these plant-derived compounds, other potential anticancer plant 

compounds such berbamine, berberine, bruceantin and santonin as with their 

source of isolation have been mentioned in Table 1.3. 
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Figure 1.6. Structures of plant-derived anticancer agents that are in clinical and 

preclinical trial  

 

Table 1.3. Examples of plant-derived anticancer agents at clinical and preclinical 

development stages 

Anticancer agents Source Clinical use 

Flavopiridol Amoora rohituka, 

Dysoxylum 

binectariferum 

Colorectal, NSCLC, 

renal and prostate cancer, 

non-Hodgkin’s 

lymphoma and chronic 

lymphocytic leukemia 

Harringtonine, 

Homoharringtonine 

Cephalotaxus 

harringtonia 

Acute myelogenous 

leukemia and chronic 

myelogenous leukemia 

Elliptinium Bleekeria vitensis Breast cancer 

β-Lapachone Tabebuia avellanedae Breast, colon, prostate, 

lung and ovarian cancer 

Combretastatin A4 Combretum caffreum Ovarian cancer, 

anaplastic thyroid cancer 

4-Ipomeanol Ipomoeca batatas Lung cancer 
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Phenoxodiol Genista tinctoria Ovarian cancer, cervical 

and prostate cancer 

Protopanaxadiol Panax ginseng Colorectal, breast, 

pancreatic and lung 

cancer, and other solid 

tumors 

Ingenol 3-angelate Euphorbia peplus Basal cell carcinoma 

Curcumin Curcuma longa Multiple myeloma, 

pancreatic and colorectal 

cancer 

Betulinic acid and its 

derivative NVX- 207 

Betula species, Zizyphus 

species, e.g. Mauritiana 

rugosa and Mauritiana 

oenoplia 

Malignant brain tumors, 

ovarian carcinoma, 

human leukemia 

Berbamine Berberis amarensis Chronic myeloid 

leukemia  

Berberine Hvdrastis canadensis Colon and breast cancer 

Bruceantin Brucea antidysenterica Multiple myeloma 

Santonin Artemisia maritima Leukemia 

3.3. Plant-derived Anticancer Compounds at Experimental Stages and their 

Mechanistic Pathways 

Natural compounds are excellent source of anticancer drugs because of their high 

safety profile, low toxicity and easy availability [66]. A large number of 

plant-derived compounds from different classes including flavonoid, isoflavonoid, 

cannabinoid, chalcone, naphthoquinone, terpenoids, alkaloid, steroid and saponin 

have been identified to inhibit cancer invasion and metastasis [67]. The anticancer 

mechanism of many natural compounds is found to be associated with the 

induction of apoptosis, cell cycle and senescence as well as inhibition of invasion, 

migration and metastasis. This review article summarizes the prime examples of 

representative anticancer compounds isolated from plants and their biological 

targets and mechanistic pathways.  
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3.3.1 Alkaloids 

Alkaloids are a group of chemical compounds consisting of a nitrogen-containing 

heterocyclic ring. A wide variety of plants belonging to the Leguminosae, 

Loganiaceae, Ranunculaceae, Menispermaceae and Papaveraceae families contain 

various classes of alkaloids [68]. Many natural compounds extracted from plant 

source exerted potential anticancer activities [69]. The anticancer activities of 

some representative plant products have been discussed here.   

Evodiamine 

Evodiamine (C19H17N3O, MW: 303.36, Figure 1.7) is a quinolone alkaloid 

extracted from the fruit of Evodia rutaecarpa. It is known to possess a spectrum 

of pharmacological activities including anti-obesity, anti-Alzheimer’s disease, 

antihypertensive, antimicrobial and anticancer activities. Previous studies also 

reported evodiamine as an effective drug to inhibit the growth of breast cancer 

cell MDA-MB-231, lung cancer cell A549 and human bladder cancer cells 253J 

[70-72]. In the study of Gu et al., (2018) evodiamine inhibited the growth of 

hepatocarcinoma SMMC-7721 and HepG2 cells through nucleotide-binding 

oligomerization domain 1 (NOD1) signaling pathway. Moreover, 

anti-hepatocellular carcinoma effect of evodiamine was also proposed to be 

associated with induction of apoptosis and G2/M phase cell cycle arrest by 

up-regulating Bax, p53 and IkB-α while down-regulating Bcl-2, cyclin B1, Cdc2, 

p-p38, p-ERK and p-p65 [73]. In the breast cancer MDA-MB-231 cells, 

evodiamine induced apoptosis and G0/G1 phase arrest by reducing the expression 

of Bcl-2, cyclin D1 and cyclin dependent kinase 6 (CDK-6). When incubated with 

evodiamine for 24 hours, MDA-MB-231 cells were shown with a substantial 

decrease in the expression levels of both p-ERK and p-p38 MAPK. Taken 
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together, the anticancer activity of evodiamine in MDA-MB-231 cells may be 

partially due to the suppression of the ERK and p38 MAPK signaling pathways 

[70].  

Apart from its effect on metastasis, Peng and co-workers found that 

evodiamine remarkably suppressed cell invasion in two kinds of nasopharyngeal 

carcinoma cells (HONE1 and CNE1); however, only slight effect on cell 

proliferation was observed [74]. The treatment of evodiamine caused significant 

reduction specifically on the mRNA and protein levels of MMP-2, but not 

MMP-9. Such MMP-2 suppression by evodiamine was suggested to be associated 

with a decreased translocation of NF-κBp65. Although this alkaloidal compound 

had insignificant effect on the JNK, p38 and Akt signaling pathways, it notably 

down-regulated the expression of phosphorylated ERK1/2 (p-ERK1/2), 

suggesting the partial involvement of the ERK1/2 pathway for its anti-invasive 

activity. The anti-metastatic effect of evodiamine in human breast cancer was 

mediated through the downregulation of MMP-9, urokinase plasminogen activator 

(uPA) and uPA receptor (uPAR).  

Matrine 

Matrine (C15H24N2O, MW: 248.36, Figure 1.7) is a sophora alkaloid, and the 

active component of Sophora flavescens which has been demonstrated with anti-

viral [75], anti-inflammatory [76], and antifibrotic activities [77]. This alkaloid is 

frequently used in different regions of China for the treatment of infectious 

diseases, atherosclerosis, hepatic fibrosis and arrhythmias [78]. It is acknowledged 

that matrine induced cellular apoptosis in various kinds of cancer cells including 

gastric, leukemia, prostate, lung, glioma and cervical cancer cells [79-82]. On the 

other hand, Wu et al. (2017) claimed matrine as an autophagy inducer in leukemia 
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HL‐60, THP‐1 and C1498 cells. Induction of autophagy was suggested to be 

linked to modulation of LC3‐II, SQSTM1/p62, Akt, mTOR and their down-stream 

molecules such as p70S6K and 4EBP1 [80]. 

A previous study reported concentration-dependent inhibition of cell 

migration and invasion in NCI-H1299 non-small lung cancer cells, in which an 

increased expression of microRNA-133a (miR-133a) was observed while the 

components of the epidermal growth factor receptor (EGFR)/Akt/MMP-9 

pathway were down-regulated [83]. When the cells were treated with 

anti-miR-133a, the anti-migratory and anti-invasive effects of matrine were 

diminished. The group of Su et al. discovered a novel matrine derivative WM130 

that provides significant inhibitory effect on cancer invasion and metastasis in 

Huh-7 hepatocellular carcinoma (HCC) cells and xenograft animals via negatively 

modulating the expression of MMP-2, p-ERK, p-EGFR and p-Akt, but with an 

up-regulation of PTEN [84]. Collectively, WM130 inhibited cell proliferation, 

invasion and migration as well as induced apoptosis in HCC cells by regulating 

the EGFR/ERK/MMP-2 and PTEN/Akt signaling pathways. 

Sanguinarine 

Sanguinarine (C20H14NO4, MW: 332.09, Figure 1.7) is a 

benzophenanthridine alkaloid available in Sanguinaria canadensis, Chelidonium 

majus and Macleaya cordata that possesses anti-inflammatory, antimicrobial, 

antiparasitic, anti-HIV, anti-platelet, anti-angiogenesis and antitumor activities 

[85]. This alkaloid has drawn much attention of the pharmacologists and 

medicinal chemists because of its safety profile and ability to inhibit tumor cell 

growth at micromolar concentrations. The anticancer effect of sanguinarine 
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through different pathways have been established in a large number of cancer cell 

types including breast, colon, prostate, cervical, leukaemia, lymphoma, melanoma, 

pancreatic, lung, osteosarcoma and human neuroblastoma cells [86-91]. 

Sanguinarine-induced apoptosis was related with modulation of apoptotic markers 

cleaved caspase-3, -8, and -9 in human bladder cancer cells. Moreover, it also 

regulated the expression of Bax, Bid, and XIAP as well as increased the 

concentration of reactive oxygen species (ROS) [92].  

At non-cytotoxic concentrations, sanguinarine decreased the expression of 

tissue-type plasminogen activator (TPA)-stimulated elevation of MMP-9, COX-2 

and prostaglandin E2 (PGE2) in the MCF-7 breast cancer cells [93]. Sanguinarine 

was found to inhibit the activation of NF-κB and activator protein-1 (AP-1), and 

the phosphorylation of Akt and ERK while up-regulating the level of heme 

oxygenase 1 (HO-1). Upon the silence of HO-1 by siRNA oligos, the inhibitory 

effect of sanguinarine on MMP-9 and COX-2 was abolished, so as the 

TPA-induced cell invasion. Taken together, the anti-invasive effect of 

sanguinarine is mediated through HO-1 in the TPA-induced MCF-7 metastatic 

cells. Furthermore, a study by Choi et al. revealed that the inhibitory effect of 

sanguinarine on breast cancer cell proliferation, motility and invasiveness was 

associated with an elevated transepithelial electrical resistance and a modulation 

of TJs, explicitly claudin-3 and claudin-4, as TJ components were considered as 

the biological targets of sanguinarine [94].  

Glaucine 

Glaucine (C21H25NO4, MW: 355.43, Figure 1.7) is alkaloidal compound 

isolated from Corydalis turtschaninovii tuber (Papaveraceae) that inhibited the 

migration and invasion of human breast cancer cells, particularly MCF-7 and 
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MDA-MB-231 cells [95]. The exploration on the underlying mechanism of 

glaucine revealed that its inhibition on MMP-9 was associated with a suppressed 

NF-κB expression. Additionally, glaucine reduced the phorbol 12-myristate 

13-acetate (PMA)-stimulated degradation of inhibitor of NF-κBα (IκBα) and 

nuclear translocation of NF-κB. To conclude, the inhibitory effect of glaucine on 

MMP-9 activity, IκBα degradation and NF-κB activities favors its being a 

potential therapeutic approach in the treatment of breast cancer.  

Hirsutine 

Hirsutine (C22H28N2O3, MW: 368.48, Figure 1.7) is a bioactive indole 

alkaloid isolated from the Uncaria genus which possesses cardioprotective, 

anti-hypertensive and anti-arrhythmic activities [96,97]. In a recent study, 

hirustine promoted apoptosis in A549 lung cancer cells through depletion of 

mitochondrial membrane potential, diminution of adenosine triphosphate (ATP) 

and promoting release of cytochrome c. Further mechanistic study revealed that 

mitochondria-mediated apoptosis of hirustine was related with dephosphorylation 

of GSK3β via ROCK1/PTEN/PI3K/Akt signaling pathway. Additionally, it 

suppressed the tumor growth in A549 xenograft model [98]. Hirustine is also 

renowned for its in vitro and in vivo anti-metastatic activity. In the study of Lou et 

al., hirsutine significantly suppressed the constitutive expression of MMP-2 and 

MMP-9 and the activation of NF-κB in 4T1 cells; therefore, reducing the invasive 

and migratory properties of 4T1 cells and preventing breast cancer metastasis in 

the xenograft mouse model [99].   
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α-Tomatine 

α-Tomatine (C50H83NO21, MW: 1034.19, Figure 1.7) is a natual 

glycoalkaloid mostly found in immature green tomatoes (Lycopersicon 

esculentum). When tomatoes are ripen, the content of glycoalkaloid decrease 

[100]. The green tomatoes contain as much as 500 mg α-tomatine/kg fresh fruit 

weight while the red mature tomatoes are left with about 5 mg/kg [101]. Over the 

past few years, α-tomatine has been extensively investigated for its anticancer 

effect in numerous cancer cells including colon, breast, prostate, lung, liver cancer, 

lymphoma and leukemia [102-104]. Synergistic anticancer effect has been 

obtained from the combo treatment of α-tomatine and curcumin [102], paclitaxel 

[105] or gemcitabine [106]. In human leukemia cells HL-60 and K562, α-tomatine 

induced apoptosis but did affect not cell cycle and caspase-dependant pathway. 

Induction of apoptosis was mediated through loss of mitochondrial membrane 

potential as well as stimulation of Bak and Mcl-1. Xenograft study showed 

significant reduction of tumor growth without affecting the body weight of the 

mice [107].   

A previous study from Shieh and colleagues demonstrated that α-tomatine 

treatment at non-toxic concentrations led to a significant suppression of cell 

invasion and migration in the NCI-H460 lung cancer cells [108]. In the A549 

human lung adenocarcinoma cells, α-tomatine inhibited both mRNA and protein 

levels of MMP-7 via the inactivation of the focal adhesion kinase (FAK) and 

PI3K/Akt signaling pathways in addition to an elevated IκBα protein expression, 

which indicates a reduced NF-κB DNA-binding activity [109]. However, the 

anti-invasive and anti-migratory actions of α-tomatine also appeared to be 

associated with an inhibition of MMP-2 and MMP-9 through regulating the 
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protein kinase C (PKCα)/ERK/NF-κB signaling pathway [110]. In the MCF-7 

metastatic breast cancer cells, α-tomatine treatment inhibited the TPA-induced cell 

invasion and migration, so as the actin cytoskeleton dysarrangement by 

down-regulating the expression levels of ERK1/2, PKCα, NF-κB and p-IκBα.   

α-Solanine 

α-Solanine (C45H73NO15, MW: 868.07, Figure 1.7) is a steroidal 

glycoalkaloid mainly isolated from Solanaceae species such as nightshade 

(Solanum nigrum Lin) and potato (Solanum tuberosum L.) [111]. The anticancer 

activity of α-solanine in human colon, breast, cervical, liver, lymphoma, and 

stomach cancer cells was majorly derived from its induction of apoptosis and 

inhibition of cell proliferation [112]. From the work of Hasanain et al., the 

anti-proliferative activity of α-solanine was shown to be correlated to the 

inhibition of the PI3K and Akt activities and the consequent blockade of their 

downstream signal transduction pathways such as NF-κB and mammalian target 

of rapamycin (mTOR) [113]. Under the suppression of the PI3k/Akt signal 

cascade, α-solanine treatment was also reported with an anti-inflammatory 

activity on the production of IL-2 and IL-8 [114]. According to Lv et al., 

α-solanine treatment decreased the expression levels of MMP-2, MMP-9, 

EMMPRIN, CD44, and eNOS in PANC-1 pancreatic cancer cells in addition to its 

suppression of VEGF and tube formation in HUVECs [115]. The above studies 

claimed that the anticancer property of α-solanine was coherent to the attenuated 

phosphorylation of Akt, mTOR and STAT3.  

Similarly, Shen and his colleagues reported α-solanine at non-toxic doses 

considerably promoted the expression of the epithelial marker E-cadherin, RECK, 

TIMP-1 and TIMP-2 while reducing the expression of mesenchymal marker 
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vimentin, MMP-2, MMP-9 and EMMPRIN [116]. Furthermore, α-solanine was 

demonstrated to suppress oncogenic miR-21 and stimulate tumor suppressor 

miR-138 expression. However, dendrosomal solanine (DNS) has been recently 

suggested to be superior to the original α-solanine in inhibiting breast cancer cell 

invasion and metastasis in vitro and in vivo as nil metastasis was observed after 

DNS treatment (1 mg/kg), but 22% and 67% of metastatic cases were respectively 

found in α-solanine-treated (1 mg/kg) and control animals [117]. However, DNS 

at 20 mg/kg caused a decline in white blood cell count. In those DNS-treated mice, 

expression of Bcl-2 was significantly increased but Bax, MMP-2, MMP-9, mTOR 

and Akt were suppressed. Lu et al. also reported comparable inhibition of MMP-2 

and MMP-9 activities in A2058 melanoma cells by DNS, by which the JNK, 

PI3K/Akt and NF-κB signaling pathways were down-regulated [118]. 
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Figure 1.7. The chemical structures of representative alkaloids 
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3.3.2 Flavonoids 

Flavonoids are a diverse class of phytocompounds consisting of an aromatic 

ring fused with a heterocyclic ring which is connected through a linear 

three-carbon bridge to a second aromatic ring. Depending on their molecular 

backbone and phenolic group, flavonoids can be divided into various subclasses, 

namely flavone, flavonol, flavanone, flavanonols, flavanols, isoflavones and 

anthocyanidins [119], which are mainly from the Citrus genus and Rutaceae 

family. The anti-invasive and anti-metastatic activities of a large number of 

flavonoids have been identified by in vitro and in vivo experiments [120,121].  

Wogonin 

Wogonin (C16H12O5, MW: 284.27, Figure 1.8) is a bioactive O-methylated 

flavone compound isolated from Scutellariae radix and Scutellaria baicalensis 

that possesses anti-inflammatory, anti-viral and anticancer activities [122,123]. 

According to numerous literatures, the anticancer effect of this flavonoid is 

feasibly related to the induction of apoptosis and cell cycle arrest, as well as the 

inhibition of cell proliferation and angiogenesis [124-127]. In the study of Xu et al. 

(2017), wogonin worked as a sensitizer in resistant leukemia K562 cells by 

suppressing nuclear factor erythroid 2 (Nrf2) through STAT3/NF-κB signaling 

pathway [128]. While other research group identified wogonin as an inducer of 

cell cycle arrest (by increasing p21 expression) and erythroid differentiation in 

K562 cell, patient-derived chronic myeloid leukemia (CML) cells and 

imatinib-resistant K562 cells [129]. In addition, dose-dependent anti-invasive 

activity of wogonin was observed in the OC2 human oral cancer cells [130] and 

MDA-MB-231 human breast cancer cells [131] accompanied by the 

down-regulation of MMP-2, MMP-9 and uPA. Dong et al. isolated wogonin from 
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Scutellaria baicalensis, which is widely used in traditional Chinese Medicine for 

the treatment of tumors, and showed dose-dependent inhibitory activity on 

MMP-2, MMP-9 and phosphorylated ERK1/2, but not Akt, in the GBC-SD 

human gallbladder carcinoma cells [132]. Interestingly, mapsin appears to be a 

biological target of wogonin as it increased both mRNA and protein levels of 

mapsin. Upon the knock-down of mapsin, the inhibitory activity of wogonin on 

MMP-2, MMP-9 and phosphorylated ERK1/2 as well as its anti-invasive activity 

were almost completely abolished. Hence, the effect of wogonin on cancer cell 

proliferation and invasion was plausibly mapsin dependent.  

Naringenin 

Naringenin (C15H12O5, MW: 272.26, Figure 1.8) is a bioactive flavanone 

which is rich in citrus fruits such as oranges (Citrus sinensis) and tomatoes 

(Lycopersicon esculentum Mill.). In recent years, this flavanone has attracted 

substantial interest of researchers due to its anti-inflammatory, antioxidant, 

antiestrogenic, hypolipidemic, anti-hypertensive and anticancer activities [133]. 

Lately, anti-angiogenic effect of naringenin has been demonstrated in HUVECs 

via its direct inhibition of estrogen-related receptor α (ERRα), which is central to 

the increased VEGF secretion during angiogenesis [134]. Some early studies 

documented that the ERRα-modulated endothelial cell migration promotes the 

arrival of new blood vessels at the cancer site and the subsequent invasion to the 

nearby tissues during the angiogenic process, thus causing cancer progress and 

metastasis [135,136]. When exposed to epidermoid carcinoma A431 cells, 

naringenin inhibited the cell viability, increased ROS production and DNA 

frahmentation. At the next steps, it showed induction of apoptosis by promoting 

mitochondrial depolarization and caspase-3 activity as well as inducing cell cycle 
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arrest [137]. Yen et al. concluded that naringenin inhibited the invasive and 

metastatic activities of HCC cells by suppressing the MMP-9 activity [138]. 

However, the naringenin treatment indeed repressed the TPA-induced activation 

of AP-1 and NF-κB via reducing ERK/JNK phosphorylation and IκB assembly as 

well as down-regulating the upstream ERK/PI3K/Akt signaling cascade [139]. 

Apart from MMP-9, naringenin also inhibited the expression of MMP-2 via 

suppressing the nuclear translocation of NF-κB, and resulted in a decreased 

bladder cancer cell migration [140]. Furthermore, naringenin had also been 

demonstrated to inhibit Akt phosphorylation, which is highly correlated to various 

human cancer metastases [141,142]. 

It is generally accepted that cancer cell migration and invasion from the 

primary site to distant organs or tissues are triggered by EMT events. TGF-β plays 

important functions in regulating EMT in several malignancies including 

pancreatic cancer [143]. Targeting the TGF-β signaling pathway may be an 

effective way to control cancer progression and metastasis. Lou and 

co-researchers found that significantly decreased levels of mesenchymal markers, 

namely vimentin, N-cadherin, MMP-2 and MMP-9, led to an inhibition of 

TGF-β1-induced EMT in the naringenin-treated AsPC-1 and PANC-1 pancreatic 

cancer cells [144]. Importantly, the expression of Smad3 was also reduced post 

naringenin treatment. The above results suggested that the suppressive effect of 

naringenin on EMT markers was mediated through the TGF-β1/Smad3 signaling 

pathway. 

Apigenin 

Apigenin (C15H10O5, MW: 270.24, Figure 1.8) is a naturally occuring 

flavonoid in different vegetables and fruits, such as onions, parsley, oranges, 
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chamomile, wheat, sprouts and tea [145]. It has been demonstrated to inhibit cell 

proliferation, motility, angiogenesis, and induce apoptosis in different cell lines 

including oral, breast, cervical, prostate and colorectal cancer cells [146,147]. 

Some recent studies proposed that the antiproliferative effect of apigenin is 

plausibly derived from the positive modulation of apoptosis [148,149]. In prostate 

cancer cell PC-3 and DU145, apigenin induced apoptosis by suppressing Bcl-xL, 

Bcl-2 survivin, XIAP, c-IAP1 and c-IAP2 as well as increasing Bax and 

cytochrome C protein levels [148]. On the other hand, induction of apoptosis 

against spectrum of cervical cancer cell lines were mediated through increased 

ROS and H2O2 levels [149]. In 2015, Shukla et al. propounded apigenin as a 

specific IκB kinase α (IKKα) inhibitor with a potency in micromolar range [150]. 

In their study, apigenin inhibited the IKKα kinase activity by interfering the DNA 

binding of NF-κB/p65 in the PC-3 and 22Rv1 human prostate cancer cells. Their 

in vivo investigation further revealed the inhibitory effect of apigenin on prostate 

tumorigenesis was associated with the suppression of p-IKKα and NF-κB/p65 and 

an elevation of cleaved caspase-3, i.e. an induction of cellular apoptosis. To sum 

up, apigenin exhibited anti-proliferative and anti-invasive activities via inhibiting 

IKKα activation, and which was affecting the NF-κB-regulated genes.  

The anti-proliferative, anti-invasive and anti-migratory effects apigenin were 

also demonstrated in colorectal cancer cell (CRC) lines SW480, DLD-1 and 

LS174T by Chunhua et al 2013. By means of microarray staining, they showed 

that apigenin increased the expression of transgelin (TAGLN) in mitochondria, 

which is a MMP-9 repressor with an inverse correlation with CRC metastasis. A 

synergistic effect on reducing Akt Ser473 and Akt Thr308 phosphorylation was 

obtained from the combination treatment of apigenin and TAGLN overexpression. 
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To this end, apigenin prevented cancer cell proliferation and migration by 

increasing TAGLN expression and decreasing MMP-9 and p-Akt [151]. The use 

of apigenin in MDA-MB-231 breast cancer cells also resulted in a significant 

restriction of cancer cell proliferation and migration, which was associated with 

the blockade of the PI3K/Akt pathway and integrin β4 function [152]. 

Kaempferol 

Kaempferol (C15H10O6, MW: 286.24, Figure 1.8) is a common dietary 

flavonol found in tea, broccoli, apples, strawberries, beans, citrus fruits and 

Chinese herbal plants. It is renowned for its antioxidant and anti-inflammatory 

activities [153]. Besides, this flavonol exhibited anti-migratory and anti-invasive 

actions on HCCC9810 and QBC939 cholangiocarcinoma cells by reducing the 

expression of Bcl-2, TIMP-2, MMP-2 and p-Akt while enhancing the levels of 

Bax, Fas, cleaved caspase-3, -8 and -9 and PARP. When applied to the xenograft 

model, kaempferol significantly reduced the tumor size and suppressed the 

number and volume of metastatic foci without leading to body weight loss of the 

experimental mice [153]. The result of a recently published paper shows that 

kaempferol induced G2M phase arrest in human ovarian cancer A2780/CP70 cells 

through Chk2/p21/Cdc2 and Chk2/Cdc25C/Cdc2 pathways. In addition to its 

effect on cell cycle, kaempferol also induced apoptosis through death receptor 

pathway 154]. As reported by Lee et al., the inhibitory effect of kaempferol on 

migration of MIA PaCa-2, PANC-1 and SNU-213 human pancreatic cancer cells 

was a result of the down-regulated EGFR-related Src, ERK1/2 and Akt pathways 

[155].  

According to Li et al., kaempferol reduced the expression levels of MMP-2 

and MMP-9 in the MDA-MB-231 human breast carcinoma cells via deactivating 
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the AP-1 and MAPK signaling pathways, and thus resulted in a notable reduction 

of cell migration and invasion [156]. Similar inhibitory effect of kaempferol was 

also observed in the B16F10 murine melanoma cells and U-2 osteosarcoma (OS) 

cells, in which attenuated levels of MMP-2, MMP-9, uPA, ERK, p-38 and JNK as 

well as suspended PKCα translocation were perceived [157]. Lin et al. also 

demonstrated the anti-metastatic effect of kaempferol in the SCC4 oral cancer 

cells with a significant suppression of MMP-2 and TIMP-2, a decreased c-Jun 

activity as well as a reduced phosphorylation of ERK1/2 [158].  

Genistein 

Genistein (C15H10O5, MW: 270.24, Figure 1.8) is an isoflavone extracted 

from Glycine max (L.), Genista tinctoria L. and Nicotiana tabacum L., and it has 

been reported with anticancer, antioxidant, anti-inflammatory and 

cardioprotective activities [159,160]. The anti-invasive activity of genistein in 

HCC cells was associated with suppressed MMP-9 transcription and inactivation 

of AP-1 and NF-κB as a consequence of the diminished ERK/JNK 

phosphorylation and IκB degradation [161]. In colon cancer cells HT-29, 

genistein induced apoptosis via negative regulation of Bcl-2, notch-1, and NF-κB 

while positive regulation of Bax and caspase-3 [162]. Additionally, genistein 

restrained metastatic markers in HCT116, SW620 and HT29 CRC cells by a 

sufficient suppression of MMP-2 and Fms-Related Tyrosine Kinase 4 (FLT4) 

[163]. The oral administration of genistein did not significantly reduce the size of 

the CRC xenograft tumors, but notably hamper metastasis to distant organs in the 

experimental mice without visible toxicity. When genistein was co-administered 

with all-trans retinoic acid (ATRA) in lung cancer treatment, a synergetic effect of 

halting metastasis was observed [164]. Such combo treatment indeed attenuated 
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the expression levels of of mucin 1 (MUC1) and intercellular adhesion molecule-1 

(ICAM-1), and thus restrained the metastatic ability of the A549 lung cancer cells. 

A previous report suggested that genistein potentiated the anticancer and 

anti-metastatic activities of docetaxel, a mainstay chemotherapeutic agent, during 

the spread of prostate cancer to the bones by interfering the osteoclastic bone 

resorption via the osteoprotegerin (OPG)/receptor activator of nuclear factor-κB 

ligand (RANKL)/MMP-9 signaling pathway. As a result, prostate cancer bone 

metastasis was remarkably hampered [165]. 

The use of genistein by Han and colleagues successfully inhibited the 

invasion and metastasis of PANC-1 pancreatic cancer cells against TGF-β1 

stimulation as the expression levels of uPA, vimentin and MMP-2, but not 

MMP-9, were down-regulated via Smad4-dependent and -independent pathways 

[166]. Genistein also inhibited the invasive ability of MCF-7 and MDA-MB-231 

breast cancer cells by tightening the TJs and repressing the expression of 

claudin-3 and claudin-4 [167]. In targeting invasiveness of MHCC97-H HCC 

cells, genistein at concentrations less than 20 µg/ml down-regulated the 

expression of insulin like growth factor-1 receptor (IGF-1R) and Snail while 

up-regulating the levels of thrombospondin-1 and E-cadherin [168]. While 

suppressing the phosphorylation of FAK, genistein significantly reduced the 

number of pulmonary micrometastatic foci in the xenograft mice. The 

anti-invasive effect of genistein in TRAMP cancer cells was associated with an 

induction of kangai-1, which is a prominent suppressor of metastasis [169]. 

Isorhamnetin 

Isorhamnetin (C16H12O7, MW: 316.27, Figure 1.8) is a naturally occurring 

O-methylated flavonol isolated from sea buckthorn (Hippophae rhamnoides L.) 
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and water dropwort (Oenanthe javanica) that has been demonstrated with 

anti-tuberculosis, anti-inflammatory, anticarcinogenic and antioxidant activities 

[170]. Synergistic anticancer activity of isorhamnetin with cisplatin and 

carboplatin was found via induction of apoptosis in lung cancer A549 cells. The 

combinations of drugs caused loss of mitochondrial membrane potential as well as 

positive modulation of caspase-3, -9 and PARP [171]. In vitro investigation of 

isorhamnetin showed inhibition of MDA-MB-231 breast cancer cell migration 

and invasion, in which the levels of MMP-2 and MMP-9 became minimal [172]. 

The suppressive effect of isorhamnetin on MMPs was correlated to the decreased 

phosphorylation of p38 and STAT3, rather than uPA expression or the ERK1/2 or 

JNK cascades. 

Oroxylin A 

Oroxylin A (C16H12O5, MW: 284.267, Figure 1.8) is an O-methylated 

flavone isolated from Scutellaria baicalensis and Scutellaria radix that possesses 

antibacterial, antiviral, anti-inflammatory, anticancer and antithrombotic activities 

[173,174]. Earlier, p53-mediated induction of apoptosis was reported in colon 

cancer HCT-116 cells [175]. To combat the invasive and migratory properties of 

MDA-MB-231 breast carcinoma cells, oroxylin A decreased the activity and 

expression of TIMP-2 and MMPs, explicitly MMP-2 and MMP-9, as well as their 

inhibitors and upstream regulators [176]. Moreover, oroxylin A treatment was 

also found to interfere with the PMA-induced translocation of PKCδ, 

phosphorylation of ERK1/2 and binding activity of AP-1. 

Myricetin  

Myricetin (C15H10O8, MW: 318.24, Figure 1.8) is a ubiquitous flavonoid 

found in fruits, vegetables, nuts, berries, tea and red wine [177,178]. Considerable 
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numbers of literature have been describing the anticancer effect of myricetin 

[179-182]. Myricetin treatment significantly increased the expression of caspase-3 

and glucose-regulated protein-78 (Grp78) in human ovarian cancer SKOV3 cells 

to induce apoptosis via DNA double-strand break and endoplasmic reticulum 

stress pathways [183]. According to Shih et al., myricetin exhibited dose- and 

time-dependent anti-metastatic activity on the A549 lung cancer cells without 

displaying notable cytotoxicity. Its inhibitory effect on MMP-2 and uPA activities 

was well demonstrated in the gelatin and casein zymography assays [184] 

whereas the immunoblotting results manifested the ERK1/2, c-Fos, c-Jun and 

NF-κB inhibition. The suppressive effect of myricetin on MMP-2, uPA, NF-κB 

and AP-1 was comparable to the ERK inhibitor (U0126). 

