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Abstract 

 

Pancreatic and colon cancer are two of the most prevalent causes of global cancer-related 

deaths. While surgery and chemotherapy are standard treatment options, post-treatment 

outcomes often result in a poor prognosis. Likewise, one of the major impediments to the 

successful treatment of acute myeloid leukaemia (AML) by chemotherapeutics is the 

development of drug resistance. Some cancer therapies work by inhibiting the cellular 

messages that promote the tumour’s growth and spread. Unfortunately, given the protracted 

nature of cancer therapies, problems with drug resistance and toxicity can develop. 

Therefore, the search for viable alternatives is of urgent need that can be used to treat cancer 

with minimal or no toxicity.  

One promising new source of anti-cancer compounds are natural products from our 

environment especially those that form part of our dietary supplements such as herbs and 

spices. This is an indication that they have been at least field tested for toxicity for a 

considerable length of time. Crocin which is derived from the spice saffron is one such 

bioactive molecule that has shown significant anticancer activity against multiple cancers. 

Research has indicated that its mechanism of action is by targeting signal transduction 

pathways that promote cancer growth and progression, invasion, angiogenesis, and 

metastasis. 

In the first phase of this project, the molecular mechanism of crocin -induced 

apoptosis in pancreatic cancer was investigated. It was found that crocin significantly 

downregulated key anti-apoptotic proteins and upregulated key cell cycle signaling proteins 

in pancreatic cancer. Likewise, microarray gene-expression analysis revealed that a 

substantial number of genes involved in check points and cell signaling pathways were 

induced in the presence of crocin. This anti-cancer effect was confirmed by a reduction in 

tumor growth in mice and a protective effect against radiation- induced hepatic oxidative 

damage. Together, these results indicate that crocin has potential for the treatment and 

management of pancreatic cancer. 

In the second phase of this study, the effect of crocin on colon cancer angiogenesis 

and metastasis was investigated. It was found that crocin -treated cancer cells showed 

significant cytotoxicity, decreased cell migration, invasion, and angiogenesis in comparison to 
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non-cancerous cells. In addition, crocin significantly inhibited TNF-α, NF-κB and VEGF 

pathways in colon cancer cells. This was confirmed by an in vivo angiogenesis model. These 

results indicate that crocin may supresses angiogenesis and metastasis in colon cancer via 

TNF-α/NF-kB/VEGF pathways.  

In the final phase of this study, the effect of crocin on acute myeloid leukaemia drug 

resistance was evaluated. In these experiments It was found that crocin reduced the 

resistance of daunorubicin, a standard chemotherapeutic drug for AML, by downregulating 

BCl-2 and Mcl-1 pathways, which are involved in resistance of majority of chemotherapeutic 

drugs. Besides, crocin alone or in combination with daunorubicin inhibits proliferation, 

migration and promote apoptosis of AML cells, which were further confirmed in in vivo 

studies.  

In conclusion, the research presented in this thesis has advanced scientific work that 

focuses on cancer angiogenesis, metastasis, and drug resistance as well as crocin-mediated 

apoptosis activation in pancreatic, colon cancer, and AML. However, more thorough and 

focused analyses are still required to illuminate numerous unrecognized facets. From the 

studies presented so far, it is concluded that crocin has the potential to inhibit different types 

of cancer by modulating multiple signalling pathways and showing a minimal toxicity profile. 

Therefore, it is reasonable to suggest crocin as an effective and successful anticancer agent 

that could have patient benefits if translated into clinics. 
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1. General Introduction  

1.1 Cancer 

Cancer is a multifactorial disease and is often characterized as undesirable growth and 

development of cells in the body [1]. Depending on which organ or tissue of the body 

is affected, there are over 100 types of cancer. In cancer, the genome undergoes 

several changes because of interactions with the environment of the individual, such 

as abnormal cell growth signaling, unwanted cell division, inhibition of apoptosis, 

angiogenesis, and metastasis [2].  

Cancer poses a major public health threat globally as the world's second leading cause 

of death [3]. Cancer diagnosis and treatment were hampered by the Coronavirus 

disease 2019 (COVID-19) pandemic in 2020 [4]. Although the incidence of cancer may 

decline in the short term due to the closures of medical facilities and fears of COVID-

19 exposure. The waiting list that will create for the time dependent cancer conditions, 

may increase both serious cancers and incidence of mortality [5]. The dissemination 

of data on population-based surveillance over the past few years, however, has 

delayed quantification of these secondary effects [6].  For instance, the only data 

available for cancer mortality and incidence is for 2018 and 2019, respectively [7]. 

According to this data, the most recent total cancer cases registered globally were 

approximately 18 million, with approximately 9 million deaths recorded. 

 

1.2. Types of cancer  

 

Cancer classification is highly complex due to the variety of tumours that can arise in 

different body tissues. In addition to their primary site of origin, they can also be 

classified according to the type of tissue they come from [8]. According to histology, 

cancer is categorised into six types.  

 

1.2.1.  Carcinoma  

Most cancer cases are related to cancer of the epithelium called carcinoma, a 

malignancy that affects the lining of the body and generally affects organs or glands 
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that can produce secretions, such as, lung, bladder, prostate, colon, breast etc. It is 

sub categorised into squamous cell carcinoma or adenocarcinoma [8]. 

 1.2.2.    Sarcoma  

Another category of cancer that is related to supportive and connective tissues is 

called sarcoma. These are associated with tissues such as cartilages, bones, tendons, 

muscles and fat, Osteosarcoma, and chondrosarcoma usually comes under this 

heading [8]. 

 

1.2.3.    Myeloma  

This category of cancer originates from bone marrow plasma cells and is associated 

with the immature over production of white blood cells. For instance, lymphatic. 

lymphoblastic leukaemia, CML (chronic myeloid leukaemia), ALL (acute lymphoblastic 

leukaemia), and AML (acute myeloid leukaemia) etc [8]. 

1.2.4.   Lymphomas  

This category of cancer originates from the nodes or glands of the lymphatic system 

which purify body fluids and secretion of lymphocytes. They are also referred to as 

‘solid cancers.[8] 

 

 1.3.  Causes of cancer  

The aetiology of cancer is multifactorial and involves both genetic, environmental, and 

diverse lifestyle factors [9]. Due to rapid developments in cancer genetics, more 

knowledge of cancer biology is now available which facilities the identification of high-

risk individuals, different malignancies, and development of an efficient treatment 

modalities [9]. Some of the well-established risk factors of the cancer are as follows: 

 

1.3.1. Obesity  

Obesity is deemed as the main risk factor of many cancers such as colon, breast, 

endometrium, oesophagus, kidney, pancreatic, and prostate. Recently identified 

obesity related cancers are gallbladder, thyroid, ovarian and liver cancer [10]. In 

several cancer processes obesity related mechanisms were found to be involved in 

angiogenesis, carcinogenesis, and cell proliferation. Besides, obesity is also linked with 

secondary complications and poor prognosis in patients [ 11, 12, 10]. It was reported 
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that body fat as estimated by body mass index could be possible causative factor for 

prostate and ovarian cancer, and it was shown to have a strong link with liver cancer. 

Moreover, many other diverse factors such as ethnicity, sex and menopausal status 

are also responsible for obesity associated cancer risk [ 10].  

 

1.3.2. Tobacco  

Tobacco smoking is linked with almost one third of all cancer related deaths and about 

half of the cancer deaths which are otherwise preventable. Tobacco was first reported 

as carcinogenic agent which affects lungs during 1950. Afterwards, several studies 

demonstrated a strong association between tabaco smoke and other cancers such as 

nasopharynx, oral, stomach, liver, uterine, adenocarcinoma of oesophagus, and 

myeloid leukaemia. Besides, cigarette smoking, there are other forms of tobacco such 

as pipes, cigars as well as chewable tobacco such as gutka which are seen to be 

involved in increased risk of cancer associated with tobacco and mainly affects lungs [ 

12,13] 

 

1.3.3. Alcohol  

Alcohol consumption is evinced to be involved in several cancers such as larynx, 

colorectum, liver, oesophagus, breast, and oral cavity. Although, liver cancer has 

strong association with alcohol consumption, however, it is not a direct mutagenic 

agent and, facilities the effects of other carcinogens by modulating or generating free 

radical formation or other tissue related toxicity [ 12, 14] Moreover, studies have 

reported that alcohol consumption causes its effect in many ways, such as genotoxic, 

increased production of oestrogen, changes in folate metabolism [15] 

 

1.3.4. Insufficient Physical Activity 

An accumulating body of evidence has suggested that reduced or lack of physical 

activity enhances the risk of developing many cancers including colon, breast, and 

endometrium cancers [16,12] 

 

 

 



15 
 

 

1.3.5. Diet and Lifestyle  

According to the reports of American institute of cancer research (AICR) and world 

cancer research fund (WCRF), approximately three to four million cancer cases 

globally can be prevented by adopting healthy diet and lifestyle. There is inverse 

relationship between cancer incidence and healthy diet /lifestyle. Healthy diet and 

lifestyle are reported to decrease the risk of developing many cancers such as 

colorectal, head and neck, postmenopausal breast cancer [17].  Plant-based diets and 

those low in processed food or meat and refined carbohydrates can immensely 

contribute to cancer prevention [18]. Fruits and vegetables which, contain many 

phytoconstituents are believed to decrease cancer risk by many folds [19]. 

 

1.3.6. Other Factors 

There are other factors that are significantly associated with the cancer progression 

and development which includes occupational hazards caused by exposure to various 

carcinogens [20]. For instance, workers employed in textile industry get exposed to 

various carcinogenic dyes that affects their wellbeing and increase risk of cancer [21].  

Additionally, it is reported that exposure to synthetic fibre dust for long time causes 

stomach cancer risk. Likewise, several studies reported that prolong exposure to 

occupational risk factors causes systemic sclerosis (SSc), which mostly affect following 

organs breast, lungs, stomach, and haematological system, enhances the risk of cancer 

[22]. Similarly, skin cancer can be induced by constant exposure to UV radiation, and 

which induces apoptosis [23]. Furthermore, it is also revealed that oral cavity may be 

associated with risk of developing cancer as it is exposed to many foreign bacteria and 

viruses which can get enter the human body through air and food [24] 

 

1.4. Cancer diagnosis  

Despite recent advances in the state of art of diagnosis of cancer, most cancers are 

not detected at early stage of the disease progression [25]. To improve survival rate 

and treatment response in patients, early diagnosis at a precancerous stage is very 

important [25]. Although, several diagnosis biomarkers have been developed over 

time that facilitate precise and early diagnosis of cancer, biomarkers with 100% 
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sensitivity have not yet been developed [26]. Usually, cancer is diagnosed based on 

symptoms of the patients and possible associated risk factors. However, some cancers 

are very refractive to diagnosis at early stage due to similarities with the non-

malignant forms [25]. Therefore, it is paramount to discover new biomarkers for early 

diagnosis of malignancy. Current technological advances in genomics such as PCR, 

next generation sequencing, and cDNA technology have evinced new windows of 

opportunity for proper diagnosis such as methylation data, transcriptomes and copy 

number variant are best examples [27]. Furthermore, adopting the use of multiple 

genomic and proteomic biomarkers than single proteins or genes can immensely 

revolutionize cancer diagnosis. Likewise, for the in vivo cancer diagnosis, the use of 

magnetic nanoparticles has gained much attention due to its various properties such 

as biocompatibility, stability, and magnetic susceptibility [28]. Nonetheless, still more 

research and efforts are required to implement more accurate and best approach for 

diagnosis of cancer.  

 

1.5. Standard treatment options for Cancer  

Surgery, radiotherapy (RT), chemotherapy, and targeted therapy are the current 

conventional cancer treatment options. These management techniques have not 

succeeded in raising the overall survival rates for decades, sometimes making them 

worse option than the disease itself. Therefore, it is essential to create cutting-edge 

treatment plans that are more precise and effective. Patients with malignant tumours 

typically undergo surgical resection to remove the tumour, followed by chemotherapy 

and radiation therapy [29] Prior to the development of anaesthesia and antisepsis, 

surgery was the most common form of cancer treatment. It still plays a crucial role in 

the treatment and management of cancer. Precision tumour localization became 

achievable with the development of radiography and CT scanning, greatly boosting 

the surgical removal of tumours from various cancers. Additionally, the 

implementation of cancer screening programmes facilitated the surgical removal of 

precancerous lesions or the early excision of aggressive cancers [30].  

 

Laparoscopic, endoscopic, and robotic surgery are some of the less invasive surgical 

procedures that are offered. Additionally, relatively recent surgical methods like 
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radiofrequency ablation, cryosurgery, microwave ablation, and high-intensity focused 

ultrasound have been used (HIFU). These methods alter the temperature locally, 

which can kill cancer cells [31]. However, despite the efficacy of surgical resection for 

local control, long-term mortality rates continue to be high, primarily because of 

cancer spread [30].  

 

RT has evolved into another important management strategy for cancer 

patients as the prevalence of malignant disease has increased. At least 50% of cancer 

patients receive RT as part of their regimen. Ionizing radiation, such as X-rays, gamma 

rays, and particle radiation (electrons, protons, neutrons, carbon ions, alpha particles, 

and beta particles), are typically used in radiation therapy (RT) to kill cancer cells [29]. 

The foundation of RT is the idea that radiation, through its ionising action, damages 

and breaks the DNA of cancer cells, leading to cell death and, as a result, tumour 

reduction. Brachytherapy, for instance, emits radiation from the nucleus of a 

radioactive isotope like radium-223 [32]). For better efficacy and to reduce the risk of 

relapse, RT is typically used as an adjunct to surgery [33]. 

 

 Recently, the area of RT has received a lot of attention into radiosurgery. With high 

precision and accuracy, a high dose of radiation—roughly 10 Gy for each fraction—is 

administered in this therapy procedure, reducing the quantity of radiation received by 

the surrounding normal cells [34].The disadvantages of radiation therapy, such as 

severe tissue damage to nearby tissues, often outweigh its benefits [35]. 

Chemotherapy is the main course of treatment for patients with metastatic spread or 

advanced illness [36]. Chemotherapy is the process of treating cancer by administering 

one or more chemotherapeutic medicines [29]. 

 

Chemotherapy's primary goal is to eliminate tumour cells with minimal harm to 

healthy tissues. The well-known platinum-based chemotherapy medication cisplatin, 

also known as cis-diamminedichlo roplatinum (II), has been used to treat several 

cancers, including bladder, head and neck, lung, ovarian, and testicular tumours. It 

creates a crosslink with the purine nucleotides in DNA, causing DNA damage and the 

death of cancer cells (apoptosis). Cisplatin has also been used in combination with 
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other medications to increase efficacy and lessen cytotoxicity. Among the medications 

used in conjunction with cisplatin are gemcitabine, doxorubicin, vitamin D, 

bevacizumab, and vinblastine [37]. Likewise, cyclophosphamide and methotrexate for 

the treatment of breast cancer; epirubicin, cisplatin, and 5-fluorouracil for the 

treatment of stomach cancer; methotrexate, vincristine, doxorubicin, and cisplatin for 

the treatment of bladder cancer; cyclophosphamide, doxorubicin, and vincristine 

(etoposide) for the treatment of lung cancer [36]. Chemotherapy and radiotherapy 

together are frequently more effective than either method alone. For instance, the 

reduction of esophageal and rectal tumours was made possible by the 

radiosensitization achieved using chemotherapeutic medicines like 5-fluorouracil [36]. 

 

However, they have several drawbacks because they can randomly damage healthy 

cells and cause significant side effects include myeloid suppression, nausea, fatigue, 

hair loss, and diminished fertility, among others [36] Additionally, chemotherapeutic 

resistance is a primary obstacle, reducing the effectiveness of the currently available 

medications [38]. Recent developments in cancer research have caused a paradigm 

shift away from conventional cytotoxic medications and toward cutting-edge 

techniques like targeted therapy [39]. Targeted therapy employs pharmacological 

drugs to cause cancer cell death, just like traditional chemotherapy. However, 

targeted therapy is significantly more tolerable for certain cancer types, including 

lung, colorectal, breast, lymphoma, and leukaemia. Unlike traditional chemotherapy, 

targeted therapy kills cancer cells by specifically targeting specific proteins implicated 

in carcinogenesis [40]. Vascular endothelial growth factor (VEGF), HER2/neu, and the 

epidermal growth factor receptor (EGFR, commonly known as HER1) are the 

molecular pathways that are typically targeted in the therapy of solid tumours.  

Small molecule inhibitors and monoclonal antibodies are examples of targeted cancer 

treatments [41]. Monoclonal antibodies have a large molecular weight of about 

150,000 Da and are water soluble. These antibodies target ligands and receptor-

binding domains, which are extracellular elements of these pathways. Smaller and 

having a molecular weight of about 500 Da, small molecule inhibitors are the opposite. 

These inhibitors penetrate cells and work by preventing receptor signalling and 

obstructing intracellular molecules downstream [41]. The drawback of targeted 
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medicines is their high cost, which may place a strain on patients. Additionally, these 

treatments have serious side effects such as proteinuria, thrombosis, heart failure, 

and an acneiform rash [42]. 

 

1.6.  Problems associated with present treatment strategies  

Even though several chemotherapeutic drugs effectively limit the development and 

proliferation of cancer cells in preclinical conditions, their clinical effectiveness is 

frequently hampered by several side effects coupled with chemoresistance [43, 44]. 

Chemoresistance is the process adopted by the cancer cell to make itself resistance to 

chemotherapy [44]. Chemoresistance causes the disease to advance and so increases 

the risk of dying from cancer [44]. Another major barrier is the chemotherapeutic drug 

resistance that develops in cancer cells, often known as "multidrug resistance (MDR)". 

MDR is mediated by a variety of mechanisms, including decreased absorption of 

water-soluble medicines, improved DNA damage repair, increased hydrophobic drug 

efflux, inhibition of apoptosis, and changes to the DNA repair process. Therefore, 

identifying the mechanisms of MDR can aid in the resolution of this issue and the 

development of novel cancer medicines [44, 45,46] 

 

1.7. Natural products as a source of biocompatible anticancer compounds 

Natural products from the various natural sources such as plants, animals, microbes, 

spices, and herbs can also be potent anticancer agents [47]. Some of the potential and 

popular anti-cancer drugs which have been obtained from natural resources are 

daunorubicin, doxorubicin and mitoxantrone etc. which are used in the clinics as 

standard cancer therapy [48]. Recently, these molecules were reported to possess 

other pharmacological activities such as antibacterial, anti-inflammatory, anti-fungal 

and antiviral activity [49-51].  

Numerous studies reported that most predominant cancers occur by suppression of 

many genes that are significant for coding apoptosis proteins and proteins involved in 

signal transduction pathways such as tumour suppressor proteins, transcription and 

translational factors including growth factors [52]. These factors and proteins could 

become novel targets for the successful treatment of cancer. Although the current 
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options for cancer treatment and management have limitations due to high cost and 

secondary complications, radioprotection and chemoprevention by herbal remedies 

has drawn much attention as a novel sources of anti-cancer agents because of their 

high-effectivity, low cost and minimal side effects [53]. 

 

1.8. Apoptosis and its marker proteins as target for anticancer drug development  

Apoptosis signalling pathways which brings alterations within the cells involves a 

series of proteins called caspases. These caspases are secreted within the cells in a 

non-activated form and are activated by other caspases through proteolytic processes 

which and prime other biochemical events [54]. The caspases are mainly categorised 

into two broad classes such as initiators which includes caspase-2,8,9 and 10. Others 

are effectors or executors such as caspase 3, 6 and 7 [55]. Caspase -3 is one of the 

most predominant among the effectors or executors as it is activated by any initiators 

and is considered most significant target for cancer therapy [56]. Likewise, anti-

apoptotic protein family BCl-2 contains several proteins which play significant role in 

apoptosis induction and over expression in different forms of cancers [57]. The ratio 

of Bcl2/Bax expression will determine the fate of cell and is regulated by tumour 

suppressor gene P53. Higher the expression of Bcl-2 and lower the expression of Bax 

causes resistance to chemotherapy [57]. Contrary, higher the expression of Bax and 

lower the expression of Bcl-2 induces apoptosis. Any anticancer drug from both 

synthetic or natural source which could downregulate Bcl-2 and upregulate Bax as 

single agent or in combination with standard chemotherapeutic drugs could be 

promising for the treatment and management of cancer [58]. Similarly, the P53 gene 

plays a vital role in cell cycle regulation by activating cell cycle checkpoints. It is also 

known as guardian of genome because it maintains cell cycle function at G1 phase if 

DNA damage occurs and activates DNA repair proteins to fix DNA damage [58]. If the 

damage is severe p53 will cause cell cycle arrest and induces apoptosis within the cell. 