Deguelin 

Deguelin (C22H23O6, MW: 394.42, Figure 1.8) is a naturally occurring 

rotenoid isolated from Derris trifoliate and Mundulea sericea that shows potent 

anticancer effect via modulation of signaling pathways inducing apoptosis and 

cell cycle arrest; hence halts cancer cell proliferation, invasion, metastasis and 

angiogenesis [185,186]. In head and neck carcinoma cells, deguelin induced 

apoptosis by down-modulating Akt, p-Akt, survivin and Cdk4 as well as 

promoted autophagy by stimulating the phosphorylation of Ulk1 [187]. In 

contrary, anticancer activity of deguelin in breast cancer MDA-MB-231 cells is 

mainly mediated through regulation of EGFR, Akt, p-Akt, p-ERK c-Met and 

NF-κB as well as their target genes survivin and p-STAT3 [188]. At low doses, 

deguelin exerted minimal cytotoxicity whilst inhibited the migration and invasion 

of oral cancer cells by down-regulating IκB phosphorylation, NF-κB 

transcriptional activity and MMP-2 expression post TNF-α stimulation [189]. On 
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the other hand, treating lung cancer cells with deguelin down-regulated the 

expression of Ras-related C3 botulinum toxin substrate 1 (Rac1) and 

Rho-associated coiled-coil containing protein kinase 1 (Rock1) proteins, which 

play vital roles in actin cytoskeleton rearrangements and cell motility [190].  

Silibinin 

The flavonoid compound silibinin (C25H22O10, MW: 482.22, Figure 1.8) is 

the active component of milk thistle (Silybum marianum) and is widely known as 

a hepatoprotective and antioxidant compound. It also exerts pleiotropic anticancer 

potential in various human malignant tumors including skin, oral, prostate, breast, 

bladder and colon cancer [191]. Using in vitro renal cell carcinoma (RCC) model, 

Zeng’s group claimed that the anticancer effect of silbinin was derived from its 

induction of autophagy, which was regulated by the adenosine 5'-monophosphate 

activated protein kinase (AMPK)/mTOR pathway [192]. In the study of another 

research group, silibinin either alone or in combination with trichostatin A (TSA) 

or 59-Aza-deoxycytidine (Aza), which are respectively the HDAC and DNMT 

inhibitors, notably restrained metastatic characteristics in different NSCLC cell 

lines [193]. Recently published data revealed that silibinin induced apoptosis via 

regulation of caspase-3 and PARP1 as well as stimulating autophagy via 

modulation of LC-II and p-mTOR in human glioblastoma A172 and SR cells 

[194].  

Upon the challenge of IL-6, the administration of silibinin led to a 

considerable down-regulation of MMP-2 in LoVo colon cancer cells when 

examined by means of Western blotting, zymography and confocal microscopy 

[195]. The results from the electrophoretic mobility shift (EMS) and luciferase 

assays further revealed that silibinin treatment attenuated the binding of AP-1 to 
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the MMP-2 promoter. Deep et al. reported that silibinin prevented migration and 

invasion of prostate cancer cells by regulating the levels of E-cadherin, β-catenin, 

Hakai, Snail and Slug as well as p-Akt and p-Src [196]. A significant suppression 

of uPAR or uPA by silibinin treatmenthad been reported by another research group 

[197].  

Nobiletin 

Nobiletin (C21H22O8, MW: 402.39, Figure 1.8) is an O-methylated flavone 

isolated from citrus fruit, particularly from the peels of Citrus sinensis and Citrus 

reticulata. This compound provides anticancer effect in gastric, glioma, 

neuroblastoma, lung, breast, colon, ovarian, leukemia and HCC cells [198-204]. 

Nobiletin has been reported to significantly decrease the cell motility, migration 

and invasion capabilities of U2OS and HOS osteosarcoma cells in the wound 

healing and Boyden chamber assays in addition to its suppression on MMP-2 and 

MMP-9 [205]. The molecular mechanism underlying its anticancer effect was 

found to be associated with down-regulations of ERK, JNK, NF-κB, cAMP 

response element-binding protein (CREB) and specificity protein 1 (SP-1). The 

co-treatment with ERK and JNK inhibitors made nobiletin more potent in 

arresting migration and invasion of U2OS cells. Apart from osteosarcoma cells, 

nobiletin also significantly inhibited the invasion and migration of HepG2 liver 

cancer cells at non-cytotoxic concentrations. By means of mechanism study, it 

was confirmed that anti-metastatic activity of nobiletin was correlated to the 

inhibition of the ERK and PI3K/Akt pathways as well as c-Met function [206]. 

When MDA-MB-231 breast cancer cells were treated with nobiletin, NF-κB and 

MAPK-dependent down-modulation of CXC chemokine receptor-4 (CXCR4) and 

MMP-9 was observed by Baek et al. [207]. On the other hand, Lee et al. detected 
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notable down-reguation of MMP-2 and MMP-9 in AGS gastric cancer cells as a 

consequence of suppressed FAK and PI3K/Akt signaling post nobiletin treatment 

[208]. Nonetheless, reduction of NF-κB, Ras, c-Raf, Rac-1, Cdc42 and RhoA by 

nobiletin had been reported by different research groups. 

Delphinidin 

Delphinidin (C15H11O7, MW: 303.24, Figure 1.8) is an anthocyanindin or a 

plant pigment present in different pigmented fruits and vegetables that exhibits 

antitumor activities [209,210]. Contemporary data proposed delphinidin treatment 

can be used to combat ovarian clear cell carcinoma [211]. The molecular 

mechanism of delphinidin involved a dose-dependent suppression on p-PI3K (Akt 

and P70S6K) and MAPKs (ERK1/2 and JNK). In MCF-7 breast cancer cells, 

delphinidin reduced PMA-induced cell invasion and suppressed MMP-9 

expression by deactivating NF-κB via MAPK signaling pathways [212]. From the 

study of Syed et al. (2008), the inhibitory effect of delphinidin on immortalized 

MCF-10A breast cell line appeared stimulatory to the expression of Met receptor 

and several adaptor proteins such as paxillin, Gab-1 and GRB-2 while inhibitory 

to the phosphorylation of HGF-mediated tyrosyl, FAK and Src [213]. As far as we 

know, delphinidin treatment also inhibited HGF-induced activation of the 

Ras-ERK MAPK, PI3K/Akt, STAT3 and NF-κB/p65 pathways in addition to 

PKCα deactivation. 
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Figure 1.8. The chemical structures of representative flavonoids 
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3.3.3 Terpenes  

Terpenes, commonly known as terpenoids, are the largest group of natural 

compounds since more than 40,000 terpenoids have been identified. Chemically 

they consist of isoprene units with a general formula of (C5H8)n, where n is the 

total number of isoprene units [214]. Terpenes can be further subdivided into 

monoterpenes, sesquiterpenes, diterpenes, sesterterpenes and polyterpenes. A 

number of previous studies had reported the inhibitory effect of terpenoids on 

metastasis and angiogenesis [215].  

3.3.3.1 Sesquiterpene 

Aromatic turmerone 

Aromatic (ar)-turmerone (C15H20O, MW: 216.32, Figure 1.9) is one of the 

major volatile oils isolated from Curcuma longa. The antiproliferative action of 

this sesquiterpene has been reported effective in P388D1 lymphoblasts, U937 

histiocytic lymphoma cells, L-1210 and HL-60 leukemia cells and HCC cells 

[216-219]. Using MDA-MB-231 breast cancer cells, Park et al. demonstrated the 

inhibitory effect of ar-turmerone on TPA-induced invasion, migration, and colony 

formation [220]. Although suppressive effect on the expression of TIMP-1, 

TIMP-2, MMP-2 and COX-1 was obscure, ar-turmerone treatment significantly 

inhibited the enzymatic activity and expression of MMP-9 and COX-2 at 

non-cytotoxic concentrations. Such inhibition was plausibly associated with the 

deactivation of NF-κB and the down-regulation of the PI3K/Akt and ERK1/2 

signaling pathways. 
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α-Bisabolol  

α-Bisabolol (C15H26O, MW: 222.37, Figure 1.9) is a monocyclic 

sesquiterpene available in Matricaria chamomilla L. that exerts anticancer effect 

against various kinds of cancer cells, mostly through the induction of apoptosis 

and autophagy [221,222]. A recently published paper reported that the 

anti-proliferative and anti-invasive activities of α-bisabolol in KLM1, KP4, and 

PANC1 pancreatic cancer cells were the result of up-regulated levels of early 

growth response 1 (EGR1) and Kisspeptin 1 receptor (KISS1R) [223]. Earlier 

study from Japan reported that antitumor effect of α-bisabolol is mediated through 

induction of apoptosis by regulating the expression of PARP, cl-PARP, Akt, 

p-Akt, PI3K, PDK1, mTOR and Rictor proteins in panel of pancreatic cancer cell 

lines [224]. On the contrary, α-bisabolol treatment led to a notable elevated level 

of KISS1, which is commonly considered as a suppressor of metastasis. Thus, it is 

not surprising that some studies had reported the administration of α-bisabolol 

inhibited cell migration and invasion in some types of metastasis including 

melanoma, gastrointestinal carcinoma and breast carcinoma [225,226]. Pancreatic 

cancer patients with high levels of KISS1 and its receptor KISS1R were found to 

survive longer [227]. Thus, the activation of KISS1/KISS1R contributes, at least 

partially, to the anti-invasive effect of α-bisabolol.  

3.3.3.2 Triterpene 

Celastrol 

Celastrol (C29H38O4, MW: 450.62, Figure 1.9) is a triterpene quinone 

extracted from the roots of “Thunder of God Vine” and Tripterygium wilfordii that 

exerts potent antitumor effect by inhibiting cell proliferation, invasion and 
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angiogenesis, and/or inducing apoptosis or cell cycle arrest in various types of 

cancer cells including leukemia, lung cancer, gastric cancer, breast cancer, 

prostate cancer, osteosarcoma, melanoma and glioma cells [228-232]. In human 

osteosarcoma U-2OS cells, celastrol regulated the protein level of Bcl-2, Bax, 

cytochrome c, PARP, caspase-3, -8 and -9 to induce apoptosis [229]. While it 

induced G2/M phase arrest in gastric cancer BGC-823 and MGC-803 cells by 

decreasing the expression of miR-21 and p-mTOR as well as increasing the 

protein levels of mTOR and p27 [231]. Celastrol had been also reported with 

significant anti-metastatic activity in reducing migration and invasion of ECA-109 

esophageal cancer cells [233]. Moreover, celastrol was shown to suppress Wnt 

signaling molecules such as integrins β1, β4 and αV, β-catenin as well as LRP6 in 

a concentration-dependent fashion. According to Mi et al., celastrol treatment 

significantly repressed the TNF-α-induced invasion of MDA-MB-231 human 

breast cancer cells along with a down-regulation of MMP-9 [234]. In an earlier 

study, celastrol treatment was also reported to inhibit PMA-induced MCF-7 cells 

migration and invasion following a suppressed DNA binding activity of NF-κB in 

the MMP-9 promoter, by which degradation and nuclear translocation of NF-κB 

was attenuated [235]. 

Raddeanin A 

Raddeanin A (C47H76O16, MW: 897.11, Figure 1.9) is a triterpenoid saponin 

isolated from the traditional Chinese herb Anemone Raddeana Regel that 

exhibited inhibitory effect on the growth of colorectal, liver, lung and hepatic 

cancer cells [236-239]. This compound significantly induced apoptosis potential 

of BGC-823 human gastric cancer cells [240]. The apoptotic effect of Raddeanin 

A was attributed to the down-regulation of Bcl-2, Bcl-xL and survivin at mRNA 
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and protein levels. Further, the up-regulation of the Bax, caspase-3, -8, -9 and 

PARP may also play a vital role in the raddeanin A-mediated induction of 

apoptosis in gastric cancer cells.  

Tubeimoside-1 

Tubeimoside-1 (C63H98O29, MW: 1319.43, Figure 1.9) is a plant-derived 

triterpenoid saponin extracted from Bolbostemma paniculatum [241,242]. This 

phytocompound showed anticancer activity against a large number of cancer cell 

lines including prostate, lung, liver, glioma, gastric, hepatocellular, ovarian, 

cervical, choriocarcinoma and squamous esophageal carcinoma [241-246]. Yang 

and colleagues suggested the anticancer activity of tubeimoside-1 was associated 

with the induction of apoptosis and G0/G1 phase arrest in the prostate cancer 

PC-3 and DU145 cells [241]. Mechanistic study found that apoptotic effect of 

tubeimoside-1 is mainly regulated through ROS generation, loss of 

mitochondraial membrane potential and modulation of cleaved caspase-3, Bcl-2, 

Bax, ASK1, p38 and JNK. In contrary, cell cycle arrest was attributed to 

up-modulation of p21 and p53 while down-modulation of cyclin E and Cdk2. 

Moreover, the CXCL12-induced invasion was also suppressed by the 

tubeimoside-1 treatment, so as in the xenograft mice, in which breast cancer 

metastasis was notably reduced. In another study, tubeimoside-1 exhibited 

anti-invasive and anti-metastatic activities in CRC cells by suppressing the 

Wnt/β-catenin signaling pathway [247]. 

 

Maslinic acid 

Maslinic acid (C30H48O4, MW: 472.71, Figure 1.9) is a pentacyclic triterpene 

widely distributed in the skin of olive fruit that exerted anticancer effect on 
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prostate cancer, colon cancer and melanoma cell lines, partly through the 

induction of apoptosis [248,249]. Following treatment with lung cancer A549 

cells, maslinic acid induced apoptosis by reducing the expression of caspase-3, -8, 

-9, cIAP1, cIAP2, XIAP and survivin while increasing the level of Smac as well 

as promoting cleavage of caspase-3, -8 and -9 [248]. In the DU145 prostate cancer 

cells, masilinic acid significantly reduced the secretion of MMP-2, MMP-9, uPA, 

VEGF, TIMP-1, uPAR and soluble adhesion molecules ICAM and VCAM while 

increasing the secretion of TIMP-2. As a result, reduced migration and invasion of 

DU145 cells were observed. Moreover, maslinic acid treatment was also 

correlated to the decreased expression of HIF-1α, p-Akt and p-ERK [250]. 

According to Lin et al., maslinic acid inhibited the invasion and migration of 

OE33 human esophageal squamous cancer cells and SGC-7901 gastric cancer 

cells by lowering the levels of VEGF and TGF-β1 [251]. 

Gamma-tocotrienol  

γ-Tocotrienol (C28H42O2, MW: 410.63, Figure 1.9) is a bicyclic 

monoterpenoid present in cereals and vegetables, and especially plentiful in palm 

oil and rice bran [252,253]. This monoterpenoid possesses anticancer, antioxidant, 

anti-inflammatory, cholesterol-lowering, neuro-protective and bone-protective 

effects [253]. In the neuroblastoma SH-SY5Y cells, γ-tocotrienol induced 

apoptosis through depletion of mitochondrial membrane potential and release of 

cytochrome c. In addition, γ-tocotrienol also inhibited Bcl-2 as well as activated 

caspase-3 and -9 [253]. Liu et al. showed that the anti-invasive and anti-migratory 

activities of γ-tocotrienol in the SGC-7901 human gastric adenocarcinoma cells 

were associated with decreased levels of MMP-2 and MMP-9, but elevated levels 

of TIMP-1 and TIMP-2 [254]. When incubated with the conditioned medium of 
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SGC-7901 gastric adenocarcinoma cells, tube formation of HUVECs was 

significantly in the presence of γ-tocotrienol as cyclin D1, CD44, p-VEGFR-2, 

MMP-9 as well as the canonical Wnt signaling molecules were down-regulated 

[255]. 
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Figure 1.9. The chemical structures of representative terpenes 
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3.3.4 Quinones  

Quinones-containing natural compounds are one of the largest groups of 

anticancer drugs. Anthracycline antibiotics are the most commonly used 

quinone-containing agents for cancer treatment [256]. A large number of quinone 

derivatives including naphthoquinones, anthraquinones and benzoquinones have 

been isolated from plant and marine sources that possess remarkable 

anti-metastatic activity [257-259].  

Emodin 

Emodin (C15H10O5, MW: 270.24, Figure 1.10) is an anthraquinone isolated 

from different traditional medicinal plants such as Rheum palmatun, Radix 

rhizoma Rhei, Polygonum cuspidatum, Polygonum multiflorum and latex of aloe 

vera leaves [260,261]. Emodin is renowned for its anti-viral, anti-bacterial, 

anti-inflammatory, hepatoprotective and immunosuppressive activities, and is 

widely used as a laxative in traditional Chinese medicine [262]. Interestingly, this 

anthraquinone is effective against pancreatic, lung, ovarian and leukemia cancer 

cells [263-265]. A significant down-modulation of Bcl-2 and up-modulation of 

Bax, caspase-3, -8 and -9 in myelocytic leukemia K562 cells prove that the 

compound is apoptotic [264]. In the study of Suboj et al., major cell migratory 

regulators, such as MMP-2, MMP-9 and RhoB, were considerably suppressed in 

the WiDr colon adenocarcinoma cells upon emodin treatment [266]. This 

representative anthraquinone has also been reported to strongly decrease cell 

migration and invasion, metastasis as well as angiogenesis via abating the 

activation of NF-κB and its down-stream targets MMP-2, MMP-9 and VEGF 

while up-regulating cleaved caspase-3 in the SW1990 pancreatic cancer cells, so 

as the xenograft mice [267].  
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Rhein 

Rhein (C15H8O6, MW: 284.22, Figure 1.10) is an anthraquinone, also known 

as a cassic acid, obtained from rhubarb species, for instance, Rheum undulatum 

and Rheum palmatum. This versatile compound is extensively found in a variety 

of herbal formulations by virtue of its decent medicinal value. In the study of Lin 

et al., rhein exhibited promising antiproliferative effect against a panel of 

progressive mammalian carcinoma cells in a manner comparable to other 

renowned natural compounds, such as curcumin, resveratrol and emodin. It is 

worth noting that the cytotoxicity of rhein was at least 5 times lower than emodin 

[268]. As an anticancer compound, rhein suppressed the activation of Akt and 

NF-κB as well as sonic hedgehog signaling molecules in addition to its 

attenuation of ECM proteins [269].  

Shikonin 

Shikonin (C16H16O5, MW: 288.29, Figure 1.10) is a naphthoquinone 

derivative extracted from traditional Chinese herbs Lithospermum erythrorhizon, 

Arnebia euchroma and Arnebia guttata [270], which has antibacterial, anti-HIV, 

anti-inflammatory and anticancer activities [271]. The anticancer activity of 

shikonin is mainly attributed to the downregulation of p-ERK, NF-κB, 

topoisomerase-I, polo-like kinase 1 (PLK1), protein tyrosine kinase (PTK) and 

proteasome activities, and the upregulation of JNK, PKCα and caspases [272]. 

Previous study identified shikonin as a sensitizer of TRAIL-stimulated apoptosis 

in A549 lung cancer cells. Co-adminsitration of shikonin and TRAIL suppressed 

STAT3 and Akt pathways while triggered caspase and JNK pathways. Apart from 

its effect on different signaling pathways, shikonin also positively regulated Bid 

and negatively regulated Bcl-2, Bcl-xL, XIAP, c-FLIP and Mcl-1 in lung cancer 
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cells [273]. The invasiveness of OS cells and the deposition of MMP-13 were 

concentration-dependently suppressed by the shikonin treatment [274]. Besides 

MMP-13, Zhang et al. reported inhibitory effect of shikonin on MMP-2 and 

MMP-9 in the U87 and U251 human glioblastoma cells, in which repressed 

p-PI3K and p-Akt signaling were responsible for its mitigating cell migration and 

invasion [275]. Similar anti-metastatic activity of shikonin was also found in the 

PC-3 and DU145 prostate cancer cells. The suppression of MMP-2 and MMP-9 

by shikonin was associated with a remarkable up-regulation of ERK, p38 MAPK 

and JNK, but a reduced phosphorylation of Akt and mTOR [276]. In the 

MDA-MB‑231 breast cancer cells, the anti-invasive and anti-migratory effects of 

shikonin were derived from an inactivation of AP-1 transcription factors [277], 

which are homodimers and heterodimers formed from members of the c-Jun and 

c-Fos families [278,279].  

Tanshinone IIA 

Tanshinone IIA (C19H18O3, MW: 294.35, Figure 1.10) is a diterpene quinone 

constitutent of the root of Danshen (Salvia miltiorrhiza) that possesses antitumor 

effect [280,281]. Zhang et al. described that tanshinone IIA induced apoptosis and 

inhibited cell proliferation in the MG-63 osteosarcoma cells by inhibiting 

antiapoptotic protein Bcl-2 and promoting proapoptotic protein Bax as well as 

activating caspase-3, -8 and -9 activities [282]. The anti-migratory effect of 

tanshinone IIA in AGS gastric cancer cells was accompanied with a 

down-regulation of MMP-2, MMP-7, MMP-9, NF-κB-p65 and COX-2 [283]. 

With attenuation on MMP-2 and MMP-9 expression, promising anti-metastatic 

activity of tanshinone IIA was also observed in the SW480 CRC cells [284]. 

Regarding its mechanism of action, tanshinone notably reduced the expression of 
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uPA, MMP-2 and MMP-9 while increasing the levels of TIMP-1 and TIMP-2 

levels by interfering the NF-κB signaling pathway. 

               

 

   

 

Figure 1.10. The chemical structures of representative quinones 

   

3.3.5 Phenolics 

Phenolics are aromatic compounds consisting of phenolic hydroxyl groups, 

and they are indeed the secondary metabolites of many plant species as defending 

chemicals. Phenolics are majorly divided into monophenols, biphenols, 

polyphenols, tannins, lignans, lignins, phenylpropanoids, flavonoids and stilbene 

according to their chemical structures [119,120]. The inhibitory effect of several 

polyphenolic compounds, which are also classified as alkaloids and flavonoids 

have already been discussed in the previous sections of this review article. 

Henceforth, the following subsections will focus principally on the anti-metastatic 

activity of those that have not been mentioned. 
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3.3.5.1 Biphenolic and polyphenolic compounds 

Curcumin 

Curcumin (C21H20O6, MW: 368.38, Figure 1.11) is a hydrophobic phenolic 

compound found in the rhizome of spice turmeric (Curcuma longa) that has potent 

anticancer activity through its regulation of a variety of pathways and multiple 

proteins [59]. This biphenol alone or in combination with other therapeutic 

agent(s) is used as remedies for a wide variety of disorders such as diabetes, 

obesity, Alzheimer's disease and inflammatory pathologies [285]. Curcumin also 

serves as a chemotherapeutic compound; its anticancer activities have been 

reported by a large number of literatures [286-291]. Chiablaem et al. (2014) 

reported that curcumin possessed anti-vasculogenic mimicry (VM) activity, i.e. 

reducing the ability of dysregulated cells with invasive characteristics to stimulate 

the generation of microvascular channels in endothelial cells, and suppressed the 

invasive phenotype of cancer cells via down-regulating the STAT3 and PI3K/Akt 

signals in the SK-Hep-1 human HCC cells Upon the anti-VM effect of curcumin, 

the MMP-9 deposition was accordingly inhibited in the cancer cells [286]. 

Curcumin inhibited the proliferation of melanoma A375 cells via suppressing 

Wnt/β-catenin signaling pathway and its target proteins such as β-catenin, cyclin 

D1, DVL2, COX-2, and Axin-2. Moreover, antimelanoma effect of this phenolic 

compound also attributed to induction of apoptosis through down-modulation of 

Bcl-2 and up-modulation of cl-PARP [292]. In the study of Liu et al. (2014) 

curcumin induced apoptosis and growth arrest of esophageal squamous carcinoma 

cells by inhibiting the phosphorylation of STAT3 and JAK2 as well as suppressing 

PARP, Mcl-1 and XIAP [293]. Similar pathway was also reported in lung cancer 

cells NCI-H460 cells [294].  
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The study of Senft et al. manifested the non-toxic and anti-metastatic 

properties of curcumin in several human glioblastoma (GBM) cell lines [289]. 

Decreased levels of p-STAT3, c-Myc and Ki-67 were obtained in the 

curcumin-treated GBM cells. Their results were in agreement with some early 

studies that STAT3 expression was positively correlated to cancer cell invasion in 

glial and non-glial neuro cells [295,296]. In the SCC-25 oral squamous cell 

carcinoma cells, curcumin treatment led to a notable down-regulation of the EMT 

promoters Snail, Twist, MMP-2 and MMP-9, but an up-regulation of the EMT 

repressor E-cadherin [297]. Besides EMT regulatory factors, increased expression 

of HLJ1, which is a DnaJ-like heat shock protein 40 (HSP40), was also observed 

in the curcumin-treated SCC-25 cells [291]. In a xenograft breast cancer model, 

curcumin exhibited anti-metastatic effect, mostly through suppression of NF-κB 

and NF-κB–mediated gene products [298]. The expression of several metastatic 

proteins including MMP-9, VEGF and ICAM-1 was also significantly suppressed 

by this pharmaceutically safe compound.  

Honokiol 

Honokiol (C18H18O2, MW: 266.33, Figure 1.11) is a lignin biphenol 

extracted from Magnolia plant species, particularly Magnolia officinalis and 

Magnolia grandiflora. This biphenol is widely used in Japan, China and South 

Korea for the treatment of inflammation, allergic diseases, cough, gastrointestinal 

disorders, stroke and anxiety [299,300]. It also has cardio-protective, 

neuroprotective, antitumor and antiangiogenic activities [301-303]. Honokiol 

induced apoptosis through the repression of Ca
+2

 channels, EMT events and the 

PI3K/Akt/mTOR and Wnt signaling cascades in glioblastoma, breast and lung 

cancer cells, as well as the xenograft and metastatic tumors [304]. Morover, 
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honokiol suppressed the EGFR signaling pathway in head and neck squamous cell 

carcinoma (HNSCC) and breast cancer cells via the blockage of EGFR expression 

or EGFR phosphorylation.  

Nox1 expression and oxidative stress were dose-dependently decreased in 

the A375, Hs294t, SK-Mel119 and SK-Mel28 melanoma cells upon the treatment 

of honokiol by Prasad and colleagues [305]. They also found that honokiol 

increased the cytosolic p47phox protein accumulation and decreased the 

membrane-bound p22phox protein levels of in the melanoma cells, therefore, 

preventing Nox1 activation. As such, the migration/extravasation and growth of 

intravenously injected melanoma cells to distant organs, such as liver, lungs, 

kidneys, and spleen, were largely restricted in their in vivo bioluminescence 

imaging results. In a renal cell carcinoma cellular model with high metastatic 

behavior, honokiol dose-dependently increased the expression of metastasis 

suppressor gene KISS1 and its receptor KISS1R at both mRNA and protein level 

and resulted in inhibition of cell invasion and colony formation. However, the 

anti-metastatic effect of honokiol was abolished under the knockdown of KISS1 

[306]. It is well acknowledged that EMT events are crucial to cancer metastasis 

[307]. According to Avtanski et al., honokiol inhibited EMT in breast cancer cells 

with a considerable down-modulation of mesenchymal inducers and 

up-modulation of epithelial markers following the inactivation of STAT3 [308].  

Magnolol 

Magnolol (C18H18O2, MW: 266.34, Figure 1.11) is a hydroxylated biphenolic 

compound derived from the stem bark and root of Magnolia officinalis. This 

hydroxylated biphenol induced apoptosis and suppressed cell proliferation in 

glioblastoma, leukemia, colon cancer, melanoma, hepatoma, fibrosarcoma, 
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thyroid carcinoma and squamous carcinoma cells [309-312]. The inhibitory effect 

of magnolol was suggested to be facilitated via induction of apoptosis through 

mitochondria-mediated and cell cycle arrest pathways in renal carcinoma 786-O 

and OS-RC-2 cells. In fact, magnolol increased the expression of p21, p53, Bax, 

Apaf-1, cytochrome c, cl-caspase-3 and -9 while decreased the expression of 

Bcl-2, cyclin D1 and Cdk2 [313]. The highly invasive property of MDA-MB-231 

breast cancer cells was significantly inhibited as the transcriptional activity of 

NF-κB and the DNA binding of NF-κB to MMP-9 promoter were blocked by the 

magnolol treatment [314]. On the other hand, the levels of MMP-2, MMP-9, 

COX-1 and COX-2 were all reported with substantial reduction in the PC-3 

human prostate cancer cells after the incubation with magnolol [315].  

3.3.5.2 Monophenolic compounds 

6-Shogaol 

6-Shogaol (C17H24O3, MW: 276.38, Figure 1.11) is a major bioactive 

compound that is plentiful in Ginger (Zingiber officinale). This ginger constituent 

has been shown to provide a wide spectrum of therapeutic effects including 

anticancer, anti-oxidant, analgesic, anti-inflammatory, antipyretic and antitussive 

activities, and used for the treatment of different central nervous system disorders 

[316,317]. In the human liver cancer Huh7 cells, 6-shogaol attenuated autophagy 

through up-regulation of LC-II and p62 as well as induced apoptosis via 

p53-mediated pathway [318]. Again, inhibitory effect of 6-shogaol in hepatoma 

HepG2 and Huh-7 cells were linked to induction of apoptosis and G2/M phase 

cell cycle arrest. Further study found modulation of MAPK, AMPK and Akt in 

the 6-shogaol-treated cells. In fact, 6-shogaol regulated the protein targets 
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associated with ROS generation, endoplasmic reticulum stress and autophagy 

[319].   

Hong et al. (2013) observed signigicant reduction of cell motility and 

invasion in the MDA-MB-231 breast cancer cells as a consequence of MMP-2 

and MMP-9 inhibition by 6-shogaol [320]. In addition, various invadopodia 

markers such as the c-Src kinase, cortactin, tyrosine kinase substrate with five Src 

homology 3 domains (Tks5), membrane type 1 MMP (MT1-MMP), Twist1, and 

platelet-derived growth factor receptor (PDGFR-α) were all repressed upon the 

6-shogaol treatment. Invadopodia produced by active c-Src and other proteins 

such as cortactin, Tks5, cofilin, F-actin and actin-related proteins (Arp2/3) are 

indeed the actin-rich structures responsible for the focal ECM degradation in 

cancer invasiveness and metastasis [320-322]. The anti-metastatic action of 6–

shagol, therefore, appears highly associated with the inhibition of the key 

regulators of invadopodium maturation as aforementioned. However, the 

anti-invasive and anti-metastatic activities of 6-shogaol were suggested to be 

mediated through the up-regulation of plasminogen activator inhibitor (PAI-1) 

and the resulting down-regulation of MMP-2, MMP-9 or uPA in HCC. The 

molecular mechanism in PAI-1 modulation may involve the inhibition of MAPK 

phosphorylation and PI3K/Akt signaling as well as the activation of NF-κB and 

STAT3 [323]. The same research group also reported dose-dependent 

anti-migratory and anti-invasive activities of 6-shogaol in PMA-treated HepG2 

and PMA-untreated Hep3B cells accompanied by an increased expression of 

TIMP-1 [324].  

 

 



66 
 

Ferulic acid 

Ferulic acid (C10H10O4, MW: 194.18, Figure 1.11) is a dietary plant phenolic 

compound available in corn, wheat and flax as well as in different fruits and 

vegetables such as citrus fruit, bananas, cabbages, eggplants and bamboo shoots 

[325]. Wang et al. (2016) claimed that ferulic acid suppressed the proliferation and 

induced apoptosis and G0/G1 arrest in osteosarcoma 143B and MG63 cells by 

modulating the levels of Bcl-2, Bax, caspase-3, CDK-2, CDK-4 and CDK-6 as 

well as PI3K/Akt signaling pathway [325]. In contrast, ferulic acid treatment 

significantly inhibited cell invasion and migration of Mia PaCa-2 pancreatic 

cancer cells, in which notable cell cycle arrest and aopoptotic events were 

obtained [326]. Similar anti-invasive activity of ferulic acid was also observed in 

TT medullary thyroid cancer cells. In those ferulic acid-treated TT cells, MMP-2, 

MMP-9 and URG4/URGCP levels were significantly reduced, but the expression 

of TIMP-1 was induced [327].  

  

       

Figure 1.11. The chemical structures of representative phenolics 
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3.3.6 Xanthone 

α-Mangostin 

α-Mangostin (C24H26O6, MW: 410.45, Figure 1.12) is a polyphenolic 

compound of the xanthone class, which is available in the pericarp of the fruit of 

Garcinia mangostana L [328]. This xanthonoid has numerous pharmacological 

activities such as antioxidant, anti-inflammatory, anti-allergic, antiviral and 

antibacterial actions [329,330]. Antineoplastic activity of α-mangostin has been 

established on tongue mucoepidermoid [330], breast [331], colon [332], liver [333] 

and pancreatic cancer cells [334]. In the study of Lee et al. (2016), α-mangostin 

induced apoptosis and cell cycle arrest in tongue mucoepidermoid carcinoma 

YD-15 cells. Western blot results showed suppression of Bcl-2, c-myc, ERK1/2 

and p-p38 while stimulation of Bax as well as cleavage of caspase-3, -9 and 

PARP was connected with apoptotic effect of α-mangostin [330]. At 15 µM, 

α-mangostin significantly inhibited the metastatic property of B16-F10 melanoma 

cells by decreasing the expression of MMP-9 and intracellular protoporphyrin IX 

(PpIX) [335]. Yuan and colleagues demonstrated that α-mangostin at 

non-cytotoxic concentrations, i.e. <5 μM significantly reduced the expression 

levels of MMP‑2 and MMP‑9 and attenuated the ERK signals in MIA PaCa‑2 

and BxPC‑3 pancreatic cancer cells [336]. Moreover, a study from an Australia 

group reported the anti-invasive activity of α-mangostin in A-431 and 

SK-MEL-28 melanoma cells was mediated by reducing MMP-2 and MMP-9 

activities via the inhibition of Akt1 and NF-κB signaling cascades [337]. 
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Figure 1.12. The chemical structure of representative xanthone 

3.3.7 Sulfur-Containing Compound 

Sulforaphane (C6H11NOS2, MW: 177.29, Figure 1.13) is an isothiocyanate 

isolated from broccoli sprouts and cruciferous vegetables of the brassica oleracea 

species [338]. The anticarcinogenic activity of sulforaphane in breast, prostate, 

pancreatic, hepatocellular and oral carcinoma cells has been backed up by 

substantial reports [339-341]. In the U251MG glioblastoma cells, sulforaphane 

induced apoptosis by increasing the expression of Bad, Bax and cytochrome c 

while a considerable reduction of Bcl-2 and survivin [342]. In the study of 

Mondal et al., the apoptotic effect of sulforaphane in the AGS gastric cancer cells 

was linked to the modulation of cytochrome c, caspase-3, -8, PARP-1, p-JNK and 

p-p38 [343]. Moreover, sulforaphane significantly inhibited the invasion of 87MG 

and U373MG glioblastoma cells with a suppression on ERK1/2 phosphorylation 

and MMP-2, but an induction of cell adhesion molecule CD44v6 [344]. Lee et al. 

demonstrated potent anti-invasive activity of sulforaphan in MCF-7 breast cancer 

cells, in which TPA-induced MMP-9 expression, NF-κB activation were 

efficiently reduced [345]. 

 

Figure 1.13. The chemical structure of sulfur-containing compound 
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3.3.8 Others 

Bufalin 

Bufalin (C24H34O4, MW: 386.53, Figure 1.14), a cardiotonic steroid, is an 

active component of traditional Chinese medicine Chan Su [346,347]. The 

antitumor activity of bufalin on lung, liver, breast, colorectal, prostate, gastric, 

osteosarcoma, hepatocellular, gallbladder and pancreatic carcinoma cells has been 

evidenced by previous studies [348-350]. In a very recently published paper, 

bufalin negatively modulated p-Akt, p-mTOR, p-p70S6K and LC-II while 

positively modulated p-ERK1/2 to induce apoptosis and autophagy in gastric 

cancer cells [351]. On the other hand, induction of apoptosis in human esophageal 

cancer ECA109 cells is related with increased expression of p-p70S6K and Bad as 

well as decreased protein level of cIAP-1 [352]. The anti-metastatic activity of 

bufalin in HCC, both in vitro and in vivo, was suggested to be associated with 

decreased levels of mesenchymal mediators, namely N-cadherin, vimentin, Snail, 

and HIF-1α, an elevation of E-cadherin and a down-regulation of the 

PI3K/Akt/mTOR/HIF-1α pathway [353]. According to Wu et al. bufalin, at 

sub-lethal concentrations, exhibited anti-invasive and anti-migratory activities in 

NCI-H460 lung cancer cells. In the presence of bufalin, expression levels of 

MMP-2, MMP-9, PKC, PI3K, p-Akt, growth factor receptor bound protein 2 

(GRB2), p-ERK, p-p38, and p-JNK were notably suppressed, so as nuclear 

translocation of cytoplasmic NF-κB. The anti-metastatic action of bufalin was 

related to its down-regulation on different metastasis-related genes such as Rho A, 

Rock1 and FAK [354]. Therefore, the effect of bufalin appears to be modulated 

via the PI3K/Akt/NF-κB signals. Hong and colleagues demonstrated the potent 

inhibitory effect of bufalin on claudins, particularly claudin-2, -3 and -4, in the 
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T24 human bladder carcinoma cells. Importantly, the bufalin action on claudins 

was determined to be ERK-dependent [355].  

Brazilein 

Brazilein (C16H12O5, MW: 284.27, Figure 1.14) is a bioactive 

homoisoflavonoid extracted from the dried heartwood of Caesalpinia sappan L. 

that exhibited anticancer effect in various cancer cell lines such as A549 (lung), 

HepG2 and Hep3B (liver), MDA-MB-231 and MCF-7 (breast), and Ca9-22 

(gingival) [356,357]. When treated with breast cancer MCF-7 cells, brazilein 

induced G1 phase cell cycle arrest through down-regulation of cyclin D1 and 

β-catenin while up-regulation of GSK-3β [357]. In the study of Hsieh et al., the 

inhibitory effect of brazilein on breast cancercell migration and invasion was 

correlated to a suppression of MMP-2 and p-NF-κB [358]. The brazilein treatment 

significantly reduced the phosphorylation of p38 MAPK, PI3K and Akt, but the 

phosphorylation of ERK1/2 and JNK was not affected. These results suggested 

that the anticancer activity of brazilein in breast cancer cells was regulated 

through the inactivation of both PI3K/Akt and  

P38 MAPK signaling cascades.  

              

                                  

Figure 1.14. The chemical structures of bufalin and brazilein  



71 
 

Table 1.4. Representative anticancer natural compounds with and biological 

targets 

Compounds Chemical Class Source Targets References 

Evodiamine Quinolone 

alkaloid 

Evodia 

rutaecarpa 

NOD1, Bax, p53 

IkB-α, Bcl-2, 

cyclin B1, Cdc2, 

p-p38, p-ERK 

p-p65, cyclin D1, 

CDK-6, p-ERK, 

p-p38, MMP-2, 

MMP-9, 

NF-κBp65, uPA, 

uPAR, JNK, p38  

[29-32,36] 

Matrine Sophora alkaloid Sophora 

flavescens 
LC3 ‐ II, Akt, 

mTOR, 

SQSTM1/p62, 

p70S6K, 4EBP1,  

MMP-2, MMP-9,   

miR-133a, EGFR, 

Akt, cleaved 

caspase-3, PARP, 

p62, p-ERK, 

p-EGFR, p-Akt, 

PTEN, Ki67 

[44,49] 

Sanguinarine Benzophenanthridine 

alkaloid 

Sanguinaria 

canadensis, 

Chelidonium 

majus, 

Macleaya 

cordata 

Caspase-3, -8, -9, 

Bax, Bid, XIAP, 

MMP-2, MMP-9, 

COX-2, PGE2, 

NF-κB, AP-1, 

Akt, ERK, HO-1, 

VEGF, claudin-3, 

claudin-4     

[58-60] 

Glaucine Alkaloid Corydalis 

turtschaninovii 

MMP-9, NF-κB, 

IκBα  

[61] 

Hirsutine Indole alkaloid Uncaria genus ATP, cytochrome 

c, GSK3β, 

ROCK1, PTEN, 

[64] 
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PI3K, Akt,  

MMP-2, MMP-9, 

NF-κB 

α-Tomatine Glycoalkaloid Lycopersicon 

esculentum 

Bak, Mcl-1, 

MMP-2, MMP-7, 

MMP-9, FAK, 

PI3K, Akt, IκBα, 

NF-κB, PKCα, 

ERK1/2, p-IκBα 

[72-74] 

α-Solanine Steroidal 

glycoalkaloid 

Solanum 

nigrum, 

Solanum 

tuberosum  

PI3K, Akt, 

NF-κB, mTOR,  

MMP-2, MMP-9, 

EMMPRIN, 

CD44, eNOS, 

E-cadherin, 

vimentin, VEGF, 

p-Akt, p-mTOR, 

p-STAT3, NF-κB, 

NF-κB, RECK, 

TIMP-1, TIMP-2, 

miR-21, miR-138, 

Bcl-2, Bax, JNK, 

PI3K   

[79-82] 

Wogonin O-methylated flavone Scutellariae 

radix, 

Scutellaria 

baicalensis 

Nrf2, STAT3, 

p21,  NF-κB, 

MMP-2, MMP-9, 

u-PA, p-ERK1/2, 

mapsin   

[92-94] 

Naringenin Flavanone Citrus sinensis, 

Lycopersicon 

esculentum 

Mill. 

Caspase-3, ERRα, 

VEGF, MMP-2, 

MMP-9, AP-1, 

NF-κB, IκB, 

p-ERK, p-JNK, 

PI3K, Akt, 

TGF-β1, Smad3, 

vimentin, 

N-cadherin 

[96,99,101,

105] 

Apigenin Flavone Onions, parsley, Bcl-xL, Bcl-2,  [109-112] 
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oranges, 

chamomile, 

wheat sprouts 

and tea 

survivin, XIAP, 

c-IAP1, c-IAP2,  

cytochrome c,  

Bax, MMP-9, 

IKKα, 

NF-ĸB/p65, 

caspase-3, 

transgelin, p-AKT 

Ser473, p-AKT 

Thr308, PI3K, 

integrin β4 

Kaempferol Flavonol Tea, broccoli, 

apples, 

strawberries, 

beans, citrus 

fruits 

Bcl-2, MMP-2,  

TIMP-1, p-AKT, 

Bax, Fas, cleaved 

caspase-3, -8, -9, 

PARP, p21,  

Chk2, Cdc25C, 

Cdc2, Src, 

ERK1/2, AKT, 

AP-1, MAPK, 

PKCα, uPA, p38, 

JNK, MMP-9, 

TIMP-2 

[113-117] 

Genistein Isoflavone Glycine max L., 

Genista 

tinctoria L., 

Nicotiana 

tabacum L 

MMP-2, MMP-9, 

AP-1, NF-κB, 

p-ERK, p-JNK, 

PI3K, Akt, Bcl-2, 

notch-1, NF-κB, 

Bax, caspase-3, 

FLT4, MUC1, 

ICAM-1, OPG, 

RANKL, uPA, 

E-cadherin, 

vimentin, Smad4, 

claudin-3, 

claudin-4, 

IGF-1R, snail, 

thrombospondin-

[120-127] 
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1, FAK, kangai-1 

Isorhamnetin O-methylated 

flavonol 

Hippophae 

rhamnoides L., 

Oenanthe 

javanica 

Caspase-3, -9, 

PARP, MMP-2, 

MMP-9, p-p38 

p-STAT3 

[129] 

Oroxylin A O-methylated flavone Scutellaria 

baicalensis, 

Scutellaria 

radix 

p53, MMP-2, 

MMP-9, TIMP-2, 

PKCδ, AP-1, 

p-ERK1/2  

[132-134] 

Myricetin Ubiquitous flavonoid Fruits, 

vegetables, 

nuts, berries, 

tea and red 

wine 

Caspase-3, 

Grp78, MMP-2,  

uPA,  ERK1/2, 

c-Fos, c-Jun, 

NF-κB, AP-1 

[141-143] 

Deguelin Rotenoid Derris 

trifoliate, 

Mundulea 

sericea 

Akt, p-Akt, 

survivin, Cdk4, 

Ulk1, EGFR, 

p-ERK, c-Met,  

NF-κB, p-STAT3, 

MMP-2, p-IκB, 

Rac1, Rock1 

[146-149] 

Silbinin Flavonoid Silybum 

marianum 

AMPK, mTOR 

caspase-3, 

PARP1, LC-II, 

p-mTOR, 

MMP-2, AP-1, 

E-cadherin, β- 

catenin, Hakai, 

Snail, Slug, 

p-Akt, p-Src, 

uPAR, uPA 

[151-158] 

Nobiletin O-methylated flavone Citrus sinensis, 

Citrus 

reticulata 

MMP-2, MMP-9, 

ERK, JNK, 

NF-κB, CREB, 

SP-1, PI3K, Akt, 

c-Met, CXCR4, 

FAK, Ras, c-Raf, 

Rac-1, Cdc42, 

[166-169] 
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and RhoA 

Delphinidin Anthocyanidin  Pigmented 

fruits and 

vegetables 

PI3K, AKT, 

P70S6K, ERK1/2, 

JNK, MMP-9, 

Met receptor, 

tyrosyl, FAK, Src, 

paxillin, Gab-1, 

GRB-2, Ras, 

MAPK, PI3K, 

Akt, STAT3, 

NF-κB-p65, 

PKCα 

[172-174] 

Aromatic 

turmerone 

Sesquiterpene Curcuma longa MMP-9, COX-2, 

NF-κB, PI3K, 

Akt, ERK1/2  

[181] 

α-Bisabolol Sesquiterpene Matricaria 

chamomilla L. 

EGR1, KISS1R, 

PARP, cl-PARP, 

Akt, p-Akt, PI3K, 

PDK1, mTOR,  

Rictor, KISS1 

[184] 

Celastrol Quinone triterpene Thunder of God 

Vine, 

Tripterygium 

wilfordii 

Bcl-2, Bax, 

cytochrome c, 

PARP, caspase-3, 

-8, -9, miR-21, 

p-mTOR, mTOR, 

p27, MMP-9, 

Wnt, β1, β4, αv, 

β-catenin, LRP6, 

NF-κB 

[194-196] 

Raddeanin A Triterpinoid saponin Anemone 

Raddeana 

Regel 

Bcl-2, Bcl-xL and 

survivin, Bax, 

caspase-3, -8, -9, 

PARP 

[201] 

Tubeimoside-1 Triterpinoid saponin Bolbostemma 

paniculatum 

Bcl-2, Bax, 

cleaved 

caspase-3, ASK1, 

p38, JNK, p21, 

p53, cyclin E, 

[208-209] 
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NF-κB, β-catenin 

Maslinic acid Pentacyclic triterpene Skin of olive 

fruit 

Caspase-3, -8, -9, 

cIAP1, cIAP2, 

XIAP, survivin, 

Smac,  MMP-2, 

MMP-9, uPA, 

VEGF, TIMP-1, 

uPAR, ICAM, 

VCAM, TIMP-2, 

HIF-1α, p-Akt, 

p-ERK, VEGF, 

TGFβ1 

[212-213] 

Gamma-tocotrie

nol 

Bicyclic 

monoterpenoids 

Palm oil and 

rice bran 

Bcl-2, caspase-3, 

-9, cytochrome c, 

MMP-2, MMP-9, 

TIMP-1, TIMP-2, 

Wnt, β-catenin, 

cyclin D1, CD44, 

p-VEGFR-2  

[216-217] 

Emodin Anthraquinone Rheum 

palmatun, 

Radix rhizome 

Rhei, 

Polygonum 

cuspidatum, 

Polygonum 

multiflorum,  

Aloe vera 

Bcl-2, Bax, 

caspase-3, -8, -9, 

MMP-2, MMP-9, 

RhoB, VEGF, 

NF-κB,  

[228-229] 

Rhein Anthraquinone Rheum 

undulatum, 

Rheum 

palmatum 

Akt, NF-κB, 

sonic hedgehog 

[230-231] 

Shikonin Naphthoquinone Lithospermum 

erythrorhizon, 

Arnebia 

euchroma, 

Arnebia guttata 

p-ERK, NF-κB, 

topoisomerase-I, 

PLK1, PTK, JNK, 

PKCα, STAT3, 

Akt, Bid, Bcl-2, 

Bcl-xL, XIAP, 

[235-238] 



77 
 

c-FLIP, Mcl-1, 

MMP-2, MMP-9 

MMP-13, 

p-β-catenin, 

p-PI3K, p-Akt, 

ERK, p38 

MAPK, JNK, 

AKT, mTOR, 

NF-κB, AP-1, 

c-Fos and c-Jun  

Tanshinone IIA Diterpene quinone Salvia 

miltiorrhiza 

Bcl-2, Bax, 

caspase-3, -8, -9, 

MMP-2, MMP-7, 

MMP-9, uPA, 

TIMP-1, TIMP-2, 

NF-κB, COX-2   

[243-245] 

Curcumin  Biphenolic Curcuma longa β-catenin, cyclin 

D1, DVL2, 

COX-2, Axin-2, 

Bcl-2, cl-PARP,  

STAT3, JAK2, 

PARP, Mcl-1,  

XIAP,  MMP-2, 

MMP-9, 

MMP-14, PI3K, 

AKT, Snail, 

Twist, p-STAT3, 

c-Myc, Ki-67, 

E-cadherin, HLJ1, 

NF-κB, VEGF, 

IAM-1,  

[249,250,2

52,254,262

,263] 

Honokiol Biphenolic Magnolia 

officinalis, 

Magnolia 

grandiflora 

PI3K, Akt, 

mTOR, STAT3, 

EGFR, Nox1, 

p47phox, 

p22phox, KISS1, 

KISS1R, ZEB1 

[269-271,2

73] 

Magnolol Biphenolic Magnolia p21, p53, Bax, [278-279] 
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officinalis Apaf-1, 

cytochrome c, 

cl-caspase-3, -9, 

Bcl-2, cyclin D1, 

Cdk2, MMP-2, 

MMP-9, NF-κB, 

COX-1, COX-2 

6-Shogaol Monophenolic Zingiber 

officinale 

LC-II, p62, p53, 

MAPK, AMPK, 

Akt, MMP-2, 

MMP-9, c-Src, 

cortactin, Tks5, 

TIMP-1, 

MT1-MMP, 

Twist1, 

PDGFR-α, uPA, 

PAI-1, p-MAPK, 

PI3K, Akt, 

NF-κB, STAT3, 

AP-1 

[290-292] 

Ferulic acid Monophenolic Citrus fruit, 

bananas, 

cabbages, 

eggplants and 

bamboo shoots 

Bcl-2, Bax, 

caspase-3, 

CDK-2, CDK-4, 

CDK-6, PI3K, 

Akt, MMP-2, 

MMP-9, TIMP1, 

URG4, URGCP 

[282,286,2

88] 

α-Mangostin Xanthone Garcinia 

mangostana L 

Bcl-2, c-myc 

ERK1/2, p-p38, 

Bax, caspase-3, 

-9, PARP,  MMP

‑ 2, MMP-9, 

PpIX,  E ‑

cadherin, Akt1, 

NF-κB 

[300-302] 

Sulforaphane Isothiocyanate Broccoli, 

sprouts 

Bcl-2, survivin,  

Bad, Bax, 

cytochrome c, 

[307-310] 
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caspase-3, -8, 

PARP-1, p-JNK,  

p-p38, MMP-2,  

MMP-9, 

p-ERK1/2, 

NF-κB 

Bufalin Cardiotonic steroid Chan Su p-Akt, p-mTOR, 

p-p70S6K, LC-II, 

p-p70S6K, Bad, 

cIAP-1, 

p-ERK1/2, 

MMP-2, MMP-9, 

PKC, PI3K, AKT, 

mTOR, 

N-cadherin, 

E-cadherin, 

vimentin, Snail, 

HIF-1α, GRB2, 

ERK, p-p38, 

p-JNK, NF-κB, 

Rho A, Rock1, 

FAK, claudin-2, 

-3, -4    

[319-322] 

Brazilein Homoisoflavonoid Caesalpinia 

sappan 

Cyclin D1, 

β-catenin, 

GSK-3β, MMP-2, 

p-NF-κB, p38 

MAPK, PI3K, 

Akt 

[327] 
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4. ent-Kaurane Diterpenes as a Source of Anticancer Agents  

ent-Kaurane diterpenoids have attracted the attention of medicinal scientists 

due to their promising anticancer effect and safety profile. They are a subclass of 

tetracyclic diterpenes which consist of a perhydrophenantrene unit (A, B and C 

rings) and a cyclopentane unit (D ring) connected by a bridge of two carbons 

between C-8 and C-13 (Figure 1.15). The nomenclature of kaurane diterpenes is 

deciphered on the basis of several criteria; the inversion of the conventional 

description of stereochemistry is presented with a prefix “ent-“. Moreover, 

guidelines for the stereochemistry, nomenclature and numbering of the 

ent-kaurane skeleton has been established by the International Union of Pure and 

Applied Chemistry (IUPAC). Except those containing a double bond between C-9 

and C-11, most ent-kauranes have characteristic negative values for the specific 

optical rotation [359]. Among the vast plant origins, the genus Isodon, which 

mainly consist of a group of flowering plants, is considered a major source of 

ent-kaurane diterpenoids. Till now, approximately 100 Isodon species have been 

identified, 80% of which are native in China [360]  

 

Figure 1.15. General structure of ent-kaurane compounds 

The botanical information Isodon genus is given below:  

 Synonym: Rabdosia  

          Order: Lamiales 

              Family: Lamiaceae  

                    Examples: Isodon excisus, Isodon eriocalyx 
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4.1. Anticancer ent-Kaurane Diterpenes and Their Targets   
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Figure 1.16. Structures of plant-derived anticancer ent-kaurane diterpenoids.  
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4.1.1. Oridonin  

Oridonin (C20H28O6, MW: 364.44, Figure 1.16), was firstly extracted from 

the Isodon rubescens in 1960’s and one of its derivatives L-alanine-(14-oridonin) 

ester trifluoroacetate (HAO472) has been progressed to phase-I clinical trial by 

Hengrui Medicine Co. Ltd, China [361]. Numerous studies reported the anticancer 

activities of oridonin against diverse cancers such as HCT-116 (IC50: 32.56 μM) 

[362], OCI-AML3 (IC50: 3.27 μM) [363], BxPC-3 (IC50: 53.01 µM) [364] after 24 

h treatment, KYSE‐150 (IC50: 28.69 μM), EC9706 (IC50: 34.43 μM), KYSE‐30 

(IC50: 32.29 μM) [365], Jurkat cells (IC50: 0.73  μM) [366], MG-63 (IC50: 

10.88 μM), HOS (IC50: 11.91 μM), Saos-2 (IC50: 17.32 μM), U-2OS (IC50: 

17.71 μM) [367], EC109 (IC50: 19.7 μM), EC9706 (IC50: 31.3 μM), EC1 (IC50: 

25.8 μM) [368], HUVECs (IC50: 419.82 µM) [369], CNE1 (IC50: 3.66 μM), CNE2 

(IC50: 5.93 μM) [370] after 48 h treatment, EC109 (IC50: 67.1 μM), SHG-44 (IC50: 

53.5 μM), MCF-7 (IC50: 72.1 μM) [371], and SGC-7901 (IC50: 22.74 µM) [372] 

after 72 h treatment. Kadioglu et al., (2018) tested the cytotoxicity of oridonin in 

spectrum of drug-resistant cancer cell lines including CCRF-CEM (IC50: 1.65 μM), 

CEM/ADR5000 (IC50: 8.53 μM), MDA-MB231 (IC50: 6.06 μM), 

MDA-MB231/BCRP (IC50: 9.74 μM), HCT116 (p53+/+) (IC50: 18.03 μM), 

HCT-116 (IC50: p53-/-) (IC50: 34.68 μM), U87MG (IC50: 17.37 μM), HepG2 (IC50: 

25.71 μM), and liver normal cells AML12 (IC50: >109.76 μM), but the authors did 

not mention the time of incubation with drug [373].  

According to the study of Yao et al. (2017), oridonin induced autophagy by 

decreasing the protein levels of glucose transporter 1 (GLUT1) and 

monocarboxylate transporter 1 (MCT1) in the SW480 human colorectal cancer 

cells, so as in BALB/c xenograft model. Regarding its autophagy induction, it also 
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increased the expression of light chain-I (LC-I) and LC-II, while decreasing the 

phosphorylation of adenosine monophosphate-activated protein kinase (p-AMPK) 

[362]. In the human umbilical vein endothelial cells (HUVECs), oridonin 

suppressed the proliferation, tube formation, migration and invasion, but induced 

apoptosis. Oridonin was also found to block the angiogenesis of zebrafish by 

decreasing the mRNA expression of vascular endothelial growth factor A 

(VEGFA), vascular endothelial growth factor receptor 2 (VEGFR2) and VEGFR3, 

and reduced the expression of metastatic proteins claudin-1, -4, and -7. Antitumor 

activity of oridonin was further confirmed in xenograft mouse model [369]. Gao 

et al. (2016) reported that oridonin induced apoptosis by down-modulating the 

expression level of B-cell lymphoma 2 (BCL-2), but up-modulating the 

expression of BAX, thus reducing the BCL-2/BAX ratio in the human gastric 

cancer SGC-7901 cells. Moreover, oridonin treatment activated caspase-3 by 

promoting the release of cytochrome c from mitochondria to the cytosol [372]. In 

another study, oridonin potentiated the anticancer activity of lentinan, a 

polysaccharide extracted from shiitake mushroom, by up-regulating the 

expression levels of  caspase-3, -8, -9, BAX, p53 and p21 while 

down-regulating the expression of BCL-2, B-cell lymphoma extra-large (BCL-XL) 

and epidermal growth factor (EGF) in the SMMC-7721 human hepatoma cells 

[374].  

In the prostate cancer cells (PC-3 and DU-145), oridonin increased the 

expression levels of p53, p21, caspase-3, -9 and poly (ADP-ribose) polymerase 

(PARP), while decreased cyclin-dependent kinase 1 (CDK1) [375]. Moreover, it 

also inhibited the expression of phosphoinositide 3-kinase (PI3K) and blocked 

phosphorylation of protein kinase B (p-Akt). Sun et al. (2018) reported synergistic 
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anticancer activity of oridonin in combination with lentinan by decreasing the 

expression of BCL-2 and nuclear factor kappa B (NF-κB) and increasing the 

expression of caspase-3, -9, p53, p21, NF-κB inhibitor-α (IκB-α) at mRNA and 

protein levels in human hepatoblastoma HepG2 cells [376]. In the 4T1 human 

breast cancer cells, oridonin was demonstrated with inhibited cellular proliferation, 

migration and invasion via a negative modulation of notch1-4. Furthermore, the 

administration of oridonin (5 mg/kg) significantly reduced the weight and volume 

of 4T1tumors in xenograft nude mice [377].  

4.1.2. Eriocalyxin B   

Eriocalyxin B (C20H24O5, MW: 344.41, Figure 1.16) is a natural ent-kaurane 

diterpenoid extracted from the plant Isodon eriocalyx var. laxiflora [378]. The 

cytotoxicity of eriocalyxin B was tested in panel of cancer cell lines such as 

SMMC-7721 (IC50: 0.76 μM) [20], MCF-7 (IC50: 0.75 μM) and MDA-MB-231 

(IC50: 0.47 μM) [379] after 48 h treatment, PANC1 (IC50: 1.79 μM), CAPAN1 

(IC50: 0.86 μM), CAPAN2 (IC50: 0.73 μM), SW1990 (IC50: 1.40 μM), normal 

human liver cell line WRL68 (IC50: >3.58 μM), human peripheral blood 

mononuclear cells (PBMC) (IC50: >5.83 μM) [380], SU-DHL-4 (IC50: 1 μM), 

Namalwa (IC50: 1.5 μM), Raji (IC50: 2 μM), Jurkat (IC50: 2 μM), U266 cells (IC50: 

5.6 μM), and HUT78 cells (IC50: 2.5 μM) [381] after 72 h treatment.  

In hepatocellular carcinoma SMMC-7721 cells, eriocalyxin B induced 

apoptosis by interfering the binding of NF-κB with the response elements via 

targeting cysteine 62 moiety of p50 [378]. In a recent study, eriocalyxin B was 

reported with a notable induction of autophagy upon an up-regulation of LC3B-II 

and beclin-1 in the MCF-7 and MDA-MB-231 human breast cancer cells; 

however, the expression of p62 was down-regulated. In addition to autophagy, 
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eriocalyxin B also induced apoptosis by activating caspase-3 and PARP while 

decreasing BCL-2. In fact, the phosphorylation levels of Akt, mammalian target of 

rapamycin (mTOR) and p70S6K were decreased in a dose- and time-dependent 

manner post the eriocalyxin B treatment. Therefore, the mechanism of action of 

eriocalyxin B is suggested to be associated with the Akt/mTOR/p70S6K signaling 

pathway [379].  

Previous study demonstrated that eriocalyxin B induced G1 phase cell cycle 

arrest by decreasing the expression of cyclin D1, CDK4 and phosphorylated 

retinoblastoma (p-Rb). When applied to HUVECs at 50 and 100 nM, eriocalyxin 

B notably inhibited the VEGF-induced cell proliferation, tube formation, cell 

migration and invasion [382]. Further to its modulation on the VEGF cascade, 

eriocalyxin B indeed suppressed the VEGF-induced phosphorylation of VEGFR-2 

via an interaction with various ATP-binding sites, thus leading to the repression of 

several VEGFR-2 downstream molecules such as VEGFR-1, Focal adhesion 

kinase (FAK), Src, pSer
473

-Akt, extracellular signal-regulated kinase (ERK1/2) 

and pThr
180

/Tyr
182

-mitogen-activated protein kinase (p38-MAPK). When 

administered in vivo, eriocalyxin B restrained the formation of new blood vessels, 

vascularization and growth of the 4T1 breast tumor xenografts. According to the 

study of Lu et al. (2016), eriocalyxin B inhibited the cell proliferation, migration, 

invasion and angiogenesis of human colon cancer cells SW1116 [383]. 

Mechanistic study found that it inhibited the phosphorylation of janus kinase 2 

(JAK2) and signal transducer and activator of transcription-3 (STAT3) as well 

decreased the expression of VEGF, VEGFR-2, matrix metallopeptidase-2 

(MMP-2), MMP-9 and proliferating cell nuclear antigen (PCNA). Yu  et al., 

(2015) reported that eriocalyxin B inhibited both constitutive- and interleukin-6 

(IL-6)-induced phosphorylation of STAT-3 in A549 lung cancer cells without 
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affecting the upstream kinases such as JAK1, JAK2 and tyrosine kinase 2 (TYK2) 

[384].   

4.1.3. Excisanin A 

Excisanin A (C20H30O5, MW: 350.455, Figure 1.16) is an ent-kaurane 

diterpenoid extracted from Isodon macrocalyxin D which exerted significant 

anticancer potential in breast cancer MDA-MB-231 (IC50: 22.4 μM), SKBR3 

(IC50: 27.3 μM) [385] and MDA-MB-453 (IC50: 10.3 μM) cells as well as in 

hepatoma Hep3B (IC50: 6.45 μM) cells [386] after 72 h treatment. At 10–40 μM 

concentration, excisanin A suppressed the expression of MMP-2, MMP-9, integrin 

β1, β-catenin and reduced the phosphorylation of FAK and Src in breast cancer 

MDA-MB-231 and SKBR3 cells. Moreover, the phosphorylation of PI3K, Akt 

and glycogen synthase kinase 3β (GSK3β) was also reduced after treatment with 

excisanin A [385]. In addition to its effect on breast cancer metastasis, excisanin A 

inhibited the proliferation of human hepatocellular carcinoma cell line Hep3B and 

breast cancer cell line MDA-MB-453 cells by inducing apoptosis. It significantly 

reduced the tumor size and induced tumor cells apoptosis in xenograft mouse at a 

dose of 20 mg/kg/day. Mechanistic study showed that excisanin A reduced the 

expression of p-GSK-3α/β, Thr308-Akt, Ser473-Akt, p-mTOR and p-FKHR 

expression in both Hep3B and MDA-MB-453 cells [386]. Zhang et al. (2013) 

reported dose- and time-dependent induction of autophagy by increasing the 

expression of LC3-II and decreasing the expression of p62 in nasopharyngeal 

carcinoma (NPC) cell lines CNE1 and CNE2 cells after excisanin A treatment. 

Moreover, excisanin A also up-regulated p-JNK (c-jun N-terminal kinase), p-c-Jun 

and sestrin 2 expression in NPC cells [387].  
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4.1.4. Ponicidin 

Ponicidin (C20H26O6, MW: 362.42, Figure 1.16)  is a diterpenoid isolated 

from Isodon rubescens and I. japonicas, which showed anticancer activity against 

human leukemia cell K562, human breast cancer cell Bcap37, human gastric 

cancer cell GC823, human urinary bladder cancer cell BIU87, HeLa and prostate 

cancer cell PC-3 [388]. Previous studies also described the cytotoxicity of 

ponicidin in HeLa cells (IC50: 23.1 μM) [389], A549 cells (IC50: 38 μM), GLC-82 

(IC50: 32 μM) after 24 h; A549 cells (IC50: 31 μM) and GLC-82 (IC50: 26 μM) 

after 48 h; A549 cells (IC50: 15 μM) and GLC-82 cells (IC50: 13 μM) [390] after 

72 h. It suppressed the growth of gastric carcinoma MKN28 cells in dose- and 

time-dependent manner by down-regulating BCL-2, p-JAK2 and p-STAT3 

expression, while up-regulating BAX and cleaved caspase-3 expression [388]. 

Earlier study reported induction of apoptosis and disruption of mitochondrial 

membrane potential in ponicidin-treated lung cancer A549 and GLC-82 cells. 