Therefore, the expression profile of P53 is very important for determining the fate of 

the dividing cell and makes it a promising target for anti-cancer drug development as 

it is mutated in 50% of cancers (Figure 1.1) [58]. 
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Figure 1.1.  Schematic diagram of apoptosis induction by anticancer drug within cancer 

cell. 

 

1.9. The use of natural products as cell cycle check point inhibitors   

Many natural products have been reported to exhibit changes in cell cycle function at 

different cycle phases which causes cell cycle arrest at G1/S phase [59]. During this 

stage in the cycle the metabolically active cell stops and is deactivated by supressing 

DNA replication, transcription, post translational modifications, and protein synthesis 

[60]. Therefore, any drug or natural product that changes checkpoint protein function 

in the cell cycle by altering their expression levels as well as binding affinity with the 

receptors are potential anticancer leads and the proteins that regulate cell cycle are 

identified as potential new therapeutic targets [61]. Thus, natural products that 

inhibits cell division at different checkpoints phases where defects in cell death 
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process or cell cycle function are involved in disease formation could be potential 

anticancer drugs (Figure 1.2) [62]. 

 

 

 

Figure 1.2: Regulation of cell cycle by natural  

 

1.10. Angiogenesis and metastasis role in tumour formation and progression  

Angiogenesis is the process of forming new blood vessels from pre-existing 

vasculature and plays balanced role in the different processes involved in the 

development of normal organism [63]. Angiogenesis is a multi-step process that 

occurs in response to stimuli and encourages the endothelial cells proliferation and 

differentiation along with degradation of extracellular matrix and basement 

membrane. Angiogenesis is involved in numerous physiological processes such as 

embryonic development or wound healing.[64]. Likewise, angiogenesis is also 

involved in other disorders such as diabetes induced retinopathy, cardiomyopathy etc. 

[65]. It is well documented and widely accepted that angiogenesis promotes tumour 

growth by providing oxygen and nutrients to tumour cells and promote metastasis 

[66]. 
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Both the proangiogenic and antiangiogenic factors are known to promote tumour 

growth by modulating the tumour microenvironment. Interestingly, vascular growth 

factor (VEGF) is a dominant proangiogenic factor that is evinced to be involved in 

angiogenesis and metastasis [67]. Other factors involved in tumour angiogenesis 

includes matrix metalloproteases (MMP) and hypoxia inducible factor one (HIF-1) [68]. 

It is reported that NF-kB also play significant role in tumour angiogenesis. Since the 

downstream target of NF-kB is VEGF, it promotes tumour angiogenesis and metastasis 

via NF-kB/VEGF signalling pathway (Figure 1.3) [69]. Therefore, it is essential to 

develop anti-angiogenic drugs that target these processes and demonstrate minimal 

side effects. 

 

Figure 1.3. Inhibition of angiogenesis and metastasis by natural product such as Crocin.  

 

Natural resources have always been source of such anti-cancer molecules which 

exhibit potential anticancer activity with minimal side effects. Indeed, recently WHO 

recommended the use of natural products from different sources such as herbs, 

spices, plants, and microbes as these products have shown promising results in various 

preclinical and clinical trials [70].  
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1.11. Botanical sources of anticancer agents  

 

Natural products from various plants have been extensively used for the treatment of 

variety of diseases for millenia [71]. The functional significance of these plant- derived 

natural products is well recognised by modern medicine [72]. It is well documented 

that majority of drugs launched between 2000 and 2005 were derived from natural 

products. Over 87% of all diseases, including infectious and non-infectious, are treated 

by using natural products or related drugs [73].  For instance, some significant 

anticancer plant derived molecules for cancer treatment in the market are vinca 

alkaloids (vinblastine, vincristine and vindoline), the taxanes (Paclitaxel and 

docetaxel), the epipodophyllotoxins (etoposide and taeniacide) etc [74]. Therefore, 

plants continue to exhibit immense potential for novel drug leads and thus represents 

natures reservoir of potential chemicals that may provide cure for the cancer. 

Interestingly, spices have gained much attention to be used against cancers due to 

their anti-cancer properties and minimum toxicity [75]. Some very well-recognised 

spices have promising potential to cure cancers such as turmeric, saffron, ginger, 

garlic, oregano etc. All these spices contain active constituents, that have ability to 

modulate several cellular processes such as drug metabolism, proliferation, cell 

division, differentiation, and apoptosis [75].  

 

Among these spices, saffron has received much attention due its remarkable 

pharmacological applications in flock medicine [76]. Saffron belongs to the family 

Iridaceae and its botanical name is (Crocus sativus L.) [76]. Saffron contains many 

active compounds such as crocin, crocetin, safranal, kaempferol etc. However, its 

principle active compound is crocin which is responsible for its biological activities 

against different diseases including cancer [76]. For this reason, in the present study 

dietary crocin  was selected because of its diverse mode of action against different 

types of cancers. In the following section I will lay out our reasons for choosing crocin 

as a suitable candidate for our studies on anticancer activity.  
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1.12. Dietary crocin as therapeutic agent for treatment and management of cancer  

 

1.12.1. Source of dietary crocin  

 

Dietary crocin (di-β-D-gentiobiose ester) is a water soluble- carotenoid and the 

principal compound derived from saffron (Crocus sativus L.). It is a dietary spice used 

for medicinal, culinary and medicinal purposes for several centuries. Generally, it is 

yellowish- red in colour [77]. 

 

       1.12.2. Chemical structure and pharmacological properties of crocin  

 

Crocin is di-β-D-gentiobiose ester in which carboxy groups are converted into their 

gentiobiosyl esters of crocetin form (Figure 1.4). It has remarkable pharmacological 

applications in flock medicine and is reported to demonstrate pharmacological 

activities including anti-tumour, antioxidant, immunomodulatory and anti-metastasis 

activities [78]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Chemical structure of crocin [78] 
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Crocin inhibits tumour formation and its metastasis in different cancers such as, 

colorectal, pancreatic, prostrate, breast including myeloid leukaemia and other 

leukaemia [79-82]. Therefore, exhibiting its potential to employ as cancer preventive 

and chemotherapeutic agent. Crocin is reported to induce apoptosis by inhibiting cell 

cycle regulation [83]. It is evinced that crocin induces apoptosis in cancer cells by 

downregulating anti-apoptotic protein Bcl2 and upregulating apoptotic protein Bax 

via caspase dependent as well as independent pathways [84]. Recently, it was 

reported that crocin kills cancer cells by acting on microtubule formation [85]. Crocin 

is reported to show its biological activity by binding with numerous proteins such as 

membrane transporters, structural proteins and the enzymes which are involved in 

ATP production, signal transduction, and redox balance [86]. It provides defence 

against oxidative stress by enhancing glutathione synthase [87]. Likewise, other 

results from studies have reported that crocin increases the total antioxidant capacity 

and superoxide dismutase level in the kidney tissue of mice [88]. 

 

According to the accumulated scientific evidence, the molecular mechanism of crocin 

in several cancers is reported to be regulated by multiple mechanisms as shown in the 

(Figure 1.5) [89]. 
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 Figure 1.5. Molecular mechanism of crocin on different cancers [89] 

 

All these studies suggest anticancer mechanisms of crocin in different cancers are 

apoptosis, suppression in proliferation, cell cycle progression, inhibition of 

microtubule polymerization, telomerase activity, decrease in the expression of MRP1 

and MRP2 gene, and inhibition of CDK and P21 cip1[89]. Besides, crocin reduces 

expression of ECM related proteins such as E-cadherin, N-cadherin, MMP 2 and 9. It 

also reduces gene expression of some proinflammatory cytokines that are involved in 

cancer [89]. Although numerous hypotheses have been reported for mechanism of 

crocin’s action on cancer, the exact molecular mechanism of action against cancer by 

crocin are still not clear. However, all these studies suggest that crocin acts on cancer 

by regulating multiple signalling pathways.  
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1.13. Hypothesis 

The main hypothesis is that dietary crocin, might be a suitable natural product in the 

treatment of AML, pancreatic and colon cancers due to its reputation as an anti-

cancerous molecule with a broad range of activity with minimal side effects.  

I will focus on acute myeloid leukaemia, pancreatic and colon cancer as these are most 

prevalent cancers in United Kingdom. Since angiogenesis plays a pivotal role in cancer 

formation and progression, I hypothesize that inhibiting colon tumor growth can be 

achieved by inhibiting angiogenesis. The induction of apoptosis is one of fundamental 

steps in the successful treatment of cancer. It can cause chemotherapeutic drug 

resistance by activating anti-apoptotic proteins. Therefore, I hypothesize that crocin 

sensitizes acute myeloid leukemia not presently responding to the treatment by 

inducing apoptosis and targeting the signaling pathways involved in cancer formation. 

I will investigate the molecular basis of the effects of crocin on multiple cancers such 

as acute myeloid leukemia, pancreatic and colon cancer by targeting apoptotic and 

cell cycle signaling pathways in in vitro and in vivo models to enable its successful 

translational applications in clinics.  

 

             1.14. Aim and Research objectives  

The aims of the present study were to investigate molecular mechanism of crocin on 

acute myeloid leukaemia, pancreatic and colon cancer by analysing different 

parameters both in in vitro and in vivo models as outlined below. 

 

1. To evaluate the efficacy of crocin on different human cancer cell lines such AML, 

pancreatic and colon cancer to ascertain cytotoxicity. 

 

2. To investigate the molecular mechanism of apoptosis induction by crocin using in 

vitro models (AML, colon and pancreatic cancer) and the efficacy of crocin alone 

or in combination with standard chemotherapeutic drugs such as daunorubicin 

against drug resistance of acute myeloid leukemia cells. 
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3. To conduct series of angiogenesis assays to gain better understanding how crocin 

affects colon carcinoma formation and metastasis. 

 

 

4. To validate in vitro obtained findings by in vivo xenograft models of acute myeloid 

leukemia, pancreatic cancer and tumour angiogenesis model of colon cancer. 

 

 

5. To evaluate the radioprotective effect of crocin on radiation induced oxidative 

damage in the liver of normal mice to understand how crocin could be used as 

adjuvant in pancreatic cancer radiotherapy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

 

References  

1. Anand P, Kunnumakkara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai OS, Sung B, 

Aggarwal BB. Cancer is a preventable disease that requires major lifestyle changes. Pharm 

Res. 2008 Sep;25(9):2097-116. doi: 10.1007/s11095-008-9661-9. Epub 2008 Jul 15. 

Erratum in: Pharm Res. 2008 Sep;25(9):2200. Kunnumakara, Ajaikumar B [corrected to 

Kunnumakkara, Ajaikumar B]. PMID: 18626751; PMCID: PMC2515569. 

2. Fares, J., Fares, M.Y., Khachfe, H.H. et al. Molecular principles of metastasis: a hallmark of 

cancer revisited. Sig Transduct Target Ther 5, 28 (2020). https://doi.org/10.1038/s41392-

020-0134-x 

3. Yabroff, K. R., Wu, X. C., Negoita, S., Stevens, J., Coyle, L., Zhao, J., Mumphrey, B. J., Jemal, 

A., Ward, K. C. Association of the COVID-19 Pandemic with Patterns of Statewide Cancer 

Services. J Natl Cancer Inst. June 28 2021. 

4. Surveillance, Epidemiology, and End Results (SEER) Program. SEER*Stat Database: 

Incidence-SEER 9 Registries Research Data with Delay-Adjustment, Malignant Only, 

November 2020 Submission (1975-2018) <Katrina/Rita Population Adjustment>-Linked To 

County Attributes-Total U.S., 1969-2018 Counties. National Cancer Institute, Division of 

Cancer Control and Population Sciences, Surveillance Research Program, Surveillance 

Systems Branch; 2021. 

5. Surveillance, Epidemiology, and End Results (SEER) Program. SEER*Stat Database: 

Incidence-SEER 18 Registries Research Data + Hurricane Katrina Impacted Louisiana Cases, 

November 2020 Submission (2000-2018) <Katrina/Rita Population Adjustment>-Linked To 

County Attributes-Total U.S., 1969-2018 Counties. National Cancer Institute, Division of 

Cancer Control and Population Sciences, Surveillance Research Program, Surveillance 

Systems Branch; 2021. 

6. Surveillance Research Program. SEER*Explorer: an interactive website for SEER cancer 

statistics. National Cancer Institute; 2021. Accessed April 15, 2021 

7. Surveillance, Epidemiology, and End Results (SEER) Program. SEER*Stat Database: 

Incidence-SEER Research Limited-Field Data With Delay-Adjustment, 21 Registries, 

Malignant Only, November 2020 Submission (2000-2018)-Linked To County Attributes-

Time Dependent (1990-2018) Income/Rurality, 1969-2019 Counties. National Cancer 

Institute, Division of Cancer Control and Population Sciences, Surveillance Research 

Program; 2021. 

8. Guruvayoorappan, C., K.M. Sakthivel, G. Padmavathi, V. Bakliwal, J. Monisha and A.B. 

Kunnumakkara, Cancer preventive and therapeutic properties of fruits and vegetables: An 

overview, in Kunnumakkara (ed.), Anticancer Properties of Fruits and Vegetables: A 

Scientific Review, World Scientific publishers, Singapore, pp. 1–52 (2015) 

9. Parsa N. Environmental factors inducing human cancers. Iran J Public Health. 

2012;41(11):1-9. Epub 2012 Nov 1. PMID: 23304670; PMCID: PMC3521879. 

10. Djuric, Z., Obesity-associated cancer risk: The role of intestinal microbiota in the etiology 

of the host proinflammatory state, Transl Res 179: 155–167 (2016) 

11. Sánchez-Lara, K., L. Morales-Graf, D. Green, R. Sosa-Sánchez, and N. MéndezSánchez, 

Cancer and obesity, Gac Med Mex 146(5): 326–331 (2010). 

12. Whiteman, D.C. and L.F. Wilson, The fractions of cancer attributable to modifiable factors: 

A global review, Cancer Epidemiol 44: 203–221 (2016). 

 

https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1038/s41392-020-0134-x


31 
 

13. Sasco, A.J., M.B. Secretan, and K. Straif, Tobacco smoking and cancer: A brief review of 

recent epidemiological evidence, Lung Cancer 45(2): S3–S9 (2004). 

14. Cao, Y. and E.L. Giovannucci, Alcohol as a risk factor for cancer, Semin Oncol Nurs 32(3): 

325–331 (2016). 

15. Boffetta, P. and M. Hashibe, Alcohol and cancer, Lancet Oncol 7(2): 149–156 (2006). 

16. Hoffman, A.J.,The impact of physical activity for cancer prevention: Implications for 

nurses, Semin Oncol Nurs 32(3): 255–272 (2016). 

17. Potter, J., L. Brown, R.L. Williams, J. Byles, and C.E. Collins, Diet quality and cancer 

outcomes in adults: A systematic review of epidemiological studies, Int J Mol Sci 17(7): 

1052 (2016). 

18. Bail, J., K. Meneses, and W. Demark-Wahnefried, Nutritional status and diet in cancer 

prevention, Semin Oncol Nurs 32(3): 206–214 (2016). 

19. Zhou, Y., J. Zheng, Y. Li, D.P. Xu, S. Li, Y.M. Chen, and H.B. Li, Natural polyphenols for 

prevention and treatment of cancer, Nutrients 8(8): 515 (2016 

20. Singh, Z. and P. Chadha, Textile industry and occupational cancer, J Occup Med Toxicol 11: 

39 (2016). 

21. Gallagher, L.G., W. Li, R.M. Ray, M.E. Romano, K.J. Wernli, D.L. Gao, D.B. Thomas, and H. 

Checkoway, Occupational exposures and risk of stomach and esophageal cancers: Update 

of a cohort of female textile workers in Shanghai, China, Am J Ind Med 58(3): 267–275 

(2015). 

22. Zeineddine, N., L.E. Khoury, and J. Mosak, Systemic sclerosis and malignancy: A review of 

current data, J Clin Med Res 8(9): 625–632 (2016). 

23. Watson, M., D.M. Holman, and M. Maguire-Eisen, Ultraviolet radiation exposure and its 

impact on skin cancer risk, Semin Oncol Nurs 32(3): 241–254 (2016). 

24. Kudo, Y., H. Tada, N. Fujiwara, Y. Tada, T. Tsunematsu, Y. Miyake, and N. Ishimaru, Oral 

environment and cancer, Genes Environ 38: 13 (2016). 

25. Shukla, H.D., J. Mahmood, and Z. Vujaskovic, Integrated proteo-genomic approach for 

early diagnosis and prognosis of cancer, Cancer Lett 369(1): 28–36 (2015). 

26. Dasari, S., R. Wudayagiri, and L. Valluru, Cervical cancer: Biomarkers for diagnosis and 

treatment, Clin Chim Acta 445: 7–11 (2015). 

27. Emery, J. and P. Chiang, The role of risk tools in diagnosing cancer in primarycare — 

Review, AustFam Physician 43(8): 508–512 (2014). 

28. Lima-Tenório, M.K., E.A. Pineda, N.M. Ahmad, H. Fessi, and A. Elaissari, Magnetic 

nanoparticles: In vivo cancer diagnosis and therapy, Int J Pharm 493(1–2): 313–327 (2015). 

29. Cao, W., Y. Gu, M. Meineck, and H. Xu, The combination of chemotherapy and 

radiotherapy towards more efficient drug delivery, Chem Asian J 9(1): 48–57 (2014). 

30. Wyld, L., R.A. Audisio, and G.J. Poston, The evolution of cancer surgery and future 

perspectives, Nat Rev Clin Oncol 12(2): 115–124 (2015).  

31. Rees, M. and H. Sweetland, Role of surgeons in the management of cancer, Surgery 33(3): 

112–116 (2015).  

32. Brown, S., P. Kirkbride, and E. Marshall, Radiotherapy in the acute medical setting, Clin 

Med (Lond) 15(4): 382–387 (2015).  

33. Strom, T. and L.B. Harrison, Radiotherapy for management of basal and squamous cell 

carcinoma, Curr Probl Cancer 39(4): 237–247 (2015).  

34. Choi, W.H. and J. Cho, Evolving clinical cancer radiotherapy: Concerns regarding normal 

tissue protection and quality assurance, J Korean Med Sci 31(1): S75–S87 (2016).  

35. Hubenak, J.R., Q. Zhang, C.D. Branch, and S.J. Kronowitz, Mechanisms of injury to normal 

tissue after radiotherapy: A review, PlastReconstr Surg 133(1): 49e–56e (2014).  



32 
 

36. Corrie, P.G., Cytotoxic chemotherapy: Clinical aspects, Medicine 36(1): 24–28 (2008).  

37. Cao, W., Y. Gu, M. Meineck, and H. Xu, The combination of chemotherapy and 

radiotherapy towards more efficient drug delivery, Chem Asian J 9(1): 48–57 (2014). 

38. Dasari, S. and P.B. Tchounwou, Cisplatin in cancer therapy: Molecular mechanisms of 

action, Eur J Pharmacol 740: 364–378 (2014). 

39. Kim, E.S. Chemotherapy resistance in lung cancer, Adv Exp Med Biol 893: 189–209 (2016).  

40. Chessum, N., K. Jones, E. Pasqua, and M. Tucker, Recent advances in cancer therapeutics, 

Prog Med Chem 54: 1–63 (2015).  

41. Baudino, T.A., Targeted cancer therapy: The next generation of cancer treatment review, 

Curr Drug Discov Technol 12(1): 3–20 (2015). Boffetta, P. and M. Hashibe, Alcohol and 

cancer, Lancet Oncol 7(2): 149–156 (2006). 

42. Gerber, D.E. Targeted therapies: A new generation of cancer treatments. Review, Am Fam 

Physician 77(3): 311–319 (2008).  

43. Dickerson, E.B., W.H. Blackburn, M.H. Smith, L.B. Kapa, L.A. Lyon, and J.F. McDonald, 

Chemosensitization of cancer cells by siRNA using targeted nanogel delivery, BMC Cancer 

10: 10 (2010).  

44. Allen, K.E. and G.J. Weiss, Resistance may not be futile: MicroRNA biomarkers for 

chemoresistance and potential therapeutics, Mol Cancer Ther 9(12): 3126–3136 (2010) 

45. Kachalaki, S., M. Ebrahimi, M.L. Khosroshahi, S. Mohammadinejad, and B. Baradaran, 

Cancer chemoresistance; biochemical and molecular aspects: A brief overview, Eur J 

Pharm Sci 89: 20–30 (2016).  

46. Rebucci, M. and C. Michiels, Molecular aspects of cancer cell resistance to chemotherapy, 

Biochem Pharmacol 85(9): 1219–1226 (2013). 

47. Inbaraj JJ, Chignell CF. Cytotoxic action of juglone and plumbagin: a mechanistic study 

using HaCaT keratinocytes. Chem Res Toxicol. 2004 Jan;17(1):55-62. doi: 

10.1021/tx034132s. PMID: 14727919. 

48. Huang ST, Kuo HS, Hsiao CL, Lin YL. Efficient synthesis of 'redox-switched' naphthoquinone 

thiol-crown ethers and their biological activity evaluation. Bioorg Med Chem. 2002 

Jun;10(6):1947-52. doi: 10.1016/s0968-0896(02)00004-4. PMID: 11937353. 

49. Sasaki K, Abe H, Yoshizaki F. In vitro antifungal activity of naphthoquinone derivatives. Biol 

Pharm Bull. 2002 May;25(5):669-70. doi: 10.1248/bpb.25.669. PMID: 12033513. 

50. Jin YR, Ryu CK, Moon CK, Cho MR, Yun YP. Inhibitory effects of J78, a newly synthesized 

1,4-naphthoquinone derivative, on experimental thrombosis and platelet aggregation. 

Pharmacology. 2004 Apr;70(4):195-200. doi: 10.1159/000075548. PMID: 15001820. 

51. Yuk DY, Ryu CK, Hong JT, Chung KH, Kang WS, Kim Y, Yoo HS, Lee MK, Lee CK, Yun YP. 

Antithrombotic and antiplatelet activities of 2-chloro-3-[4-(ethylcarboxy)-phenyl]-amino-

1,4-naphthoquinone (NQ12), a newly synthesized 1,4-naphthoquinone derivative. 

Biochem Pharmacol. 2000 Oct 1;60(7):1001-8. doi: 10.1016/s0006-2952(00)00411-1. 

PMID: 10974210. 

52. Chae GH, Song GY, Kim Y, Cho H, Sok DE, Ahn BZ. 2- or 6-(1-azidoalkyl)-5,8-dimethoxy-1,4-

naphthoquinone: synthesis, evaluation of cytotoxic activity, antitumor activity and 

inhibitory effect on DNA topoisomerase-I. Arch Pharm Res. 1999 Oct;22(5):507-14. doi: 

10.1007/BF02979161. PMID: 10549580. 

53. Song GY, Kim Y, Zheng XG, You YJ, Cho H, Chung JH, Sok DE, Ahn BZ. Naphthazarin 

derivatives (IV): synthesis, inhibition of DNA topoisomerase I and cytotoxicity of 2- or 6-

acyl-5,8-dimethoxy-1, 4-naphthoquinones. Eur J Med Chem. 2000 Mar;35(3):291-8. doi: 

10.1016/s0223-5234(00)00129-x. PMID: 10785555. 



33 
 

54. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. 2007 

Jun;35(4):495-516. doi: 10.1080/01926230701320337. PMID: 17562483; PMCID: 

PMC2117903. 

55. Cohen GM. Caspases: the executioners of apoptosis. Biochem J. 1997 Aug 15;326 ( Pt 1)(Pt 

1):1-16. doi: 10.1042/bj3260001. PMID: 9337844; PMCID: PMC1218630. 

56. Pietenpol JA, Stewart ZA. Cell cycle checkpoint signaling: cell cycle arrest versus apoptosis. 

Toxicology. 2002 Dec 27;181-182:475-81. doi: 10.1016/s0300-483x(02)00460-2. PMID: 

12505356. 

57. Hedley DW, McCulloch EA. Generation of reactive oxygen intermediates after treatment 

of blasts of acute myeloblastic leukemia with cytosine arabinoside: role of bcl-2. 

Leukemia. 1996 Jul;10(7):1143-9. PMID: 8683994. 

58. Schimmer AD. Inhibitor of apoptosis proteins: translating basic knowledge into clinical 

practice. Cancer Res. 2004 Oct 15;64(20):7183-90. doi: 10.1158/0008-5472.CAN-04-1918. 

PMID: 15492230. 

59. Hunter T. Breaking the cycle. Cell. 1993 Dec 3;75(5):839-41. doi: 10.1016/0092-

8674(93)90528-x. PMID: 8252620. 

60. Joerger AC, Fersht AR. The p53 Pathway: Origins, Inactivation in Cancer, and Emerging 

Therapeutic Approaches. Annu Rev Biochem. 2016 Jun 2; 85:375-404. doi: 

10.1146/annurev-biochem-060815-014710. Epub 2016 May 4. PMID: 27145840. 

61. Hung DT, Jamison TF, Schreiber SL. Understanding and controlling the cell cycle with 

natural products. Chem Biol. 1996 Aug;3(8):623-39. doi: 10.1016/s1074-5521(96)90129-

5. PMID: 8807895. 

62. Murray AW. Creative blocks: cell-cycle checkpoints and feedback controls. Nature. 1992 

Oct 15;359(6396):599-604. doi: 10.1038/359599a0. PMID: 1406993. 

63. Isogai S, Lawson ND, Torrealday S, Horiguchi M, Weinstein BM. Angiogenic network 

formation in the developing vertebrate trunk. Development. 2003 Nov;130(21):5281-90. 

doi: 10.1242/dev.00733. Epub 2003 Sep 3. PMID: 12954720. 

64. Arroyo AG, Iruela-Arispe ML. Extracellular matrix, inflammation, and the angiogenic 

response. Cardiovasc Res. 2010 May 1;86(2):226-35. doi: 10.1093/cvr/cvq049. Epub 2010 

Feb 12. PMID: 20154066; PMCID: PMC2856193. 

65. Tan S, Zang G, Wang Y, Sun Z, Li Y, Lu C, Wang Z. Differences of Angiogenesis Factors in 

Tumor and Diabetes Mellitus. Diabetes Metab Syndr Obes. 2021 Jul 24;14:3375-3388. doi: 

10.2147/DMSO.S315362. PMID: 34335038; PMCID: PMC8318726. 

66. Saman H, Raza SS, Uddin S, Rasul K. Inducing Angiogenesis, a Key Step in Cancer 

Vascularization, and Treatment Approaches. Cancers (Basel). 2020 May 6;12(5):1172. doi: 

10.3390/cancers12051172. PMID: 32384792; PMCID: PMC7281705. 

67. Jiang X, Wang J, Deng X, Xiong F, Zhang S, Gong Z, Li X, Cao K, Deng H, He Y, Liao Q, Xiang 

B, Zhou M, Guo C, Zeng Z, Li G, Li X, Xiong W. The role of microenvironment in tumor 

angiogenesis. J Exp Clin Cancer Res. 2020 Sep 30;39(1):204. doi: 10.1186/s13046-020-

01709-5. PMID: 32993787; PMCID: PMC7526376. 

68. Li X, Ji Z, Ma Y, Qiu X, Fan Q, Ma B. Expression of hypoxia-inducible factor-1α, vascular 

endothelial growth factor and matrix metalloproteinase-2 in sacral chordomas. Oncol 

Lett. 2012 Jun;3(6):1268-1274. doi: 10.3892/ol.2012.645. Epub 2012 Mar 15. PMID: 

22783431; PMCID: PMC3392560. 

69. Xia Y, Shen S, Verma IM. NF-κB, an active player in human cancers. Cancer Immunol Res. 

2014 Sep;2(9):823-30. doi: 10.1158/2326-6066.CIR-14-0112. PMID: 25187272; PMCID: 

PMC4155602. 



34 
 

70. Dias DA, Urban S, Roessner U. A historical overview of natural products in drug discovery. 

Metabolites. 2012 Apr 16;2(2):303-36. doi: 10.3390/metabo2020303. PMID: 24957513; 

PMCID: PMC3901206. 

71. Dias DA, Urban S, Roessner U. A historical overview of natural products in drug 

discovery. Metabolites. 2012 Apr 16;2(2):303-36. doi: 10.3390/metabo2020303. 

PMID: 24957513; PMCID: PMC3901206. 

72. Cragg GM, Newman DJ. Natural products: a continuing source of novel drug leads. 

Biochim Biophys Acta. 2013 Jun;1830(6):3670-95. doi: 

10.1016/j.bbagen.2013.02.008. Epub 2013 Feb 18. PMID: 23428572; PMCID: 

PMC3672862. 
73. Potterat O, Hamburger M (2008) Drug discovery and development with plant-

derived compounds. In: Petersen F, Amstutz R, editors. Progress in drug research: 

natural compounds as drugs. Birhäusser: Verlag AG. Pp. 45–118. 

74. Desai AG, Qazi GN, Ganju RK, El-Tamer M, Singh J, Saxena AK, Bedi YS, Taneja SC, 

Bhat HK. Medicinal plants and cancer chemoprevention. Curr Drug Metab. 2008 

Sep;9(7):581-91. doi: 10.2174/138920008785821657. PMID: 18781909; PMCID: 

PMC4160808. 

75. Dhar ML, Dhar MM, Dhawan BN, Mehrotra BN, Ray C. Screening of Indian plants 

for biological activity: I. Indian J Exp Biol. 1968 Oct;6(4):232-47. PMID: 5720682. 

76. Bostan HB, Mehri S, Hosseinzadeh H. Toxicology effects of saffron and its 

constituents: a review. Iran J Basic Med Sci. 2017 Feb;20(2):110-121. doi: 

10.22038/ijbms.2017.8230. PMID: 28293386; PMCID: PMC5339650. 

77. Srivastava R, Ahmed H, Dixit RK, Dharamveer, Saraf SA. Crocus sativus L.: A 

comprehensive review. Pharmacogn Rev. 2010 Jul;4(8):200-8. doi: 10.4103/0973-

7847.70919. PMID: 22228962; PMCID: PMC3249922. 

78. Leone S, Recinella L, Chiavaroli A, Orlando G, Ferrante C, Leporini L, Brunetti L, 

Menghini L. Phytotherapic use of the Crocus sativus L. (Saffron) and its potential 

applications: A brief overview. Phytother Res. 2018 Dec;32(12):2364-2375. doi: 

10.1002/ptr.6181. Epub 2018 Aug 22. PMID: 30136324. 

79. Aung HH, Wang CZ, Ni M, Fishbein A, Mehendale SR, Xie JT, Shoyama CY, Yuan CS. 

Crocin from Crocus sativus possesses significant anti-proliferation effects on 

human colorectal cancer cells. Exp Oncol. 2007 Sep;29(3):175-80. PMID: 

18004240; PMCID: PMC2658895. 

80. Bakshi H, Sam S, Rozati R, Sultan P, Islam T, Rathore B, Lone Z, Sharma M, Triphati 

J, Saxena RC. DNA fragmentation and cell cycle arrest: a hallmark of apoptosis 

induced by crocin from kashmiri saffron in a human pancreatic cancer cell line. 

Asian Pac J Cancer Prev. 2010;11(3):675-9. PMID: 21039035. 

81. Festuccia C, Mancini A, Gravina GL, Scarsella L, Llorens S, Alonso GL, Tatone C, Di 

Cesare E, Jannini EA, Lenzi A, D'Alessandro AM, Carmona M. Antitumor effects of 

saffron-derived carotenoids in prostate cancer cell models. Biomed Res Int. 2014; 

2014:135048. doi: 10.1155/2014/135048. Epub 2014 May 11. PMID: 24900952; 

PMCID: PMC4037572. 



35 
 

82. Chryssanthi DG, Lamari FN, Iatrou G, Pylara A, Karamanos NK, Cordopatis P. 

Inhibition of breast cancer cell proliferation by style constituents of different 

Crocus species. Anticancer Res. 2007 Jan-Feb;27(1A):357-62. PMID: 17352254. 

83. Ashrafi M, Bathaie SZ, Abroun S, Azizian M. Effect of Crocin on Cell Cycle Regulators 

in N-Nitroso-N-Methylurea-Induced Breast Cancer in Rats. DNA Cell Biol. 2015 

Nov;34(11):684-91. doi: 10.1089/dna.2015.2951. Epub 2015 Sep 22. PMID: 

26394119; PMCID: PMC4642822. 

84. Zhang J, Reedy MC, Hannun YA, Obeid LM. Inhibition of caspases inhibits the 

release of apoptotic bodies: Bcl-2 inhibits the initiation of formation of apoptotic 

bodies in chemotherapeutic agent-induced apoptosis. J Cell Biol. 1999 Apr 

5;145(1):99-108. doi: 10.1083/jcb.145.1.99. PMID: 10189371; PMCID: 

PMC2148221. 

85. Hire RR, Srivastava S, Davis MB, Kumar Konreddy A, Panda D. Antiproliferative 

Activity of Crocin Involves Targeting of Microtubules in Breast Cancer Cells. Sci 

Rep. 2017 Mar 24; 7:44984. doi: 10.1038/srep44984. PMID: 28337976; PMCID: 

PMC5364484. 

86. Hosseinzadeh H, Mehri S, Heshmati A, Ramezani M, Sahebkar A, Abnous K. 

Proteomic screening of molecular targets of crocin. Daru. 2014 Jan 6;22(1):5. doi: 

10.1186/2008-2231-22-5. PMID: 24393168; PMCID: PMC3922837. 

87. Chen Y, Yang T, Huang J, Tian X, Zhao C, Cai L, et al. Comparative evaluation of the 

antioxidant capacity of crocetin and crocin in vivo. Chin Pharm Bull. 2010; 26:248–

251. 

88. Ochiai T, Soeda S, Ohno S, Tanaka H, Shoyama Y, Shimeno H. Crocin prevents the 

death of PC-12 cells through sphingomyelinase-ceramide signaling by increasing 

glutathione synthesis. Neurochem Int. 2004 Apr;44(5):321-30. doi: 

10.1016/s0197-0186(03)00174-8. PMID: 14643749. 

89. Veisi A, Akbari G, Mard SA, Badfar G, Zarezade V, Mirshekar MA. Role of crocin in  

severalcancercelllines:Anupdatedreview.IranJBasicMedSci.2020Jan;23(1):312.doi

:10.22038/IJBMS.2019.37821.8995. PMID: 32405344; PMCID: PMC7206843. 

 

 

 

 

 

 

 



36 
 

 

 

 

Chapter 2 
 

 

Dietary Crocin is Protective 

in Pancreatic Cancer while 

Reducing Radiation-Induced 

Hepatic Oxidative Damage 

 

Hamid Bakshi, 2020, Nutrients  
 

 

 

 

 



37 
 

 

Chapter 2  

 

Abstract:  

Pancreatic cancer is one of the fatal causes of global cancer-related deaths. Although 

surgery and chemotherapy are standard treatment options, post-treatment outcomes 

often end in a poor prognosis. In the present study, anti-pancreatic cancer and 

amelioration of radiation-induced oxidative damage by crocin were investigated. 

Crocin is a carotenoid isolated from the dietary herb saffron, a prospect for novel leads 

as an anti-cancer agent. Crocin significantly reduced cell viability of BXPC3 and Capan-

2 by triggering caspase signaling via the downregulation of Bcl-2. It modulated the 

expression of cell cycle signaling proteins P53, P21, P27, CDK2, c-MYC, Cyt-c and P38. 

Concomitantly, crocin treatment-induced apoptosis by inducing the release of 

cytochrome c from mitochondria to cytosol. Microarray analysis of the expression 

signature of genes induced by crocin showed a substantial number of genes involved 

in cell signaling pathways and checkpoints (723) are significantly affected by crocin. In 

mice bearing pancreatic tumors, crocin significantly reduced tumor burden without a 

change in body weight. Additionally, it showed significant protection against radiation-

induced hepatic oxidative damage, reduced the levels of hepatic toxicity and 

preserved liver morphology. These findings indicate that crocin has a potential role in 

the treatment, prevention, and management of pancreatic cancer.  

 

Keywords: pancreatic cancer; crocin; apoptosis; cell cycle; radiation; hepatic injury 
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1. Introduction  

Pancreatic cancer has become the seventh-largest cause of cancer-related death by 2020 

[1], with an expected 5-year survival rate of approximately 8% [2]. It is the seventh leading 

cause of cancer-related mortality, causing over 300,000 deaths per year [3]. Surgical 

resection is the treatment of choice, but only a small minority of patients have resectable 

disease at the time of initial diagnosis [4]. Post-surgical recurrence has remained 

challenging [4,5]. For unresectable pancreatic cancer, treatment with chemotherapeutic 

agents is the mainstream option [6,7]. Sophisticated treatment options, such as those 

using targeted immunological therapies (vismodegib and erlotinib), have not proven 

successful to date [6]. Adjuvant chemotherapy alone or with radiation has been widely 

used in the clinical set up to improve prognosis status [8]. However, severe side effects 

limit the use of chemo-radiotherapy. Clearly, there is a need to evaluate new treatment 

modalities that can address and overcome adverse clinical manifestations. 

The proximity of the liver is problematic during radiotherapy of pancreatic cancer. 

Significant hepatic exposure is expected and the radiosensitivity of the liver causes 

debilitating injury [9]. Hepatic cells, such as Kupffer cells (KC), sinusoidal endothelial cells 

(SEC) and hepatic stellate cells, are known to be radiosensitive. They release various 

substances that promote liver fibrosis, contributing to distorted liver structure and 

function during radiation treatment [10,11,12]. Early effects of irradiation include DNA 

damage, oxidative stress and production of reactive oxygen species. This leads to 

hepatocellular apoptosis and acute inflammatory responses [13]. Drug substances that 

can exert simultaneous anticancer activity and radiation protection with minimal side 

effects are potential candidates for optimal treatment of pancreatic malignancies. 

 

Extracts or pure compounds from natural products (natural sources: plants, marine 

organisms, and microorganisms) are routinely screened for their anti-tumour and 

radioprotective properties. Among these, there is sizeable structural diversity and 

chemical complexity and they modulate several cellular-signalling pathways [14,15]. 

 

Crocin (crocetin digentiobiose ester) is a unique water-soluble carotenoid isolated from 

the dried stigma of flowers of Crocus sativus L. (Saffron) and the primary component 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B1-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B2-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B3-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B4-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B4-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B5-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B6-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B7-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B6-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B8-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B9-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B10-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B11-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B12-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B13-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B14-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B15-nutrients-12-01901
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contributing to the bright red color of saffron [16]. Previous studies have reported 

antihyperlipidemic [17] and cardioprotective [18,19,20] effects, together with 

hypotensive and antidepressant properties [21,22,23]. Crocin is also known to possess 

active anticancer activity against several types of tumor cells [24,25]. Various studies have 

shown that carotenoids of saffron extract, crocin and crocetin, arrest the cell cycle at S, 

G0/G1and G2/M stages [26,27,28,29,30,31,32,33,34], inhibiting mitosis, cell proliferation 

and triggering apoptosis. Crocin is also known for its protective effects on the heart, 

skeletal muscles and retinal tissues during oxidative insults [35]. It has been reported to 

be effective in protecting a variety of organs against radiation-related injuries such as 

liver, kidneys, heart, skeletal muscles [35]. Crocin reduced testicular damage and 

exhibited significant protection against radiation-induced hydroxyl radical DNA strand 

breaks [36]. 

We have previously reported that crocin induces DNA fragmentation, apoptosis and cell 

cycle arrest at the G1 phase in Bx-PC-3 pancreatic cancer cells [24]. This study suggests 

that crocin inhibits the proliferation of BxPC3 cells through the induction of apoptosis by 

acting on DNA and activation of P53 signaling pathway [24]. However, the exact molecular 

mechanism is not elucidated yet. In this present study, we present the first report on the 

detailed mechanism of crocin-induced pancreatic cancer cell death. Furthermore, we 

demonstrate that crocin induces restoration of ionizing radiation-induced liver 

impairment in vivo. 