Moreover, the expression of cleaved caspase-3, -8, -9 and BAX up-regulated, 

while the expression of BCL-2 and survivin down-regulated after ponicidin 

treatment [390]. Du et al., (2015) reported that ponicidin induced apoptosis and 

cell cycle arrest in colon cancer cells HCT-116 by increasing caspase-3, BAX and 

p-p38 expression, while decreasing BCL-2, p-ERK and p-Akt expression [391].  

4.1.5. Pharicins A and B 

Pharicins A (C24H34O7, MW: 434.53, Figure 1.16), a new ent-kaurane 

diterpenoid isolated from Isodon pharicus, induced mitotic arrest in leukemia cell 

line Jurkat and solid tumor-derived cell line raji by inhibiting auto 

phosphorylation activity of BubR1 [392]. Investigation of the effect of pharicin B 

(C24H34O8, MW: 450.53) in several acute myeloid leukemic (AML) cell lines and 
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primary leukemic cells from AML patients such as NB-4, U937 and THP-1 cells 

showed cytotoxicity with an IC50 around 3.5 μM after 48 h treatment. Further 

study found that it can quickly stabilize retinoic acid receptor-α (RAR-α) protein, 

even in the presence of all-trans-retinoic acid (ATRA) which generally induce the 

loss of RAR-α protein. Moreover, pharicin B also increased ATRA-dependent 

transcriptional activity of RAR-α protein in NB4 cells, a type of promyelocytic 

leukemia–RAR-α–positive APL cell line [393] .  

4.1.6. Jaridonin 

Ent-kaurane diterpenoid jaridonin (C22H32O5, MW: 376.49, Figure 1.16) is 

available in Chinese herb Isodon rubescens which exhibited cytotoxicity in 

EC109 (IC50: 12.0 μM), EC9706 (IC50: 11.2 μM), and EC1 (IC50: 4.6 μM) [368] 

after 48 h treatment as well as in SHG-44 (IC50: 14.7 μM) and MCF-7 (IC50: 16.7 

μM) [371] after 72 h treatment. Mechanistic study found that it induced apoptosis 

and G2/M phase cell cycle arrest in esophageal cancer EC109, EC9706 and EC1 

cells. Jaridonin treatment caused remarkable reduction of mitochondrial 

membrane potential, release of cytochrome c into the cytosol, and increased 

expression of caspase -3 and -9, leading to activation of the 

mitochondria-mediated apoptosis. Moreover, jaridonin also increased the 

production of reactive oxygen species (ROS) and up-regulated p53, p21waf1/Cip1 

and BAX expression [368]. Another study confirmed the induction of G2/M phase 

arrest in esophageal squamous cancer EC9706 cells [394]. However, cell cycle 

arrest was related with increased phosphorylation of ataxia-telangiectasia mutated 

(ATM) (Ser1981) protein kinase, cell division control 2 (Cdc2) (Tyr15), Cdc25C, 

and H2A histone family member X (H2A.X) (Ser139) as well as increased 

expression of check point kinase 1(Chk1) and Chk2.  
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4.1.7. Jungermannenones A and B 

Jungermannenones A (C20H28O2, MW: 300.44, Figure 1.16) and B 

(C20H28O3, MW: 316.44, Figure 1.15) are two new ent-kaurane diterpenoids 

isolated from Jungermannia fauriana, which exhibited anticancer activity in 

multiple cell lines [395]. The IC50 values of jungermannenone A were PC3 (1.34 

μM), DU145 (5.01 μM), LNCaP (2.78 μM), A549 (8.64 μM), MCF-7 (18.29 μM), 

HepG2 (5.29 μM) and normal prostate epithelial RWPE1 (5.09 μM) while IC50 

values of jungermannenone B were PC3 (4.93 μM), DU145 (5.50 μM), LNCaP 

(3.18 μM), A549 (5.26 μM), MCF-7 (14.18 μM), HepG2 (6.02 μM) and RWPE1 

(18.18 μM). Both compounds induced apoptosis by stimulating ROS 

accumulation and inducing cell cycle arrest. Western blot analysis showed 

reduced expression of c-myc, cyclin D1, cyclin E, CDK4 and p-Cdc2, while 

increased expression of p21 and p-ERK. Furthermore, both jungermannenones A 

and B induced DNA damage by reducing the expression of DNA repair proteins 

Ku70/Ku80 and RDA51 [395]. 

4.1.8. Effusanin E 

Effusanin E (C20H28O6, MW: 364.44, Figure 1.16) is a diterpenoid isolated 

from Rabdosia serra (“Rabdosia” is an synonym of “Isodon”), which is cytotoxic 

to nasopharyngeal carcinoma cell CNE2 (IC50: ~60 μM) but non-toxic up to 500 

μM in normal nasopharyngeal epithelial cell line after 48 h treatment. It inhibited 

the cell proliferation and induced apoptosis in CNE2 cells by increasing the 

expression of cleaved PARP, caspase-3 and -9 proteins as well decreasing nuclear 

translocation of p65 NF-κB [396]. Moreover, the binding ability of NF-κB to the 

promoter region of cyclooxygenase-2 (COX-2) abolished after treating the cells 

with effusanin E, therefore, inhibited the expression and promoter activity of 
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COX-2. In vivo study also found significant reduction of tumor growth without 

any sign of toxicity as well decreased expression of p50 NF-κB and COX-2 in 

tumor tissue. 

4.1.9. Longikaurin A 

Longikaurin A (C20H28O5, MW: 348.44, Figure 1.16) is an ent-kauranoid 

available in Isodon ternifolius, which displayed cytotoxic potential in 

SMMC-7721 (~1.8 μM), HepG2 (~2 μM), BEL7402 (IC50: ~6 μM), Huh7 (IC50: 

~6 μM), LO2 (IC50: ~9 μM) [397], CNE1 (IC50: 1.26 μM) and CNE2 (IC50: 1.52 

μM) [370] with 48 h incubation. This ent-kaurane induced apoptosis and G2/M 

phase cell cycle arrest in human HCC cell lines SMMC-7721 and HepG2 as well 

as suppressed tumor development in xenograft mice. Mechanistic study showed 

reduced expression of S-phase kinase-associated protein 2 (Skp2) after 

longikaurin A treatment, which was correlated with increased expression of p21 

and p-Cdc2 (Try15) and decreased expression of cyclin B1 and Cdc2 proteins 

[397]. It also induced ROS production and phosphorylation of JNK.  

In nasopharyngeal carcinoma (NPC) cell lines S18 and S26, longikaurin A 

exerted anticancer activity and suppressed the stemness of cells. Western blot 

analysis showed down-regulation of c-myc and fibronectin in NPC cells [398]. At 

low concentration, longikaurin A induced S phase arrest while higher 

concentration induced apoptosis in human NPC cell lines CNE1 and CNE2 cells 

[370]. Mechanistic study found up-regulation of cleaved caspase-3, cleaved PARP, 

BAX, while down-regulation of BCL-xL, p-Akt and p-GSK-3β. In CNE2 

xenograft model, longikaurin A significantly suppressed tumor growth without 

affecting the body weights of the mice. 
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4.1.10. Glaucocalyxins A and B 

Glaucocalyxins A (C20H28O4, MW: 332.44, Figure 1.16) is an ent-kaurane 

diterpenoid isolated from Isodon japonica, which demonstrated strong anticancer 

effect in HL-60 (IC50: 6.15 µM) cells [399] after 24 h; Focus (IC50: 2.70 μM), 

SMMC-7721 (IC50: 5.58 μM), HepG2 (IC50: 8.22 μM), SK-HEP1 (IC50: 2.87 μM) 

[400], HOS (IC50: 7.015 μM), Saos-2 (IC50: 7.316 μM), U-2OS (IC50: 8.364 μM), 

MG-63 (IC50: 5.296 μM) [401], UMUC3 (IC50: 9.77 μM) cells [402] after 48 h; 

MCF-7 (IC50: 1 μM) and Hs578T (IC50: 4 μM) cells [403] after 72 h.  

Glaucocalyxin A dose- and concentration-dependently inhibited the growth 

of the liver cancer Focus and SMMC-7721 cells. Mechanistic study found 

induction of G2/M phase cell cycle arrest as well as increased expression of 

cleaved caspase-3 and PARP [400]. In MCF-7 and Hs578T breast cancer cells, 

glaucocalyxin A induced apoptosis and G2/M phase arrest by increasing the 

expression of intrinsic apoptotic markers cleaved caspase-3, BAX and p53, while 

decreasing BCL-2 expression. It also up-regulated the expression of extrinsic 

apoptotic markers such as Fas and Fas ligand (FasL) at mRNA and protein levels. 

Moreover, the expression of p-ERK and p-JNK increased in a dose-dependent 

manner after glaucocalyxin A treatment [403]. It concentration-dependently 

suppressed the proliferation and induced apoptosis in human brain glioblastoma 

U87MG cells by activating caspase-3, while down-regulating p-Akt, p-Bad and 

X-linked inhibitor of apoptosis protein (XIAP) [404]. In another study, 

glaucocalyxin A induced a dose-dependent apoptosis in HL-60 cells by increasing 

the expression of caspase-3, -9 and BAX, while decreasing the expression of 

BCL-2. It caused loss of mitochondrial membrane potential and release of 
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cytochrome c release from mitochondria to cytosol as well as elevated 

intracellular ROS generation [405].  

Its another derivative glaucocalyxin B (C22H30O5, MW: 374.48), which has 

an acetylated hydroxyl group at C14, exerted anticancer activity in HL-60 (IC50: 

5.86 µM) [399] after 24 h, SGC-7901 (IC50: 13.40 µM) [406] after 60 h, HeLa 

(IC50: 4.61 μM) and SiHa (IC50: 3.11 μM) cells after 72 h [407]. The anticancer 

activity in human cervical cancer HeLa SiHa cells was related with induction of 

apoptosis and autophagy by increasing the expression of phosphatase and tensin 

homolog (PTEN) protein and cleaved PARP, as well as increasing the cleavage of 

LC3 II/I protein. Moreover, glaucocalyxin B also reduced the expression of p-Akt 

in HeLa and SiHa cells [407].  

4.1.11. Lasiodin   

Lasiodin (C22H30O7, MW: 406.48, Figure 1.16) is an ent-kaurane diterpenoid 

isolated from Isodon serra, which inhibited the proliferation and migration of 

human nasopharyngeal carcinoma cells CNE1 (IC50: ~6 μM) and CNE2 (IC50: ~5 

μM) at 24 h incubation [408]. Mechanistic study showed that lasiodin-induced 

apoptosis was related with increased expression of apoptotic protease activating 

factor 1 (Apaf-1), release of cytochrome c and cleavages of PARP, caspase-3 and 

-9. Moreover, the expression of p-Akt, p-ERK1/2, p-p38 and p-JNK was also 

reduced after 24 h treatment with lasiodin. However, lasiodin-mediated inhibition 

of cell proliferation was blocked in the cells treated with Akt or MAPK inhibitors. 

Lasiodin treatment also down-regulated the expression of COX-2, revoked NF-κB 

binding to the COX-2 promoter, and stimulated the nuclear translocation of 

NF-κB. To sum up, lasiodin inhibited the proliferation of CNE1 and CNE2 cells 
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by activating Apaf-1/caspase-dependent apoptotic pathways and suppressing 

Akt/MAPK and COX-2/NF-κB signaling cascades. 

4.1.12. Adenanthin 

Adenanthin (C26H34O9, MW: 490.55, Figure 1.16) is an ent-kaurane 

diterpenoid isolated from the leaves of Isodon adenanthus, which killed the 

hepatocellular carcinoma (HCC) cells such as HepG2 (IC50: 2.31 μM), Bel-7402 

(IC50: 6.67 μM) SMMC-7721 cells (IC50: 8.13 μM), human immortal hepatic cell 

lines QSG-7701 (IC50: 19.58 μM) and HL-7702 cells (IC50: 20.41 μM) at 48 h 

exposure [409]. At 72 h treatment, the IC50 values of adenanthin in EC109, 

SHG-44 and MCF-7 cells were 4.8, 6.5 and 7.6 μM, respectively [371]. According 

to the study of Hou et al., (2014), it killed the malignant liver cells by stimulating 

ROS generation and targeting peroxiredoxin (Prx) I and II proteins which are 

considered as essential for survival of HCC cells. In-vivo study with SMMC-7721 

cells xenograft mice showed significantly reduced tumor size at 10 mg/kg 

concentration without any notable side effects. However, the body weight of the 

mice decreased after treatment with 20 mg/kg of adenanthin [409]. In a different 

study, the same research group also found that adenanthin stimulated acute 

promyelocytic leukemia (APL) cells differentiation by targeting Prx I and Prx II 

as well as blocking their peroxidase activities. Moreover, the level H2O2 increased 

after adenanthin treatment, which led to activation of p-ERK, p-c-Jun and 

increased transcription of CCAAT-enhancer-binding protein β (C/EBPβ) [410]. 
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4.1.13. Kaurenic acid 

Kaurenic acid or kaurenoic acid (KA) (C21H32O2, MW: 316.49, Figure 1.16), 

chemically known as ent-kaur-16-en-19-oic acid, is an ent-kaurane diterpene that 

was extracted from Espeletia semiglobulata, exhibited antimelanoma effect with 

an IC50 value of 0.79 μM in B16F1 cells. In vivo study found that KA reduced the 

tumor size in C57BL/6 mice model. RT-PCR analysis showed reduced expression 

of BCL-xL at mRNA levels after KA treatment in C57BL/6 mice [411]. In 

another study, KA selectively reduced the cell viability of two breast cancer cells 

MCF7 (proficient P53) and SKBR3 (mutated p53), while KA treatment was 

resistant to HB4A cell line [412]. At 70 μM concentration, KA caused 40% and 

25% of cell death in MCF7 and SKBR3 cells suggesting that p53 protein may 

play a vital role in anticancer activity of KA. Recent study reported significant 

genotoxicity, apoptosis and cell cycle arrest in gastric cancer cells after KA 

treatment [413]. At 10 μg/mL concentration, KA down-regulated the expression 

of c-myc, CCND1, BCL-2 and caspase-3, while up-regulated ATM, Chk2 and 

TP53 expression.    

4.1.14. Weisiensin B 

Weisiensin B (C20H28O5, MW: 348.44, Figure 1.16) is a novel ent-kaurane 

diterpenoid extracted from traditional Chinese herb Isodon weisiensis which 

inhibited the growth and proliferation of human hepatoma cell line BEL-7402, 

hepatoma HepG2 cells, ovarian cancer HO-8910 cells and gastric cancer 

SGC-7901 cells [414]. The IC50 values of the compound were 10, 3.24, 32 and 

4.34 μM in BEL-7402, HepG2, HO-8910 cells and SGC-7901 cells, respectively 

after 48 h treatment. DNA fragmentation assay and Hoechst 33258 staining 

showed that weisiensin B significantly induced apoptosis. Flow cytometry 
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analysis with propidium iodide (PI) staining revealed induction of G2/M phase 

arrest after weisiensin B treatment. Another study reported weisinensis 

B-mediated induction of apoptosis, G2/M phase arrest and significant ROS 

generation in human chronic myeloid leukemia K562 cells [415].  

4.1.15. Inflexinol 

Inflexinol (C24H34O8, MW: 450.53, Figure 1.16) is an ent-kaurane 

diterpenoid isolated from Isodon excisus that is available in China, Korea and 

Japan. It inhibited the growth of colon cancer SW620 (IC50: 29 μM), HCT116 

(p53+/+) (IC50: 30 μM) and HCT116 (p53−/−) (IC50: 34 μM) but did not show 

toxicity in normal colon CCD-112 CoN cells up to 40 μM [416]. Antiproliferative 

effect of inflexinol was mediated through induction of apoptosis via 

down-regulation of antiapoptotic markers BCL-2, XIAP, and cIAP1/2, while 

up-regulation of cleaved caspase-3, -9 and PARP. Inflexinol treatment also 

significantly increased the ratio of BAX/BCL-2 as well as suppressed the 

expression of cyclin D1 and BCL-2. Moreover, inhibitory effect of inflexinol on 

the growth of colon cancer cell was related with inactivation of NF-κB by 

modifying cysteine residue in the p50 subunit. In-vivo study in SW620 xenograft 

model showed dose-dependent inhibition of DNA binding activity of NF-κB in 

tumor tissue. It also suppressed nuclear translocation of p65 and p50 as well as 

inhibited the phosphorylation of IκB in the cytosol [416].  

4.1.16. Xerophilusin B 

Xerophilusin B (C20H26O5, MW: 346.42, Figure 1.16) is a plant-derived 

bioactive compound that was isolated from Isodon xerophilus. It showed 

dose-dependent growth inhibition of esophageal squamous cell carcinoma 
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KYSE-140 (IC50: 2.8 μM), KYSE-150 (IC50: 1.2 μM), KYSE-450 (IC50: 1.7 μM) 

and KYSE-510 (IC50: 2.6 μM) cells when incubated for 72 h. Further study found 

that xerophilusin B induced apoptosis and G2/M phase cell cycle arrest in 

KYSE-150 and KYSE-450 cells [417]. Treatment with xerophilusin B increased 

the release of mitochondrial cytochrome c and up-regulated the expression of 

cleaved caspase-3 and -9, while down-regulated caspase-7 and PARP levels. 

Moreover, the ratio of BCL-2/BAX decreased after xerophilusin B treatment. 

In-vivo study in BALB/c nude mice showed significant inhibition of tumor 

growth without any major adverse effects.  

4.1.17. Henryin 

Henryin (C22H32O6, MW: 392.49, Figure 1.16) is an ent-kaurane diterpenoid 

isolated from Isodon rubescens, which inhibited the proliferation of colorectal 

cancer SW480 (IC50: 0.27 μM), HT-29 (IC50: 0.77 μM) and HCT-116 cells (IC50: 

0.90 μM), lung cancer A549 cells (IC50: 2.47 μM) but slightly less toxic to normal 

colon cells CCD-841-CoN (IC50: 2.98 μM) and normal bronchus cells BEAS-2B 

(IC50: 3.55 μM). Inhibitory effect of henryin was regulated by reducing the 

expression of cyclin D1 and c-myc. Moreover, it inhibited the binding of 

β-catenin to transcription factor 4 (TCF-4) [418].  

4.1.18. Jolkinolides A and B  

Jolkinolides A (C20H26O3, MW: 314.43, Figure 1.16) and B (C20H26O4, MW: 

330.42, Figure 1.15) are two biologically active chemicals isolated from 

Euphorbia fischeriana. Jolkinolide A showed cytotoxicity in ANA-1 (IC50: 7.12 

nM), B16 (IC50: 23 μM) and Jurkat (IC50: 17.9 nM) cells [419] after 24 treatment 

while jolkinolide B in K562 (IC50: 36.62 μM), HepG2 (IC50: >151.42 μM), 
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Eca-109 (IC50: 71.72 μM) cells [420] after 24 h, HT29 (IC50: 38.00 μM), SW620 

(IC50: 18.25 μM), human normal colon epithelial cell line NCM460 (IC50: 127.37 

μM), human normal hepatocyte cell line LO2 (IC50: 297.33 μM), normal PBMC1 

(IC50: 270.08 μM) and PBMC2 cells (IC50: 132.78 μM) after 48 h, ANA-1 (IC50: 

44.6 nM), B16 (IC50: 44.8 nM) and Jurkat cells (IC50: 64.7 nM) after 72 h [421]. 

Both compound inhibited VEGF expression in A549 cells by down-regulating 

mTOR, STAT3 and Akt protein levels. Moreover, they also inhibited the 

proliferation and migration of HUVECs [422]. Another paper reported 

antimetastatic activity of jolkinolide B in human breast cancer cells 

MDA-MB-231 through suppression of β1-integrin expression and 

phosphorylation of FAK and ERK [423].   

4.1.19. 11α, 12α-epoxyleukamenin E 

11α, 12α-epoxyleukamenin E (EPLE) (C22H30O6, MW: 390.48, Figure 1.16) 

is a novel ent-kaurane diterpenoid extracted from Salvia cavaleriei, which 

exhibited cytotoxic activity in colorectal cancer cell lines HCT-116 and SW480 

cells by down-regulating the markers of Wnt-signaling pathway such as c-myc, 

axin2 and survivin as well as inhibited β-catenin transcriptional activity [424]. It 

induced apoptosis by decreasing the expression of BCL-2 and Bcl-xL, while 

increasing the expression of Bim and caspase-3. Moreover, combination of EPLE 

and 5-fluorouracil produced synergistic anticancer effect in colon cancer cells. 

In-vivo study in the xenograft model also showed significant reduction of tumor 

size after EPLE treatment.   
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4.1.20. DEK 

Ent-kaur-2-one-16β,17-dihydroxy-acetone-ketal (DEK) (C23H36O3, MW: 

360.54, Figure 1.16) is a novel ent-kaurane diterpenoid isolated from the leaves 

of Rubus corchorifolius, which exhibited cytotoxic activity (IC50 = 40 μM) in 

HCT-116 human colon cancer cells after 72 h treatment but non-toxic up to 100 

μM in human colonic myofibroblasts CCD-18Co cells [425]. Mechanistic study 

found that DEK induced apoptosis by increasing the expression of cleaved 

caspase-3, -9, PARP, p53, BAX, and p21Cip1/Waf1, while decreasing the 

expression of cell cycle markers such as cyclin D1, CDK2, and CDK4. Moreover, 

the expression of two carcinogenic proteins including epidermal growth factor 

receptor (EGFR) and COX-2 were reduced and the activation of Akt was inhibited 

after DEK treatment.  

4.1.21. JDA-202 

JDA-202 (C21H30O5, MW: 362.47, Figure 1.16) is a novel ent-kaurane 

diterpenoid extracted from Isodon rubescens, which exhibited anticancer effect in 

esophageal cancer EC109 (IC50: 8.6 μM) and EC9706 (IC50: 9.4 μM) cells but 

considerably non-toxic in normal cell lines KYSE-450 (IC50: 26.2  μM) and 

HET-1A (IC50: 36.1 μM) cells at 24 h drug incubation [371]. Anti-proliferative 

activity was related with direct binding of JDA-202 to the antioxidant protein Prx 

I, inhibition of its activity and expression as well as induction of hydrogen 

peroxide (H2O2)-related cell death in esophageal cancer cell lines. Moreover, 

JDA-202 treatment also led to the increased phosphorylation of JNK, p38 and 

ERK which were suppressed by ROS scavenger N-acetylcysteine (NAC) and 

H2O2 scavenger catalase. Intravenous administration of JDA-202 at 20 mg/kg/day 
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in Balb/c nude mice significantly inhibited the tumor growth without loss of body 

weight and organ toxicities. 

4.1.22. Pterisolic acid G 

The novel ent-kaurane diterpenoid pterisolic acid G (PAG) (C20H28O6, MW: 

364.44, Figure 1.16), isolated from Pteris semipinnata, dose- and 

time-dependently inhibited the growth of human colorectal cancer cell line 

HCT-116 with IC50 values 20.43, 16.15 and 4.07 µM for 24, 48 and 72 h, 

respectively [426]. Mechanistic study found that PAG reduced the expression of 

dishevelled segment polarity protein 2 (Dvl-2), GSK-3β, β-catenin, cyclin D1 and 

c-myc in HCT-116 cells. Moreover, it induced apoptosis by increasing the 

expression of p53, puma, cleaved PARP and cleaved caspase-3 as well as 

decreasing the expression of p-p65, BCL-2 and BCL-xL.  

4.1.23. Maoecrystal I 

Rabdoternin B (C21H30O7, MW: 394.46, Figure 1.16) and maoecrystal I 

(C22H30O8, MW: 422.47, Figure 1.16) are two ent-kaurane diterpenoid extracted 

from the aerial parts of Isodon rosthornii [427] and leaves of I. xerophilus [428], 

respectively. When exposed for 48 h, rabdoternin B showed cytotoxicity in colon 

cancer SW480 (IC50: 23.22 µM), HT-29 (IC50: 36.30 µM) and HCT-116 (IC50: 

20.66 µM) cells but no toxicity in normal colon CCD-841-CoN (IC50: >40 µM) 

cells. The IC50 values of maoecrystal I were 16.15, 11.36, 26.15 and >40 µM in 

SW480, HT-29, HCT-116 and CCD-841-CoN cells, respectively. Both 

compounds induced G2/M phase arrest in SW480 cells. The authors conducted 

further research with maoecrystal I and found that its anticancer activity was 
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related with down-regulation of Wnt-signaling target genes such as c-myc, cyclin 

D1, survivin and axin2 [429].  

4.1.24. CHKA 

Huang et al. (2016) isolated twelve ent-kaurane diterpenoids from the 

ethanol extract and its four fractions of Wedelia chinensis. Among the extracted 

compounds, 3α-cinnamoyloxy-9β-hydroxy-ent-kaura-16-en-19-oic acid (CHKA) 

(C29H36O5, MW: 464.6, Figure 1.16) from petroleum ether fraction showed most 

potent anti-angiogenic activity in zerbra fish model. Moreover, CHKA treatment 

also considerably blocked a series of VEGF-stimulated angiogenesis events such 

as proliferation, invasion, and tube formation of endothelial cells. Additionally, it 

also prohibited the activity of VEGFR-2 tyrosine kinase and inhibited several 

downstream targets including p-VEGFR-2, p-mTOR, p-Akt and p-ERK in 

HUVECs. In mice model, CHKA significantly blocked sprouts formation of aortic 

ring, and inhibited subsequent formation of vessels [430]. 

4.1.25. CrT1  

Ent-18-acetoxy-7β-hydroxy kaur-15-oxo-16-ene (CrT1) (C22H32O4, MW: 

360.49, Figure 1.16) is an ent-kaurane diterpenoid isolated from the traditional 

Vietnamese medicinal plant Croton tonkinensis, which exhibited dose- and 

time-dependent anti-proliferative activity in various cancer cell line with IC50 

ranging between 8.4 and 31.2 µM but no toxicity in fibroblast NIH-3T3 cells 

[431]. CrT1 induced apoptosis and G1 cell cycle arrest in human hepatocellular 

carcinoma SK-HEP1 cells by the activation of caspase-3, -7, -8, -9 and PARP. 

Moreover, the expression of p53 and BAX increased, while the expression of 

BCL-2 decreased after CrT1 treatment. CrT1 also increased the cytoplasmic 
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translocation of cytochrome c, up-regulated the expression of p-AMPK, while 

down-regulated the expression of p-mTOR and p-p70S6K.  

4.1.26. Ent-16β-17α-dihydroxykaurane   

Ent-16β-17α-dihydroxykaurane (DHK) (C20H34O2, MW: 306.49, Figure 

1.16) is a diterpenoid isolated from the bark of Croton malambo, which exerted 

pro-apoptotic effect in human breast cancer cell line MCF-7 (IC50: 40.78 µM) 

cells after 72 h treatment by down-regulating BCL-2 expression at both mRNA 

and protein levels as well as decreasing human telomerase reverse transcriptase 

(hTERT) expression at mRNA level [432]. The same research group later on 

found dissociation of activator protein 2 alpha (Ap2α)–Rb activating complex in 

MCF-7 cells after DHK treatment, which affects the binding ability of the 

complex to BCL-2 gene promoter. This process leads to down-regulation of 

BCL-2 as well as up-regulation of E2F transcription factor 1 (E2F1) and its target 

pro-apoptotic gene puma [433].  

4.1.27. Ent-11α-hydroxy-16-kauren-15-one  

Ent-11α-hydroxy-16-kauren-15-one (KD) (C20H30O2, MW: 302.46, Figure 

1.16) is a kaurane diterpene isolated from the Japanese liverwort Jungermannia 

truncate, which induced apoptosis in human promyelocytic leukemia HL-60 (IC50: 

0.56 µM) cells through activation of caspase-8 [434]. Treatment of KD also 

resulted in activation of caspase-9 but caspase-9-specific inhibitor could not 

diminish KD-induced apoptosis. Moreover, KD treatment resulted time-dependent 

cleavage of caspase-8-substrate Bid as well as proteolytic processing of 

procaspase-8, suggesting association of caspase-8-dependent pathway in 

KD-induced apoptosis. 
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4.1.28. Hydroxy-15-oxo-zoapatlin 

Hydroxy-15-oxo-zoapatlin (OZ) (C20H26O4, MW: 330.42, Figure 1.16) is an 

ent-kaurane diterpenoid available in Parinari genus, which has been thoroughly 

investigated for its anticancer activity. Evaluation of this molecule for its 

proapoptotic activity in acute lymphoblastic leukemia Molt4 (IC50: 5 µM) cells 

showed that OZ induced the externalization of hypodiploidia and 

phosphatidylserine which are considered as two hallmarks of apoptosis. 

Furthermore, OZ treatment also increased the expression of PARP and caspase-3 

in Molt4 cells [435].  

 

 

Figure 1.17. The common biological targets and mechanistic pathways of 

anticancer ent-kaurane diterpenoids.  
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Table 1.5. Plant-derived anticancer ent-kaurane diterpenoids with their biological targets. 

Compounds Source Cytotoxicity Targets Ref. 

IC50 Cell line Incubation 

time 

Oridonin Isodon 

rubescens 

32.56 μM HCT-116  

24 h 

GLUT1, MCT1, LC-I, 

LC-II, p-AMPK, caspase

‑3, ‑8, ‑9, cytochrome 

c, BCL-2, BAX, p53, 

p21, PARP, BCL-XL, 

EGF, CDK1, PI3K, 

p-Akt, VEGFA, 

VEGFR2, VEGFR3, 

claudin-1, -4, and -7, 

NF-κB, IκB-α, notch1-4 

[361-37

7] 3.27 μM OCI-AML3 

53.01µM  BxPC-3 

28.69 μM 
KYSE‐150 

 

 

 

 

 

 

48 h 

34.43 μM EC9706 

32.29 μM 
KYSE‐30 

0.73  μM Jurkat cells 

10.88 μM  MG-63 

11.91 μM HOS 

17.32 μM Saos-2 

17.71 μM U-2OS 

19.7 μM  EC109 

31.3 μM EC9706 

25.8 μM EC1 

419.82 µM HUVECs 

3.66 μM CNE1 

5.93 μM CNE2 

67.1 μM  EC109  
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53.5 μM SHG-44 72 h 

72.1 μM MCF-7 

  22.74 µM SGC-7901 72 h   

1.65 μM CCRF-CEM  

 

 

 

- 

8.53 μM CEM/ADR5000 

6.06 μM MDA-MB231 

9.74 μM MDA-MB231/BC

RP 

18.03 μM HCT116 (p53+/+)

  

34.68 μM HCT116 (p53-/-) 

17.37 μM U87MG 

25.71 μM HepG2 

>109.76 μM Liver normal cells 

AML12 

Eriocalyxin B I. eriocalyx 

var. laxiflora 

0.76 μM SMMC-7721  

48 h 

 

Cyclin D1, CDK4, p-Rb, 

p-VEGFR-2, 

pTyr
1175

-VEGFR-2 

pTyr
1213

-VEGFR-1, 

pTyr
576-577

-FAK, 

pTyr
416

-Src, pSer
473

-Akt, 

pThr
202

/Tyr
204

-ERK1/2, 

pThr
180

/Tyr
182

-p38-MAP

K, LC3B-II, beclin-1, 

[378-38

4] 0.75 μM  MCF-7 

0.47 μM MDA-MB-231 

1.79 μM PANC1  

 

 

72 h 

 

 

0.86 μM CAPAN1 

0.73 μM CAPAN2 

1.40 μM SW1990 

>3.58 μM Normal human 

liver cell line 
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WRL68 p62, cleaved caspase-3, 

cleaved PARP, BCL-2, 

p-Akt, p-mTOR, 

p-p70S6K, p-JAK2, 

p-STAT3, VEGF, 

VEGFR-2, MMP-2, 

MMP-9, PCNA, NF-κB 

p50 

>5.83 μM Human peripheral 

blood 

mononuclear cells 

(PBMC) 

1 μM SU-DHL-4  

 

72 h 

 

1.5 μM Namalwa 

2 μM Raji 

2 μM Jurkat 

5.6 μM   U266 cells 

2.5 μM HUT78 cells 

Excisanin A I. 

macrocalyxin 

D 

22.4 μM  MDA-MB-231  

 

 

72 h 

 

MMP-2, MMP-9, 

integrin β1, β-catenin, 

p-FAK, p-Src, p-JNK, 

p-c-Jun, sestrin 2, 

p-PI3K, p-Akt, 

p-GSK3β, p-GSK-3α, 

Thr308-Akt, Ser473-Akt, 

p-mTOR and p-FKHR 

[385-38

7] 27.3 μM SKBR3 

6.45 μM Hep3B 

10.3 μM MDA-MB-453 

Ponicidin I. rubescens, I. 

japonicas 

23.1 μM HeLa cells  

24 h 

 

Bcl-2, p-JAK2, p-STAT3, 

BAX, cleaved caspase-3, 

-8, -9,  p-ERK, p-Akt, 

p-p38 

[388-39

1] 38 μM A549 cells 

32 μM GLC-82 

31 μM A549 cells 48 h 

 26 μM GLC-82 
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15 μM A549 cells 72 h 

 13 μM GLC-82 cells 

Pharicin A and B I. pharicus ~3.5 μM NB-4, U937, 

THP-1 

48 h BubR1, RAR-α [392,39

3] 

Jaridonin I. rubescens 12.0 μM EC109  

48 h 

Cleaved caspase-3, -9, 

cytochrome c,  p53, 

BAX, p21waf1/Cip1, 

p-ATM (Ser1981), 

p-Cdc2 (Tyr15), 

p-Cdc25C, CHK1, 

CHK2 and p-H2A.X 

(Ser139) 

[368,37

1,394] 

 

11.2 μM EC9706 

4.6 μM EC1 

14.7 μM  SHG-44 72 h 

16.7 μM MCF-7 

Jungermannenone 

A 

Jungermannia 

fauriana 

1.34 μM PC3  

 

 

 

 

 

 

24 h 

 

c-myc, cyclin D1, cyclin 

E, CDK4, p-Cdc2, p21, 

pERK, Ku70/Ku80, 

RDA51 

[395] 

5.01 μM DU145 

2.78 μM LNCaP 

8.64 μM A549 

18.29 μM MCF-7 

5.29 μM) HepG2 

5.09 μM Normal prostate 

epithelial RWPE1 

Jungermannenone 

B 

4.93 μM 

 

PC3 

5.50 μM DU145 

3.18 μM LNCaP 
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5.26 μM A549 

14.18 μM MCF-7 

  6.02 μM HepG2    

18.18 μM RWPE1 

Effusanin E  I. serra ~60 μM  CNE2  

48 h 

Cleaved PARP, 

caspase-3, -9, p65 

NF-κB, p50 NF-κB, 

COX-2 

[396] 

Non-toxic up to 

500 μM 

Normal  

nasopharyngeal 

epithelial cell line 

Longikaurin A I. ternifolius ~1.8 μM SMMC-7721  

 

 

48 h 

 

Skp2, p21, p-Cdc2 

(Try15), cyclin B1, Cdc2, 

p-JNK, c-myc, 

fibronectin, cleaved 

caspase-3, PARP, BAX, 

BCL-XL, p-Akt and 

p-GSK-3β 

[370,39

7,398] ~2 μM HepG2 

~6 μM BEL7402 

~6 μM Huh7 

~9 μM LO2 

1.26 μM CNE1 

1.52 μM CNE2 

Glaucocalyxin A 

 

 

 

 

 

 

 

 

I. japonica 6.15 µM HL-60 24 h Caspase-3, -9, p-AKT, 

p-Bad, BAX, BCL-2, 

XIAP, cytochrome c, 

PARP, p53, Fas, FasL, 

p-ERK, p-JNK, PTEN, 

LC3 II/I 

[399- 

407] 2.70 μM   Focus  

 

 

 

48 h 

 

5.58 μM SMMC-7721 

8.22 μM HepG2 

2.87 μM SK-HEP1 

7.015 μM HOS 

7.316 μM Saos-2 

8.364 μM U-2OS 

5.296 μM MG-63 
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9.77 μM UMUC3 

1 μM  MCF-7 72 h   

 4 μM Hs578T 72 h   

Glaucocalyxin B 5.86 µM HL-60 24 h 

13.40 µM SGC-7901 60 h 

4.61 μM  HeLa 72 h 

 3.11 μM SiHa   

Lasiodin I. serra ~6 μM  CNE1  

24 h 

Apaf-1, cytochrome-C, 

cleaved PARP, caspase-3, 

caspase-9, p-Akt, 

p-ERK1/2, p-p38, 

p-JNK, COX-2, NF-κB 

[408] 

~5 μM CNE2 

Adenanthin 

 

 

 

 

 

 

 

 

 

I. adenanthus 2.31 μM HepG2  

 

 

48 h 

Peroxiredoxin I and II, 

p-ERK, p-c-Jun, C/EBPβ 

[371,40

9,410] 6.67 μM Bel-7402 

8.13 μM SMMC-7721 

cells 

19.58 μM Human immortal 

hepatic cell lines 

QSG-7701 

20.41 μM HL-7702 cells 

6.5 μM EC109 72 h 

 4.8 μM SHG-44 
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7.6 μM MCF-7 

Kaurenic acid Espeletia 

semiglobulata 

0.79 μM B16F1 - BCL-XL, p53, c-myc, 

CCND1, BCL-2, 

caspase-3, ATM, CHK2 

and TP53 

[411-41

3] 

Weisiensin B I. weisiensis 10 μM BEL-7402  

48 h 

 

- [414,41

5] 3.24 μM HepG2 

32.0 μM HO-8910 

4.34 μM SGC-7901 

Inflexinol I. excisus 29 μM  SW620  

 

48 h 

 

BCL-2, XIAP, cIAP1/2, 

cleaved caspase-3, -9, 

PARP, cyclin D1, NF-κB 

p50, p65, IκB, 

[416] 

30 μM  HCT116 (p53+/+) 

34 μM HCT116 (p53−/−) 

Non-toxic up to 

40 μM 

Normal CCD-112 

CoN cells 

Xerophilusin B I. xerophilus 2.8 μM  KYSE-140  

72 h 

 

Cytochrome c, cleaved 

caspase-3, -7, -9, PARP, 

BCL-2, BAX 

[417] 

1.2 μM KYSE-150 

1.7 μM KYSE-450 

2.6 μM KYSE-510 

Henryin I. rubescens 0.27 μM SW480  

 

72 h 

 

Cyclin D1, c-myc, 

β-catenin, TCF4 

[418] 

0.77 μM HT-29 

0.90 μM HCT-116 

2.47 μM A549 

2.98 μM Normal colon 
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cells 

CCD-841-CoN 

3.55 μM Normal bronchus 

cells BEAS-2B 

72 h 

Jolkinolide A Euphorbia 

fischeriana 

7.12 nM  ANA-1  

72 h 

 

mTOR, STAT3, Akt, 

β-integrin, p-FAK, 

p-ERK 

[419-42

3] 

 

 

23 μM B16 

17.9 nM Jurkat 

Jolkinolide B 36.62 μM  K562  

24 h 

 

>151.42 μM HepG2 

71.72 μM Eca-109 

38.00 μM  HT29  

 

 

 

48 h 

 

18.25 μM SW620 

127.37 μM Human normal 

colon epithelial 

cell line NCM460 

297.33 μM Human normal 

hepatocyte cell 

line LO2 

270.08 μM Normal PBMC1 

132.78 μM PBMC2 

44.6 nM ANA-1  

72 h 

 

44.8 nM B16 

64.7 nM Jurkat 

EPLE Salvia - - - c-myc, axin2, survivin, [424] 
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cavaleriei β-catenin, BCL-2, 

Bcl-xL, Bim, caspase-3 

DEK Rubus 

corchorifolius 

40 μM HCT-116  

 

 

72 h 

 

Cleaved caspase-3, -9, 

PARP, p53, BAX, 

p21Cip1/Waf1, cyclin 

D1, CDK2, CDK4, 

EGFR, COX-2, Akt 

[425] 

Non-toxic up to 

100 μM 

Human colonic 

myofibroblasts 

CCD-18-Co 

JDA-202 I. rubescens 8.6 μM 

 

EC109  

 

24 h 

 

Peroxiredoxin I, p-JNK, 

p-p38, p-ERK 

[371] 

9.4 μM EC9706 

36.1 μM Normal cell line 

HET-1A 

26.2  μM KYSE-450 

Pteisolic acid G Pteris 

semipinnata 

20.43 µM  HCT-116 24 h Dvl-2, GSK-3β, 

β-catenin, cyclin D1, 

c-myc, p53, puma, 

cleaved PARP, cleaved 

caspase-3, p-p65, BCL-2, 

BCL-XL 

[426] 

16.15 µM HCT-116 48 h 

4.07 µM HCT-116 72 h 

Rabdoternin B - 23.22 µM SW480  

48 h 

 

- [427-42

9] 36.30 µM HT-29 

20.66 µM HCT-116 

>40 µM CCD-841-CoN 

Maoecrystal I I. xerophilus 16.15 µM  SW480  c-myc, cyclin D1, [427-42
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 11.36 µM HT-29 48 h 

 

survivin and axin2 9] 

26.15 µM HCT-116 

>40 µM CCD-841-CoN 48 h 

CHKA Wedelia 

chinensis 

-  - p-VEGFR-2, p-mTOR, 

p-Akt and p-ERK 

[430] 

CrT1 Croton 

tonkinensis 

8.4 to 31.2 µM  Various cancer 

cells  

 

- Caspase-3, -7, -8, -9, 

PARP, p53, BAX, 

BCL-2, cytochrome c, 

p-AMPK, p-mTOR, 

p70S6K 

[431] 

DHK C. malambo 40.78 µM MCF-7 72 h BCL-2, hTERT, Ap2α–

Rb, E2F1 

[432,43

3] 

HD Jungermannia 

truncata 

0.56 µM HL-60 12 h Caspase-8, -9, Bid [434] 

OZ Parinari 

genus 

5 µM Molt4 48 h PARP, caspase-3, 

hypodiploidia, 

phosphatidylserine 

[435] 

 

 

` 
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5. Conclusions and Future Scopes 

During the last few decades, natural products have received much attention 

from pharmacists, chemists and biologists for the development of new anticancer 

compounds. Increasing evidence from in vitro and in vivo models demonstrated 

that natural compounds isolated from plant sources can be a promising option to 

inhibit cancer cell growth, proliferation, invasion and migration. Majority of the 

plant-derived compounds discussed here in part target at promoting apoptosis, cell 

cycle arrest or autophagy and suppressing invasion, migration and metastasis; 

nevertheless, they may also have inhibitory actions on other anticancer 

mechanisms, or even more diverging pharmacological properties.  

Accumulating evidences described the anticancer effect of ent-kauranes 

through regulation of apoptosis, cell cycle arrest, autophagy and metastasis. Study 

of literatures reporting anticancer mechanism of these compounds showed that 

induction of apoptosis is mainly mediated through modulation of BCL-2, BAX, 

PARP, cytochrome c, cleaved caspase-3, -8 and -9 while cell cycle arrest is 

controlled by cyclin D1, c-Myc, p21, p53, CDK-2 and -4. The most common 

metastatic target proteins of ent-kauranes are MMP-2, MMP-9, VEGF and 

VEGFR whereas LC-II and mTOR are key regulators to induce autophagy. In 

spite of identification of anticancer activity and mechanistic pathway of several 

ent-kaurane diterpenes, still the anticancer activity and mechanism of many 

ent-kauranes including flexicaulin A are unknown. Apart from the biological and 

pharmacological evaluation of existing natural ent-kauranes, there are possibilities 

to obtain their safer and effective analogs through structural modifications and 

structure-activity relationship (SAR) studies.  
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2.1. Rationale of the Study 

The study of ent-kaurane compounds was started in 1960’s by the Japanese 

scientist with enmein type ent-kaurane. During 1970’s, scientist from China 

started to work on these compounds due to their traditional use in China for the 

treatment of different diseases, especially, Isodon rubescens is used for the 

treatment of sore throat and inflammation in Henan province. Till now, more than 

1000 ent-kaurane diterpenes have been reported and a good number of them 

possess anticancer activity. Oridonin is one of the ent-kauranes that have been 

widely investigated for anticancer potential. One of its derivatives HAO472 is 

currently in clinical trial for the treatment of leukemia. So, these types of 

compounds have potential for the development of new anticancer drugs. Moreover, 

the anticancer activity and mechanism of flexicaulin A (9) and its semisynthetic 

analog oxoflexicaulin A (11) is yet to be reported. And the presence of reactive 

hydroxyl groups in the structure of compounds 9 and 11 offer feasibility of 

structural modification to improve their anticancer efficacy.  

2.2. Hypotheses of the Study 

The hypotheses that were tested in the current thesis are: 

(1) ent-Kaurane diterpenoids may serve as a potential source of anticancer drug 

lead. The structure-activity relationship (SAR) analysis of cytotoxic natural 

ent-kauranes reported in the literature may help to understand the 

groups/sub-structures responsible for improved anticancer activity.  

(2) Compound 9 and its novel analog 11 may inhibit cancer cell proliferation, 

induce apoptosis, cell cycle arrest and senescence and modulate important 

cancer progression pathways as reported in the previous literature.  

(3) Further modifications in the structure of 11 by introducing acetal group may 

improve its anticancer efficacy.   
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Overview 

Structure-activity relationship (SAR) is a frequently used technique in the 

lead optimization and drug development process. We described the anticancer 

efficacy of a vast number of ent-kaurane compounds in Chapter 1. Flexicaulin A 

(9) is a natural ent-kaurane diterpenoid available in Isodon flexicaulis. In a 

previous study, we evaluated the cytotoxicity of 9, structurally modified it to 

synthesize novel derivative oxoflexicaulin (11). The anticancer activity of 

compound 11 and the mechanism of action of compounds 9 and 11 are unknown. 

In this chapter, we will describe the anticancer activity of 9 and 11 compared with 

30 natural ent-kauranes in A549 lung, A375 melanoma, PANC1 pancreatic, 

HCT-116 and HT-29 colon cancer cells and 293T human embryonic kidney cells. 

Among the diterpenes, novel semisynthetic agent 11 showed potent cytotoxicity 

against all cancer cell lines. Analysis of SAR showed that oxidation of C-11 

hydroxyl group to produce carbonyl group is responsible for increased 

cytotoxicity of 11. We then compared the cytotoxic effect of these two compounds 

with the natural ent-kauranes to study their SAR. We observed that α, 

β-unsaturated ketone groups are the active part of ent-kaurane diterpenes and the 

presence of 5-membered ring is essential for cytotoxic effect.  
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1. Introduction 

The efficient transformation of lead compounds with potential bioactivity 

into drug candidate meeting certain criteria is a key step in the process of drug 

discovery and development. Structure-activity relationship (SAR) study is a 

common approach in lead optimization process before passing through the 

preclinical or clinical testing [436]. Everyday hundreds of compounds are isolated 

from natural products or synthesized through total or semisynthetic reactions with 

specific biological properties. Ideally, a new chemical entity must possess 

drug-like characteristics. SAR studies of these molecules include synthesis of new 

analogs and evaluation of bioactivity with the intention to improve the activity, 

toxicity, solubility and stability [437]. There are multiple of ways to conduct SAR 

analysis, which can be roughly divided into two groups such as physical 

approaches (for example pharmacophore model) and statistical or data mining 

approaches (for example regression models) [438].  

Accumulating number of literatures reported the anticancer activity and 

structural modifications of ent-kaurane diterpenoids. Previous study identified 

exocyclic α, β-unsaturated ketone moieties as the cytotoxic pharmacophore of the 

ent-kauranoids that also act as a Michael acceptor. However, there are also 

evidences that the presence of two α,β-unsaturated ketones may further increase 

the cytotoxic activity of these compounds [439]. Wang et al. (2015) reported a 

novel cytotoxic ent-kaurane bearing a hydrogen group at C-16 and a methoxy or 

ethoxy group at C-17 [440]. Mechanistic study found that the presence of 

15-oxo-16α-H-17-methoxy or 15-oxo-16α-H-17-ethoxy group exhibited novel 

antitumor mechanism through inhibition of NF-κB signaling pathway. This 

finding is in line with the other articles reporting the anticancer mechanism of 
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eriocalyxin B [381], and oridonin [441-443], providing that α, β-unsaturated 

ketone moiety of ent-kaurane structures play an important role to inhibit NF-κB 

signaling pathway. In addition to ketone group, presence of β-OH groups at C-7 

and C-14 positions play an indispensable role to bind the small molecule to 

certain enzymes in cancer cells, which cause deactivation of SH enzyme or 

con-enzyme leading to antitumor mechanism [444]. Earlier studies in Japan 

during 1976 reported that kaurane-type diterpenoids, more specifically oridonin, 

possessed higher activity and lower toxicity compared with enmein-type 

diterpenoids. And the increased activity of oridonin was related with formation of 

H-bond between β-OH group at C-6 and ketone residue at C-15 [439].  

Flexicaulin A (9) is an ent-kaurAne diterpenoid which is isolated from the 

leaves of Isodon flexicaulis growing in Sichuan, a southwestern province of China. 

Previously our lab used 9 to propose an efficient semisynthetic route to obtain 

natural ent-kaurenoid pseudoirroratin A (12) [444] due to its limited abundance in 

Isodon pseudoirrorata. Interestingly, during this four-step semisynthetic process 

we obtained a novel and stable diterpenoid which we designated as oxoflexicaulin 

A (11) (Scheme 3.1); the anticancer activity of this novel semisynthetic 

ent-kaurane and its natural counterpart 9 is yet to be reported. With the aim to 

unveil the anticancer potential of 11, we evaluated the cytotoxicity of 9 and 11 for 

the first time as well as compared with a series of natural ent-kaurane diterpenoids 

against 6 human cell lines. 

2. Purpose of the Research 

Although a large number of literatures reported the anticancer potentials of 

ent-kaurane diterpenes but data on SAR of these compounds is relatively scanty. 

Considering the paucity of SAR data, we evaluated the cytotoxicity of a number 
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of ent-kaurane diterpenoids using the compound library established by Prof. 

Zhang Hongjie’s lab. For this purpose, we initially screened a series of 

ent-kauranes against spectrum of cell lines including A549, A375, HCT-116, 

HT-29, PANC1 and 293T cells. Among the compounds, 32 compounds showed 

cytotoxicity against the cancer cell lines. Finally, we included these compounds to 

analyze their SAR to find out which groups are responsible for increased or 

decreased activity of the compounds. We hope this research will provide 

important information to the literature for the development of ent-kaurane 

diterpenoids as promising anticancer agents.  

The specific aims of this research project are: 

(1) To evaluate the cytotoxic activity of ent-kaurane diterpenoids against 

different cancer cell lines. 

(2) To analyze their structure-activity relationship. 

(3) To propose the future perspectives for the development of ent-kaurane 

diterpenoids as potential anticancer drug candidates.  

 

 

3. Materials and Methods 

3.1 Preparation of Samples 

All the compounds were dissolved in DMSO to set a stock concentration at 4 

mg/mL. Compounds were vortexed to dissolve uniformly. For those compounds 

that were not 100% soluble in DMSO were slightly sonicated for 30 seconds. 

Then working concentrations were prepared from the stock samples and the 

remaining solutions were at stored -20 ºC for future use. Finally, the working 

samples were undergone serial dilutions to test the cytotoxicity of the compounds.  
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3.2 Cell Line and Culture 

We used A549 lung, A375 melanoma, PANC1 pancreatic, HCT-116 and 

HT-29 colon cancer cells and 293T human embryonic kidney cells for cytotoxicity 

screening of ent-kaurane diterpenoids. All the cell lines were purchased from the 

American Type Culture Collection (ATCC, Manassas, VA, USA). A549, A375, 

PANC1 and 293T cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM, Gibco) whereas HCT-116 and HT-29 cells were maintained in McCoy’s 

5A medium (Gibco). DMEM and McCoy’s 5A medium were supplemented with 

10% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (Gibco). 

The culture condition was maintained in 5% CO2 and 95% air humidified 

atmosphere at 37 ºC. 

3.3 Sulforhodamine B (SRB) Assay  

Sulforhodamine B (SRB) assay for the measurement of cellular protein 

content was used to screen the anticancer activity of ent-kaurane diterpenes 

according to the method of Vichai & Kirtikara (2006) [445]. In brief, A549, A375, 

PANC1, HCT-116, HT-29 and 293T cells were grown in 96-well plates (Corning, 

NY, USA) to a final volume of 190 μL complete medium containing 10% FBS 

and 1% penicillin-streptomycin. The cell density was set to 4000 cells per well for 

all cell lines except PANC1 cells. For PANC1 cells, 6000 cells were seeded per 

well. After 24 h incubation, series concentrations of different drugs (10 μL) were 

added to the cells. The plates were then incubated in 5% CO2 incubator 

maintaining 37 °C for 72 h and were examined every 24 h under a microscope.  

At the time of harvest, 50 μL of 50% trichloroacetic acid (TCA) was added 

to each well for fixing the cell monolayers. The plates were air-dried under a fume 
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hood, stained with 100 μL SRB solution (0.4% SRB in 1% acetic acid) for 30 min 

at room temperature. The residual staining solution was washed by quickly 

washing four times with 1% acetic acid. The dye was then solubilized in 200 μ1 of 

10 mM Tris base with slight shaking in an orbital shaker (Kylin-Bell Lab 

Instruments Co., Ltd, China) and absorbance was measured using a microplate 

spectrophotometer (Benchmark Plus, Bio-Rad, CA, USA) at a wavelength of 515 

nm. GraphPad prism was used to calculate the IC50 values of the compounds. 

Paclitaxel was used a reference drug for each cell line. Cytotoxicity results of all 

ent-kauranes in different cell lines were obtained from six determinants for each 

concentration.  

3.4. Structure-Activity Relationship Study 

For the initial screening, we tested the compounds at a final concentration of 

20 µg/mL against A549, A375, PANC1, HCT-116, HT-29 and 293T cells. In the 

next steps, the compounds that showed greater than 50% inhibition were tested for 

their IC50 values. Finally, the compounds were evaluated for their structure-based 

activity. For this purpose, the IC50 of the compounds were converted into µM. 

4. Results  

4.1. Cytotoxic Activity of ent-Kauranes  

We evaluated our ent-kaurane compound library, which was mainly 

constructed with compounds from plant origin including flexicaulin A (9), 

pseudoirroratin A (12) and oridonin (14) as well as semisynthetic compound 

oxoflexicaulin A (11) against six human cancer cell lines such as A549 lung, A375 

melanoma, PANC1 pancreatic, HCT-116 and HT-29 colon cancer cells and 293T 

human embryonic kidney cells. Oridonin along with other natural compounds 
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were used as representative of ent-kauranes to compare the cytotoxicity of the 

new semisynthetic agent. The IC50 values of the compounds are presented in 

Table 3.1.  

Table 3.1. Cytotoxicity of ent-kaurane diterpenes in various cell lines 

Compounds IC
50 

(µM) 

  A549 A375 HCT-116 HT-29 PANC1 293T 

1 23.85 7.4 8.69 11.36 7.61 12.35 

2 1.69 0.61 1.1 1.28 0.799 0.998 

3 >56.74 >56.74 >56.74 >56.74 >56.74 >56.74 

4 36.8 13.29 16.83 20.23 19.34 20.94 

5 2.83 1.77 3.49  7.18 1.617 4.04 

6 >56.74 >56.74 >56.74 >56.74 >56.74 >56.74 

7 1.78 2.17 1.74 4.81 3.46 1.3 

8 1.47 0.780 1.16 2.94 2.66 1.52 

9 3.70 1.36 2.6 4.73 3.28 3.56 

10 1.25 0.568 0.542 1.41 0.598 0.716 

11 1.64 0.793 0.83 1.77 1.09 2.04 

12 2.39 1.05 1.09 3.35 3.2 2.19 

13 2.70 0.824 1.39 2.40 0.844 1.55 

14 2.91 5.95 4.71 14.4 5.13 7.06 

15 1.88 0.826 1.15 1.69 1.65 1.62 

16 3.24 3.16 2.24 2.98 2.86 3.24 

17 2.14 0.751 0.951 1.87 1.62 1.5 

18 2.46 2.34 2.26 5.58 3.84 2.29 

19 18.11 7.31 3.93 8.36 6.89 7.28 
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20 >57.73 24.16 15.82 43.35 >57.73 30.64 

21 >51.48 36.75 29.12 35 28.79 41.65 

22 >46.46 >46.46 >46.46 >46.46 >46.46 >46.46 

23 >51.49 38.66 43.81 >51.49 >51.49 36.08 

24 3.17 2.50 4.56 10.76 7.11 7.70 

25 4.34 3.42 2.27 8.16 5.38 3.39 

26 >55.49  26.28 11.12 >55.49   21.96 28.65 

27 >57.73 >57.73 >57.73 >57.73 >57.73 >57.73 

28 4.91 4.29 4.99 11.89 8.19 4.8 

29 >47.56 10.53 8.38 10.43 14.67 12.73 

30 >55.33 13.95 8.48 17.17 8.27 19.06 

31 >55.33 >55.33 >55.33 >55.33 >55.33 >55.33 

32 >54.72 >54.72 >54.72 >54.72 >54.72 >54.72 

Paclitaxel 10.2  

nM 

3.65 nM 14.35  nM 36.05 nM 48.04 

nM 

20.55 nM 

 

Scheme 3.1. Semisynthetic route of 11 from 9 [444] 
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Figure 3.1. Structures of the natural ent-kauranes and the semisynthetic 

compound 11.  

 

4.2. Structure-Activity Relationship Analysis  

In our study, we included 31 natural ent-kaurane compounds including 

flexicaulin A (9). Among the compounds, there were different types of 

ent-kauranes such as C-20 oxygenated and non-oxygenated compounds and 

seco-ent-kauranes. Oxygenated ent-kauranes include 11, 20 epoxy ent-kauranes, 7, 

20 epoxy ent-kauranes and 3, 20 epoxy ent-kauranes. Compound 9 is a C-20 

non-oxygenated ent-kaurane diterpene and selected in the current study for further 

study as future potential anticancer agent due to the abundance of hydroxyl groups, 

which may be modified to synthesize protecting group-based analogs. We 

replaced the C-11 hydroxyl group of compound 9 with a carbonyl group to 

produce a novel compound 11 and its cytotoxicity was found to be increased. 

Compounds 1-11 and 13 are C-20 non-oxygenated ent-kauranes while compound 

12 is an 11, 20 epoxy ent-kaurane. Among the other compounds, 14-22 are 7, 20 

epoxy ent-kauranes and 23 is 3, 20 epoxy ent-kaurane. The remaining compounds 

24-32 are seco-ent-kauranes (spiro-lactone type). We then determined the IC50 



128 
 

values of all these compounds and studied their SAR, which is described below:  

1. A α, β-unsaturated ketone group in D-ring is crucial for their activity, and the 

compounds without double bond (3 and 6) or ketone at C-15 (20-23) showed 

significantly reduced activity for all cancer cell lines. 

2. The replacement of acetyl group with ketone at C-6 (7 and 8) can slightly 

improve their activity, especially for A375 cell line. The IC50 values are 2.17 

and 0.78 μM, respectively.  

3. Most importantly, the substitution of C-11 has strong effect on their 

anti-proliferative potency. The oxidation of hydroxyl group at C-11 is an 

efficient way to enhance the activity (9 vs 11). Elimination of hydroxyl group 

(1 vs 2, 9 vs 13 and 16 vs 17) or acetylation (18 vs 19) can also improve their 

activity.  

4. Opening of B-ring in epoxy ent-kauranes and formation of spiro-lactone 

showed reduced cytotoxic activity (24, 25) than compound 11.  

5. Spiro-lactone ent-kauranes without α,β-unsaturated ketone group exhibited 

large decrease of activity (27, 31, 32). 
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5. Discussion 

Over the past few years, scientists worked to develop several ent-kaurane 

diterpene-inspired anticancer analogs. Accumulating literatures mentioned that the 

presence of α-methylene cyclopentanone ring (enone system) and β-unsaturated 

carbonyl group in the D-ring of ent-kaurane structure is essential for anticancer 

activity [446-448]. There are also evidences that opening of the enone system or 

splitting of saturated methylene may cause completely diminish of activity 

[381,449]. These results are in line with cytotoxicity data of our current study. 

Mechanistically, α, β-unsaturated ketone moieties (enone system) act as a Michael 

acceptor to undergo nucleophilic attack by different groups such as cysteine 

moiety of protein structures or sulfhydryl residue of reduced glutathione, which 

lead to formation of adducts at β-position [450]. Hence, alkylation process in the 

cysteine moieties may activate or deactivate the target proteins [451,452]. 

Eriocalyxin B (20a), a natural ent-kaurane, has exhibited anticancer potential 

through this mechanism [453]. However, some other literatures reported that the 

presence of more than one α, β-unsaturated ketones may have additional effect on 

the cytotoxicity of these compounds [439]. This is due to two consecutive 

alkylation reactions at the β-positions making compounds more lethal to cancer 

cells [454].  

A recent study modified the structure of natural scaffold oridonin (14) (IC50: 

17.89 µM) to produce its potent derivative 14a (IC50: 0.08 µM) in breast cancer 

cell MCF-7 [455]. Previous studies mentioned that oxidation or acetylation at C-1 

and esterification at C-14 of 14 led to improved cytotoxicity [456,457]. Xu et al. 

(2008) synthesized several 14 derivatives by modifying the hydroxyl groups at 

C-1 and C-14 positions. Most of these compounds, especially 14b showed potent 



130 
 

cytotoxicity with an IC50 value as lower as 0.84 µM compared with 14 (IC50: 

32.76 µM) in human leukemia cell line HL-60 [457]. In the follow-up study, the 

same research group introduced a saturated, long chain terminal acid at C-14 

position (14c), which resulted in improved anticancer activity (IC50: 2.06 µM) 

against hepatocarcinoma cell line BEL-7402 in comparison to 14 (IC50: 29.80 µM) 

[458]. Previous study also modified the structure of 14 by incorporating a thiazole 

ring with nitrogen-containing branch chain. Among the series compounds, one of 

the derivatives of 14 (14d) showed 147 times more potent antiproliferative effect 

(IC50: 0.2 µM) than oridonin (IC50: 29.4 µM) in MDA-MB-231 breast cancer cells 

[454]. Zhao et al. (2007) found that reduction of C-15 carbonyl group in the 

structure of eriocalyxin B (20a) to hydroxyl (20b) causes decreased cytotoxicity. 

Additional reduction of C-1 carbonyl group (20c) or the double bond between C-2 

and C-3 (20d) causes complete loss of cytotoxic effect. Therefore, the presence of 

α, β-unsaturated ketone moieties in the A and D ring of eriocalyxin B is essential 

for cytotoxic activity [459].  

Figure 3.2. Modifications of ent-kaurane structures reported in the literatures. 
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6. Conclusion  

ent-Kaurane diterpenes have received substantial attention because of their 

potential anticancer effects. A large number of literatures reported the structural 

modification of natural skeleton of these compounds to improve their activity. In 

the current study, we observed that the presence of α, β-unsaturated ketone groups 

is the active principle of ent-kauranes. The modifications at C-11 greatly affect the 

anticancer activity of the compounds. Our semisynthetic novel compound 11 

showed better cytotoxicity than its natural derivative 9 and other natural 

ent-kauranes due to the replacement of hydroxyl group by carbonyl group at C-11. 

We hope derivation of new analogs of compounds 9 and 11 may offer potential 

anticancer drug candidates. However, further study to explore the anticancer 

mechanism and toxicity profile of the natural and synthetic analogs is essential. In 

the next chapter, we will report the molecular pathways and in vivo effect of 

compounds 9 and 11 in colorectal cancer model.      
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UNDERLYING CYTOTOXIC MECHANISM OF ACTION OF 

FLEXICAULIN A AND OXO-FLEXICAULIN A IN HCT-116 CELLS 
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Overview 

Flexicaulin A (9) is an ent-kaurane diterpene that has been reported to 

possess anticancer potential. No previous literature reported the anticancer 

mechanism of 9. Moreover, we choose this compound due to the abundance of 

hydroxyl groups in the structure that may offer opportunity to synthesize acetal 

group-based prodrugs to reduce toxicities. As described in Chapter 3, structural 

modification of 9 led to a novel potent anticancer agent oxoflexicaulin A (11). In 

the present research, we explored the mechanistic pathway of 11 for the first time 

and compared with its natural platform 9. Compounds 9 and 11 exhibited 

cytotoxic activity with IC50 values of 3.68 and 0.77 µM, respectively in HCT-116 

cells after 48 h treatment. Flow cytometry analysis and DAPI staining showed 

induction of apoptosis after treatment with compounds 9 and 11. Both compounds 

up-regulated the expression of p53, Bax, Bak, PUMA and cleaved PARP while 

down-regulated the expression of Bcl-2 and PARP. Apart from apoptosis, 

β-galactosidase activity assay showed induction of cellular senescence is related 

anticancer activity of these compounds. Mechanistic study revealed up-regulation 

of senescent markers p21 and p27 while down-regulation of p16, Rb and E2F1. 