 

2. Materials and methods  

 

2.1. In Vitro Thiobarbituric Acid Reacting Substances Assay 

 

The thiobarbituric acid reacting substances (TBARS) assay was used as described 

previously [37]. The reaction mixture contained concentrations of crocin (5-, 10-, 25-, 50-

, 100-, 150-, 200-, 250-, 300-, 400-, 500-µg mL−1) in a final volume of 0.5 mL. The reaction 

mixture was incubated at 37 °C for 1 h, then 0.4 mL removed and treated with 0.2 mL 

sodium dodecyl sulfate (SDS) (8.1%), 1.5 mL thiobarbituric acid (TBA) (0.8%) and 1.5 mL 

acetic acid (20%, pH 3.5). The total volume was made up to 4.0 mL with distilled water 

and kept in a water bath at 95 °C to 100 °C for 1 h. After cooling, 1.0 mL of distilled water 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B16-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B17-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B18-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B19-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B20-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B21-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B22-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B23-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B24-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B25-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B26-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B27-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B28-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B29-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B30-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B31-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B32-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B33-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B34-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B35-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B35-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B36-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B24-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B24-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B37-nutrients-12-01901
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and 5.0 mL of n-butanol and pyridine mixture (15:1 v/v) were added to the reaction 

mixture, shaken vigorously and centrifuged at 4000 rpm for 10 min. The butanol-pyridine 

layer was removed and absorbance at 532 nm measured. 

 

2.2. Chemicals and Reagents 

 

The human pancreatic cancer cell lines (Bxpc-3 and Capan-2) were purchased from ATCC, 

(Manassas,Virginia, USA). Dulbecco’s modified Eagle’s medium—high glucose (DMEM-H) 

(Cat. No. 11965092) and fetal bovine serum (FBS) (Cat. No. 16000036) were purchased 

from Gibco/Invitrogen (Carlsbad, CA, USA). Analytical grade dimethyl sulfoxide (DMSO), 

trypsin, streptomycin, penicillin, 3-[4,5-dimethyl-2-thiazolyl]-2,5- diphenyl-2-tetrazolium 

bromide (MTT) was purchased from Selleck (USA). Bcl-2, Bax, cleaved-caspase-3, pro-

caspase-3, P38, P21Cip1, P27Kip, P53, c-Myc, CDK2 and β-actin antibodies were purchased 

from cell signaling technology UK. 

 

2.3. Cell Lines and Culture Method 

 

BXPC3 and Capan-2 cells were purchased from ATCC, USA. Cells were cultured in RPMI 

1640 medium with 10% fetal bovine serum and 1% antibiotics (penicillin/streptomycin). 

Cells were maintained in a humidified cell incubator at 37 °C and 5% CO2 atmosphere. 

 

2.4. Drug Preparation 

 

A stock solution of crocin was prepared in dimethyl sulfoxide. Different concentrations of 

(10, 20, 30 and 40 µg mL−1) were prepared in 1% DMSO and added in the cell culture 

medium. Doxorubicin 5-µg/mL concentration was used as a positive control. 

 

2.5. MTT Assay 

 

Pancreatic cancer (BxPC3 and Capan-2) Cells (1 × 105/well) were seeded in 96 well plates 

(100 μL per well) and allowed to adhere firmly overnight in RPMI medium with 10% fetal 

bovine serum. Then cells were treated with different concentrations (10, 20, 30 and 40 
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µg/mL) of crocin for 24 h. After 24 h, the medium was removed, and cells incubated with 

MTT reagent (5 mg mL−1) for 4 h and violet formazan crystals dissolved in dimethyl 

sulfoxide and absorbance read at 540/690 nm. The absorbance of the control (without 

treatment) was considered as 100% cell viability. Doxorubicin was used as a positive drug 

control. 

 

2.6. Western Blot Analysis 

 

The whole-cell lysates prepared from BXPC3 and Capan-2 cells were treated with crocin 

(10, 20, 40 µg/mL) for 24 h, as described earlier [38]. The whole cell lysate was resolved 

in SDS (10%) poly(acrylamide) gel electrophoretically and electro-transferred onto a 

nitrocellulose membrane. The immunoblots were probed with Bcl-2, Bax, caspase 3 

(cleaved), Caspase 9 (cleaved), P53, P21cip1, P27kip1, CDK2, c-MYC antibodies and were 

visualized with NBT/BCIP chromogenic substrate. Furthermore, cytochrome c release 

from both mitochondrial and cytosolic fractions of crocin treated BXPC3 cell lysate was 

collected at 12, 24 and 36 h as previously described [39] and the expression of cytochrome 

c release was analyzed by probing with a specific monoclonal antibody. 

 

2.7. Gene Expression Profile Using Microarray Analysis 

 

Logarithmically growing BxPc-3 pancreatic cancer cells (1 × 107) were incubated for 6 h 

(37 °C, 5% CO2 atmosphere) in the presence and absence of crocin (10 µg mL−1). After 

incubation, attached cells were scraped off, collected in plastic vials, pelleted using 

centrifugation at 5000× g and stored under liquid nitrogen. Total RNA and cRNA were 

purified (Qiagen’s RNeasy mini kit , Manchester, UK) and RNA quality checked (Bio-

analyzer). The slides used for analysis were of Agilent’s Human Array G8451B. The labeling 

method was T7 promoter based-linear amplification to generate labeled complementary 

RNA (one-color microarray-based gene expression analysis). The data analysis for gene 

normalization was completed by using Gene Spring GX version 7.3 and Microsoft Excel. 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B38-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B39-nutrients-12-01901
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2.8. In Vivo Radiation-Induced Liver Toxicity 

 

Swiss albino mice (n = 6) were used for this study. Mice were divided into four groups. 

Group 1: mice received distilled water subcutaneously. Group 2: Mice were injected 

subcutaneously. With 100 mg crocin per kg bodyweight for five consecutive days. Group 

3: Mice were injected subcutaneously with PBS for five straight days and exposed to 4 Gy 

of gamma radiation by  micro selectron HDR brachytherapy machine ,for 30 min, 1 h, 2 h 

and 4 h. Group 4: Mice were injected with 100 mg crocin per kg bodyweight for five 

consecutive days and exposed to 4 Gy of gamma radiation for 30 min, 1 h, 2 h and 4 h. 

After the experimental period, the liver was perfused and homogenized. The homogenate 

was centrifuged at 1000 rpm for 10 min at 4 °C to obtain a supernatant. The supernatant 

was analysed for hepatotoxicity markers, as described previously [40,41]. 

 

2.9. In Vivo Tumour Xenograft 

 

Female athymic nude mice (NCR nu/nu) 6–8 weeks old were obtained from Vivo Bio Tech, 

Ltd., Hyderabad, India. The study carried out as per OECD guidelines for testing for 

chemicals under IAEC number JNCHRC/13/IAEC/PN-185/B. All experiments were 

conducted under the guidance of the Institutional Animal Ethical Committee (Project 

No.500/01/08/2016/project 5/28/07/2019) and PPL No. 2768 these conformed to the 

guidelines set by WHO (World health organizations, Geneva, Switzerland & INSA, New 

Delhi and Under the Animal (scientific procedures) Act 1986, respectively. All Animal work 

was done in UK and India by two investigators (MMT and HAB). The crocin in vivo drug 

doses were determined by toxicity studies (data not shown) conducted as OECD 

guidelines. 

Mice were fed an antioxidant-free AIN-76A special diet a week before starting the trial. 

Establishing the tumor xenograft model in athymic nude mice was performed as described 

previously [42]. Briefly, BXPC-3 cells (1.0 × 106) in 0.1 mL PBS were injected 

subcutaneously in both flanks of nude mice. 

In this study, we used resource equation method for the calculation of sample size for 

animal studies [43,44]. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B40-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B41-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B42-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B43-nutrients-12-01901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B44-nutrients-12-01901
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Mice were divided randomly into three groups with six mice in each group. Since each 

mouse had two tumors, every group consisted of 12 tumors. Group 1 (controls) received 

0.1 mL PBS by oral gavage. Group 2 received a daily dose of 50 mg crocin per kg body 

weight five times per week (Monday–Friday), Group 3 received a daily dose of 100 mg 

crocin per kg five times per week (Monday–Friday), respectively, in 0.1-mL PBS by oral 

gavage. Treatment commenced the same day after tumour cell implantation. Crocin was 

dissolved in PBS and filtered (0.22 μm) before administering it to the mice. Tumours were 

measured by Vernier scale callipers three times per week (Monday, Wednesday, Friday) 

and each mouse was weighed twice per week (Monday and Friday). 

 

3. Histology of Liver tissue  

 

At the end of the experimental period, mice were euthanized by cervical dislocation and 

the liver dissected and sectioned. The tissue section was stained with hematoxylin and 

eosin, as described previously [42]. Microscopic evaluations were performed by a 

pathologist. 

 

Densitometry and Statistical Analysis 

 

The intensity of immunoreactive bands was determined using a densitometer (Molecular 

Dynamics, Sunnyvale, CA, USA) equipped with Image QuaNT software. Results are 

expressed as mean values with 95% confidence intervals. All statistical calculations were 

performed using InStat software and GraphPad Prizm 4.0. Nonparametric analysis of 

variance (ANOVA) followed by Bonferroni post hoc multiple comparison tests were used 

to test the statistical significance between multiple control and treated groups. The 

Student’s t test was used to compare control and treated group only. Differences were 

considered significant at p < 0.05. 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/#B42-nutrients-12-01901


44 
 

 

4. Results  

4.1. Inhibition of Lipid Peroxidation by Crocin (In Vitro) 

TBARS (Thiobarbituric acid reactive substances) assay is well known to mimic lipid 

peroxidation of the system. In this study, in vitro antioxidant ability of crocin was tested 

using TBARS assay. Crocin showed dose-dependent inhibition of TBARS (Figure 1) this 

indicates that crocin is a potent antioxidant compound. 

4.2. Cytotoxicity of Crocin on BXPC3 Cells and Capan-2 Cells  

BXPC3 cells and Capan-2 cells treated with crocin at 10, 20 and 40-µg/mL showed a 

significant dose-dependent decline in cell viability (Supplementary Figures S1 and S2).  

4.3. Role of Crocin on Apoptosis in BXPC3 Cells and Capan-2 Cells 

 Crocin induced apoptosis in BXPC3 cells and Capan-2 cells dose-dependently. Crocin 

upregulated BAX with simultaneous downregulation of Bcl2. Further caspase 3 and 

caspase 9 upregulated upon dose-dependently upon crocin treatment. The data indicate 

that crocin executes apoptosis in BXPC3 cells via caspase signalling (Figure 2A,B). 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7353213/figure/nutrients-12-01901-f001/
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Figure 1. In vitro inhibition of thiobarbituric acid reacting substances (TBRS) by crocin. Data 

presented as mean ± SD of triplicates of three independent experiments. *Asterisks represents 

significance (* p < 0.05; ** p < 0.01) 
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Figure 2. Role of crocin on BXPC3 and Capan-2 cells caspase signaling. BXPC3 and Capan-2 cells 

treated with different concentration (10, 20 and 40 µg/mL) of crocin for 24 h The whole-cell lysate 

prepared from crocin treated BXPC3 and Capan-2 cells and resolved in SDS PAGE. Analysis. 

Resolved proteins immune probed with BAX, Bcl2, Caspase3 and Caspase 9 antibodies. β-actin as 

a loading control. (A) Dose-dependent effect of Crocin on BXPC3 caspase signaling and protein 

band quantification by densitometric analysis; (B) dose-dependent effect of crocin on Capan-2 

caspase signaling and protein band quantification by densitometric analysis with control being 

100%. 

 

4.4. Effect of Crocin on Cytochrome C Release in BXPC3 Cells  

Crocin induced significant cell death in BXPC3 cells (25); however, the mechanism of cell 

death was unclear. In this study, we found crocin treatment elicits time-dependent 

cytochrome c release from mitochondria to cytosol in BXPC3 cells (Figure 3). Cytochrome 

c is released from the mitochondria to the cytosol during apoptosis when mitochondrial 

membrane permeability is disrupted (Figure 3). 
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Figure 3. Crocin induced release of mitochondrial cytochrome c in BXPC3 cells. Release of 

cytochrome c from mitochondria to the cytosol was detected in BxPC-3 cells treated with crocin 

(10 µg/mL) at a time point of 0, 12, 24 and 36 h. The protein bands were subsequently quantified 

by densitometric analysis with that of control being 100% as shown just below the immunoblot 

data. Data represented the mean ± SEM of three independent experiments. 

 

4.5. P53 and Cell Cycle Proteins Expression in Crocin Treated BXPC3 Cells and Capan-2 Cells  

Crocin treated BXPC3 cells and Capan-2 cells were analyzed for expression of different cell 

cycle proteins such as P21cip1, P27kip1, CDK2 and CMYC, including P53. Crocin 

upregulated P53, P38, cytochrome c, P21cip1 and P27kip1, whereas CDK2 and c-Myc were 

downregulated dose-dependently in BXPC3 and Capan-2 cells (Figure 4A,B). 
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4.6. Identification of Crocin Treated BXPC3 Cells Gene Signature 

 Crocin treated BXPC3 cells demonstrated changes in expression patterns of genes involved 

in several pathways and checkpoints (Figure 5). Microarray analysis showed that crocin 

treatment altered the expression of a total of 723 genes, including 269 upregulated and 

454 down regulated (see Supplementary Materials). Among the upregulated genes due to 

crocin treatment involved in the regulation of several checkpoints and pathways (Tables 

S1 and S2). 

 

 

 

 

Figure 4. Effect of crocin on cell cycle signaling proteins in BXPC3 and Capan-2 cells. BXPC3 

and Capan-2 cells treated with different concentration (10, 20 and 40 µg/mL) of crocin for 24 

h The whole-cell lysate prepared from crocin treated BXPC3 and Capan-2 cells and resolved in 

SDS-PAGE. Resolved proteins immune probed with P53, P21Cip1, P27Kip1, CDK2, c-Myc, Cyto-

C and P38 antibodies. β-actin as loading control; (A) Dose-dependent effect of Crocin on 
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BXPC3 cell cycle signaling and protein band quantification by densitometric analysis; (B) dose-

dependent effect of crocin on Capan-2 cell cycle signaling and protein band quantification by 

densitometric analysis with control being 100%. Data represent mean ± SEM. * indicates 

significant differences compared to control (* p < 0.05; ** p < 0.01). 

 

 

 

 

Figure 5. Crocin induced gene signatures of BXPC3 cells. BxPC3 cells (1 × 107) were treated 

with crocin (10 µg/mL). Total RNA was isolated from crocin treated BXPC3 cells and hybridized 

with Agilent’s Human Array G8451B. 

 

4.7. In Vivo Pancreatic Tumour Remission by Crocin  

As can be seen in Figure 6A, for the first 18 days, no difference was observed for treated 

(50 and 100 mg/kg body weight) and non-treated mice. However, at the end of the 

treatment, an average of approximately 52% drop in tumour volume is observed between 

both treatment regimens and non-treated mice. Indeed, no significant difference is found 

between the two dosage regimens evaluated. Furthermore, no significant changes in body 

weight are observed during the 40 days treatment: Figure 6B. 
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4.8. Restoration of Radiation Induced Liver Toxicity by Crocin (In Vivo) 

Crocin (100 mg/kg) pre-treatment reversed the damage caused by radiation by 

maintaining structural integrity of hepatocytes and number of Kupffer cells (Figure 7). 

Changes in biochemical parameters such as reduced glutathione (GSH), glutathione 

peroxidase (GPx), glutathione reductase (GR), glutathione transferase (GT) and 

malondialdehyde (MDA) are clinical manifestation of system toxicities including radiation-

induced hepatotoxicity. In this study, levels of GSH (30 min: 16.6 ± 0.11; 1 h: 13.3 ± 0.08; 2 

h: 6.6 ± 0.05; 4 h: 3.33 ± 0.03) GPx (30 min: 2.4 ± 0.1; 1 h: 2.3 ± 0.02; 2 h: 2.0 ± 0.12; 4 h: 

1.8 ± 0.05), GR (30 min: 0.65 ± 0.02; 1 h: 0.5 ± 0.003; 2 h: 0.4 ± 0.008; 4 h: 0.15 ± 0.02), GT 

(30 min: 1.75 ± 0.02; 1 h: 1.04 ± 0.02; 2 h: 1.02 ± 0.01; 4 h: 1.0 ± 0.006) and MDA (30 min: 

0.1 ± 0.006; 1 h: 0.2 ± 0.005; 2 h: 0.2 ± 0.01; 4 h: 0.3 ± 0.01) were altered time dependently 

in mice received 4 Gy of irradiation. Pretreatment with crocin (100 mg/kg body weight) 

reversed the changes caused by irradiation and brought back the levels of biochemical 

parameters to near normal levels (Tables 1 and 2). 
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Figure 6. Efficacy of crocin on in vivo pancreatic tumor remission and bodyweight of tumor-

bearing mice. (A) Tumor remission by 50 mg/kg and 100 mg/kg of crocin treatment; (B) body 

weight of tumor-bearing mice; (C) tumor remission; (a) control; (b) 50 mg/kg treatment of 

crocin; (c) 100 mg/kg treatment of crocin. 
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Figure 7. Restoration of radiation-induced liver damage by crocin. Photomicrographs of liver 

tissue. (A) Control groups: Normal histological appearance of liver tissue; (B) PBS + 4Gy-

treated groups: hyperplasia (arrow), hemorrhage, atrophy, and red hyaline (arrowhead); (C) 

crocin (100 mg/kg, but) + 4Gy-treated groups: regular hepatocytes in the most region and mild 

activated Kupffer cells. H&E Staining, original magnifications: ×200. 
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Table 1. Effect of dietary crocin on radiation-induced glutathione depletion, 

glutathione reductase, glutathione peroxidase activity in irradiated mice liver. Data 

presented as mean ± SD of triplicates of three independent experiments. a : p < 0.0001 

b : p < 0.1 c : p < 0.01 compared to PBS. 1 : p < 0.1 3 : p < 0.01 compared to RT alone. 

 

 

 

 

 

 

 

 

GSH (µM/mg Tissue) 30 min 1 h 2 h 4 h 

PBS 56.6 ± 0.05 50 ± 0.20 46.6 ± 0.05 50 ± 0.18 

Crocin (100 mg/kg bwt) 63.6 ± 0.03 a 56.6 ± 0.1 a 56.6 ± 0.1 a 53.3 ± 0.20 a 

PBS + RT (4 Gy.) 16.6 ± 0.11 13.3 ± 0.08 6.6 ± 0.05 3.33 ± 0.03 

Crocin (100 mg/kg bwt) + RT(4Gy) 63.3 ± 0.08 1 60 ± 0.18 1 56.6 ± 0.1 1 46.6 ± 0.05 1 

GPx (µM/min/mg/protein)     

PBS 2.4 ± 0.05 2.5 ± 0.12 2.8 ± 0.05 2.83 ± 0.06 

Crocin (100 mg/kg bwt) 2.8 ± 0.05 c 2.9 ± 0.05 b 2.9 ± 0.1 3.06 ± 0.12 

PBS + RT (4 Gy.) 2.4 ± 0.1 2.3 ± 0.02 2.0 ± 0.12 1.8 ± 0.05 

Crocin (100 mg/kg bwt) + RT(4Gy) 2.7 ± 0.11 2.6 ± 0.11 2 2.5 ± 0.05 2 2.33 ± 0.08 3 

GR(µM/min./mg/protein)     

PBS 0.3 ± 0.05 0.25 ± 0.05 0.2 ± 0.006 0.25 ± 0.05 

Crocin (100 mg/kg bwt) 0.3 ± 0.005 0.4 ± 0.02 b 0.4 ± 0.01 a 0.5 ± 0.0066 b 

PBS + RT (4 Gy.) 0.65 ± 0.02 0.5 ± 0.003 0.4 ± 0.008 0.15 ± 0.02 

Crocin (100 mg/kg bwt) + RT(4Gy) 1.1 ± 0.04 1 0.9 ± 0.04 1 0.7 ± 0.01 1 0.6 ± 0.01 1 
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Table 2. Effect of dietary crocin on radiation-induced glutathione transferase activity 

and rate of lipid peroxidation in irradiated mice liver. Data presented as mean ± SD of 

triplicates of three independent experiments. b : p < 0.1 c : p < 0.01 compared to PBS. 

1 : p < 0.1 3 : p < 0.01 compared to RT alone. 

 

 

  

 

5. Discussion  

Ionizing radiation treatment regimens have been modernized to precisely target the 

tumour site. However, the detrimental effects of radiation on the organs anatomically 

situated near the tumour site is currently inevitable. Pancreatic cancer patients who 

receive radiotherapy as a part of treatment protocols sensitize their liver leading to 

hepatotoxicity. For improved therapeutic outcomes, an ideal drug would be one that 

offers pancreatic anticancer efficacy as well as protection against radio-sensitization.in 

this study, evidence was provided  for the mechanism of cell cycle arrest by crocin and 

demonstrate the potential for protection against radio-sensitization by this carotenoid 

derived from saffron. 

GT(µM/min/mg/Protein) 30 min 1h 2 h 4 h 

PBS 1.4 ± 0.05 1.2 ± 0.05 1.3 ± 0.05 1.1 ± 0.1 

Crocin (100 mg/kg bwt) 1.5 ± 0.05 1.5 ± 0.11b 1.3 ± 0.05 1.4 ± 0.11 

PBS + RT (4Gy.) 1.75 ± 0.02 1.04 ± 0.02 1.02 ± 0.01 1.0 ± 0.006 

Crocin (100 mg/kg bwt) + RT (4 

GY) 

1.9 ± 

0.05 2 
1.6 ± 0.113 1.4 ± 0.05 3 1.2 ± 0.11 

MDA (µg/mg protein)     

PBS 
0.05 ± 

0.003 
0.1 ± 0.008 0.1 ± 0.01 0.03 ± 0.003 

Crocin (100 mg/kg bwt) 
0.02 ± 

0.01 c 

0.03 ± 

0.003 c 
0.1 ± 0.008 

0.02 ± 

0.001 b 

PBS + RT (4 Gy.) 0.1 ± 0.006 0.2 ± 0.005 0.2 ± 0.01 0.3 ± 0.01 

Crocin (100 mg/kg bwt) + 

RT(4Gy) 
0.1 ± 0.01 

0.1 ± 

0.006 1 

0.1 ± 

0.003 2 

0.15 ± 

0.015 1 
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Apoptosis occurs primarily via two pathways: the mitochondrial or through death 

receptor pathway. Bcl-2 is involved in cell survival and inhibits cell apoptosis induced by a 

variety of stimuli, indicating that Bcl-2 is a negative regulator of cell apoptosis [45,46]. Bax 

is a pro-apoptotic protein, which resides in the outer mitochondrial membrane and 

translocates to the mitochondria at an early stage of apoptosis. Therefore, a reduced Bcl-

2 expression accompanied by high expression of Bax may promote the apoptotic response 

to anticancer drugs [47]. In this study, we found that in BXPC3 and Capan-2 cells, crocin 

reduces the Bcl-2 expression and upregulates Bax expression in a dose-dependent manner 

(Figure 2). This alteration in the Bcl-2/Bax ratio indicates the apoptosis-inducing potential 

of crocin in BXPC3 and Capan-2 cells. This is in agreement with previous results [26,46–

48], in which crocin is shown to affect the Bax/Bcl2 ratio to cause apoptosis in Leukemia, 

lung cancer, AGS gastric cancer and prostate cancer cells. 

Numerous studies have shown that active caspase-3 is needed to induce apoptosis in 

response to chemotherapeutic treatments [49–52]. To dissect the molecular mechanism 

of caspase-mediated apoptosis by crocin in BXPC3 and Capan-2 cells, we studied the 

expression level of active caspase 3, caspase 9 and cytochrome c. Our results indicate that 

crocin markedly upregulates the expression of active caspase 3, 9 and cytochrome c in 

BXPC3 and Capan-2 cells, respectively (Figures 2 and 4). It further elicits time-dependent 

upregulation of cytosolic cytochrome c in BXPC3 cells (Figure 3). Crocin induced hallmark 

of apoptosis in BXPC3 cells and Capan-2 cells by cleaving the pro-apoptotic caspase 3. 

Cleavage of caspase 3 is the sign of post-translational modification, which leads to the 

formation of the death-inducing signaling complex. In addition, the release of cytochrome 

C from the inner membrane of mitochondria is essential for the initiation of the apoptotic 

cascade [53,54]. In this study, crocin facilitated the release of cytochrome c from 

mitochondria in BXPC3 cells, which evidenced that crocin mediated apoptosis in BXPC3 

cells via caspase and mitochondrial-dependent pathway. P53 is the tumor suppressor and 

one of the most frequently mutated genes in 70% of pancreatic cancers. P53 

transcriptionally activates the genes in response to acute DNA damage-inducing 

proliferative arrest or apoptosis [55]. Clinical data suggest that poor prognosis status of 

pancreatic ductal adenocarcinoma patients associated with low P53mRNA transcript level 

[56]; thus, P53 expression can be used as a biomarker for prognosis and therapy 

prediction. In this study, we found that crocin treatment upregulates the P53 expression 
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in BXPC3 and Capan-2 cells (Figure 4). Following our results, crocin induced apoptosis by 

upregulating the P53 expression in cervical, brain and breast cancer cells [57–59]. 

However, the molecular mechanism of interaction of crocin and P53 is not well 

understood. DNA damage regularly initiates the p53 pathway resulting in cell cycle arrest 

at the G1 phase to restore genome stability and avoid subsequent malignancy. Cyclin-

dependent kinase (CDK) complexes are formed and activated at specific stages of the cell 

cycle and their activities required for progression through distinct cell cycle phases [60]. 

The dysregulation of CDK in the cell cycle is often found elevated in human tumors and is 

associated with the unrestrained proliferation of cells, an essential hallmark of cancer 

[61]. Aberrant activation of CDKs which seen in human diseases, provided a rationale for 

designing inhibitors of CDKs as anticancer drugs [62]. It is known that p53 regulates cell 

cycle by suppressing CDK’s complex activation and by facilitating CDK’s binding with 

endogenous inhibitors proteins p21/CIP1 and p27/KIP1, which results in inhibition of 

CDK’s kinase activities and prevents cell cycle progression. In this study, crocin treatment 

reduced the expression of CDK2 and upregulated the expression of p21/CIP1 and 

p27/KIP1 in BXPC3 cells and Capan-2 cells, respectively. Current data agreed with our 

previous report, where crocin cease the cell cycle at the G1 phase in BXPC3 cells. It is well 

established that the G1 phase of the cell cycle-regulated by CDK2 complex [63] and its 

inhibition can prevent the cells from getting through the G1 phase and entering S-phase 

of the cell cycle. Further up-regulation of p21/CIP1 and p27/KIP1 by crocin treatment 

indicates that crocin enhances binding of p21/CIP1 and p27/KIP1 with CDK2; thus, CDK2 

lost its kinase activity and prevented the progression of cells through the G1/S transition. 

In addition to this, several studies provide evidence that activation of p38 resulted in 

inhibition of the cell cycle at the G1/S transition [64]. p38 can modulate the 

retinoblastoma protein (pRb) phosphorylation, which is a crucial regulator of G1 

checkpoint; thus, p38 can orchestrate cell cycle arrest through CDK’s independent way. 

Activation of p38 depends on the p53 expression because p53 serves as an in vitro and in 

vivo substrate for p38 in different models [65,66]. Our study shows that crocin treatment 

profoundly enhances the expression of both p53 and p38 in BXPC3 and Capan-2 cells dose-

dependently (Figure 4). Crocin could play a functional role in enhancing the binding of p53 

and p38 and this interaction could halt the progression of the cell cycle in BXPC3 and 

Capan-2 cells. Transcriptional activation of cell cycle genes by c-MYC is essential to 
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regulate cell proliferation, cell differentiation and apoptosis [67]. c-MYC is a critical 

transcriptional factor and its overexpression promotes the progression of the cell cycle 

through the G1/S transition. Previous studies reported that in transgenic mouse models 

have an insight that transient inactivation of the c-MYC leads to tumor regression. Thus, 

suggesting that the regulation of oncogenic c-MYC harnessed to treat cancer patients [68]. 

Recent studies enumerated that c-MYC represents a central oncogene in pancreatic 

cancer and its expression correlated with the perineural invasion and poor prognostic 

features [69]. Therefore, we studied the role of crocin on expression c-Myc expression in 

BXPC3 and Capan-2 cells. We found that crocin treatment abrogates the c-Myc expression 

in BXPC3 and capan-2 cells dose-dependently (Figure 4). C-MYC predominantly located in 

the nucleus; therefore, pharmacological inhibition of c-MYC requires localization of drugs 

at the nuclear site. Our data suggest that crocin could localize into the nucleus of BXPC3 

and capan-2 cells and suppress the Myc expression. Consistent with this notion in the 

present study, we demonstrate that increased p53, p38, p21/p27 expression and 

downregulation of CDK2 and c-MYC levels could be an explanation by which BXPC3 and 

Capan-2 cells undergo cell cycle arrest during crocin exposure. Crocin could target 

multiple signaling molecules simultaneously to arrest BXPC3 and Capan-2 cell growth. 

However, additional experiments such as pharmacological inhibition of critical molecules 

and drug localization upon crocin treatment in BXPC3 and Capan-2 cells will be required 

to understand the precise molecular mechanism of crocin inducing cell cycle arrest. The 

occurrence and progression of pancreatic cancer are associated with differential 

expression of genes. Cancer genomic studies have advanced our understanding of the 

pathogenesis of pancreatic cancer significantly. Identifying drug targeting genes and its 

downstream in the tumor would be a tremendous effort which would facilitate the use of 

a drug in patients who require precision medicine. In this study, we performed microarray 

analysis to acquire an overall view of crocin inducing signaling pathways in BXPC3 cells. 

Our data reveals that a total of 723 genes, including 269 upregulated and 454 down 

regulated, in crocin treated BXPC3 cells. In the present study, crocin up-regulated genes 

involved in different checkpoints such as cell cycle, DNA damage, DNA damage, mitotic 

spindle, programmed cell death, regulation of cell differentiation, cell death and cell 

adhesion (Table S1). This observation supports the notion of crocin as a pro-apoptotic and 

cell cycle arresting agent. Crocin up-regulates GADD45β is a vital gene activated during 
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p53 dependent pro-apoptotic pathway and it could also enable the caspase cascade 

leading the cell to apoptosis in BXPC3 cells. Prostaglandin (PG) is a bioactive lipid that 

impacts healthy development, tissue homeostasis, inflammation and cancer progression 

[70]. The inflammatory and carcinogenic activity increased the expression of COX-1 and 

microsomal PGE synthase-1 (mPGES-1). Both occur to amplify the accumulation of PGE2 

in tumors [71]. In this study, PG inducible genes such as prostaglandin E synthase (PTGES), 

prostaglandin–endoperoxidase synthase 1 (PTGS1), COX1, phospholipase A2- group 5 

(Pla2g5), cytochrome P450, family 2, subfamily c, polypeptide 37 (Cyp2c37) were 

downregulated by crocin treatment (Table S2). COX is the key enzyme required for the 

conversion of arachidonic acid to prostaglandins [72]. Arachidonic acid metabolized by 

cytochrome P-450 type enzyme systems to produce hydroxy and carboxy products [73]. 

It indicates crocin could ameliorate pancreatic tumor progression by suppressing 

arachidonic acid metabolism. Furthermore, downregulated genes were carbonyl 

reductase 2 (Cbr2) and oncogenes Ras-related GTP binding D. The MAP kinase kinase 

kinase 6 (MAPKKK6), inflammatory genes bradykinin receptor, beta 1 (Bdkrb1), nitric 

oxide synthase 3 (NOS 3), fibroblast growth factor (FGF), hypoxia-inducible factor 3 (HIF3) 

were present, among others. The significance of this crocin mediated downregulation of 

these genes remains unclear. Further specific gene knocks out are warranted to unravel 

the mechanism of action of crocin. Crocin found to induce cell death in BXPC3 and Capan-

2 cells by triggering caspase signaling; however, safety and tumor efficacy of the crocin in 

vivo pancreatic cancer model is unclear. To address this issue, in this study, we develop 

an in vivo pancreatic tumor model and assess the tumor remission property of crocin. 

Crocin treatment significantly reduce tumor burden and no change in the bodyweight of 

tumor-bearing mice was observed (Figure 6). Our data indicate that crocin is a profound 

anti pancreatic cancer agent with less toxicity. Pancreatic cancer patients receive a cycle 

of ionizing radiation (IR) treatment to suppress the tumor growth unavoidably, exposing 

organs situated near the pancreas to IR. Anatomically liver located near to pancreas; 

therefore, radiation-induced hepatic damage is visible. IR induced oxidative stress is a 

known pathologic consequence is due to aberrant accumulation of reactive oxygen 

species (ROS), which can initiate liver injury. The imbalance between ROS generation and 

antioxidant system cause severe damage to the liver. Results show that crocin can induce 

BXPC3 and Capan-2 cell death by triggering cell cycle and apoptotic signaling molecules 
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and crocin known to be a capable antioxidative molecule. In this study, we delineate the 

role of crocin on in vivo IR induced oxidative stress in the liver. This study adds the value 

on crocin not only as an anticancer molecule, but also radiation protection agent. Crocin 

administration prevented liver histopathologic changes induced by IR, as evidenced by 

H&E staining (Figure 7). Our in vitro antioxidant data indicates that crocin can inhibit 

TBARS dose-dependently (Figure 1). Further, we studied the anti-lipid peroxidative role of 

crocin in mice. A single dose of IR (6 Gy) significantly elevated the levels of 

malondialdehyde (MDA). The main product of lipid peroxidation and cytotoxic nitric oxide 

in the liver [74,75]. In our study, we found that IR (4Gy) increased the MDA levels in mice 

and crocin treatment restores the MDA level (Table 2). Evidenced that crocin can protect 

the liver IR induced oxidative damage. IR mediated alteration of redox potential due to 

free radicals’ generation can cause a dramatic fall in the hepatic glutathione (GSH). 

Enzymes such as glutathione peroxidase, glutathione reductase and glutathione 

transferase lead to membrane lipid peroxidation [76,77]. Therefore, searching for an 

agent can reduce radiation toxicity in healthy tissues is of scientifically much interest. In 

this study, increased GSH level (Table 1) suggests that protection by the crocin mediated 

through the restoration of IR altered hepatic antioxidant status (Tables 1 and 2). Crocin 

treatment confers hepatic protection by scavenging IR generated free radicals. During 

radiolysis and induce cellular radioprotectors such as GSH. 

 

6. Conclusions 

 

In conclusion, crocin induced pancreatic cancer cell death via cleaving caspase 3 and 

mitochondrial c release. Crocin downregulated expression of p53 in BXPC3 and capan-2 

cells and modulated the expression of cell cycle proteins such as CDK2, P21 and P27. 

Microarray data reveals that crocin upregulated genes involved in different checkpoints 

(cell cycle and DNA damage) and downregulated genes involved in arachidonic acid 

metabolism. Toxicity study shows that crocin is safe and crocin reduced in vivo tumor 

growth. Crocin offers hepatic protection by scavenging radiation-induced alteration of 

antioxidant status in mice. The results from our study suggested that crocin is 

radioprotective as well as inducing apoptosis in pancreatic cancer which indicates its 

potential as clinical translation. However, before reaching a definite conclusion, the more 
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detailed study, including a human clinical trial, is required to fully understand the role of 

dietary crocin in the management and treatment of pancreatic cancer. 
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Figure S1. Cytotoxicity of crocin on BXPC3 cells. BXPC3 cells were treated with 10, 20, 30 and 

40 µg/mL of crocin. After 24 h treatment, the cell viability was measure by MTT assay. Data 

presented as mean ± SD of triplicates of three independent experiments. PC: Positive control 

(doxorubicin). *P<0.05; **P<0.01 ;*** P<0.001 were considered significant compared to 

control . 
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Supplementary Figure 2  

 

 

 

 

Figure S2. Cytotoxicity of crocin on Capan-2 cells. Capan-2 cells were treated with 10, 20, 30 

and 40 µg/mL of crocin. After 24 h treatment, the cell viability was measure by MTT assay. 

Data presented as mean ± SD of triplicates of three independent experiments. PC: Positive 

control (doxorubicin). *P<0.05; **P<0.01 ;*** P<0.001 were considered significant compared 

to control .ns=non-significant 
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Supplementary Table 1: Crocin enriched check points and pathways of BXPC3 

cells 

Term Number of genes P value 

Up regulated check points   

Cell cycle checkpoint 7 0.00018 

Response to DNA damage stimulus 22 0.000678 

DNA integrity check point  5 0.000227 

DNA damage checkpoint 5 0.000227 

 Mitotic Spindle checkpoint 2 0.0056 

Spindle checkpoint 2 0.0056 

Mitotic check point 3 0.0058 

Programed cell death 35 0.0134 

DNA modification 5 0.0219 

Regulation of cell differentiation 10 0.0227 

Cell death 35 0.0316 

Death 35 0.0367 

Cell adhesion molecule binding 3 0.00377 

Up regulated pathways   

 Cell cycle  32 1.34E-14 

Pyrimidine metabolism 13 0.000262 

Purine metabolism 16 0.000438 

DNA polymerase 4 0.00144 

Glycan structure –biosynthesis-2 9 0.00382 

Neurodegenerative disorders 3 0.0119 

Folate biosynthesis 6 0.0122 

Amyotrophic lateral sclerosis (ALS) 2 0.0128 

Methionine metabolism  4 0.0273 

Selenoamino acid metabolism 4 0.0334 

One carbon pool by folate 3 0.0345 

Glucospinolipid biosynthesis lacto series 2 0.0401 

Glycosylate and decarboxylate metabolism 2 0.0401 
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Supplementary Table 2: Crocin down regulated checkpoints and pathways in BXPC3 

cells 

Term 

Number of 

genes P value 

Down regulated check points   

Organismal physiological process 84 5.35E-05 

G-protein coupled receptor protein signalling pathway 65 0.000183 

Cell surface receptor linked signal transduction 79 0.00203 

Signal transduction 102 0.0203 

Prostaglandin transport 1 0.0238 

G-protein signalling, adenylate cyclase activity pathways 4 0.0252 

Positive regulation of signal transduction 3 0.0282 

Regulation of epidermal growth factor receptor signalling 

pathway 

1 0.0471 

Prostaglandin metabolism G-protein signalling coupled to 

cAMP nucleotide second receptor 

4 0.0517 

Regulation of MAPK activity 4 0.0517 

Regulation of cell growth 4 0.0544 

G-protein coupled receptor activity 56 0.00119 

G-protein coupled receptor binding 5 0.00686 

Notch binding 1 0.0241 

Interleukin-11 receptor binding 1 0.0241 

Prostaglandin transporter activity 1 0.0476 

Down regulated pathways   

 Arachidonic acid metabolism  6 0.0181 

Cytokine - cytokine receptor interaction  13 0.0147 

Complement and coagulation cascades 7 0.00229 

Glutathione metabolism  4 0.00471 

 Metabolism of xenobiotic by Cytochrome P450 5 0.011 

Glycerolipid metabolism 4 0.0262 
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Chapter 3  

 

Abstract:  

Angiogenesis and metastasis play pivotal roles in the progression of cancer. Recently 

it was discovered that crocin, a dietary carotenoid derived from the Himalayan crocus, 

inhibited the growth of colon cancer cells. However, the exact role of crocin on the 

angiogenesis and metastasis in colorectal cancer remains unclear. In the present 

study, we demonstrated that crocin significantly reduces the viability of colon cancer 

cells (HT-29, Caco-2) and human umbilical vein endothelial cells (HUVEC) but was not 

toxic to human colon epithelial (HCEC) cells. Furthermore, pre-treatment of human 

carcinoma cells (HT-29 and Caco-2) with crocin inhibited cell migration, invasion, and 

angiogenesis in concentration -dependent manner. Further studies demonstrated 

that crocin inhibited TNF-α, NF-κB and VEGF pathways in colon carcinoma cell 

angiogenesis and metastasis. Crocin also inhibited cell migration, invasion, and tube 

formation in human umbilical vein endothelial cells (HUVEC) in a concentration -

dependent manner. It was also observed that crocin significantly reduced the 

secretion of VEGF and TNF-α induced activation of NF-kB by human colon carcinoma 

cells. In the absence of TNF-α, a concentration-dependent reduction in NF-kB was 

observed. Many of these observations were confirmed by in vivo angiogenesis models, 

which showed that crocin significantly reduced the progression of tumour growth. 