Further study found that the two ent-kauranes inhibited the protein level of two 

NF-κB sub-units p65 and p50 in the nucleus as well suppressed the cytoplasmic 

level of IkB-α. Investigation of the effect of compounds 9 and 11 on STAT3 

pathway exhibited significant down-regulation of STAT3, p-STAT3, Src and p-Src 

proteins. Moreover, compound 11 significantly (p < 0.05) retarded tumor growths 

with notable toxicity in xenograft mice. Taken together, antitumor activity of 

compounds 9 and 11 are proposed to be mediated through induction of apoptosis 

and senescence through NF-κB and STAT3 signaling pathway in HCT-116 cells. 
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1. Introduction 

In recent years, ent-kaurene diterpenoids have been thoroughly investigated 

for different biological activities including cancer [460], inflammation [461], 

antiviral [462], antituberculosis [463] and antibacterial [464] potentials. A large 

number of ent-kaurane compounds such as oridonin [372,374,465], jolkinolide B 

[421,466], eriocalyxin B [379], excisanin A [386], ponicidin [391], jaridonin [368], 

effusanin E [396], longikaurin A [370,397], glaucocalyxin A [401], lasiodin [467] 

and xerophilusin B
 
[417] were reported for their anticancer potentials. The 

anticancer activities of these compounds are supposed to be mediated through 

regulation of apoptosis, cell cycle, senescence, autophagy and metastasis as well 

as modulation of different signaling pathways such as NF-κB, STAT3 and 

Akt/mTOR/p70S6K [379,460].  

Flexicaulin A (9) is an ent-kaurane diterpenoid, which is isolated from the 

leaves of Isodon flexicaulis growing in Sichuan, a southwestern province of China. 

This compound possesses a significant structural similarity with another 

ent-kauranoid, namely pseudoirroratin A (12), which is found in Isodon 

pseudoirrorata in limited quantity. The only difference between these two 

compounds is the formation of a five-membered cyclic acetal group between B 

and C rings in the skeleton of 12. We previously used 9 to propose an efficient 

semisynthetic route to obtain 12 due to its limited abundancy in plant source [444]. 

Our group also reported the cytotoxicity of 12 against diverse cancer cell lines 

[468]. Interestingly, during this four-step semisynthetic process, we obtained a 

novel and stable diterpenoid that was designated as oxoflexicaulin A (11); the 

anticancer activity of this novel semisynthetic ent-kaurane and its natural 

counterpart compound 9 is yet to be reported. With the aim to unveil the 
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anticancer potential of compound 11, we evaluated the cytotoxicity of 9 and 11 as 

well as compared with a series of natural ent-kaurane diterpenoids against 

different cell lines. Compound 11 was the most active compound among the 

diterpenoids against all cancer cell lines.  

2. Purpose of the Research 

Considering the potent cytotoxicity and novelty of compound 9 described in 

Chapter 2 as well as morbidity and mortality of colorectal cancer described in 

Chapter 1, we choose 11 to explore its mechanism of anticancer activity in 

HCT-116 colorectal cancer cell line and compared its activity with 9.  

The specific aims of this research are:  

(1) To unveil the effect of compounds 9 and 11 on apoptosis and its target 

proteins in HCT-116 colorectal cancer cells. 

(2) To elucidate the anticancer mechanism of 9 and 11 in HCT-116 cells:  

(i) Apoptosis pathway 

(ii) Senescence pathway 

(iii) Metastasis pathway 

(iv) NF-κB and STAT3 signaling pathway 

(3) To examine the antitumor effect of 11 in xenograft mouse model.  
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3. Materials and Methods 

3.1. Sulforhodamine B (SRB) Assay  

 To determine the dose- and time-dependent cytotoxicity of compounds 9 

and 11 in HCT-116 cells, sulforhodamine B (SRB) assay for the measurement of 

cellular protein content was used as described previously [445]. 8000 cells per 

well were seeded in 96-well plates (Corning, NY, USA) to a final volume of 190 

μL complete medium containing 10% FBS and 1% penicillin-streptomycin. After 

24 h incubation, series concentrations of compounds 9 and 11 (10 μL) were added 

to the cells. The plates were then incubated in 5% CO2 incubator maintaining 37 

°C for 24 and 48 h and were examined every 24 h under a microscope. At the time 

of harvest, 50 μL of 50% trichloroacetic acid (TCA) was added to each well for 

fixing the cell monolayers. The plates were air-dried under a fume hood, stained 

with 100 μL SRB solution (0.4% SRB in 1% acetic acid) for 30 min at room 

temperature. The residual staining solution was washed by quickly washing four 

times with 1% acetic acid. The dye was then solubilized in 200 μL of 10 mM Tris 

base with slight shaking in an orbital shaker (Kylin-Bell Lab Instruments Co., Ltd, 

China) and absorbance was measured using a microplate spectrophotometer 

(Benchmark Plus, Bio-Rad, CA, USA) at a wavelength of 515 nm. GraphPad 

prism was used to calculate the IC50 values of the compounds. Cytotoxicity results 

of compounds 9 and 11 were obtained from six determinants for each 

concentration.  
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3.2. Colony Formation Assay  

 To determine the inhibitory effect of the compounds on colony forming 

ability of HCT-116 cells, colony formation assay was performed using previously 

published protocol [460]. For this purpose, we seeded 600 cells per well in 6-well 

culture plates (Corning, NY, USA). Followed by incubation for 24 h, several 

concentrations of 9 (0, 1.65, 3.3 and 4.9 µM) and 11 (0, 0.4, 0.8 and 1.15 µM) in a 

volume of 10 μL were added to the cells. Fresh medium was added every 4 days 

to replace the old medium. After incubation for a period of 12 days, medium was 

removed, rinsed with PBS and plated were stained with 0.2% crystal violet for 10 

min. The unbound dye was removed by washing with water, air-dried and images 

were captured using a high resolution scanner (Epson Perfection 2480 Photo, 

Epson America Inc., CA, USA). Colony formation assay was repeated in three 

independent experiments.  

3.3. Senescence Assay 

 Senescence assay was performed using β-galactosidase solution (Thermo 

Scientific) according to manufacturer’s guidelines. 1×10
5 

HCT-116 cells/mL in 

200 μL cell suspension was seeded in chamber slides (ibidi, Martinsried, 

Germany). Cells were then treated with different concentrations of 9 (0, 1.65, 3.3 

and 4.9 µM) and 11 (0, 0.4, 0.8 and 1.15 µM) for 48 h. After that, growth media 

was removed from the chambers, rinsed with PBS twice, followed by cell fixation 

with commercially available fixative solution for 10-15 min at room temperature. 

The fixative solution was removed, rinsed twice with PBS and stained with 

β-galactosidase solution. After overnight incubation at 37 °C, images were taken 

under microscope at 200X magnification (Leica DMI3000 B, Wetzlar, Germany). 
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3.4. Apoptosis Assay by PI/Annexin V Staining 

 Flow cytometry experiment using Annexin V/PI double staining was 

conducted to confirm the action of 9 and 11 on apoptosis in HCT-116 colon 

cancer cells using previously published protocol with slight modification [469]. 2 

× 10
5 

cells were seeded in 6-well plate (Corning, NY, USA) for 24 h. After that, 

cells were treated with different concentrations of 9 and 11 for 48 h. Then, cells 

were harvested, washed with PBS, and resuspended in 400 μL of binding buffer 

containing 1 μL PI and 2.5 μL Annexin V, and incubated in dark for 15 min 

according to the instructions of the manufacture. After incubation, samples were 

immediately analyzed by flow cytometry using a 488 nm laser (BD FACSVia
TM

, 

BD Biosciences, CA, USA). The assay was repeated by three independent 

experiments.  

3.5. Apoptosis Assay by DAPI Staining 

 To further verify the apoptotic effect of the compounds, cellular nucleus 

was visualized after drug treatment and DNA staining with fluorescent dye 4′, 

6-diamidino-2-phenylindole (DAPI) [470]. HCT-116 cells in exponential growth 

were seeded into 6-well culture plates (Corning, NY, USA). On the next day, cells 

were exposed to 9 (0, 1.65, 3.3 and 4.9 µM) and 11 (0, 0.4, 0.8 and 1.15 µM) at 

increasing concentrations. For DAPI staining, the treated cells were fixed with 4% 

para-formaldehyde (PFA) at room temperature for 30 min. The fixative was 

removed, permeabilized with 0.25% triton X-100, then the cells were washed with 

PBS for 3 times, and incubated with DAPI (1 μg/mL) for 15 min at room 

temperature in the dark. Images were taken under a fluorescence microscope 

(Leica DMI3000 B, Wetzlar, Germany) in less than 20 min. DAPI staining assay 

was performed by three independent experiments.   
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3.6. Scratch Wound Healing Assay 

Anti-migratory effect of compounds 9 and 11 in HCT-116 cells was 

investigated using scratch wound healing assay as described previously [471]. 

Cells were seeded into 6-well dishes and grown to 80–90% confluency. A 

sterilized 200 μL pipette tip was used to generate a wound across the cell 

monolayer. The cellular debris was washed with PBS, McCoy’s 5A medium 

containing 2% FBS was added to each well, and the cells were treated with 

different concentration of 9 (0, 1.65, 3.3 and 4.9 µM) and 11 (0, 0.4, 0.8 and 1.15 

µM) for 48 h. The open gap was photographed microscopically after 48 h. The 

migration ability of the cells was determined by measuring the width of the 

monolayer using ImageJ software. 

3.7. Matrigel Chamber Invasion Assay 

We performed cell invasion assay using Matrigel invasion chamber (24 

well-plates) according to the manufacturer’s guidelines and following the method 

of Shen et al. (2014) [472]. Followed by pre-hydration of invasion chambers for 1 

h, 750 µL of McCoy’s 5A medium supplemented with 10% FBS was added into 

the lower chamber. 2.5 × 10
5
 cells in 500 μL of McCoy’s 5A containing 0.1% 

BSA with 9 and 11 or DMSO (Control) was placed in the upper chamber. After 

incubation at 37 °C for 48 h, chambers were washed with PBS. The matrigel and 

cells remaining in the upper chamber was discarded by scrubbing with a cotton 

swab. Then, cells on the lower surface of the membrane were fixed with 4% PFA, 

stained with crystal violet and washed with distilled water for 3 times. Invaded 

cells (cells on the lower surface of the membrane) imaged by a microscope (200 × 

magnification) (Leica DMI3000 B, Wetzlar, Germany). 
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3.8. Extraction of Total Protein and Immunoblot Analysis 

 To study the mechanism of action of the compounds in HCT-116 cells, total 

protein was extracted using m-PER protein extraction reagent (Thermo Scientific) 

containing 1× protease and phosphatase inhibitors. Protein concentrations of cell 

lysate were measured using NanoDrop
TM

 2000 spectrophotometer (Thermo 

Scientific). We loaded 20-50 μg of protein samples per lane in a protein 

electrophoresis system (mini-PROTEAN Tetra System, Bio-Rad) and separated 

by required concentration of SDS-polyacrylamide gel depending on protein size at 

constant voltage. Wet electroblotting at constant current was used to transfer the 

proteins onto PVDF membranes (Bio-Rad). The membranes were then blocked 

with 5 % non-fat milk, incubated overnight at 4 °C with primary antibodies such 

as cleaved PARP (1:1000, Cell Signaling, 9541), PARP (1:1000, Cell Signaling, 

9542), PUMA (1:1000, Cell Signaling, 12450), Bak (1:1000, Cell Signaling, 

12105), Bax (1:1000, Cell Signaling, 2772), Bcl-2 (1:1000, Santa Cruz, sc-7382), 

p53 (1:1000, Santa Cruz, sc-98), p21 (1:1000, abcam, ab109199), Rb (1:1000, 

abcam, ab181616), E2F1 (1:1000, GeneTex, GTX10235), p27 KIP 1 (1:500, 

abcam, ab32034), p16
INK4a

 (1:1000, Thermo Scientific, MA5-17142), IkB-α 

(1:1000, Santa Cruz, sc-371), MMP-9 (1:1000, abcam, ab38898), DHFR (1:1000, 

Santa Cruz, Sc-393154), N-cadherin (1:1000, ServiceBio, GB11135), vimentin 

(1:1000, ServiceBio, GB11192) and GAPDH (1:5000, Bio-Rad, AHP-1628). On 

the next day, electro blots were incubated with corresponding horseradish 

peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature, 

developed with Enhanced Chemiluminescence (ECL) detection system 

(WesternBright ECL, Advansta Inc., CA, USA) and protein bands were obtained 

using Fuji Medical Film Processor FPM-100A. Each protein target was confirmed 
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by three independent experiments.  

3.9. Subcellular Fractionation 

To obtain the nuclear protein extracts, we followed the protocol of previously 

published paper [473]. For this purpose, cells were pre-treated with compounds 9 

and 11 for 48 h. After drug incubation, cells were washed with cold PBS, 

followed by adding 200 μL of hypotonic lysis buffer consisting of 20 mM 

Tris-HCl, 1.5 mM MgCl2 and 10 mM KCl into each well. Upon scraping cell 

lysates were kept on ice for 15 min, then 12 μL of 10% Nonidet P-40 (NP-40) was 

added and cells were incubated on ice for another 10 min. After centrifugation at 

14,000 rpm at 4 °C for 1 min, the supernatants were decanted and the precipitates 

were washed with hypotonic buffer. Next, high salt buffer containing 20 mM 

Tris-HCl, 25% glycerol, 0.4 M NaCl, 1.5 mM MgCl2 and 0.2 mM EDTA was 

added to the nuclei pellets and incubated on ice for 30 min. The nuclear protein 

fractions were collected after centrifugation at 14,000 rpm at 4 °C for 10 min. The 

antibodies for western blot with nuclear extract were anti-NF-kB p65 (1:1000, 

Cell Signaling, 6956), anti-NF-kB p50 (1:1000, Cell Signaling, 3035), 

anti-phospho-STAT3 (Tyr705) (1:1000, Cell Signaling, 9131), anti-STAT3 

(1:1000, Cell Signaling, 9132) and anti-histone H3 (1:3000, Cell Signaling, 

4499P).  

3.10. Immunofluorescence Staining 

 HCT-116 cells (1×10
5 

cells/mL) were seeded in chamber slide (ibidi, 

Martinsried, Germany) in 200 µL medium and incubated with or without 

compounds for 48 h. After treatment, cells were fixed with 4% PFA in PBS for 15 

min, permeabilized with ice-cold 0.25% triton X-100 for 10 min and blocked in 
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3% BSA. Then the coverslips were incubated overnight with specific primary 

antibody against p21 (1:500, abcam, ab109199) and p27 KIP 1 (1:500, abcam, 

ab32034) at 4 °C. After washing with PBS, cells were incubated with Alexa fluor 

secondary antibody (1:800, Invitrogen, USA) at room temperature in darkness for 

1 h. After that cells were counterstained with DAPI (Sigma-Aldrich, USA). 

Images were viewed and photographed using a fluorescence microscopy (Leica 

DMI 3000B, Wetzlar, Germany). 

3.11. Xenograft Studies 

 In this study, 6-week old male BALB/c nude mice, specific-pathogen-free 

(SPF) class, purchased from BioLASCO Taiwan Co., Ltd., were used. Animals 

were maintained at 23 ± 2 °C with an alternating 12 h light-dark cycle and were 

allowed to food and water ad libitum. Prior to experiment, animals were 

acclimatized to SPF class laboratory condition for one week. All the study 

protocols were approved by the Committee on Use of Human and Animal 

Subjects in Teaching and Research of Hong Kong Baptist University and followed 

the regulations of the Department of Health, Hong Kong. HCT-116 cells (2 × 

10
7
/100 µL) were suspended in McCoy’s 5A medium containing no FBS or 

antibiotic and inoculated subcutaneously into the both left and right flank of each 

mouse. Tumor growth was observed and recorded routinely. The treatments were 

started after 1 week when the tumors have reached an average volume of ~100 

mm
3
. For each treatment, mice were allocated in complete randomness into four 

groups with 8 mice per group [Group I: vehicle group (2.5% equal volume of 

ethanol and cremophor-EL in saline solution); Group II: compound 11 (10 mg/kg); 

Group III: compound 11 (20 mg/kg); Group IV: paclitaxel (10 mg/kg)]. Mice were 

weighed, and flank tumors were measured every 3 days with digital calipers, and 
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tumor volumes were calculated using the formula: Volume = {(width)
2
 x 

length}/2. 

3.12. Statistical Analysis 

 Data are presented as mean ± standard deviation (SD) from at least three 

independent experiments. Statistical significance was determined by one-way 

analysis of variance (ANOVA) using SPSS software. *p < 0.05 was considered as 

statistically significant.  

 

4. Results 

4.1. Effect of Compounds 9 and 11 on the Growth of HCT-116 Cells  

To investigate the anticancer effects of compounds 9 and 11, time-dependent 

inhibitory effect on the growth of HCT-116 colon cancer cells was examined. The 

structures of 9 and 11 are presented in Figure 4.1. As shown in Figure 4.2, both 

compounds inhibited the growth of HCT-116 cells in a dose- and time-dependent 

manner. The semisynthetic compound 11 showed more potent cytotoxicity than 

natural scaffold 9. The IC50 values of compound 9 were 5.5 and 3.68 µM at 24 and 

48 h, respectively while those of compound 11 were 1.08 and 0.77 µM at 24 and 

48 h, respectively.  

 

 

Figure 4.1. Structures of 9 and 11. 
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Figure 4.2. Growth inhibitory effect of 9 and 11 in HCT-116 cells. The drug 

incubation periods were 24 and 48 h for both compounds. Results were obtained 

from 6 determinants for each concentration from three independent experiments.  

4.2. Effect of Compounds 9 and 11 on the Colony Formation of HCT-116 

Cells  

To confirm the inhibitory effects of the compounds, colony formation assay 

was performed after treating the cells at different concentrations of 9 (0, 1.65, 3.3 

and 4.9 µM) and 11 (0, 0.4, 0.8 and 1.15 µM). Compounds 9 and 11 

dose-dependently inhibited the colony size and number in HCT-116 cells (Figure 

4.3), which is consistent with the result obtained from SRB assay.  

 

Figure 4.3. Colony formation assay in HCT-116 cells. 8 × 10
3
 cells were seeded 

in 96-well plate. After 24 h incubation, cells were treated with varying 

concentrations of 9 and 11 for 12 days, and plates were photographed. 
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4.3. Effect of Compounds 9 and 11 on the Expression of Proliferation Marker 

PCNA 

The effect of the compounds on proliferation of HCT-116 was investigated 

by studying the expression of proliferating cell nuclear antigen (PCNA), which is 

an important hallmark of cell proliferation. Therefore, we examined the effect of 9 

and 11 on the expression of PCNA. Accordingly, western blot data showed that 

they decreased the protein level of PCNA in a concentration-dependent manner 

(Figures 4.4 and 4.5), which supports the antiproliferative effect of 9 and 11 as 

observed in growth inhibitory and colony formation assays. Taken all these 

findings together, we can say that both compounds have significant 

anti-proliferative effect in HCT-116 cells.  

 

Figure 4.4. Effect of 9 and 11 on proliferation maker PCNA. 2 × 10
5 

cells per well 

were seeded in 6-well plate, treated with increasing concentrations of 9 and 11 for 

48 h. Nuclear protein was extracted and analyzed by western blot. Histone H3 was 

used as internal control. 

 

Figure 4.5. Relative expression of PCNA in HCT-116 cells after treatment with 9 

and 11 for 48 h. 
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4.4. Effect of Compounds 9 and 11 on Apoptosis 

4.4.1. Apoptosis Assay by Flow Cytometry 

 To determine the extent of apoptosis induction by 9 and 11, flow cytometry 

analysis using Annexin V/PI double staining method was employed. The results 

demonstrate that the apoptotic portion of HCT-116 cells increased in a 

dose-dependent manner following treatment with 9 and 11 for 48 h. As indicated 

in the Figure 4.6, compounds 9 and 11 increased the proportion of apoptotic cells. 

The percentages of apoptotic cells for compound 9 were 11.6%, 13.3%, 20.6% 

and 23.1% at 0, 1.65, 3.3 and 4.9 µM, respectively while the percentages of 

apoptotic cells for compound 11 were 12.6%, 15.6%, 18.1% and 23.9% at 0, 0.4, 

0.8 and 1.15 µM, respectively. It was observed that both compounds mainly 

induce early apoptosis. The proportions of early apoptosis for compound 9 were 

8.8%, 9.6%, 16% and 18% at 0, 1.65, 3.3, 2.6 and 4.9 µM, respectively whereas 

the proportions of early apoptosis for compound 11 were 9.4%, 11.3%, 13.7% and 

18.6% 0, 0.4, 0.8 and 1.15 µM, respectively. The experiment was repeated three 

times and the average values are represented in Figure 4.7.  
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Figure 4.6. Effect of 9 and 11 on apoptosis in HCT-116 cells. AnnexinV-PI 

staining followed by FACS analysis after treatment with series concentrations of 9 

and 11 to investigate apoptosis induction. Q1 live cells; Q2 necrosis; Q3 late 

apoptosis; Q4 early apoptosis.  

 

Figure 4.7.  The percentage of apoptotic cells in HCT-116 cells after treatment 

with 9 and 11 for 48 h. The results were obtained from three independent 

experiments.  
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4.4.2. Apoptosis Assay by DAPI Staining 

Apart from the flow cytometric analysis of apoptosis, we stained the nucleus 

of HCT-116 cells with DAPI after treatment with 9 and 11 for 48 h to further 

confirm the apoptotic effect of the compounds. DAPI is one of the most 

commonly used fluorescent dyes that have strong affinity to bind the adenine–

thymine residue of DNA. It is frequently used in molecular biology to study the 

magnitude of drug-induced cellular apoptosis [474]. In this study, confocal 

microscopic observation showed irregular and deformed nucleus in the 

compound-treated groups compared to the regular and round-shaped nucleus in 

the control group, which validate induction of apoptosis by 9 and 11 (Figure 4.8).  

 

Figure 4.8. Nuclear morphological changes after treatment with 9 and 11 under 

fluorescence microscope (200× magnification).  
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4.4.3. Effect of Compounds 9 and 11 on Intrinsic Apoptotic Markers  

We further examined several key regulators of apoptosis including p53, 

PARP, cleaved PARP, Bax and Bcl-2 family apoptosis markers. We found that 

both compounds up-regulated the expression of p53, cleaved PARP and Bcl-2 

family proteins- Bax, PUMA and Bak while down-regulated the expression of 

Bcl-2 and PARP in HCT-116 cells (Figure 4.9), providing that these two entities 

are apoptotic. The relative expression of apoptosis markers after treatment with 9 

and 11 are presented in Figures 4.10 and 4.11, respectively. 

 

 
Figure 4.9. Effect of compounds 9 and 11 on the expression of apoptotic protein 

markers in HCT-116 cells after 48 h treatment. GAPDH was used as internal 

control. 
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Figure 4.10. Relative expression of apoptosis markers in HCT-116 cells after 

treatment with 9 for 48 h.  

 

Figure 4.11. Relative expression of apoptosis markers in HCT-116 cells after 

treatment with 11 for 48 h.  
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4.5. Effect of Compounds 9 and 11 on Cellular Senescence  

4.5.1. β-galactosidase Staining Assay 

In our study, antiproliferative activity by suppressing PCNA as well as 

induction of p53-mediated apoptosis provided us a probable hint for the 

involvement of senescence and aging as anticancer mechanism of 9 and 11. We 

thus investigated the effect of 9 and 11 on senescence after treating the cells for 48 

h. In β-galactosidase staining, we found that cells were positively stained in the 

treatment groups in comparison to the control group (Figure 4.12).  

 

Figure 4.12. β-galactosidase assay after treating the cells at different 

concentrations of 9 and 11 for 48 h. 1 × 10
5
/mL cells in 200 µl medium were 

seeded in chamber slide, treated with increasing concentrations of 9 and 11 for 48 

h, photographs were taken at 200× magnification. Scale bar 100 µm. 
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4.5.2. Effect of Compounds 9 and 11 on Senescence Markers and Localization 

of p21 and p27 

In order to explore the senescence mechanism, we used several senescent 

markers such as p16, p21, p27, Rb and E2F1. Compounds 9 and 11 increased the 

expression of p21 and p27 while decreased the expression of Rb, p16 and their 

transcription factor E2F1 after 48 h treatment (Figure 4.13), providing that the 

anticancer activity of both compounds is partly mediated by senescence pathway. 

The relative expression of senescence markers in HCT-116 cells after treatment 

with 9 and 11 are presented in Figures 4.14 and 4.15, respectively. Furthermore, 

immunofluorescence staining showed that 9 and 11 translocated p21 and p27 from 

the cytoplasm to nucleus (Figure 4.16). Nuclear translocation of p21 and p27 is 

supposed to be related with induction of senescence by both compounds.  

 

 

Figure 4.13. Effect of 9 and 11 on the expression of senescence markers in 

HCT-116 cells. 2 × 10
5 

cells were seeded in 6-well plate, treated with increasing 

concentrations of 9 and 11 for 48 h. Total protein was extracted and analyzed by 

western blot. GAPDH was used as internal control. 
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Figure 4.14. Relative expression of senescence in HCT-116 cells markers after 

treatment with 9 for 48 h. 

 

 

Figure 4.15. Relative expression of senescence markers in HCT-116 cells after 

treatment with 11 for 48 h. 
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Figure 4.16. Immunofluorescence staining of p21 and p27 in HCT-116 cells 

treated with 9 and 11 at their IC50 concentrations for 48 h. DMSO (0.5%) treated 

group was used as vehicle control group. Cells were fixed with 4% PFA, labelled 

with p21 and p27 antibody, counterstained with DAPI and photographs were 

taken under fluorescent microscopy (400× magnification). 
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4.6. Effect of Compounds 9 and 11 on NF-κB Signaling Pathway  

We extracted cytoplasmic and nuclear protein from HCT-116 cells after 

treatment with 9 and 11 for 48 h. It was noticed that 9 and 11 down-regulated two 

NF-κB sub-units, namely NF-κB p65 and NF-κB p50 in the nucleus (Figure 

4.17A). We next determined their effect on the expression of NF-κB transcription 

factor IκB-α. As expected, both 9 and 11 reduced cytoplasmic level of IκB-α 

protein (Figure 4.17B) showing a clear evidence for the involvement of NF-κB 

signaling pathway in the anticancer activity of 9 and 11. The relative expression of 

protein markers related with NF-κB signaling pathway after treatment with 9 and 

11 are presented in Figures 4.18 and 4.19, respectively. 

 

 

Figure 4.17. Effect of 9 and 11 on NF-κB signaling pathway in HCT-116 cells. 

(A) Immunoblot of nuclear expression of NF-κB-p65 and p50 in HCT-116 cells. 

Nuclear protein was extracted after treating the cells with different concentrations 

of 9 and 11 for 48 h. Histone H3 was used as internal control. (B) Cytoplasmic 

expression of IkB-α in HCT-116 cells after treatment with 9 and 11 for 48 h. 

GAPDH was used as internal control. 
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Figure 4.18. Relative expression of protein markers related with NF-κB signaling 

pathway after treatment with 9 for 48 h. 

 

Figure 4.19. Relative expression of protein markers related with NF-κB signaling 

pathway after treatment with 11 for 48 h.  
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4.7. Effect of Compounds 9 and 11 on STAT3 Signaling Pathway  

 Provided that STAT3 is activated by Src kinases and their potential role in 

cancer development, we investigated the effect of compounds 9 and 11 on 

Src/STAT3 signaling. Our western blot data showed that 9 and 11 significantly 

and dose-dependently inhibited the constitutive expression of STAT3 as well as 

suppressed the phosphorylation of STAT3 (Tyr705) in both nuclear (Figure 4.20A) 

and cytoplasmic (Figure 4.20B) protein extracts. For a clear understanding, we 

then examined their effect on Src, a non-receptor tyrosine kinase which is the 

up-stream of STAT3. As expected from our hypothesis, 9 and 11 reduced the 

protein levels of Src and inhibited the phosphorylation of Src (Tyr416) (Figure 

4.20B) in the cytoplasm. The relative expression of nuclear and cytoplasmic 

expression of protein markers related with STAT3 signaling pathway are 

presented in Figures 4.21, 4.22, 4.23 and 4.24, respectively. 

Taken together, induction of apoptosis and senescence by 9 and 11 is 

regulated, at least partly, by STAT3 signaling pathway.  
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Figure 4.20. Effect of 9 and 11 on STAT3 signaling pathway in HCT-116 cells. 

(A) Immunoblot of nuclear expression of STAT3 and p-STAT3 in HCT-116 cells. 

Nuclear protein was extracted after treating the cells with different concentrations 

of 9 and 11 for 48 h. Histone H3 was used as internal control. (B) Cytoplasmic 

expression of STAT3, p-STAT3, Src and p-Src in HCT-116 cells after treatment 

with 9 and 11 for 48 h. GAPDH was used as internal control. 

 

Figure 4.21. Relative expression of nuclear level of STAT3 and p-STAT3 in 

HCT-116 cells after treatment with 9 for 48 h.  

 

 

Figure 4.22. Relative expression of nuclear level of STAT3 and p-STAT3 in 

HCT-116 cells after treatment with 11 for 48 h.  
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Figure 4.23. Relative expression of cytoplasmic level of protein markers related 

with STAT3 signaling pathway after treatment with 9 for 48 h.  

 

 

Figure 4.24. Relative expression of cytoplasmic level of protein markers related 

with STAT3 signaling pathway after treatment with 11 for 48 h.  
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4.8. Effect of Compounds 9 and 11 on Migration of HCT-116 cells 

Since our research showed regulation of STAT3/NF-κB pathway is involved 

antiproliferative effect of compounds 9 and 11, therefore, we hypothesized that 

inhibition of invasion and metastasis may be a possible pathway for anti-colon 

cancer effect of these two compounds. To establish this hypothesis, we examined 

the effect of 9 and 11 on the migration of HCT-116 cells. At non-cytotoxic 

concentrations, they do not have significant inhibitory effect on the migratory 

ability of HCT-116 cells after 48 h treatment. Therefore, anticancer effect of 9 and 

11 may not be mediated via inhibition of cell migration (Figure S4.1).  

4.9. Effect of Compounds 9 and 11 on Invasion of HCT-116 cells 

To confirm that compounds 9 and 11 do not affect the metastatic potential of 

HCT-116 cells, we investigated the effect of 9 and 11 on the invasion of HCT-116 

cells. Similar to migration assay, both compounds do not have effect on the 

invasion of HCT-116 cells after 48 h treatment (Figure S4.2).  

4.10. Effect of Compounds 9 and 11 on Metastatic Markers 

To further validate our hypothesis, we investigated the effect of  compounds 9 and 

11 on metastatic markers such as N-cadherin, MMP-9 and vimentin. At lower 

concentration (non-cytotoxic), they do not modulate the protein level of 

N-cadherin, MMP-9 and vimentin (Figure S4.3). Therefore, the results reject our 

hypothesis that 9 and 11 may act through metastatic pathway.  
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4.11. Effect of Compound 11 on Tumor Growth in Nude Mice 

 Based on the in vitro anticancer activity and mechanism, we then evaluated 

the effect of compound 11 on tumor growth in BALB/c nude mice. For this 

purpose, HCT-116
 
cells (2 × 10

7
/100 µL) were inoculated subcutaneously into the 

mice. After 7 days when tumor was developed in the mice, they were treated two 

different concentrations of 11 (10 or 20 mg/kg) every other days for 3 consecutive 

weeks by intraperitoneal administration. Saline was administered into the vehicle 

group while paclitaxel (10 mg/kg)-treated group was used as positive control. 

After 3 weeks of treatment, animals were anesthetized, and tumors were collected, 

measured and weighed.  

In our experiment, HCT-116 cells-inoculated tumors in mice treated with 

compound 11 grew much slower than those in mice treated with vehicle. As 

shown in the figure, compound 11 remarkably inhibited tumor volume (Figure 

4.25) and weight (Figure 4.26) respectively in nude mice compared with vehicle 

and paclitaxel while the body weight was slightly affected (Figure 4.27). 