Collectively, these finding suggest that crocin inhibits angiogenesis and colorectal 

cancer cell metastasis by targeting NF-kB and blocking TNF-α/NF-κB/VEGF pathways. 

Keywords: dietary-crocin; angiogenesis; migration; invasion; metastasis; colorectal 

cancer; VEGF; NF-kB 

 

 

 

 

 

 



71 
 

 

1. Introduction  

Colorectal cancer is one of the most common forms of cancer worldwide and the 

second leading cause of death among cancer patients [1]. The treatment for this 

disease involves cytoreductive surgery followed by cytotoxic chemotherapy, but the 

risk of recurrence remains high. Therefore, it is important to develop therapeutic 

strategies to improve the prospects of recovery and minimize the side effects of pre-

existing treatments while targeting effective therapies. One of the primary 

characteristics of all cancers is angiogenesis and the subsequent growth and 

development of new blood vessels that promote tumours [2]. Recently, it has been 

reported that angiogenesis is a common denominator in as many as 70 major diseases 

including cancer, diabetic retinopathy, and age-related macular degeneration, which 

affects 50 million people around the world [3]. This grim statistic has promoted an 

urgent search for new anti-angiogenesis drugs [4]. A wide array of these anti-

angiogenic drugs have been approved by the United States food and drug 

administration (FDA) that target various cytokine pathways including nuclear factor-

κB (NF-kB), vesicular endothelial growth factor (VEGF), matrix metalloproteinase 

(MMP) and hypoxia inducible factor (HIF) alpha. These drugs are used as adjuvants to 

chemotherapy, radiation, surgical extraction and other disease conditions connected 

to angiogenesis [5]. Thus, angiogenesis inhibitors have the dual benefit of inhibiting 

angiogenesis as well as improving the efficacy of chemotherapeutic treatments [5]. 

Anti-angiogenic drugs have also been used as a successful strategy to treat solid 

tumours [6]. It is thought that treating tumours with anti-VEGF could be an effective 

form of therapy since VEGF stimulates angiogenesis. This is exemplified by the drug 

bevacizumab, a human recombinant monoclonal antibody to VEGF. This was the first 

anti-angiogenic drug to be used in clinical trials for lung cancer and breast cancer and 

is currently being investigated for its effects on other cancers [7,8]. Several studies 

have demonstrated that the ubiquitous transcription factor known as nuclear factor-

κB (NF-κB) composed of p50, p65, and IkBa subunits has an important role in many 

eukaryotic cellular processes, such as angiogenesis, inflammation, cell proliferation, 

transformation, and tumorigenesis [9,10]. The primary mechanism of NF-kB activation 

is the induced degradation of nuclear factor kappa B (IκBα) through its 



72 
 

phosphorylation by multi subunit IkBa kinase (IKK) complex consisting of two catalytic 

subunits (IKKα, and IKKβ) and a regulatory subunit (IKKγ) [11,12]. Upon activation, the 

NF-KB is translocated to the nucleus, where it binds to a specific DNA consensus 

sequence, enabling transcription [13]. The transcription factor NF-kB is the primary 

regulator of the tumour necrosis factor (TNF)-alpha signalling pathway. For example, 

in glioblastoma cells, NF-kB inhibition leads to the suppression of proangiogenic 

factors such as VEGF and IL8. This indicates that increased activity of NF-kB may 

promote angiogenesis [14]. It has also been shown that inhibition of NF-kB can result 

in cell apoptosis, suppression of proliferation of fibroblastlike synovial cells, and 

suppression of arthritic angiogenesis [15,16]. Since NF-kB represents a primary 

downstream target for TNF-α signalling, these reports emphasize the functional 

significance of NF-kB signalling in angiogenesis, cancer, and arthritis [17]. Under 

clinical conditions, anti-angiogenic drugs based on NF-kB, VEGF, MMP, and HIF alpha 

targeting can have severe side-effects such as haemorrhage, arterial clots and 

impaired wound healing [18]. Therefore, it is imperative that sufficiently non-toxic 

alternatives to these drugs can be sourced. Of course, one promising avenue of 

discovery is substances that have been safely cultivated and consumed by humans for 

millennia. For instance, the traditional olive tree can provide many anti-tumour 

phenolic, triterpenoid [19] and oleuropein compounds [20,21]. Indeed, many other 

foodstuffs such as herbs and spices have been actively promoted by the World Health 

Organization (WHO) due to their widespread consumption and minimal side-effects 

[22]. The dietary carotenoid crocin is one such compound (Supplementary Figure S1). 

This is a derivative of saffron and has been reported to have many pharmacological 

properties [23] including anti-inflammatory and anti-cancer activity [24]. Crocin is 

reported to enhance liver cancer activity by coating with magnetite nanoparticles, and 

safranal is reported to exhibit anti-angiogenesis activity [25,26]. Indeed, patent 

literature covering the period 2000–2016 [27] showed that saffron and its active 

components could be employed as adjuvants for treatment of cancer, cardiovascular 

and neurodegenerative diseases. However, the transition of these compounds into 

clinics is still at a nascent stage because of limited trial data. 
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In a recent observation by Li et al. [28], the researchers noted the effect of crocin on 

NF-kB signalling in human fibroblast-like synoviocytes (FLS) through decreased 

expression of p-IκBα induced by LPS (lipopolysaccharides), p65 and p-IκB kinase (IKK) 

α/β in comparison to the untreated cells. Moreover, they showed that crocin 

treatment significantly reduced plasma levels of interleukins -1β (IL-1β), interleukins -

6 (IL-6), and TNF-α in collagen induced arthritic (CIA) mice. It has further been shown 

that crocin inhibits NF-kB activation and the production of IL-1β, IL-6 and TNF-α by 

blocking NF-kB activation through its interaction with IKK [29]. Recent studies from 

our laboratory have demonstrated that dietary crocin exhibits potential anticancer 

activity in numerous cancers including breast [30], pancreatic [31,32], lymphoma [33], 

lung [34], and melanoma [35]. However, the effects of crocin on TNF-α/NF-kB/VEGF 

pathways in angiogenesis and colorectal cancer metastasis have not been properly 

explored. Therefore, this study explores whether the crocin behaves as an anti-

angiogenic agent by interfering with the TNF-α/NF-kB/VEGF pathways. 

 

 2. Materials and Methods 

  2.1. Chemicals and Reagents 

 Crocin and doxorubicin were purchased from Analab Ltd. (Lisburn, UK). Tumour 

necrosis factor-α (TNF-α) was obtained from Sigma-Aldrich (St. Louis, MO, USA). All 

antibodies, including anti-Bcl2, anti-caspases, anti-Bax, anti-Beta actin, anti-CD31, 

anti-Ki67, anti-IKBα, p-IKBα, anti-NF-κB, and anti-VEGF were obtained from Cell 

Signalling Technology (CST) (London, UK). Human colon cancer lines (HT-29 and Caco-

2 and normal HCEC cells) were purchased from American type culture collection and 

deposited to the internal cell bank at Ulster University. All other chemicals and 

reagents used were of analytical standard grade. A cell Titer 96® non-radioactive cell 

proliferation MTS assay single solution was purchased from Promega Corporation 

(Madison, WI, USA). Rosewell Park Memorial Institute (RPMI)-1640 (GIBCO, Waltham, 

MA, USA) medium, Trypsin-EDTA solution, Foetal calf serum, (GFR-Matrigel) (BD 

Biosciences, Erembodegem, Belgium), NF-κB p65 ELISA kit (CST), Transwell BD-

Matrigel basement membrane matrix inserts (BD-Biosciences, Belgium), bovine type 

II collagen (Chondrex, Redmond, WA, USA), penicillin/streptomycin 100 units, 
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dimethyl sulfoxide (DMSO), HEPES buffer, propidium iodide (Sigma-Aldrich, 

Gillingham, UK), calcium chloride, Actinomycin D, sodium bicarbonate, sodium 

chloride and disodium hydrogen phosphate were purchased from Merck, Kenilworth, 

NJ, USA. 

 

2.2. Cell Line Culture 

Colon cancer cell lines (HT-29 and Caco-2 cells) and human colonic epithelial cells 

(HCEC) were purchased from American type culture collection. Dulbecco’s modified 

eagle’s medium (DMEM) containing 10% foetal bovine serum (FBS) was used to grow 

all cells along with, 1% L-glutamine and 1% penicillin/streptomycin (Thermo Scientific 

Hyclone, Logan, UT, USA). Cell lines derived from human umbilical vein endothelial 

cells (HUVEC) were obtained as a generous gift from Dr S. Sam (St. Jude Institute of 

Medical Sciences and research centre, Kelara, India). These cells were grown in 

Roswell Park Memorial Institute medium (RPMI 1640), supplemented with 1% sodium 

pyruvate, 1% glutamine, 10% foetal bovine serum (Sigma-Aldrich) and 1% antibiotics 

(penicillin/streptomycin). Humidified cell culture incubators were maintained at 37 ◦C 

with 5% CO2. 

 

2.3. Preparation of Drug Stock Solution 

The appropriate doses for crocin and doxorubicin were derived from previous studies 

[36]. Dose determination studies on crocin and doxorubicin were conducted 

separately to determine IC50 (inhibition concentration) for Caco-2 and HT-29 cells at 

different time points. The incubation times used for crocin and doxorubicin were 24, 

48, and 72 h, respectively. As a result, concentrations of 10, 20, and 40 µg/mL for 

crocin and 100 µg/mL for doxorubicin were selected. 

Crocin (purity ≥ 96%, Analab, Lisburn, UK) was dissolved in 1% DMSO (dimethyl 

sulfoxide) to make a stock solution of 10 mg/mL. Working stocks were further 

prepared from this using cell culture media to make concentrations of 10, 20, 30, and 

40 µg /mL. Doxorubicin solution (100 µg mL−1 ) was used as a positive control. 
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2.4. Cytotoxicity Assay 

 Cells (CaCo-2, HT29, HCEC and HUVEC) (1 × 105/well) were plated at the volume of 

100 (µL/well) in 96 well plates and incubated overnight to attach firmly in media 

supplemented with 10% FBS. Human carcinoma and HUVEC cells were treated with 

different doses of crocin for 24 h, then incubated with Titer 96 non-radioactive cell 

proliferation MTS assay single solution (Promega Corporation, Madison, WI, USA). 

Briefly, MTS solution (20 µL) was added to each cell culture well, the plate was 

incubated at 37 ◦C for 4 h and then analysed at 490 nm (Flurostar Omega plate reader, 

BMG Labtech, Aylesbury, UK). The percentage of cell survival in each well was 

calculated by comparing the cellular response at 24 h. The absorbance of the control 

sample (without treatment) was considered as 100% cell viability. Doxorubicin was 

used as positive drug control. 

 

 2.5. Colony-Forming Assay  

Cells were seeded in 6-well plates at 10,000 cells/well and incubated overnight at 37 

◦C with 5% CO2. The cells were then incubated with different concentrations of crocin 

(10, 20, 40 µg/mL) at 37 ◦C with 5% CO2 for 24 h. Next, the used medium containing 

crocin was replaced with a fresh medium. The cells continued to be cultured for 2 

weeks to form clones, during which time the medium was replaced every 2 days. After 

washing with PBS, the cells were fixed with 4% paraformaldehyde. Stain with 5 mL 

0.01% (w/v) crystal violet in dH2O for 30–60 min. Excess crystal violet was washed 

with dH2O and allowed to dry. Colonies were counted under microscope attached 

with digital camera using image-J software version 1.53r21. 

 

 2.6. Cell Migration Assay  

Colon cancer (HT-29, Caco-2) and HUVECs cells were seeded (2 × 104 ) in the above 

Transwell chamber with 200 µL of medium and incremental concentrations of crocin 

(10, 20, 30, 40 µg mL−1 ), and plated in the bottom chamber of the Transwell with 600 

µL of fresh medium containing 10% FBS. Each concentration of crocin was added into 

three wells. These cells were then cultured at 37 ◦C with 5% CO2 for 24 h. Cells under 
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the membrane were fixed in 4% paraformaldehyde and stained with crystal violet 

after removing cells above the membrane. Each filter was randomly selected for three 

fields of view, and the number of cells that passed through the membrane were 

counted and photographed under a microscope. Migration rate (%) = (the number of 

migrated cells in the treated group/the number of migrated cells in the control group) 

× 100%. Each experiment was performed in triplicate.  

 

2.7. Cell Invasion Assay  

Colon cancer cells and HUVEC cells were seeded in transwell chambers with Matrigel 

containing serum free media (2 × 104 cells/well). The medium containing 10% FBS was 

added to the lower chamber. The cells in the upper transwell chamber were incubated 

with increasing concentration of crocin (10, 20, 30, 40 µg mL−1 ) for 24 h at 37 ◦C with 

5% CO2. After washing with PBS, fixation and staining were performed in the same 

manner as the colony formation assay. After wiping cells in the upper chamber with 

cotton swabs, five fields of view were randomly taken under the microscope to tally 

the number of invaded cells and photographed. Invasion rate (%) = (the number of 

invaded cells in the treated group/the number of invaded cells in the control group) × 

100%. Each experiment was performed in triplicate. 

 

2.8. Tube Formation Assay  

 

According to the manufacturers’ instructions, Matrigel® was used to determine tube 

formation in HUVEC cells. Briefly, Matrigel® was placed in each well of the 96-well 

plate for 30 min at 37 ◦C. HUVEC cells were seeded into each well at 1000 per well. An 

inverted microscope was used to photograph the tube after 8 h of culture.  

 

2.9. Effect of Crocin on Colon Carcinoma Cell VEGF and NF-kB Downregulation  

 

Colon cancer cells (HT29 and Caco-2) were analysed for expression of NF-kB, IkBα, 

PIkBα and VEGF proteins by using Western blot after the addition of crocin. Whole cell 

lysate was prepared using CaCo-2 and HT-29 cells treated for 24 h with different 
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concentrations of crocin (10, 20, 30, 40 µg/mL) according to previously reported 

procedures [37]. A 10% SDS polyacrylamide gel was then used to separate the whole 

cell lysates by electrophoresis, then electro-transferred onto nitrocellulose 

membranes. Immunoblots were probed using NF-kB, IkBα, P-IkBα and VEGFR (Cell 

Signalling Technology, Herts, UK). These were visualised with NBT/BCIP chromogenic 

substrate.  

 

2.10. Enzyme-Linked Immunosorbent Assay (ELISA) for VEGF and Phosphorylated NF-

KB p65 Subunit 

 

 Colon cancer cells (HT-29 and Caco-2) were treated with different concentrations of 

crocin (10, 20, 40 µg/mL) for 24 h. The level of VEGF in the supernatant was measured 

using a VEGF ELISA kit (R&D Systems, Minneapolis, MN, USA). Activation of NF-kB was 

determined by estimating the phosphorylation of NF-kB p65 using ELISA (Cell 

Signalling Technology, Herts, UK) according to the manufacturer’s instructions.  

 

2.11. In Vivo Angiogenesis Model for Colon Cancer Animals 

 

 The ST. Jude Institute of Medical Sciences and Research Centre, Kelara, India provided 

male athymic nude mice (NCR nu/nu) aged 6–8 weeks. The mice were housed in 2 poly 

(propylene cages) and maintained under standardized, environmental conditions (22–

28 ◦C, 60–70% relative humidity, 12 h dark/light cycle and water ad libitum). The 

experiments were performed under IAEC number JNCHRC/13/IAEC/PN-185/B, 

according to OECD guidelines for chemical testing. Under the direction of the 

Institutional Animal Ethical Committee (Project No. 521/01/08/2017/Project 

5/17/07/2019) and PPL No. 2768, all experiments were conducted according to the 

guidelines set by WHO (World Health Organization, Geneva, Switzerland) and INSA, 

New Delhi, and Animal (scientific procedures) Act 1986, respectively. Two 

investigators (MMT and HAB) conducted all animal work in India and the UK. The doses 

of crocin used for in vivo experiments were determined from the results of previous 

toxicity studies (data not shown). A dorsal skinfold chamber tumour model was used 

to investigate the in vivo effect of crocin on angiogenesis-induced tumours. The 
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vessel-counting method described previously [38] was used to quantify neo-

vasculature observed predominantly at the tumour’s periphery in this model. Briefly, 

HT-29 cells (1.0 × 106 ) in 0.1 mL PBS were injected subcutaneously in flanks of nude 

mice. The mice were randomly divided into four groups, with six mice in each. A dose 

of 0.1 mL of PBS was administered by oral gavage to Group 1 (controls). In Group 2, 

crocin was administered five times a week, every Monday through Friday (50 mg/kg 

body weight), in Group 3, 100 mg/kg body weight, every Monday through Friday, while 

in Group 4, 150 mg/kg weight, five times a week, every Monday through Friday, 

respectively, in 0.1-mL PBS. Upon implantation of tumour cells, the treatment began 

that day. A 0.22 µm filter was used to filter the crocin solution before administration. 

Occasionally (Monday, Wednesday, Friday), we measured tumour volumes with 

Vernier scale callipers and weighed each mouse twice each week (Monday and 

Friday). A dorsal skinfold wall containing the injected cells was flapped when the 

tumours in the control group reached a diameter of 5 mm. Within a 1 cm2 area 

surrounding each implant site, tumour sections were examined using low 

magnification light microscopy (×10). Tumour volume was calculated using the 

formula V = 0.52ab2 , where a represents the longest diameter and b represents the 

shortest diameter.  

 

2.12. Densitometry and Statistical Analysis 

 

 A densitometer (Molecular Dynamics, Sunnyvale, CA, USA) equipped with Image 

QuaNT software version 8.2 was used to determine the relative density of 

immunoreactive bands. Statistically significant differences are expressed as means 

with 95% confidence intervals. Data are reported as the mean ± standard deviation 

(SD) of at least three independent experiments. GraphPad Prism® 4.0 was used for the 

statistical analysis. To test the statistical significance between multiple control and 

treated groups, we used nonparametric analysis of variance (ANOVA) followed by 

Bonferroni post hoc multiple comparison tests. To examine differences between 

treated and control groups, the student’s t-test was used. The significance threshold 

was set at * p < 0.05; ** p < 0.01 and *** p < 0.001. 
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3. Results  

3.1. Crocin Significantly Reduces the Viability of Human Colon Carcinoma and Human 

Umbilical Vein Endothelial Cells, but Was Not Toxic to Normal Human Colonic Epithelial 

Cells Colon carcinoma cells  

CaCo-2 and HT-29 were treated with incremental concentrations of crocin (10, 20, and 

40 µg/mL) for 24 h. The crocin induced a significant (p < 0.05; p < 0.01) reduction in 

the cell viability of these colon carcinoma cells in a dose-dependent manner compared 

to the untreated control (Figure 1A, B). In this case, crocin did not induce any 

significant reduction in normal human colonic epithelial cells (HCEC) (Figure 1C). 

Likewise, crocin demonstrated significant (p < 0.05; p < 0.01) reduction in the HUVEC 

(Human umbilical vein endothelial cells) in a dose dependent manner (Figure 1D). 

These results suggest that crocin demonstrated selective cytotoxicity by inducing a 

significant reduction in tumour and HUVEC cells, but not normal human colonic 

epithelial cells. Doxorubicin (100 µg/mL) was used as a positive control. The control 

was treated with 1% DMSO. 
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Figure 1. Cytotoxic effect of crocin on Human carcinoma cells. (A) HT-29 cells; (B) Caco-2 cells; 

(C) Human colonic epithelial cells (HCEC) and (D) Human umbilical vein endothelial cells 

(HUVEC). Values represent mean ± SD, n = 3. Asterisks indicate significant difference 

compared to control (* p < 0.05, ** p < 0.01), ns = non-significant, Doxorubicin (100 µg/mL) 

was used as positive control. The control was treated with 1% DMSO. (PC = positive control) 

 

3.2. Crocin Significantly Reduces Colon Carcinoma Cell Colony Formation 

Colon carcinoma cells (HT-29 and Caco-2) were treated with different concentrations 

of crocin (10, 20, and 40 µg/mL) for 24 h. The effect of crocin on colon carcinoma cell 

growth was studied using the colony formation assay (Figure 2A,B). Crocin decreased 

the size and number of HT-29 and Caco-2 cell colonies (Figure 2C) as compared with 

the control group. 
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Figure 2. Effect of crocin on colony formation of human colon carcinoma cells. Cells (HT-29 

and Caco-2) were seeded in 6-well plates at 10,000 cells/well and incubated overnight at 37 

◦C with 5% CO2. The cells were then incubated with different concentrations of crocin (10, 20, 

40 µg/mL) at 37 ◦C with 5% CO2 for 24 h. Cells were allowed to grow for 2 weeks to form 

clones. After washing with PBS, 4% paraformaldehyde was applied to fix the cells. The Image 

J software (Bethesda, MD, USA) was used to count the clones stained by crystal violet. (A) HT-

29 cells; (B) Caco-2 cells; and (C) reduction in number of colonies of human colon carcinoma 

cells. Asterisks represent significant differences compared to control. Data represents mean ± 

SD; n = 3, * p < 0.05 was considered significant. Scale bar = 20 µm. 

 

3.3. Crocin Significantly Inhibits Cell Migration and Invasion in Colon Carcinoma Cells 

in a Concentration-Dependent Manner  

Colon carcinoma metastasis is the main reason for colon cancer-related death in 

patients. Therefore, the effect of crocin on migration of human colon carcinoma cells 

was determined using the cell migration assay as shown (Figure 3A, B). Crocin 

demonstrated a significant (p < 0.05) inhibitory effect on migration of colon carcinoma 

cells (HT-29 and Caco-2) in a dose dependent manner (Figure 3C). Similarly, the effect 

of crocin on colon carcinoma cell invasion was also evaluated using the cell invasion 

assay (Figure 3D, E). Crocin showed significant (p < 0.05) inhibition on the invasion of 

colon carcinoma cells (HT-29 and Caco-2) in a concentration dependent manner 

(Figure 3F).  

 

 



82 
 

 

3.4. Crocin Demonstrates Marked Anti-Angiogenic Activity in Human Umbilical Vein 

Endothelial Cells  

Next, the effect of crocin on angiogenesis were investigated, which plays a vital role 

in the metastasis of colon carcinomas. HUVEC cells were treated with crocin (10, 20, 

and 40 µg/mL) for 24 h. Crocin demonstrated significant (p < 0.001) reduction in tube 

formation as compared to control (Figure 4A). Likewise, crocin showed significant (p < 

0.05; p < 0.01; and p < 0.001) inhibition of cell migration and invasion as compared to 

the control (Figure 4B, C) in a dose-dependent manner. These results indicated that 

crocin displayed significant anti-angiogenic activity 

 

Figure 3. Effect of crocin on colon carcinoma cells migration and invasion. Colon cancer cells 
(HT-29 and Caco-2) were seeded at the concentration of (2 × 104) in the above Transwell 
chamber with 200 µL of medium and incremental concentrations of crocin (10, 20, 30, 40 µg 
mL−1), and plated in the bottom chamber of the Transwell with 600 µL of fresh medium 
containing 10% FBS. Each concentration of crocin was added into three wells. These cells were 
then cultured at 37 ◦C with 5% CO2 for 24 h. Cells under the membrane were fixed in 4% 
paraformaldehyde and stained with crystal violet after removing cells above the membrane. 
(A) Inhibition of migration of HT-29 cells; (B) inhibition in migration of Caco-2 cells; (C) percent 
inhibition in migration of HT-29 and Caco-2 cells; (D) inhibition in invasion of HT-29 cells; (E) 
inhibition in invasion of Caco-cells and (F) percent inhibition in invasion of HT-29 and Caco-2 
cells. Data described as mean ± SD, n = 3, * p < 0.05 were considered significant. Scale bar = 
20 µm 
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Figure 4. Effect of crocin on tube formation, migration, and invasion of HUVEC cells. Matrigel 
was used to determine tube formation in HUVEC cells. The cells were seeded in each well at 
1000/well and inverted microscope was used to photograph the tube formation after 8h 
culture according to manufacturer’s instructions. Likewise, for cell migration and invasion 
HUVEC were seeded at the concentration of (2 × 104) in the above transwell chamber with 
200 µL of medium and incremental concentrations of crocin (10, 20, 30, 40 µg mL−1 ), and 
plated in the bottom chamber of the transwell with 600 µL of fresh medium containing 10% 
FBS. Each concentration of crocin was added into three wells. These cells were then cultured 
at 37 ◦C with 5% CO2 for 24 h. Cells under the membrane were fixed in 4% paraformaldehyde 
and stained with crystal violet after removing cells above the membrane. (A) Tube formation 
analysis for HUVEC cells; (B) invasion analysis for HUVEC cells and (C) migration analysis of 
HUVEC cells. All data were annotated as mean ± SD, n = 3, * p < 0.05; ** p < 0.01; and *** p < 
0.001 was considered significant compared to the control. Scale bar = 20 µm. 
 
 

3.5. Crocin May Inhibit Colon Carcinoma Induced Angiogenesis through the TNF-α/NF-

kB/ VEGF Pathways  

The effect of crocin on the regulation of VEGF expression through the NF-kB pathway 

was investigated. The transcription factor, NF-kB promotes angiogenesis and can be 

tumorigenic by activation of pro-angiogenesis genes such as VEGF. This is the prime 

growth regulatory factor in angiogenesis. The colon carcinoma cells (HT-29 and Caco-

2) were treated with crocin (10, 20, and 40 µg/mL) for 24 h. Western blots were used 
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to detect the expression of NF-kB, IkBα, P-IkBα and VEGF proteins. Crocin showed 

significant (p < 0.05) downregulation of these proteins as compared to the control 

(Figure 5A, B) in a concentration-dependent manner. Likewise, effect of crocin on ratio 

of IkBα/ P-IkBα were also evaluated (Supplementary Figure S2). 

 

 

 

Figure 5. Effect of crocin on NF-kB/VEGF signalling in HT-29 and Caco-2 cells. Colon cancer 
cells (HT-29 and Caco-2) were seeded at the concentration (1 × 106 ) cells with fresh medium 
containing 10% FBS and different concentrations (10, 20 and 40 µg/mL) of crocin for 24 h. 
Whole cell lysates were prepared from crocin treated HT-29 and Caco-2 cells and separated 
by SDS-PAGE. Resolved proteins were probed with NF-kB, IkBα, P-IkBα and VEGF antibodies 
using β-actin as a loading control. (A) Dose-dependent effect of crocin on NF-kB/VEGF 
production in HT-29 cells, and protein band quantification by densitometric analysis; (B) dose-
dependent effect of crocin on NF-kB/VEGF production in Caco-2 cells, and protein band 
quantification by densitometric analysis. Data annotated as mean ± SD, n = 3, * p < 0.05 were 
considered significant. The complete blot of NF-kB, VEGF, IkBα, P-IkBα and Beta-actin 
antibodies are shown in Supplementary Figures S5–S9 

 

The ELISA was used to assess the secretion of VEGF and phosphorylation of NF-kB by 

HT-29 and Caco-2 colon cancer cells. The results demonstrated significant (p < 0.05) 

reduction in the secretion of VEGF protein by human colon carcinoma cells with 
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increasing concentration of crocin (Figure 6A, B). To gain more insight into the 

involvement of NFKB activation in colon carcinoma angiogenesis, TNFα (10 pg/mL), a 

promotor of NF-kB, was used to treat HT-29 and Caco-2 colon carcinoma cells in the 

presence and absence of crocin (40 µg/mL) for 24 h. Our results demonstrated that 

TNF-α treatment dramatically increased the activation of NF-kB, whereas a significant 

(p < 0.05) reduction was observed in the presence of crocin (Figure 6C). Likewise, 

increasing concentrations of crocin (10, 20, and 40 µg/mL) produced a significant (p < 

0.05) reduction in NF-kBp65 activation compared to DMSO control. These results were 

further confirmed by protein analysis as shown in (Supplementary Figure S3). These 

results suggest that crocin might inhibit colon carcinoma induced angiogenesis 

through the NF-KB pathway 

 

 

Figure 6. ELISA analysis of the secretion of VEGF and NF-kB by colon cancer cells. Colon cancer 

cells (HT-29 and Caco-2) were seeded at the concentration (1 × 106 ) cells with fresh medium 

containing 10% FBS and different concentrations (10, 20 and 40 µg/mL) of crocin for 24 h. The 

cell lysate prepared from colon cancer cells were subjected to ELISA analysis for determination 

of the production/secretion of VEGF and NF-kB. Likewise, TNFα (10 pg/mL) was used to induce 

activation of NF-kB production in colon cancer cells. (A) Effect of crocin on secretion of VEGF 

by HT-29 cells; and (B) effect of crocin on secretion of VEGF by Caco-2 cells. (C) Effect of crocin 
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on production of p-NF-kBp65 by HT-29 and Caco-2 cells in the presence and absence of TNFα. 

Data were expressed as mean ± SD, n = 3, * p < 0.05 was considered significant 

 

 

3.6. Crocin Can Inhibit the Growth and Angiogenesis of Colon Tumours in Male Athymic 

Nude Mice (NCR nu/nu)  

In order to determine whether crocin can inhibit the tumour angiogenesis, colon 

cancer cells (HT-29) were injected into mice to induce significant angiogenesis. When 

the tumour reached a diameter of 5 mm, the skin was flapped to observe the blood 

vessels surrounding tumour (Supplementary Figure S4). The total number of blood 

vessels around each implant site treated with crocin demonstrated significant (p < 

0.01) inhibition of blood vessel formation and tumour volume at 150 mg/kg treated 

group. However, no significant changes were observed in reduction of blood vessel 

formation and tumour volume in other groups and control group (Figure 7A,B) and 

(Figure 7C), respectively. These observations suggest that crocin at high doses of 150 

mg/kg can inhibit angiogenesis and colon tumour growth. 
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Figure 7. Effect of crocin on tumour induced angiogenesis in vivo. The HT-29 colon cancer cell 

suspension at concentration of (1 × 106 ) cells were injected in mouse and allowed to induce 

significant angiogenesis. When the tumour reached to 5 mm in diameter, the skin was flapped 

to observe the blood vessels formation surrounding tumour after 7 days by light microscope. 

(A) The effect of crocin on inhibition of tumour induced angiogenesis; (B) total number of 

blood vessels (major or branched) measured in 1cm area of implant site, and (C) tumour 

volume after crocin treatment. All data were expressed in mean ± SD, n = 6, * p < 0.05; ** p < 

0.01 was considered significant. Scale bar = 50 µm. 

 

4. Discussion 

It is well established that the majority (almost 90%) of cancer deaths occur due to 

metastasis, invasion, and angiogenesis [17,39]. Angiogenesis is fundamental to these 

processes mediating metastasis through VEGF and NF-KB pathways [40]. Although 

there are many anti-angiogenic inhibitors in clinical use, some can have unwanted 

side-effects. Therefore, there is an urgent need to source more therapeutic 

compounds that are more effective and less toxic. Now, natural resources such as 

dietary herbs, plants, fungi and bacteria have been shown to be a rich source of less 

toxic anti-angiogenic compounds [40,41] 

Specifically, our research group has focused on the effects of dietary crocin, a 

carotenoid found in the crocus plant from the northern Himalayas. This has been 

shown to be active against many types of cancers such as melanoma, daltons 

lymphoma, breast, lung, cervical, and pancreatic cancer [29–34]. In the current study, 

an attempt was made to unravel the mechanism by which crocin inhibits angiogenesis 

and colon carcinoma cell metastasis through exploration of the VEGF/NF-KB pathway. 

In the first instance, it was demonstrated that crocin inhibits migration and invasion 

of HT-29 and Caco-2 cells. In previous studies, we have reported that crocin has a 

cytotoxic effect on cervical cancer cells, while only having minimal effects on normal 

cells [42]. Consistent with this, the present study demonstrated that crocin has a 

higher IC50 for normal corneal epithelial cells compared to colon carcinoma cells, 

indicating that crocin is less toxic to normal cells. Tumour growth and metastasis are 

fundamentally dependent upon angiogenic processes [39]. Thus, it was hypothesized 

that inhibiting tumour growth can be accomplished by inhibiting angiogenesis. To this 

end, a series of angiogenesis inhibition assays were conducted to gain a better 
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understanding of how crocin affects colon carcinoma. The data showed that crocin 

inhibited cell migration and invasion in colon cancer cells (HT-29 and Caco-2). 

Similarly, crocin also inhibits the tube formation, migration, and invasion in HUVEC 

cells. The underlying mechanisms of angiogenesis inhibition by crocin in colon 

carcinoma cells were investigated. Gupta et al. [43] reported that cancer-induced 

angiogenesis is mainly promoted by pro-angiogenic factors produced by cancer cells 

[43]. One such important angiogenesis regulator is VEGF, expressed and secreted by 

various cancer cells [44,45]. Endothelial cells respond to VEGF by binding and 

activating its receptor, leading to the survival, proliferation, migration, and invasion of 

tumour cells, which are all critical elements of tumour angiogenesis [46–48]. Recently, 

it has been shown that crocin inhibits NF-kB activation and can inhibit the production 

of IL-1β, IL-6 and TNF-α by blocking NF-kB activation through its interaction with IKK 

[22]. The downstream signalling factor of NF-kB pathway is VEGF, which is involved in 

NF-KB induced tumour angiogenesis [49]. Therefore, the effect of crocin on the 

expression of these proteins were analysed. The results of this study demonstrated 

that crocin inhibits the expression of NF-kB, its phosphorylated (P-IkBα) and non-

phosphorylated (IkBα) subunits, and VEGF proteins in human colon carcinoma cells. 

These finding are in agreement with Teng et al., who reported the preventive potential 

of crocin on ulcerative colitis and colorectal cancer by suppression of NF-kB mediated 

inflammation [50]. The effects of crocin on VEGF secretion from human colon 

carcinoma cells were also investigated. These results demonstrated that crocin 

inhibited VEGF secretion by colon carcinoma cells in a concentration dependent 

manner. It was in agreement with the findings of Farahi et al., who revealed the 

potential for a combination therapy of metformin and crocin to suppress VEGF in 

breast cancer metastasis [51]. It is well known that TNF-α plays a crucial role in 

immunity, as well as contributing to the progression of cancer by stimulating 

proliferating cells, promoting their survival, and stimulating angiogenesis [52,53]. 

Numerous studies have demonstrated that TNF-α can activate NF-kB via 

transcriptional activation [54,55]. Colon cancer cells were treated with TNF-α in the 

presence and absence of crocin to gain more insight in the mechanism of the 

regulation of NF-kB activation. The results demonstrated that crocin significantly 

reduced NF-kB activation in the presence of TNF-α, whereas, in the absence of crocin, 
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TNF-α treatment dramatically increases NF-kB activation in colon cancer cells. 

Likewise, a significant reduction was observed in NF-kBp65 activation with increasing 

concentrations of crocin compared to DMSO control. The in vivo studies of crocin in 

an angiogenesis induced colon tumour model were conducted to confirm in vitro 

studies. Initial findings revealed that pre-treatment of tumour bearing mice with high 

doses (150 mg/kg) of crocin retarded angiogenesis and tumour growth significantly. 

This anti-angiogenic activity of crocin may further hamper tumour progression, 

contributing to inhibition of the tumour growth in vivo. These results may indicate 

that crocin inhibits the angiogenesis and metastasis of human carcinoma cells via the 

TNF-α/NF-κB/VEGF pathway in vitro and progression of tumour growth in vivo. 

Further research is still required to fully understand the underlying mechanism of 

crocin induced inhibition of angiogenesis and colon carcinoma metastasis by 

conducting clinical trials in human subjects. 

5. Conclusions  

The present study demonstrated the remarkable ability of crocin to inhibit 

angiogenesis, migration, invasion, and metastasis of colon carcinoma cells by 

downregulation of VEGF through the NF-kB pathway. These results may provide a 

better understanding of the anti-angiogenic and anti-metastatic potential of crocin 

and present it as an effective chemo-preventative agent in the treatment of human 

colon carcinoma. 
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Figure S1. Chemical structure of Crocin. 

 

 

 

 

 

 

 

 

 

 

Figure S2. Effect of crocin on the IKBα/p‐IKBα ratio in human colon cancer cells. (A) HT‐29 cells (B) Caco‐

2 cells treated with 10, 20 and 40 μg/mL of crocin for 24 h.Cell lysates were analyzed by west‐ ern 

blotting and IKBα and p‐IKBα protein bands were detected using specific antibodies. Densito‐ metric 

quantification of the autoradiograms for IKBα and p‐IKBα was performed, and the IKBα/p‐ IKBα ratio 

was calculated. The data were described as mean ± SD, n = 3. Asterisks indicate significant difference 

compared to control (* p<0.05). 
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Figure S3. Effect of crocin on TNF‐α induced NF‐KB activation in HT‐29 colon cancer cells. HT‐29 cells 

were treated with 10 pg/mL concentration of TNF‐α ,40 μg/mL of crocin and combination of TNF‐α and 

crocin for 24 h. Cell lysates were analyzed by western blotting and NF‐kB and β‐actin protein bands 

were detected using specific antibodies. Densitometric quantification of the autora‐ diograms for NF‐

kB and β‐actin was performed, and the relative density of NF‐kB/ β‐actin ratio was calculated. The data 

were described as mean ± SD, n = 3. Asterisks indicate significant difference compared to control (* p 

<0.05) 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Effect of crocin on tumour induced angiogenesis. Induction of tumour induced angio‐ genesis, 

HT‐29 cells (1 × 106) were implanted, and new blood vessels formation was evaluated after 7 days by 

light microscope. (A) The effect of crocin on inhibition of tumour induced angiogenesis. All data were 

expressed in mean ± SD, n = 6, p < 0.05; p < 0.01 was considered significant. Scale bar = 50 μm 
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Chapter 4  

 

Abstract:  

One of the major impediments to the successful treatment of acute myeloid 

leukaemia (AML) by chemotherapeutics is the development of drug resistance. In a 

search for viable alternatives, it has been observed that crocin, a dietary supplement 

with anticancer properties can also suppress drug resistance in cancer cells although 

the exact mechanisms in the case of AML are not clear. In this study we examine the 

effects of crocin on some markers of apoptosis, B-cell lymphoma-2 (Bcl-2) and 

chemotherapy drug resistance, as well as myeloid cell leukemia-1 (Mcl-1) in the 

treatment of AML with daunorubicin and crocin. Our results suggest that crocin 

reduces resistance to DNR by downregulating Bcl-2 and Mcl-1, upregulating pro-

apoptotic protein (Bax), and activating caspase 3 in AML cells KG1a and Kasumi-1. 

Furthermore, both crocin and DNR in combination or separately, suppress 

proliferation and migration of AML cells whilst promoting their apoptosis. Finally, in 

vivo studies of crocin in an AML induced xenograft model demonstrate that crocin, in 

combination with DNR or separately, reduce AML growth without any observable 

signs of toxicity. It is noteworthy that both crocin containing treatment groups 

demonstrated a marked reduction in AML growth, irrespective of the presence or 

absence of DNR whilst crocin in combination with DNR demonstrated a greater 

reduction in AML tumour growth than utilizing DNR alone.  From the results of this 

study, we surmise that crocin increases the sensitivity of AML to DNR through 

suppression of Bcl-2/Mcl-1 pathways. If this is the case, we suggest that crocin should 

be considered in the therapeutic treatment of AML. 

 

Keywords: Dietary crocin; drug resistance; daunorubicin; cell migration; apoptosis; 
Bcl-2; Mcl-1; AML 
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1. Introduction  

Acute myeloid leukaemia (AML) is the second most prevalent form of leukaemia 

among children and adults [1]. However, survival rates have barely improved over the 

past few decades due mainly to the heterogeneity of the disease and lack of specific 

AML therapies [2]. These therapies have evolved over the past two decades as unique 

mechanisms of cell proliferation and survival that pertain to AML have been under 

investigation [3]. Despite significant progress in treating AML with chemotherapeutic 

drugs, such as adriamycin, cytarabine (AraC), and anthracycline (daunorubicin), many 

patients still experience drug resistance and subsequent recurring disease [4-6]. There 

is therefore a pressing need to find suitable replacement therapies that demonstrate 

specific activity against AML; especially in cases of cytarabine/demethylating agents-

resistance. 