However, after 21 days treatment, we observed that the total number of dead 

animal in the compound 11 (10 mg/kg), 11 (20 mg/kg) and paclitaxel (10 mg/kg) 

treated groups were 5, 3 and 6, respectively. Therefore, we modified the structure 

of 11 to reduce its toxicity by incorporating an acetal group. Then we performed 

another round of animal experiment by treating the mice with two derivatives 

compound 34 and 37 at 25 and 50 mg/kg. Since paclitaxel at 10 mg/kg showed 

toxicity to mice, we used another commonly used reference drug 5-flurouracil 

(5-FU) for our next step. The structural modifications of compound 11, 

subsequent cytotoxicity and xenograft studies of new derivatives of 11 compared 

with 5-FU will be discussed in Chapter 5.  
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Figure 4.25. The changes of tumor volumes in mice after treatment with 

compound 11 (10 and 20 mg/kg) and paclitaxel (10 mg/kg) for 21 days. *P < 0.05 

 

 

Figure 4.26. The changes of tumor weight in mice after treatment with compound 

11 (10 and 20 mg/kg) and paclitaxel (10 mg/kg) for 21 days. *P < 0.05 
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Figure 4.27. The changes of body weight in mice after treatment with compound 

11 (10 and 20 mg/kg) and paclitaxel (10 mg/kg) for 21 days. *P < 0.05 
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5. Discussion 

Anticancer drugs generally trigger the death or limit the proliferation of 

cancer cells; both of the processes reduce cancer cell viability [475]. Cell 

proliferation includes two steps process such as cell growth and cell division, 

which lead to generation of two cells from one. Dysregulated cell proliferation 

results in cancer [476]. Proliferating cell nuclear antigen (PCNA) plays vital role 

in DNA replication and cell proliferation, hence in cancer progression [477]. In 

addition to cell death and proliferation, colony formation that is defined as ability 

of the cell to grow into a colony (generally more than 50 cells in a colony) is 

important to undergo the cells in uncontrolled growth phase. Consequently, testing 

the inhibitory effect of anticancer agents on the colony forming ability of the cells 

is fundamental. Since this assay involves long time drug exposure (10-20 days), it 

assimilates all cell death processes as well as cell proliferation [478]. In our study, 

compounds 9 and 11 dose- and time-dependently inhibited the growth of HCT-116 

cells, reduced the colony forming ability of the cells as well as down-modulated 

the expression of PCNA. Therefore, anticancer of the studied compounds are 

facilitated through both promoting cancer cell death and inhibiting cell 

proliferation.   

The event of apoptosis, also known as programmed cell death, is very 

essential to kill the unwanted or damaged cells from the body. In fact, an 

imbalance in programmed cell death process can lead to dysregulated cell 

proliferation; eventually can promote carcinogenesis. Apoptosis plays a protective 

role in cancer by removing mutated and hyper-proliferative cells. Therefore, 

investigation of apoptotic effect of new drug molecule is a valid technique for the 

development of anticancer drugs [479]. p53 is a tumor suppressor protein, which 
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induces apoptosis and blocks uncontrolled cell growth. The transcription factor 

p53 regulates the expression of p21
 Cip1/Waf1

 and Bcl-2 family genes which control 

mitochondrial membrane potential (MMP) [480]. An alteration of MMP causes 

release of cytochrome c from the mitochondria to cytosol and subsequent 

stimulation of caspase cascades as well as cleavage of PARP. This in turn 

promotes apoptosis [481]. Additionally, the balance between pro-apoptotic and 

anti-apoptotic markers play pivotal role in apoptosis [482]. In our study, apoptosis 

assay by flow cytometry and DAPI staining showed doe-dependent induction of 

apoptosis after treatment with 9 and 11. Furthermore, we examined several key 

regulators of apoptosis including p53, p21, PARP, cleaved PARP, and Bcl-2 family 

apoptosis markers (Bcl-2, Bax, Bak and PUMA). We found that both compounds 

up-regulated the expression of p53, p21, cleaved PARP and Bcl-2 family proteins- 

Bax, Bak and PUMA while down-regulated the expression of Bcl-2 and PARP in 

HCT-116 cells, indicating that these two agents induce apoptosis. Our results are 

in line with the mechanism of other apoptotic entities [376,483,484]; thus 

confirming induction of apoptosis by 9 and 11.  

Induction of cellular senescence is one of the major anticancer pathways as 

reported by previous literature. The status of cellular senescence is demarcated by 

a permanent G1 phase arrest including the blockage of cell cycle controlling genes 

and the regulation of cell cycle inhibitors like p16
INK4a

, p27, p53, and its 

transcriptional target, p21
 Waf1/Cip1

. A large number of literatures mentioned 

chemotherapeutic drug-induced regulation of p53, p21, p27, p16, Rb and E2F1 in 

senescence [485,486]. Bringold & Serrano (2000) described that the p16
INK4a

/Rb 

(p16), the p53/p21
Cip1

 (p21) and the PTEN/p27 are three main senescence 

inducing pathways [487]. Although anticancer mechanisms of many ent-kauranes 
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have been identified but there are limited numbers of articles reporting regulation 

of senescence pathway by this type of compounds. Previously oridonin was found 

to induce senescence in colorectal cancer cells via modulation of p16, p21, p27, 

c-myc, hydrogen peroxide and glutathione [488,489]. In the current study, our 

initial assay with β-galactosidase staining showed induction of cellular senescence 

in HCT-116 cells after treatment with 9 and 11 for 48 h. Based on the result 

obtained from senescence assay, we further tested several senescence-related 

protein markers such as p16, p21, p27, Rb and E2F1. We found that both 

compounds up-regulated the expression of p21 and p27 while down-regulated the 

expression of p16, Rb and its transcription factor E2F1. 

The transcriptional activity of Rb-E2F1 program governs a central role in 

DNA replication. Rb interacts with different form of E2F1 transcription family to 

control cell cycle progression [490]. p16
INK4a 

is a cyclin dependent kinase 

inhibitor, which block the phosphorylation of Rb family. However, the role 

p16
INK4a 

in growth arrest and senescence is unclear. In addition to Rb-E2F1 

transcriptional program, p21 and p27 are two cyclin dependent kinase inhibitors, 

which negatively regulate cell cycle [491]. The role of p21 and p27 in apoptosis 

and cell division is controversial.  

Some literatures reported that p21 protects cells from apoptosis while others 

mentioned overexpression of p21 is related with apoptosis [492]. Coqueret (2003) 

provided a solution of this contradiction describing that the role of p21 mainly 

depends on subcellular localization [493]. Nuclear localization of p21 is 

correlated with cell cycle arrest while cytoplasmic localization indicates resistance 

to apoptosis via formation of complex with apoptosis-signaling kinase 1 (ASK1) 

and procaspase 3 [494,495]. Apart from p21, p27 is a tumor suppressor protein, 



167 
 

which is down-modulated in numerous cancers including colon, stomach, breast 

liver and lung cancers [496]. Similar to p21, the expression of p27 increased after 

treatment with 9 and 11 while both compounds translocated p27 from cytoplasm 

to nucleus. Due to the higher degree of structural similarity, the inhibitory 

mechanism of p21 and p27 are believed to be similar. 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

transcriptionally regulates large number of genes that control cell survival, 

apoptosis, senescence, inflammation and metastasis [497]. NF-κB, when activated, 

turns on the several cell proliferating genes and protects the cells from dying via 

apoptosis. Previous research demonstrated that constitutive expression of NF-κB 

is linked with human colon cancer development. At different stages of cancer 

progression, NF-κB share with multiple signaling molecules and pathways 

including the transcription factor STAT3 and p53. These transcription factors can 

directly interact with NF-κB sub-units or indirectly affect NF-κB target genes 

[498]. In this aspect, inactivation of NF-κB can be specifically targeted for the 

prevention and treatment of colon cancer. We thus hypothesized NF-κB signaling 

regulation might be a possible pathway of 9 and 11-induced antiproliferative 

activity. Our results indicate induction of NF-κB-mediated cell proliferation and 

apoptosis by both compounds in HCT-116 cells. This result is line with some 

previous reports mentioning anticancer activity of ent-kauranes such as effusanin 

E, inflexinol, eriocalyxin B, and oridonin through NF-κB pathway 

[396,416,499,500].  

Accumulating evidences described that signal transducer and activator of 

transcription (STAT) is involved in diverse cancers including breast, lung, liver, 

colon, head and neck, prostate, leukemia, lymphoma, melanoma, pancreatic and 
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prostate cancer [501,502]. STAT activation is started with phosphorylation of 

tyrosine kinase by Src family kinase, Jansus kinase (JNK) and growth factors, 

formation of dimer between two phosphorylated STAT monomers, preceded by 

nuclear translocation of the dimer. The dimer in the nucleus then binds with 

specific DNA response elements in the promoter region of target gene and 

aberrantly controls gene expression. Among the different STAT family, STAT3 is 

constitutively expressed in various tumorigenic events such as proliferation, 

apoptosis, invasion, migration and metastasis [503,505]. Despite of the 

importance of STAT3 pathway in cancer progression, there are scanty of 

published data reporting anticancer mechanism of ent-kaurane compounds 

through this important pathway. Till now, very few ent-kauranes such as 

eriocalyxin B and ponicidin were reported to inhibit STAT3 signaling pathway 

[384,388]. 

The summary of the proposed mechanistic pathways of compound 9 and 11 

is outlined in Figure 4.28. 
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Figure 4.28. Schematic diagram showing proposed mechanism of 9 and 11 in 

HCT-116 cells. 
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6. Conclusion 

Our optimized novel semisynthetic compound 11 is more potent than its 

natural counterpart 9. The results demonstrated that both compounds inhibited the 

growth, proliferation and colony formation of HCT-116 cells. Mechanistic study 

revealed that anticancer effects of the compounds are associated with induction of 

apoptosis by increasing the protein level of p53, Bax, Bak, PUMA and cleaved 

PARP while decreasing the expression of Bcl-2 and PARP in HCT-116 cells. Apart 

from apoptosis, compounds 9 and 11 induced cellular senescence by up-regulating 

p21 and p27 while down-regulating Rb, E2F1 and p16. Furthermore, both 

compounds modulated the protein level of NF-κB p65, p50 and their target protein 

IkB-α. Anticancer activities of 9 and 11 are also related with regulation of STAT3 

signaling and its target gene p-STAT3, Src and p-Src. In-vivo study showed that 

both compounds attenuated tumor size and volume in xenograft mice model. To 

sum up, anti-tumor activity of 9 and 11 are allied to induction of apoptosis and 

senescence through modulation of NF-κB and STAT3 signaling pathways.    
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Supplementary Figures: 

 

Figure S4.1. Scratch wound healing assay after treating the cells at different 

concentrations of 9 and 11 for 48 h. Photographs were taken at 200 × 

magnification. Scale bar 100 µm. 
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Figure S4.2. Matrigel chamber invasion assay after treating the cells at different 

concentrations of 9 and 11 for 48 h. Photographs were taken at 200 × 

magnification. Scale bar 100 µm. 

 

 

Figure S4.3. Immunoblot analysis to examine the expression level of metastatic 

markers (N-cadherin, MMP-9 and vimentin) in HCT-116 cells. 2 × 10
5 

cells were 

seeded in 6-well plate, treated with increasing concentrations of 9 and 11 for 48 h. 

Total protein was extracted and analyzed by western blot. GAPDH was used as 

internal control. 
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CHAPTER 5 

 

 

DEVELOPMENT OF OXO-FLEXICAULIN A PRODRUGS AND THEIR 

ANTITUMOR EFFECTS IN NUDE MICE MODEL 
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Overview 

Conventional drug delivery sometimes may exert toxicity in the biological 

system. Design and development of prodrug is one of the most frequently used 

approaches to improve the pharmacokinetic and toxicity profile of drug-induced 

toxicities. In the previous chapter, we have described that compound 11 exhibited 

some toxicities in xenograft mice. Therefore, we designed a series of acetal 

derivatives of compound 11 by adding acetal groups between 7 and 14 hydroxyl 

groups to further improve its safety profile. In vitro cytotoxicity data showed that 

the new analogs with acetal group exhibit slightly lower cytotoxicity than the 

parent compound 11. Further study in xenograft mice displayed significant 

inhibition of tumor growth (p < 0.05) without notable toxicity (p > 0.05) after 

treatment with 37. Upon hydrolysis, the prodrug 37 is released as safe antitumor 

agent 11 in the mice.  
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1. Introduction 

Structural diversity and complexity of natural or synthetic compounds 

sometimes make them unpredictable for specific activity. Moreover, poor 

solubility and metabolic instability limit the absorption of many drug molecules. 

In this context, “tailor-made” or individualized modification of core products is an 

important step to meet certain drug criteria [506,507]. Replacement or removal of 

a single element from the original scaffold may increase or decrease the biological 

activity and toxicity. In addition, introduction of water-soluble moieties may 

improve the solubility, potency and efficacy of therapeutic compounds.  

Accumulating evidences reported the structural modification of natural 

products or their synthetic derivatives to treat various human diseases. The 

anticancer agent paclitaxel, the antimalarial drug artemisinin, the antibacterial 

drug penicillin and the analgesic drug morphine are few examples among many 

drug molecules. Structural manipulations of core compounds include several 

strategies such as simplifying the structure (e.g. from halichondrin B to eribulin), 

removing chiral center (e.g. from lovastatin to statin drugs), increasing activity or 

selectivity (e.g. from vancomycin to telavancin and dalbavancin), improving 

metabolic stability (e.g. from retinoic acid to tamibarotene), modifying 

physico-chemical characteristics (e.g. from artemisinin to dihydroartemisinin), 

and total synthesis to obtain new analogs (e.g. all tetracyclines were obtained from 

the structure modifications of first tetracycline aureomycine) [506,508].   

The strict control of chemoselectivity i.e the reactivity of each functional 

group within complex molecular structures is a huge challenge in drug 

development process. Ideally, addition of protecting groups to these structures to 
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mask or protect individual functional group from certain reactivity is a good 

solution to this problem. In general, protecting groups should be easy to insert, 

easy to eliminate and non-reactive to the reaction conditions [509]. Overall, 

protecting groups are added to protect specific group(s), allow the compound to 

undergo intended transformation and finally leave without any effect. Some 

common protecting groups are acetals, ketals, acetyls, benzyls, methyl esters, 

benzyl esters and tetrahydrofuran. Nowadays, use of protecting groups has 

become common even in compounds with less complexity [510]. Several previous 

studies followed the use of protecting strategy for ent-kaurane diterepenes, 

especially oridonin, to develop oridonin-inspired anticancer compounds [449].  

Considering the complex and subtle scaffold of 11, specifically the presence 

reactive hydroxyl groups, we emphasized to incorporate aetal group which might 

attenuate the toxicity in mice. Therefore, 7, 14-dihydroxyl groups in the structure 

of 11 were replaced by using corresponding ketone or aldehyde to produce cyclic 

acetal derivatives. 

   

2. Purposes of the Research 

(1) To synthesize new derivatives of compound 11 by incorporating acetal group 

in order to reduce the toxicity.   

(2) To evaluate the cytotoxicity of the acetal derivatives in HCT-116 cells. 

(3) To study the structure-activity relationship of the acetal derivatives. 

(4) To examine the antitumor effect of the acetal derivatives.  
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3. Materials and Methods 

3.1 Synthesis of New Derivatives of Compound 11 (33-47) 

 All the chemicals and reagents in this research were purchased from 

commercial sources and were of analytical grade. Unless otherwise mentioned, 

reactions were performed at room temperature. In brief, A solution of 11 (10 mg) 

in dichloromethane (CH2Cl2) (1 mL) was added with corresponding ketone or 

aldehyde, catalytic amount of TsOH.H2O and anhydrous MgSO4 (0.2 g). The 

mixture was stirred at room temperature until the reaction was completed 

according to TLC. The mixture was concentrated to give white powder, which 

was purified by silica gel chromatographic column (PE/EA = 20/1~5/1) to give 

the desired products 33-47. 

 

Scheme 5.1. Synthesis of acetal derivatives of compound 11 (33-47) 

 

Reagents and conditions: (a) Ketone or aldehyde, TsOH
.
H2O, MgSO4, 

dichloromethane. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-8,8-Dimethyl-13-methylene-1,12-dioxodecah

ydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-yl)methyl acetate 

(33) was synthesized according to the general procedure using 11 and 

dimethoxymethane. Purity: 98% under UV 254 nm. HRMS m/z [M+H]
+
 calcd for 

C23H31O6, 403.2115; found 403.2109; 
1
H NMR (400 MHz, CDCl3) δ 0.95 (3H, s), 

0.98 (3H, s), 1.01-1.07 (1H, m), 1.16 (1H, dd, J = 12.5, 2.3Hz), 1.19-1.25 (1H, m), 

1.44-1.54 (3H, m), 1.89-2.01 (4H, m), 2.02-2.03 (3H, m), 2.51-2.61 (1H, m), 3.11 
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(1H, dd, J = 16.7, 4.0 Hz), 3.31-3.33 (1H, m), 4.19 (1H, dd, J = 12.4, 1.2Hz), 

4.41 (1H, dd, J = 12.3, 6.0 Hz), 4.73 (1H, s), 4.81-4.84 (1H, m), 4.98-5.05 (2H, 

m), 5.59 (1H, s), 6.28 (1H, s). 
13

C NMR (100 MHz, CDCl3) δ 17.1, 20.6, 21.1, 

22.5, 33.3, 33.5, 34.3, 40.9, 42.2, 44.1, 48.0, 51.2, 53.6, 62.2, 64.1, 70.9, 76.4, 

86.3, 121.2, 145.1, 169.9, 203.1, 204.6. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-8,8-Dimethyl-13-methylene-1,12-dioxo-5-ph

enyldecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-yl)meth

yl acetate (34) was synthesized according to the general procedure using 11 and 

butyraldehyde. Purity: 97% under UV 254 nm. HRMS m/z [M+H]
+
 calcd for 

C26H37O6, 445.2585; found 445.2581;
 1

H NMR (400 MHz, CDCl3) δ 0.89 (3H, t, J 

= 7.3Hz), 0.94 (3H, s), 0.97 (3H, s), 1.14-1.24 (2H, m), 1.35-1.53 (8H, m), 

1.88-1.99 (4H, m), 2.02 (3H, s), 2.54 (2H, d, J = 16.3Hz), 3.09 (1H, dd, J = 16.6, 

3.8Hz), 3.30 (2H, s), 4.19 (1H, d, J = 12.2Hz), 4.39 (2H, dd, J = 11.4, 6.8Hz), 

4.72 (1H, s), 4.86 (2H, t, J = 5.0 Hz), 4.99 (1H, d, J = 12.3Hz), 5.56 (1H, s), 6.24 

(1H, s).
 13

C NMR (100 MHz, CDCl3) δ 13.9, 17.1, 20.6, 22.6, 33.3, 33.5, 36.5, 

40.9, 42.2, 44.0, 51.2, 53.0, 62.3, 64.0, 71.5, 76.5, 94.3, 121.0, 145.1, 170.0, 203.3, 

205.0. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-8,8-Dimethyl-13-methylene-1,12-dioxo-5-ph

enyldecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-yl)meth

yl acetate (35) was synthesized according to the general procedure using 11 and 

benzaldehyde. Purity: 96% under UV 254 nm. HRMS m/z [M+H]
+
 calcd for 

C29H35O6, 479.2428; found 479.2422;
 1

H NMR (400 MHz, CDCl3) δ 0.96-1.02 

(6H, m), 1.04-1.11 (1H, m), 1.19-1.29 (3H, m), 1.45-1.55 (3H, m), 1.97-11.99 (1H, 

m), 2.05 (3H, s), 2.08-2.18 (2H, m), 2.52-2.64 (1H, m), 3.15 (1H, dd, J = 16.7, 4.0 
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Hz), 3.39 (1H, s), 4.29 (1H, d, J = 12.4Hz), 4.60 (1H, dd, J = 12.2, 6.0 Hz), 4.98 

(1H, s), 5.06 (1H, d, J = 12.4Hz), 5.57 (1H, s), 5.85 (1H, s), 6.28 (1H, s), 

7.31-7.38 (3H, m), 7.39-7.44 (2H, m).
 13

C NMR (100 MHz, CDCl3) δ 17.7, 20.6, 

21.9, 22.6, 33.4, 33.5, 34.4, 40.9, 42.3, 44.1, 48.1, 51.3, 52.9, 62.4, 72.2, 94.2, 

121.2, 126.3, 128.4, 129.3, 137.3, 145.1, 170.1, 203.0, 204.8. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-(furan-2-yl)-8,8-Dimethyl-13-methylene-1,

12-dioxodecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-yl)

methyl acetate (36) was synthesized according to the general procedure using 11 

and 2-furaldehyde. Purity: 97% under UV 254 nm. HRMS m/z [M+H]
+
 calcd for 

C27H33O7, 469.2221; found 469.2231;
 1

H NMR (400 MHz, CDCl3) δ 0.96 (3H, s), 

0.98 (3H, s),1.01-1.07 (1H, m), 1.17-1.26 (2H, m), 1.44-1.55 (3H, m), 1.94-2.02 

(2H, m), 2.04 (3H, s), 2.05-2.12 (2H, m), 2.48-2.65 (1H, m), 3.14 (1H, d, 12.3Hz, 

4.0Hz), 3.41 (1H, s), 4.23 (1H, d, J = 11.5Hz), 4.53-4.65 (1H, m), 4.96 (1H, s), 

5.04 (1H, d, J = 12.4Hz), 5.58 (1H, s), 5.94 (1H, s), 6.28 (1H, s), 6.35 (1H, dd, J 

= 3.3, 1.8Hz), 6.42 (1H, d, 3.3Hz), 7.38 (1H, dd, J = 1.8, 0.8Hz). 
13

C NMR (100 

MHz, CDCl3) δ 17.7, 20.6, 21.7, 22.5, 33.4, 34.4, 40.9, 42.1, 44.1, 48.1, 51.2, 52.9, 

62.2, 64.1, 72.3, 77.1, 88.9, 108.0, 110.3, 121.6, 142.7, 144.7, 149.9, 169.9, 202.7, 

204.5. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-8,8-Dimethyl-13-methylene-1,12-dioxo-5-((E

)-styryl)decahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-yl)

methyl acetate (37) was synthesized according to the general procedure using 11 

and cinnamaldehyde. Purity: 99% under UV 254 nm. HRMS m/z [M+H]
+
 calcd 

for C31H37O6, 505.2585; found 505.2578;
 1

H NMR (400 MHz, CDCl3) δ 0.98 (6H, 

d, J = 8.2Hz), 1.01-1.08 (1H, m), 1.18-1.21 (2H, m), 1.41-1.56 (3H, m), 1.92-1.95 
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(1H, m), 1.98-2.00 (1H, m), 2.04 (3H, s), 2.05-2.10 (2H, m), 2.58 (1H, d, 16.0Hz), 

3.13 (1H, dd, J = 16.6, 4.0 Hz), 3.37 (1H, s), 4.24 (1H, d, J = 12.3Hz), 4.42-4.58 

(1H, m), 4.88 (1H, s), 5.03 (1H, d, J = 12.3Hz), 5.50 (1H, d, 4.0Hz), 5.59 (1H, s), 

6.10 (1H, dd, J = 16.1, 5.2Hz), 6.28 (1H, s), 6.76 (1H, d, J = 16.2Hz), 7.23-7.32 

(3H, m), 7.35-7.41 (2H, m). 
13

C NMR (100 MHz, CDCl3) δ 17.7, 20.6, 21.9, 22.5, 

33.3, 34.3, 40.9, 42.2, 44.0, 48.1, 51.2, 52.9, 62.3, 64.1, 71.9, 76.7, 93.7, 121.4, 

124.4, 126.8, 128.5, 134.3, 135.6, 144.9, 170.0, 203.0, 204.7. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-Methoxy-8,8-dimethyl-13-methylene-1,12-

dioxodecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-yl)met

hyl acetate (38) was synthesized according to the general procedure using 11 and 

trimethyl orthoformate. Purity: 98% under UV 254 nm. HRMS m/z [M+H]
+
 calcd 

for C24H33O7, 433.2221; found 433.2218;
 1

H NMR (400 MHz, CDCl3) δ 0.94 (3H, 

s), 0.98 (3H, s), 1.01-1.07 (1H, m), 1.13-1.15 (1H, m), 1.17-1.25 (1H, m), 

1.43-1.54 (3H, m), 1.89-2.01 (3H, m), 2.03 (3H, s), 2.06-2.11 (1H, m), 2.20-2.27 

(1H, m), 2.52-2.62 (1H, m), 3.10 (1H, dd, J = 16.8, 4.0 Hz), 3.36-3.40 (1H, m), 

3.40 (3H, s), 4.07-4.14 (1H, m), 4.56 (1H, dd, J = 12.7, 5.8Hz), 4.88 (1H, d, J = 

1.3Hz), 5.00 (1H, d, J = 12.5Hz), 5.56 (1H, s), 5.60 (1H, d, J = 0.5Hz), 6.27 (1H, 

s).
 13

C NMR (100 MHz, CDCl3) δ 17.7, 20.6, 22.5, 22.7, 33.3, 33.5, 34.3, 40.8, 

42.0, 44.0, 47.9, 51.4, 51.9, 52.4, 62.2, 63.8, 72.7, 75.6, 106.1, 121.6, 144.7, 169.9, 

202.4, 204.5. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-(Benzo[d][1,3]dioxol-5-yl)-8,8-dimethyl-13

-methylene-1,12-dioxodecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin

-11a(6aH)-yl)methyl acetate (39) was synthesized according to the general 

procedure using 11 and 3,4-(methylenedioxy) benzaldehyde. Purity: 96% under 
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UV 254 nm. HRMS m/z [M+H]
+
 calcd for C30H35O8, 523.2326; found 523.2328;

 

1
H NMR (400 MHz, CDCl3) δ 0.97 (3H, s), 0.98 (3H, s), 1.03-1.10 (1H, m), 

1.17-1.28 (2H, m), 1.44-1.56 (3H, m), 1.97 (1H, s), 1.99-2.03 (1H, m), 2.04 (3H, 

s), 2.05-2.22 (2H, m), 2.53-2.63 (1H, m), 3.13 (1H, dd, J = 16.7, 4.0 Hz), 3.37 

(1H, s), 4.27 (1H, d, J = 12.4Hz), 4.57 (1H, dd, J = 12.1, 6.1Hz), 4.94 (1H, s), 

5.04 (1H, d, J = 12.4Hz), 5.57 (1H, s), 5.75 (1H, s), 5.93 (2H, s), 6.28 (1H, s), 

6.74-6.78 (1H, m), 6.87-6.92 (2H, m).
 13

C NMR (100 MHz, CDCl3) δ 17.7, 20.6, 

22.6, 33.4, 34.4, 40.9, 42.3, 44.1, 48.1, 51.3, 52.9, 62.3, 64.0, 67.1, 72.3, 93.9, 

101.1, 106.1, 107.9, 120.2, 121.3, 121.3, 131.5, 144.9, 147.6, 148.2, 170.0, 202.9, 

204.7. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-8,8-Dimethyl-13-methylene-1,12-dioxo-5-(thi

ophen-2-yl)decahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-

yl)methyl acetate (40) was synthesized according to the general procedure using 

11 and 2-thiophenecarboxaldehyde.  Purity: 96% under UV 254 nm. HRMS m/z 

[M+H]
+
 calcd for C27H33O6S, 485.1992; found 485.1987;

 1
H NMR (400 MHz, 

CDCl3) δ 0.97 (3H, s), 0.99 (3H, s), 1.06 (1H, dd, J = 14.9, 7.5Hz), 1.17-1.26 (2H, 

m), 1.44-1.56 (3H, m), 1.97 (1H, s), 2.04 (3H, s), 2.06-2.14 (2H, m), 2.52-2.63 

(1H, m), 3.14 (1H, dd, J = 16.6, 4.0 Hz), 3.39 (1H, s), 4.26 (1H, d, 12.0Hz), 4.59 

(1H, dd, 12.0, 4Hz), 4.97 (1H, s), 5.04 (1H, d, J = 12.4Hz), 5.57 (1H, s), 6.11 (1H, 

s), 6.28 (1H, s), 6.97 (1H, dd, J = 5.0, 3.6Hz), 7.13 (1H, d, J = 3.6Hz), 7.29 (1H, 

dd, J = 5.0, 1.3Hz).
 13

C NMR (100 MHz, CDCl3) δ 17.7, 20.7, 22.0, 22.6, 33.4, 

33.5, 34.4, 40.9, 42.2, 44.1, 48.1, 51.2, 52.8, 62.3, 64.1, 72.5, 77.1, 90.9, 121.5, 

125.6, 126.2, 126.4, 140.1, 144.7, 170.0, 202.7, 204.6. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-((E)-2,6-Dimethylhepta-1,5-dien-1-yl)-8,8-
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dimethyl-13-methylene-1,12-dioxodecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de

][1,3]dioxin-11a(6aH)-yl)methyl acetate (41) was synthesized according to the 

general procedure using 11 and citral. Purity: 97% under UV 254 nm. HRMS m/z 

[M+H]
+
 calcd for C32H45O6, 525.3211; found 525.3212;

 1
H NMR (400 MHz, 

CDCl3) δ 0.96 (3H, s), 0.98 (3H, s), 1.00-1.06 (1H, m), 1.15-1.25 (2H, m), 

1.44-1.54 (3H, m), 1.56-1.60 (3H, m), 1.66-1.69 (3H, m), 1.75-1.78 (3H, m), 1.92 

(1H, s), 1.97-2.02 (4H, m), 2.03 (3H, s), 2.05-2.15 (3H, m), 2.49-2.61 (1H, m), 

3.10 (1H, dd, J = 16.6, 3.9Hz), 3.34 (1H, s), 4.22 (1H, d, J = 12.4Hz), 4.41-4.49 

(1H, m), 4.81 (1H, s), 4.99-5.04 (1H, m), 5.05-5.10 (1H, m), 5.15-5.23 (1H, m), 

5.55 (1H, d, J = 6.4Hz), 5.57 (1H, s), 6.27 (1H, s).
 13

C NMR (100 MHz, CDCl3) δ 

17.4, 17,6, 17.7, 20.7, 21.7, 22.6, 25.6, 26.0, 33.4, 34.5, 39.2, 40.9, 42.2, 44.0, 

48.1, 51.2, 52.8, 62.4, 64.0, 71.8, 91.1, 120.8, 121.5, 123.6, 131.9, 143.6, 144.9, 

170.0, 203.1, 204.9. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-(2-Fluorophenyl)-8,8-dimethyl-13-methyle

ne-1,12-dioxodecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6a

H)-yl)methyl acetate (42) was synthesized according to the general procedure 

using 11 and 2-fluorobenzaldehyde. Purity: 95% under UV 254 nm. HRMS m/z 

[M+H]
+
 calcd for C29H34FO6, 497.2334; found 497.2337;

 1
H NMR (400 MHz, 

CDCl3) δ 0.99 (6H, s), 1.02-1.10 (1H, m), 1.18-1.27 (2H, m), 1.43-1.57 (3H, m), 

1.96-2.03 (2H, m), 2.05 (3H, s), 2.06-2.09 (1H, m), 2.11-2.23 (1H, m), 2.52-2.65 

(1H, m), 3.17 (1H, dd, J = 16.6, 4.0 Hz), 3.38 (1H, s.), 4.26 (1H, d, J = 12.3Hz), 

4.60 (1H, dd, J = 12.5, 5.8Hz), 5.01 (1H, d, J = 1.1Hz), 5.09 (1H, d, J = 12.4Hz), 

5.58 (1H, s), 6.17 (1H, s), 6.29 (1H, s), 7.00-7.08 (1H, m), 7.13 (1H, td, J = 7.6, 

0.9Hz), 7.29-7.36 (1H, m), 7.48 (1H, td, J = 7.4, 1.8Hz). 
13

C NMR (100 MHz, 

CDCl3) δ 17.8, 20.7, 21.7, 22.6, 33.4, 34.4, 42.3, 44.2, 48.1, 51.3, 52.3, 53.0, 62.3, 
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64.1, 72.4, 77.2, 88.5, 115.1, 115.3, 121.3, 124.3, 127.7, 127.8, 130.8, 130.9, 

144.9, 169.9, 202.9, 204.7. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-Benzyl-8,8-dimethyl-13-methylene-1,12-di

oxodecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6aH)-yl)meth

yl acetate (43) was synthesized according to the general procedure using 11 and 

phenylacetaldehyde. Purity: 98% under UV 254 nm. HRMS m/z [M+H]
+
 calcd for 

C30H37O6, 493.2585; found 493.2588;
 1

H NMR (400 MHz, CDCl3) δ 0.91 (3H, s), 

0.96 (3H, s), 0.98-1.05 (1H, m), 1.09-1.23 (2H, m), 1.40-1.52 (3H, m), 1.85-1.98 

(4H, m), 1.99 (3H, s), 2.49-2.58 (1H, m), 2.85 (2H, d, J = 5.1Hz), 3.07 (1H, dd, J 

= 16.7, 4.0Hz), 3.30 (1H, s), 4.07-4.12 (1H, m), 4.38-4.50 (1H, m), 4.70 (1H, s), 

4.97 (1H, d, J = 12.4Hz), 5.01 (1H, t, J = 5.2Hz), 5.59 (1H, s), 6.27 (1H, s), 

7.22-7.26 (3H, m), 7.29-7.34 (2H, m).
 13

C NMR (100 MHz, CDCl3) δ 17.7, 20.6, 

21.8, 22.6, 33.3, 33.5, 40.9, 42.2, 44.0, 48.0, 51.2, 52.9, 62.2, 64.0, 71.7, 76.4, 

95.0, 121.1, 126.6, 128.3, 129.7, 136.0, 145.1, 169.9, 203.3, 204.9. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-8,8-Dimethyl-13-methylene-5-(naphthalen-2-

yl)-1,12-dioxodecahydro-2H-3,3a
1
-ethanophenanthro[1,10-de][1,3]dioxin-11a(6a

H)-yl)methyl acetate (44) was synthesized according to the general procedure 

using 1 and 2-naphthaldehyde. Purity: 96% under UV 254 nm. HRMS m/z 

[M+H]
+
 calcd for C33H37O6, 529.2585; found 529.2587;

 1
H NMR (400 MHz, 

CDCl3) δ 1.00 (6H, m), 1.03-1.12 (1H, m), 1.21-1.26 (2H, m), 1.45-1.58 (3H, m), 

2.00-2.05 (2H, m), 2.06 (3H, s), 2.08-2.14 (1H, m), 2.15-2.27 (1H, m), 2.55-2.65 

(1H, m), 3.17 (1H, dd, J = 16.6, 4.0 Hz), 3.42 (1H, s), 4.32 (1H, d, 12Hz), 4.66 

(1H, dd, J = 12.3, 5.9Hz), 4.99-5.12 (2H, m), 5.58 (1H, s), 6.02 (1H, s), 6.30 (1H, 

s), 7.45-7.53 (3H, m), 7.80-7.87 (3H, m), 7.90 (1H, s).
 13

C NMR (100 MHz, 
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CDCl3) δ 17.7, 20.7, 22.0, 22.6, 33.3, 33.5, 34.4, 40.9, 42.3, 44.1, 48.2, 51.3, 53.0, 

62/4, 64.1, 72.3, 77.2, 94.3, 121.4, 123.6, 125.8, 126.1, 126.5, 127.6, 128.3, 132.7, 

133.7, 134.7, 145.0, 170.0, 203.0, 204.7. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-8,8-dimethyl-13-methylene-1,12-dioxo-5-(3,

4,5-trimethoxyphenyl)decahydro-2H-3,3a1-ethanophenanthro[1,10-de][1,3]dioxin

-11a(6aH)-yl)methyl acetate (45) was synthesized according to the general 

procedure using 1 and 3,4,5-Trimethoxybenzaldehyde. Purity: 95% under UV 254 

nm. HRMS m/z [M+H]
+
 calcd for C32H41O9, 569.2745; found 569.2754; 

1
H NMR 

(400 MHz, CDCl3) d 0.97 (3H, s), 0.99 (3H, s), 1.03-1.11 (1H, m), 1.17-1.24 (2H, 

m), 1.44-1.56 (3H, m), 1.98 (1H, s), 2.03 (1H, d, J = 2.5 Hz), 2.05 (3H, s), 

2.07-2.19 (2H, m), 2.53-2.64 (1H, m), 3.13 (1H, dd, J = 16.7, 4.0 Hz), 3.40 (1H, 

s), 3.80 (3H, s), 3.86 (6H, s), 4.24-4.34 (1H, m), 4.62 (1H, dd, J = 12.0, 6.3 Hz), 

4.97 (1H, d, J = 1.0 Hz), 5.02 (1H, d, J = 12.3 Hz), 5.57 (1H, s), 5.79 (1H, s), 6.28 

(1H, s), 6.65 (2 H, s). 
13

C NMR (100 MHz, CDCl3) δ 17.7, 20.6, 21.9, 22.6, 33.4, 

34.3, 40.8, 42.2, 44.0, 48.1, 51.2, 52.9, 56.1, 60.4, 60.7, 64.1, 72.3, 94.2, 103.2, 

121.5, 132.8, 138.5, 144.8, 153.2, 170.1, 202.9, 204.6. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-(3-hydroxyphenyl)-8,8-dimethyl-13-methy

lene-1,12-dioxodecahydro-2H-3,3a1-ethanophenanthro[1,10-de][1,3]dioxin-11a(6

aH)-yl)methyl acetate (46) was synthesized according to the general procedure 

using 1 and 3-Hydroxybenzaldehyde. Purity: 94% under UV 254 nm. HRMS m/z 

[M+Na]
+
 calcd for C29H34O7Na, 517.2197; found 517.2202; 

1
H NMR (400 MHz, 

DMSO-d6) δ 0.92 (3H, s), 0.95 (3H, s), 1.15-1.49 (6H, m), 1.72-1.85 (3H, m), 

1.96 (3H, s), 2.28-2.44 (2H, m), 3.30-3.34 (2H, m), 4.34 (1H, dd, J = 12.5, 5.5Hz), 

4.41 (1H, d, J = 12.5Hz), 4.97 (1H, d, J = 12.5Hz), 5.11 (1H, s), 5.67 (1H, s), 



185 
 

6.05-6.08 (2H, m), 6.62-6.78 (3H, m), 7.06-7.17 (1H, m), 9.40 (1H, s). 
13

C NMR 

(100 MHz, DMSO-d6) δ 17.4, 20.3, 21.7, 22.4, 32.9, 33.1, 33.6, 40.3, 41.8, 43.7, 

48.0, 50.3, 52.9, 61.3, 63.8, 71.9, 75.9, 92.8, 112.9, 115.6, 116.9, 120.4, 128.9, 

139.5, 146.1, 157.0, 169.7, 203.9, 205.6. 
13

C NMR (100 MHz, CDCl3) δ 17.4, 

20.7, 21.9, 22.6, 33.4, 33.5, 34.4, 40.9, 42.3, 44.1, 48.1, 51.3, 52.9, 55.3, 62.3, 

64.1, 72.2, 94.0, 111.4, 115.1, 118.6, 121.3, 129.4, 138.7, 144.9, 159.6, 170.0, 

202.9, 204.7. 

 

((3S,3aR,3a1R,6aR,11aS,11bS)-5-(3-methoxyphenyl)-8,8-dimethyl-13-meth

ylene-1,12-dioxodecahydro-2H-3,3a1-ethanophenanthro[1,10-de][1,3]dioxin-11a(

6aH)-yl)methyl acetate (47) was synthesized according to following procedure: A 

solution of 46 (6 mg) in acetone (2 mL) was added K2CO3 (10 mg) and a drop of 

MeI. The mixture was stirred at 25 
o
C for 4 hours and the formed new spot was 

purified by silica gel column to give 47 (6 mg, 98% yield) as a white solid. Purity: 

95% under UV 254 nm. HRMS m/z [M+H]
+
 calcd for C30H37O7, 509.2534; found 

509.2538; 
1
H NMR (400 MHz, CDCl3) δ 0.98 (3H, s), 0.99 (3H, s), 1.02-1.06 (1H, 

m), 1.16-1.30 (3H, m), 1.45-1.56 (3H, m), 1.98 (1H, s), 2.04-2.05 (3H, m), 

2.06-2.21 (2H, m), 2.53-2.63 (1H, m), 3.14 (1H, dd, J = 16.7, 4.0 Hz), 3.39 (1H, 

s), 3.80 (3H, s), 4.28 (1H, d, J = 12.2 Hz), 4.60 (1H, dd, J = 12.3, 6.0 Hz), 4.97 

(1H, s), 5.05 (1H, d, J = 12.4 Hz), 5.56 (1H, s), 5.82 (1H, s), 6.27 (1H, s), 

6.84-6.90 (1H, m), 6.94-7.02 (2H, m), 7.24-7.29 (1H, m). 
13

C NMR (100 MHz, 

CDCl3) δ 17.4, 20.7, 21.9, 22.6, 33.4, 33.5, 34.4, 40.9, 42.3, 44.1, 48.1, 51.3, 52.9, 

55.3, 62.3, 64.1, 72.2, 94.0, 111.4, 115.1, 118.6, 121.3, 129.4, 138.7, 144.9, 159.6, 

170.0, 202.9, 204.7. 
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3.2 Sulforhodamine B (SRB) Assay  

Sulforhodamine B (SRB) assay for the measurement of cellular protein 

content was used to screen the anticancer activity of the acetal derivatives of 11 

following previously published protocol [445]. In brief, HCT-116 cells were 

grown in 96-well plates (Corning, NY, USA) to a final volume of 190 μL 

complete medium containing 10% FBS and 1% penicillin-streptomycin. The cell 

density was set to 8000 cells per well. After 24 h incubation, series concentrations 

of different drugs (10 μL) were added to the cells. The plates were then incubated 

in 5% CO2 incubator maintaining 37 °C for 48 h and were examined every 24 h 

under a microscope..  

At the time of harvest, 50 μL of 50% trichloroacetic acid (TCA) was added 

to each well for fixing the cell monolayers. The plates were air-dried under a fume 

hood, stained with 100 μL SRB solution (0.4% SRB in 1% acetic acid) for 30 min 

at room temperature. The residual staining solution was washed by quickly 

washing four times with 1% acetic acid. The dye was then solubilized in 200 μL 

of 10 mM Tris base with slight shaking in an orbital shaker (Kylin-Bell Lab 

Instruments Co., Ltd, China) and absorbance was measured using a microplate 

spectrophotometer (Benchmark Plus, Bio-Rad, CA, USA) at a wavelength of 515 

nm. GraphPad prism was used to calculate the IC50 values of the compounds. 

Parent compound 11 was used a reference drug during testing the cytotoxicity of 

each new analogs. The experiment was repeated for three independent assays.   
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3.3 Xenograft Studies 

In this study, 6-week old male BALB/c nude mice, specific-pathogen-free 

(SPF) class, purchased from BioLASCO Taiwan Co., Ltd., were used. Animals 

were maintained at 23 ± 2 °C with an alternating 12 h light-dark cycle and were 

allowed to food and water ad libitum. Prior to experiment, animals were 

acclimatized to SPF class laboratory condition for one week. All the study 

protocols were approved by the Committee on Use of Human and Animal 

Subjects in Teaching and Research of Hong Kong Baptist University and followed 

the regulations of the Department of Health, Hong Kong. HCT-116 cells (2 × 

10
7
/100 µl) were suspended in McCoy’s 5A medium containing no FBS or 

antibiotic and inoculated subcutaneously into the both left and right flank of each 

mouse. Tumor growth was observed and recorded routinely. The treatments were 

started after 1 week when the tumors have reached an average volume of ~100 

mm
3
. For each treatment, mice were allocated in complete randomness into six 

groups with 8 mice per group [Group I: vehicle group; Group II: compound 34 

(25 mg/kg); Group III: compound 34 (50 mg/kg); Group IV: compound 37 (25 

mg/kg); Group V: compound 37 (50 mg/kg); Group VI: 5-FU (25 mg/kg)]. Mice 

were weighed, and flank tumors were measured every 3 days with digital calipers, 

and tumor volumes were calculated using the formula: Volume = {(width)
2
 x 

length}/2. 
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4. Results  

4.1. Cytotoxicity Study and Structure-Activity Relationship 

The new ent-kaurane derivatives with acetal groups exhibited slightly lower 

cytotoxicity (Table 5.1) than the original scaffold (11) in HCT-116 cells, which 

means hydroxyl groups on C-7 and C-11 are not pharmacophore. Surprisingly, the 

derivatives with relatively bulk substitutions (37 and 44) show 3 to 4 times lower 

activity or even no activity (39) due to steric hindrance to unsaturated ketone.  

 

Table 5.1. Cytotoxic activity of acetal derivatives of compound 11 in HCT-116 

cells  

Compounds IC50 (µM) 

11 0.8±0.15 

33 0.99±0.22 

34 0.96±0.20 

35 2.86±0.44 

36 1.28±0.19 

37 3.23±0.81 

38 1.41±0.21 

39 2.77±0.67 

40 1.16±0.12 

41 2.26±0.38 

42 2.62±0.44 

43 2.4±0.53 

44 3.63±0.23 

45  0.97±0.16 

46  No inhibition up to 40.4 µM 
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47  1.57±0.28 

           

 

   
Figure 5.1. Structures of acetal derivatives of compound 11.  

 

 

 

 



190 
 

4.2. Xenograft Studies 

The compound 37 notably reduced the tumor volume and weight (Figures 5.2 

and 5.3) but no significant changes in body weight in compound 37 treated 

groups were observed compared to vehicle group (Figure 5.4), indicating that it 

exerts lower toxicity in mice. Moreover, at one-way ANOVA, the differences in 

tumor weight between the vehicle and compound 37 (50 mg/kg) groups were 

statistically significant (p < 0.05). In this aspect, our hypothesis to add acetal 

protecting group in the structure of compound 11 is successful; the prodrug 37 is 

released as 11 in the animal body showing antitumor activity with no sign of 

toxicity. 

 
Figure 5.2. The changes of tumor volumes in mice after treatment with compound 

37 (25 and 50 mg/kg) and 5-FU (25 mg/kg) for 21 days. *P < 0.05 



191 
 

 

Figure 5.3. The changes of tumor weight in mice after treatment with compound 

37 (25 and 50 mg/kg) and 5-FU (25 mg/kg) for 21 days. *P < 0.05, **P < 0.01 

 

 

 

Figure 5.4. The changes of body weight in mice after treatment with compound 

37 (25 and 50 mg/kg) and 5-FU (25 mg/kg) for 21 days.  

 

 

 

Treatment (Days) 
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5. Discussion 

Conventional drug deliveries for anticancer therapies generate potential 

toxicity and maintain a narrow therapeutic window. The pharmacokinetics and 

toxicity profile of anticancer agents can be improved through various approaches 

such as nanoparticle-based drug delivery, receptor-targeted therapy or prodrug 

delivery [511-513]. In the present study, we applied prodrug design approach to 

reduce the toxicity of compound 11. The rationale for choosing the prodrug 

delivery is to design a precursor molecule that will be released as bioactive 

molecule by enzymatic or non-enzymatic reactions. The transformation of 

prodrug into the active drug may happen in the systemic circulation or at the 

tumor site [514].         

Looking into the cytotoxicity data and structures of the acetal derivatives of 

compound 11, we can see that the size of the protecting groups do not affect the 

activity of the compounds significantly, probably due to the compounds undergo 

non-enzymatic cleavage to convert into compound 11. Based on the in vitro 

cytotoxicity results, we selected one of the most cytotoxic prodrug (34) and one of 

the least cytotoxic prodrug (37) for in vivo study in xenograft mice. However, 

when administered to mice, the prodrug 34 showed high toxicity leading to death 

of animals. The toxic effect of 34, at least in part, might be due to release of 

formaldehyde upon hydrolysis. Formaldehyde, also known as methylaldehyde, 

methanal or oxymethylene, is a detrimental carcinogenic and mutagenic agent. 

The cytotoxicity of formaldehyde has been reported in several literatures 

[515,516]. Interestingly, the least active prodrug 37 significantly reduced tumor 

growth without any toxicity up to 50 mg/kg. This favorable antitumor effect might 

be due to the release cinnamaldehyde which is a natural essential oil and does not 
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cause toxicity to the cells. With only minor skin irritation as side effect, 

cinnamaldehyde itself possesses low toxicity [517]. Previous studies demonstrated 

that cinnamaldehyde induces apoptosis in lung, colon, leukemia, and hepatoma 

cells [518-520]. Consequently, compound 37 may be considered as effective 

prodrug to diminish the toxicity of 11. 

 

6. Conclusion 

Design and delivery of prodrug is an effective way to reduce the 

chemotherapeutics-induced toxicities. In our study, we designed a number of 

prodrugs of compound 11 by adding acetal groups to improve its safety profile. 

Our cytotoxicity studies in colorectal cancer HCT-116 cells showed that the 

addition of acetal groups did not change the activity level. Moreover, the results 

also indicate hydroxyl groups at C-7 and C-11 affect the cytotoxicity but do not 

act as the active moieties. Addition of relatively bulky groups decreases the 

cytotoxic effect of the compounds. Among the acetal derivatives, compound 37 

significantly suppressed tumor growths (p < 0.05) with reduced toxicity (p > 0.05). 

Therefore, this compound may be considered as a prospective prodrug to be 

released as 11 and exerting its antitumor effect with reduced toxicity.  
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Supplementary Figures: 

 

 

Figure S5.1. 
1
H NMR of compound 11. 
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Figure S5.2. 
1
H NMR of compound 33. 

 

Figure S5.3. 
13

C NMR of compound 33. 
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Figure S5.4. 
1
H NMR of compound 34. 

 

Figure S5.5. 
13

C NMR of compound 34. 
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Figure S5.6. 
1
H NMR of compound 35. 

 

Figure S5.7. 
13

C NMR of compound 35.  
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Figure S5.8. 
1
H NMR of compound 36. 

 

Figure S5.9. 
13

C NMR of compound 36. 
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Figure S5.10. 
1
H NMR of compound 37. 

 

Figure S5.11. 
13

C NMR of compound 37. 
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Figure S5.12. 
1
H NMR of compound 38. 

 

Figure S5.13.
13

C NMR of compound 38.  
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Figure S5.14. 
1
H NMR of compound 39. 

 

Figure S5.15. 
13

C NMR of compound 39. 
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Figure S5.16. 
1
H NMR of compound 40. 

 

Figure S5.17. 
13

C NMR of compound 40. 
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Figure S5.18. 
1
H NMR of compound 41. 

\ 

Figure S5.19.
13

C NMR of compound 41.  
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Figure S5.20. 
1
H NMR of compound 42. 

 

Figure S5.21. 
13

C NMR of compound 42. 
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Figure S5.22. 
1
H NMR of compound 43. 

 

Figure S5.23. 
13

C NMR of compound 43. 
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Figure S5.24. 
1
H NMR of compound 44. 

 

Figure S5.25. 
13

C NMR of compound 44. 
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Figure S5.26. 
1
H NMR of compound 45. 

 

Figure S5.27. 
13

C NMR of compound 45. 
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Figure S5.28. 
1
H NMR of compound 46. 

 

Figure S5.29. 
13

C NMR of compound 46. 
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Figure S5.30. 
1
H NMR of compound 47. 

 

Figure S5.31. 
13

C NMR of compound 47. 
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6.1. Conclusion 

During the last several years, ent-kaurane diterpenes have drawn the 

attention of pharmacists and medicinal chemists as a source of anticancer agents. 

In the current research, we offer flexicaulin A (9) as a promising drug lead due to 

its potential anticancer effect and favorable structure containing 7, 14 hydroxyl 

groups that offer feasibility of structural modification to reduce its and/or analogs 

toxicity. On the other hand, replacement of C-11 hydroxyl group by carbonyl 

group generated a novel potent compound 11 with improved cytotoxicity.  

Mechanistic study found that the anticancer activity of compounds 9 and 11 

are exhibited through apoptosis and senescence pathways in colorectal cancer 

HCT-116 cells. The event of apoptosis is regulated by increasing the protein levels 

of p53, Bax, Bak, PUMA and cleaved PARP while decreasing BCl-2 and PARP. In 

contrast, up-regulation of p21, p27 and down-regulation of p16, Rb and E2F1 are 

linked to induction of senescence. Further study to explore the signaling pathway 

revealed that 9 and 11 down-modulate the expression of NF-κB p65 and p50 and 

their target protein IkB-α. Apart from NF-κB pathway, both compounds 

down-regulated the expression of STAT3, p-STAT3 and up-stream targets Src and 

p-Src.    

 In vivo study in BALB/c nude mice bearing HCT-116 cells-inoculated 

tumor showed suppression of tumor growth after treatment with compound 11. 

Beside its antitumor effect, the compound also affected the body weight of the 

mice indicating significant toxicity (p < 0.05). To attenuate the toxicity, we further 

developed a series of prodrugs by adding different forms of acetal groups. As per 

as our hypothesis, one of the acetal derivatives 37 significantly inhibited tumor 

volume and size (p < 0.05) with no sign of toxicity (p > 0.05). In summary, 
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compound 11 exhibits anti-colon cancer effect by inducing apoptosis and 

senescence through NF-κB and STAT3 signaling pathway.  

6.2 Novelty and Significance of the Work 

This is the first study which attempted to analyze the structure-activity 

relationship of natural ent-kauranes that were reported to possess anticancer 

activity by previous studies. We hope after completion of this project we will be 

able to establish a clear picture how to improve the anticancer effect of these 

compounds. In fact, the anticancer mechanism of 9 and 11 is yet to be explored 

although 9 was reported as a cytotoxic compound in 2017. After confirming the 

anticancer potential, we used the structure of 9 as lead molecule and modified the 

original scaffold to obtain novel analog 11 with potent anticancer effect. Moreover, 

the mechanism of action of this new ent-kaurane is also unveiled for the first time. 

Indeed, there is scarcity of literature reporting NF-κB and STAT3 signaling 

pathways as a target of ent-kaurane. In this thesis, we are presenting compound 11 

as a new drug molecule, which showed anticancer effect by inducing apoptosis 

and senescence by regulating NF-κB and STAT3 signaling pathways. In this 

context, our findings may provide new insight into antitumor effects and their 

underlying mechanisms, which may serve as potential drug candidate for the 

development of anticancer drugs with improved therapeutic efficacy. 
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6.3. Future Perspectives 

6.3.1. To study the pharmacokinetics of compound 11 and its acetal 

derivatives 

In the course of new drug discovery and development process, the discovery 

stage include initial screening of biological activities, identification of their target 

proteins, genes or receptors responsible for specific activity and design of new 

analogs with better activity. In the development phase, the toxicity and efficacy of 

potential candidates are assessed [521].  Pharmacokinetics studies (PK) of new 

drug candidate is an indispensable part to evaluate the efficacy during the drug 

discovery and development program. About 10-40% of all proposed drug 

candidates fail to meet the drug criteria due to inappropriate PK properties [522]. 

In addition, establishing the proper relationship between PK and 

pharmacodynamics is prerequisite for clinical trials, dose optimization, 

personalized therapy and minimizing the adverse effects [521,523]. To be more 

specific, PK study is closely related to the regulatory requirements of the new 

drug entities. Food and drug administration (FDA) characterized the PK studies 

by evaluating the absorption, distribution, metabolism and excretion pattern of 

new agents [524]. Since our initial anticancer screening, mechanism and toxicity 

studies as well as the prodrug design proved compound 11 as a promising drug 

candidate, therefore, in the next steps we will investigate the PK properties of this 

novel anticancer agent. For this purpose, the compound 11 and its prodrug 37 will 

be administrated into the left auricular vein of rats. Blood samples (5 mL) will be 

collected from the right auricular vein after 15, 30, 45 min; 1, 3, 6, 12, 24 and 48 h. 

Subsequently, the samples will be centrifuged and the serum will be collected and 

stored at -20 °C for future analysis. Finally, animals will be sacrificed following 
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appropriate ethical guidelines to collect the liver, lung, kidney, spleen and heart 

for studying the tissue distribution of our compounds of interest. At the time of 

analysis, serum and tissues samples will be processed to analyze by liquid 

chromatography–mass spectrometry (LC–MS) technique according to previously 

published protocols [525,526] .     

6.3.2. To evaluate the effect of compound 11 on inflammation-induced cancer  

Persistent activation of transcription factor nuclear factor-kappa B (NF-κB) 

controls the expression of several genes involved in inflammation, cell growth, 

proliferation, apoptosis and metastasis [527]. NF-κB, when activated, initiates 

several key cascades of tumorigenesis process. It also plays a pivotal role in 

intestinal inflammation and colorectal cancer [528]. Accumulating evidences 

demonstrate that inflammatory cytokines generate supportive tumor 

microenvironment for the development of colorectal cancer. Apart from the 

NF-κB pathway, signal transducer and activator of transcription 3 (STAT3) is 

greatly involved in inflammation and colon cancer. Previous research showed 

activation of STAT3/NF-κB is associated with alleviated levels of inflammatory 

cytokines in a colorectal mouse model [529]. In this aspect, inactivation of 

STAT3/NF-κB pathway can be specifically targeted for the prevention and 

treatment of colon cancer. To our knowledge, only few ent-kaurenoids such as 

eriocalyxin B [384] and ponicidin [388] were reported to inhibit STAT3 signaling 

pathway. While some ent-kauranes including effusanin E [396], inflexinol [416], 

eriocalyxin B [499], and oridonin [500] exhibit anticancer activity through NF-κB 

pathway. Although some literatures reported the modulation of NF-κB and STAT3 

pathways by these compounds, unfortunately no published data were found 

describing the effect ent-kaurane diterpenoids in inflammation-induced colon 
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cancer. Our initial study showed that the novel ent-kaurane compound 11 inhibited 

the protein level of NF-κB sub-units p65 and p50 in the nucleus as well as 

suppressed cytoplasmic level of IκB-α. Moreover, it also down-regulated the 

expression of STAT3, p-STAT3, Src and p-Src proteins in HCT-116 cells 

(Described in Chapter 3). Therefore, we hypothesize that anti-colon cancer effect 

of compound 11 may be mediated through blockage of inflammatory response. To 

justify the hypothesis, we will evaluate the effect of compound 11 and/or its 

analogs on the inflammatory cytokines including tumor necrosis factor alpha 

(TNF-α), interleukin 1 beta (IL-1β), IL-6, monocyte chemoattractant protein 1 

(MCP-1), and colony stimulating factor 1 (CSF-1) and cyclooxygenase-2 (COX-2) 

at mRNA and protein level using real time PCR and western blot techniques, 

respectively. Furthermore, subcellular localization of the target protein will be 

investigated by immunocytochemistry and immunohistochemistry. 

 

6.3.3. To develop compound 11 as DHFR antagonist for the treatment of 

cancer 

Dihydrofolate reductase (DHFR) is an enzyme that reduces dihydrofolic acid 

to tetrahydrofolic acid using NADPH as cofactor. This is an essential step for 

DNA synthesis. Inhibition of DHFR leads to cell death and stop cancer growth. 

Therefore, DHFR is an important target for the development anticancer drugs 

[530]. Drugs that inhibit DHFR are named as antimetabolite. Current 

antimetabolites are 5-FU, methotrexate, 6-mercaptopurine, cytarabine and 

gemcitabine. Interestingly, no previous literature reported ent-kaurane as 

antimetabolite. In our preliminary study, we observed compounds 9 and 11 inhibit 

the expression of DHFR (Figure 6.1), which is not only the first report 

mentioning DHFR as a target of these two compounds but also a novel finding for 

all ent-kaurane type of compounds. With this novel innovation, we are planning to 
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gain insight into the development of new DHFR antagonists. For this purpose, we 

will synthesize a series of new derivatives of compound 11 by incorporating 

lipophilic groups. Our hypothesis is introduction of lipophilic groups may 

improve passive diffuse of the compound to pass through the cell membranes, 

thus improving DHFR inhibitory activity. The target compounds will be 

synthesized using one-pot synthesis procedure and will be evaluated in vitro for 

DHFR inhibition and in vivo for antitumor activity. Moreover, we will use 

computer-aided molecular docking analysis to explore the binding affinity of the 

compounds with DHFR binding site. To achieve a deeper understanding, different 

targets from DHFR pathway such as methylenetetrahydrofolate reductase 

(MTHFR), thymidylate synthase and folic acid will be studied using different 

molecular biology techniques including western blot, real time PCR and 

immunocytochemistry.  

 

Figure 6.1. Immunoblot analysis to examine the expression level of DHFR in 

HCT-116 cells. 2 × 10
5 

cells were seeded in 6-well plate, treated with increasing 

concentrations of 9 and 11 for 48 h. Total protein was extracted and analyzed by 

western blot. GAPDH was used as internal control. 

 

6.3.4. To confirm pathways in vivo and to identify specific protein targets of 

compound 11 and its acetal derivatives 

In the future study, we will confirm the anticancer pathways of compounds 9, 11 

and their acetal derivatives in tumor model and specific protein targets of 

compounds will be identified by in silico technique, microarray analysis and drug 

affinity responsive target stability (DARTS) experiment.  
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APPENDICES 

 

Appendix I: Cryopreservation and Thawing of Cells 

 

Cryopreservation of Cell Lines  

After microscopic observation, cells with good in health and morphology 

were detached from the culture dish using trypsin. The cells were centrifuged at 

1000 rpm for 3 min; pellets were collected and dissolved in 90% full medium plus 

10% DMSO. DMSO was used as cryoprotectant. The cell suspension was 

collected in cryopreservation vial, transferred to -80 °C freezer for overnight and 

finally placed into the liquid nitrogen tank (-196 °C).  

 

Thawing of Cell Lines 

After taking out from the liquid nitrogen, cells were quickly thawed at 37 °C until 

cells suspension become liquid. The cells were then mixed with 10 mL complete 

medium in a 15 mL tube, centrifuged at 1000 rpm for 3 min and cultured in 10 cm 

dish. The medium was replaced by fresh medium on the next day.   
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Appendix II: Buffers and Reagents  

 

Phosphate Buffered Saline (PBS) (10X) per liter  

Nacl    80 g 

KCl     2 g 

KH2PO4  2 g 

Na2HPO4  11.5 g 

 

Adjust the pH to 7.4 and stored at room temperature 

 

Running Buffer (10X) per liter 

Glycine   144 g 

Tris      30.3 g 

SDS       10 g 

 

Transfer Buffer (10X) per 500 mL 

Glycine   72 g 

Tris      15.15 g  

Sample buffer (5X) 

2.5 mL of 1M Tris.Cl (pH: 6.8) 

8 mL of glycerol 

8 mL of 10% SDS 

2 mL of β-ME 

1 mL of 1% bromophenol blue (0.1 g in 10 mL methanol) 

18.5 ml dH2O       

 

Tris Buffer Saline (TBS) (10X) per liter  

Tris   24.2 g 

NaCl  80 g 

Adjust the pH to 7.6 by adding HCl 

TBST (1X) 

1X TBS + 1 mL Tween 20 
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Nuclear Extraction Buffer  

Buffer A: Hypotonic buffer 

20 mM Tris-HCl 

1.5 mM MgCl2 

Buffer B: High salt buffer 

20 mM Tris-Hcl (pH: 7.9) 

25% Glycerol 

10 mM KCl 

0.42 M NaCl 

1.5 mM MgCl2 

0.2 mM EDTA 

 

4% Paraformaldehyde (PFA) per liter 

800 mL 1X PBS 

40 g PFA powder 

Add PBS up to 1 L 

pH: 7.4; Store at -20 °C 

 

30% Ammonium Persulfate (APS) 

0.3 g of ammonium persulfate was dissolved in 1 mL Milli-Q water. APS solution 

was prepared freshly prior to experiments.   

 

2X Separation Buffer 

0.75 M Tris-Cl pH: 8.8   (45.43 g/500 mL) 

0.2% SDS (1 g/500 mL) 

 

2X Stacking Buffer 

0.25 M Tris.Cl pH: 6.8    (30.285 g/1L) 

0.2% SDS  (2 g/1L) 
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Separation/Resolving Gel 

 

Separation Gel (%) 7.5 10 12.5 15 

2X separation buffer 

(mL) 

6 6 6 6 

30% acrylamide (mL) 3 4 5 6 

H2O (mL) 3 2 1 0 

TEMED (µL) 12.5 12.5 12.5 12.5 

30% APS (µL) 25 25 25 25 

 

Stacking Gel (4.5%) 

 

Stacking Gel  (4.5%) 

2X stacking buffer (mL) 2 

30% acrylamide (mL) 0.6 

H2O (mL) 1.4 

TEMED (µL) 4 

30% APS (µL) 8 

 

  

Blocking Buffer (5%) 

 

0.5 g non-fat milk was dissolved in 10 mL TBST and mixed properly.   

 

0.4% Sulforhodamine B (SRB) 

0.8 g SRB in 200 mL 1% acetic acid  

 

Tris-base (10 mM) 

0.6057 g Tris-base in 500 mL ddH2O 
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List of reagents used for the synthesis of acetal derivatives 

 

Chemical name Brand CAS Purity 

2,2-Dimethoxy propane J&K 77-76-9 98% 

p-Toluenesulfonic acid 

monohydrate J&K 6192-52-5 

98% 

Dess–Martin periodinane J&K 87413-09-0 95% 

Dimethoxymethane J&K 109-87-5 98% 

Butyraldehyde J&K 123-72-8  98% 

Benzaldehyde Sigma-Aldrich 100-52-7 98% 

Furfural Sigma-Aldrich 98-01-1 99% 

Cinnamaldehyde ALADDIN 104-55-2 98% 

Trimethyl orthoformate Sigma-Aldrich 149-73-5 98% 

Piperonal Sigma-Aldrich 120-57-0 99% 

2-Thenaldehyde Sigma-Aldrich 98-03-3 98% 

Citral J&K 5392-40-5 95% 

2-Fluorobenzaldehyde Sigma-Aldrich 446-52-6 98% 

Phenylacetaldehyde J&k 122-78-1 97.5%, s 

2-Naphthaldehyde, 98% J&k 66-99-9 99% 

3,4,5-Trimethoxybenzaldehyde J&k 86-81-7 99% 

3-Hydroxybenzaldehyde J&k 100-83-4 98% 

Methyl Iodide J&k 74-88-4 99% 

 

 

 

 

https://en.wikipedia.org/wiki/Hydrate
http://www.jkchemical.com/CH/products/search/fulltextsearch/122-78-1.html
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