 

It is known that the overexpression of B cell lymphoma-2(Bcl-2) produces drug 

resistance in AML leading to poor prognosis [7]. Many of the current treatments of 

AML rely on the downregulation of Bcl-2 a family of proteins that control apoptosis by 

modulating mitochondrial outer membrane permeabilization (MOMP). For example, 

the Bcl-2 selective inhibitor venetoclax demonstrated promising results in 

combination therapy with low doses of cytarabine/daunorubicin [8-10]. Likewise, it 

has also been reported that a selective inhibitor of myeloid cell leukemia-1(Mcl-1) 

enhances the activity of venetoclax [11]. Although venetoclax exhibits remarkable 

activity against AML in combination therapy, numerous severe secondary 

complications are known [12]; such as cardiac complications, immune-suppression, 

shortness of breath, chest pain, and reproductive complications. Therefore, it is still 

imperative to search for viable substitutes that attenuate Bcl-2/Mcl-1 expression and 

have minimal or no toxicity. 

 

Natural products are a promising source of agents to prospect for such 

alternatives [13]. Indeed, many natural products, including herbs and spices, have 

been consistently endorsed by the World Health Organisation (WHO) due to their 

common consumption and minimal side effects [14]. It has been demonstrated that 
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dietary crocin, the main active carotenoid compound derived from saffron, has 

displayed favorable pharmacological applications [15] including antioxidant [16], 

immunomodulatory [17], and anticancer [18] activities. Furthermore, recent studies 

have shown that crocin induces apoptosis, suppresses cell proliferation, and blocks 

cell signaling pathways in various cancers [19-23]. More importantly, reports suggest 

that crocin suppresses multidrug resistance in ovarian cancer cells [24], increases the 

sensitivity of gastric cancer cells to doxorubicin [25] and, inhibits multiple leukaemia 

subtypes [27]. 

 

In this study, it was hypothesized that crocin might exert cancer suppressive 

effects by targeting the Bcl-2/mcl-1 pathways. In a series of in vitro and in vivo 

experiments, we verified that crocin increases the AML cells susceptibility to DNR and 

decreases the expression of BCL-2/MCL-2. Crocin suppresses cell proliferation and 

migration and promotes apoptosis in AML cells. These findings may help us to further 

understand the mechanisms underlying drug resistance of AML and develop new 

strategies for its treatment.  

 
 
 

2. Material and methods  

 

2.1. Chemicals and reagents  

Crocin was purchased from Analab Ltd (Lisburn, UK) and daunorubicin (DNR) from 

pharmacia & Upjohn SpA (Milan, Italy). Fetal bovine serum, Dulbecco’s phosphate 

buffered saline (DPBS), trypsin–EDTA, Alexa Fluor 488 Annexin V/dead cell apoptosis 

kit, Fluo-3 AM, propidium iodide and Geltrex LDEV-free reduced growth factor 

basementmembrane matrix were purchased from Thermo Fisher Scientific, USA. All 

antibodies, including anti-Bcl2, anti-caspases, anti-Bax, anti-Beta actin, anti-CD31, 

anti-Ki67, anti Mcl-1 were obtained from Cell Signaling Technology (CST) (London, UK). 

Human acute myeloid leukemia cell lines (KG1a, Kasumi-1 and normal PBMC cells) 

were purchased from American type culture collection. All other chemicals and 

reagents used were of analytical standard grade. A cell Titer 96® non-radioactive cell 

proliferation MTS assay single solution was purchased from Promega Corporation 
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(Madison, WI, USA). Rosewell Park Memorial Institute (RPMI) -1640 (GIBCO) medium, 

trypsin-EDTA solution, foetal calf serum, (GFR-Matrigel) (BD Biosciences, Belgium), 

transwell BD-Matrigel basement membrane matrix inserts (BD-Biosciences, Belgium), 

bovine type II collagen (Chondrex, Redmond, WA, USA), penicillin/streptomycin 100 

units, dimethyl sulfoxide (DMSO), HEPES buffer, propidium iodide (Sigma-Aldrich), 

calcium chloride, actinomycin D, sodium bicarbonate, sodium chloride and disodium 

hydrogen phosphate were purchased from Merck, USA. 

 

 

2.2. Cell lines and cell culture   

 

The cells employed in this study were acute myeloid leukemia cells (KG1a, Kasumi-1) 

and normal human peripheral blood mononuclear cells (PBMCs) were obtained from 

the American type culture collection (ATCC). All the cells  were grown in RPMI 1640 

(Gibco, Invitrogen, Carlsbad, CA, USA)) medium supplemented with 10% fetal bovine 

serum (FBS), Hyclone, logan , USA), 1% sodium pyruvate, 1% glutamine, and 1% 

antibiotics (penicillin/streptomycin) from (Sigma-Aldrich Gillingham, UK). All the cells 

were cultured at 37°C in humidified atmosphere containing 5% carbon dioxide. 

 

2.3. Drug stock solution preparation  

 

Crocin (purity ≥ 96%, Analab, UK) was dissolved in 1% dimethyl sulfoxide (DMSO) to 

prepare 10mg/ml stock solution which was stored at -20°C. The working solution of 

different concentrations of crocin (10, 20, 30 and 40 µg/mL) were made in the cell 

culture medium. Daunorubicin (DNR) was used at concentration of (100 µg/mL) after 

determination of IC50. We conducted separate dose determination studies on crocin 

and daunorubicin at different time points for KG1a and Kasumi-1, acute myeloid 

leukemia cells to determine IC50 (inhibition concentration). The crocin and DNR were 

incubated for 24, 48, and 72 h respectively. From these studies following working 

concentration of crocin (10, 20, 30 and 40 µg/mL) and daunorubicin (100 µg/mL) were 

selected for cell viability studies.  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/antibiotics
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2.4. Cell viability Assay  

 

The cell viability of acute myeloid leukemia cells (KG1a and Kasumi-1) and normal 

human peripheral blood mononuclear cells (PBMCs) were determined by an MTS 

assay. Briefly, 1.0 x105cells were seeded in 96-well plate with different concentration 

of crocin (10, 20, 30 and 40 µg/mL) and daunorubicin (100 µg/mL) and incubated at 

37°C in humidified atmosphere containing 5% CO2 for 24h. Subsequently the solution 

(20 μl) of MTS was added to each cell culture well, the plate incubated at 37 °C for 4 

hours and then assessed at 490 nm (Flurostar Omega plate reader, BMG Labtech, UK). 

The percentage of cell viability in each well was calculated by comparing the cellular 

response at 24 h. The absorbance of the control sample (without treatment) was 

considered as 100% cell viability. A minimum of three independent experiments were 

performed. 

 

2.5. Colony formation assay  

 

The proliferation of KG1a and Kasumi-1 cells was assessed using a soft agar colony-

formation assay. KG1a and Kasumi-1 cells were consistently placed in six well plates 

precoated with soft agar (500 cells/well). Next, cells were treated with crocin (40 

µg/mL), DNR (100 µg/mL) and their combination (crocin + DNR) for 24h. Thereafter, 

the plates were incubated at 37°C in humidified atmosphere containing 5% CO2 for 3 

weeks.  During this time, the medium was changed every 4 days. Finally, the colonies 

were counted under microscope and photographed. 

 

2.6. Cell Apoptosis assay 

 

The determination of apoptosis in KG1a and Kasumi-1 AML cells were elucidated by 

using flow cytometry. Pre-treatment with DNR, crocin, and combination of DNR and 

crocin, the cells were harvested and washed with PBS. Next, samples were stained 

with Annexin V-FITC and PI (Thermo Fisher scientific, Loughborough, UK) for 20 min in 

the dark at room temperature, followed by detection and analysis by flow cytometry 
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(Thermo Fisher scientific, Loughborough, UK). Finally, the rates of apoptosis in each 

group are shown and result were analyzed by Flowood Vx10 software. 

 

2.7. Cell migration assay  

 

The migratory potential of KG1a and Kasumi-1 cells were assessed by a transwell 

assay. Pre-treatment with DNR, crocin and combination of DNR + crocin, the AML cells 

were collected and suspended in RPMI-1640 medium without fetal bovine serum. 

Next, the AML cells were seeded into upper chambers of transwell plates (50,000 

cells/well), and RPMI-1640 medium supplemented with 10% FBS was added into lower 

chambers of plates. The plates were incubated in humidified atmosphere containing 

5% CO2 at 37°C for 48 h. The non-migrated AML cells were gently removed from the 

transwell with sterile cotton swabs and migrated cells were fixed with 4% 

paraformaldehyde and stained with crystal violet 0.5%. Finally, the migrated cells 

were observed under Olympus microscope and cells were counted in five randomly 

selected fields.  

 
2.8. Protein extraction and western blotting 

 

Acute myeloid leukemia cells (KG1a and Kasumi-1) were evaluated for the expression 

of Bax, Bcl-2, Mcl-1 and Caspase-3 proteins by Western blot. After treatment with 

DNR, crocin, and combination of DNR and crocin, the whole cell lysate was prepared 

from the cells after 24h incubation at 37°C in 5% CO2 according to previously reported 

procedures [28]. A 10% SDS polyacrylamide gel was used to separate the whole cell 

lysates by electrophoresis, then electro transferred onto nitrocellulose membranes. 

Immunoblots were probed using Bax, Bcl-2, Mcl-1 and Caspase-3 antibodies (Cell 

Signalling Technology, UK). These were visualized with NBT/BCIP chromogenic 

substrate. Protein bands were quantified by densitometry and the intensity of each 

band was determined by using Image J software. 
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2.9. Human acute myeloid leukemia tumour Xenograft mouse model  

 

Male 6-8 -week-old BALB/c nude mice were selected from the animal house of St. Jude 

Institute of Medical Sciences and Research Centre, India. All the animals were housed 

in standard environmental conditions (22-28°C, 60%-70% relative humidity, 12 hours 

dark/light cycle and water ad libitum). The OECD guidelines for chemical testing under 

IAEC number SJIMSRC/15/IAEC/PN-19/B were followed during animal experiments. 

All animal experiments were performed under the direction of approaved institutional 

animal ethical committee (Project No. 521/02/08/2017/Project 5/17/07/2019) and 

PPL No. 2768, following set guidelines of WHO World Health Organization, Geneva, 

Switzerland & INSA, New Delhi and Animal (scientific procedures) Act 1986, 

respectively. All the animal work was conducted in India and UK by two investigators 

(HAB and MMT). The doses of crocin and DNR for in vivo experiments were 

determined by pervious toxicity studies (data not shown). 

 

A xenograft AML model was developed by injecting KG1a cells (1.0x106) in 0.1 ml PBS 

subcutaneously in flanks of nude mice. After 12 days of tumour growth, animals were 

randomly divided into four groups of 3 mice in each. Group1 (controls) was 

administered with a dose of 0.1mL of PBS by oral gavage. Group 2 was treated with 

DNR at 50 mg/kg body weight for 7 days, Group 3 was administered with Crocin at 100 

mg/kg body weight continuous for 7days, while Group 4 was administrated with 

combination of DNR +crocin for 7 days respectively in 0.1 mL PBS. The tumour size was 

measured once a week for 30 days. On day 31 animals were sacrificed and tumours 

were excised and collected for further analysis. The tumour volume was calculated by 

following formula: V = (W (2) × L)/2, where ‘’w’’ represents width of the tumour and 

‘’L’’ represents the length of the tumour. 
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2.10. Densitometry and Statistical Analysis 

 

A densitometer (Molecular Dynamics, Sunnyvale, CA, USA) equipped with Image 

QuaNT software,8.2 version was used to determine the relative density of 

immunoreactive bands. Statistically significant differences are expressed as means 

with 95% confidence intervals. Data are reported as the mean ± standard deviation 

(SD) of at least three independent experiments. GraphPad Prism® 4.0 was used for the 

statistical analysis. To test the statistical significance between multiple control and 

treated groups, we used nonparametric analysis of variance (ANOVA) followed by 

Bonferroni post hoc multiple comparison tests. To examine differences between 

treated and control groups, the student's t-test was used. The significance threshold 

was set at *P<0.05; **P<0.01 and ***P<0.001. 

 

3. Results   

3.1. Crocin significantly decreases cell viability of human acute myeloid leukaemia 

cells but has no effect on the viability of normal human peripheral blood 

mononuclear cells. 

Acute myeloid leukemia cells KG1a and Kasumi-1 were treated with different 

concentrations of crocin (10, 20, and 40 μg/mL) for 24 hours.  During this time crocin 

induced a significant (p<0.01; P<0.001) reduction in the cell viability of these leukemia  

cells  in a concentration-dependent manner compared to the untreated control 

(Figure 1A and 1B). In contrast, crocin did not induce any significant reduction in 

normal human peripheral blood mononuclear cells (PBMC) (Figure 1C). These results 

suggest that crocin demonstrated selective cytotoxicity by inducing a significant 

reduction in leukemia cells but not normal human peripheral blood mononuclear cells. 

Daunorubicin (100 µg/ml) was used as positive control. The control was treated with 

1% DMSO 

 

 

https://www.oncotarget.com/article/26930/text/#F1
https://www.oncotarget.com/article/26930/text/#F1
https://www.oncotarget.com/article/26930/text/#F1
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Figure 1. Cytotoxic effect of crocin on human acute myeloid leukemia. A) KG1a cells; B) 
Kasumi-1 cells; C) Human peripheral blood mononuclear cells (PBMC). Values describe mean 
± SD, n=3. Asterisks indicate significant difference compared to control (*: P < 0.05, **: P < 
0.01); **P<0.001), ns= non-significant, daunorubicin (100 µg/ml) was used as positive control. 
The control was treated with 1% DMSO. (DNR = daunorubicin). 
 
 
3.2. Crocin  increases DNR activity on acute myeloid leukemia cells by reducing colony 

formation  

The colony formation assay was used to verify the effect of crocin on acute myeloid 

leukemia cell proliferation. Although the crocin-treated group and DNR-treated group 

showed some reduction in number of colonies (Figure2A and 2B), the combination of 

crocin and DNR demonstrated significant (P<0.001) inhibition of colony formation in 

both KG1a and Kasumi-1 cells (Figure 2C). These results indicate that crocin enhanced 

the sensitivity of resistant AML cells to DNR.    
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Figure 2. Effect of crocin on colony formation of human acute myeloid leukemia cells. 
Leukemia cells (KG1a and Kasumi-1) were seeded in pre-coated soft agar 6-well plates at 500 
cells/well and incubated overnight at 37 °C with 5% CO2. The cells were then incubated with 
40 μg/ml dose of crocin, 100 μg/ml of DNR and combination of crocin and DNR at 37 °C with 
5% CO2 for 24 h. Cells were allowed to grow for 3 weeks to form clones. After washing with 
PBS, 4% paraformaldehyde was applied to fix the cells. The colonies were counted under 
microscope and photographed. A) KG1a cells; B) Kasumi-1 cells; C) Inhibition in number of 
colonies of human acute myeloid leukemia cells. Asterisks represent significant difference 
compared to control. Data represents mean ±SD; n=3, *P<0.05; ***P<0.001 was considered 
significant. Scale bar = 20µm. 

 

3.3. Crocin enhances the sensitivity of acute myeloid leukemia cells to daunorubicin 

induced apoptosis. 

Flow cytometry was used to examine the effect of crocin on acute myeloid leukemia 

apoptosis. The results demonstrated that rate of apoptosis was increased in the 

combination group (crocin + DNR) compared to the crocin-treated group or the 

daunorubicin-treated group (Figure 3A and 3B). The combination group (crocin +DNR) 
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exerted a greater tumour -suppressive effect than crocin or DNR alone in both KG1a 

and Kasumi-1 cells. Likewise, the late apoptotic cell population increased significantly 

(P<0.001) in the combination group compared to the crocin, or DNR group alone 

(Figure 3C). The apoptosis induction in acute myeloid cells was further confirmed by 

apoptosis marker phosphatidylserine exposure using annexin V-FITC/PI -stained 

fluorescence imaging (Supplementary Figure S3). 

 

 

 

Figure 3. Effect of crocin on the apoptosis of human acute myeloid leukemia. The 
determination of apoptosis in KG1a and Kasumi-1 AML cells was elucidated by flow cytometry. 
Briefly (1 x106) AML cells (KG1a and Kasumi-1) were treated   with DNR, crocin, or a 
combination of DNR with crocin, the cells were then harvested and washed with PBS. Samples 
were stained with Annexin V-FITC and PI (Thermo Fisher scientific, Loughborough, UK) for 20 
min in the dark at room temperature, followed by detection and analysis by flow cytometry 
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(Thermo fisher scientific, Loughborough, UK). The results were analyzed by Flowood Vx10 
software. A) Flow cytometric evaluation of annexin V and PI stained KG1a cells; B) Flow 
cytometric evaluation of annexin V and PI stained kasumai-1 cells: in each panel the lower left 
quadrant shows viable cells (negative for both annexin V and PI), lower right quadrant with 
only annexin V+ cells (early apoptotic), upper right quadrant shows annexin V+ and PI+ cells 
(late apoptosis) and upper left quadrant shows only PI+ cells (necrotic). C) Histogram showing 
percentages of early and late apoptotic cells. *P < 0.05, ***P < 0.001. 

 

3.4. Crocin augments daunorubicin sensitivity to inhibit the acute myeloid leukemia 

cell migration  

The effects of combination therapy (DNR + crocin) on acute myeloid leukemia cell 

migration were measured using a transwell assay. The results demonstrated that the 

combination therapy (DNR + crocin) significantly(P<0.01) inhibited the acute myeloid 

leukemia cells (KG1a and Kasumi-1) in comparison to crocin or DNR alone (Figure 4A 

and 4B). Likewise, the migration cell count was significantly(P<0.01) reduced in the 

combination group in comparison to crocin or DNR alone (Figure 4C). These results 

suggest that a combination of crocin and DNR could suppress cell migration in AML. 
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Figure 4. Effect of a combination of crocin with DNR on the acute myeloid leukemia cell 
migration. Cell migration was assessed by transwell migration assay. Both KG1a and Kasumi-
1 cells were treated with 40 μg/ml of crocin, 100 μg/ml of DNR and combination of crocin with 
DNR at 37 °C with 5% CO2 for 24 h. A) Effect of combination of crocin with DNR) in KG1a cells; 
B) Effect of combination of crocin with DNR in Kasumi-1 cells; C) Effect of combination of 
crocin with DNR on cell migration count. Data represents mean ±SD; n=3, *P<0.05; **P<0.01 
was considered significant. Scale bar = 20µm. 

 

3.5. Crocin inhibits the acute myeloid leukemia cells to dauorubicin by regulating BCL-

2/MCL-1/ pathways  

 

To investigate the molecular mechanism of apoptosis induction by the combination of 

crocin with DNR in acute myeloid leukemia (KG1a and Kasumi-1) cells, the expression 

level of anti-apoptotic protein Bcl-2, Mcl-1 and proapoptotic protein Bax were 

analyzed by Western blot. The results demonstrated a significant(P<0.05) reduction in 

the expression levels of BCl-2 and MCL-1 with a marked increase in the Bax protein 
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expression levels in acute myeloid leukemia cells (KG1a and Kasumi-1) treated with 

combination of crocin with DNR as compared to crocin or DNR alone (Figure 5A ,5Band 

5C). To determine whether the apoptosis induction in acute myeloid leukemia cells 

was caspase mediated, the expression level of caspase-3 was analyzed. The results 

demonstrated significant(P<0.05) increase in the expression levels of caspase-3 

protein in KG1a and Kasumi-1 cells treated with combination of crocin and DNR in 

comparison to the gradual increase of caspase-3 levels by crocin or DNR alone (Figure 

5A,5B and 5C). These results suggest that crocin sensitizes acute myeloid leukemia 

cells to DNR induced apoptosis by regulating BcL-2/McL-1 pathways. 

 

 

 

Figure 5. Effect of combination of crocin with DNR on BcL-2/McL-1 signaling in KG1a and 
Kasumi-1 cells. Acute myeloid leukemia cells (KG1a and Kasumi-1) were seeded at the 
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concentration (1x106) cells with fresh medium containing 10% FBS and treated 40 μg/ml of 
crocin, 100 μg/ml of DNR and combination of crocin with DNR at 37 °C with 5% CO2 for 24 h. 
Whole cell lysates were prepared from crocin treated acute myeloid leukemia cells (KG1a and 
Kasumi-1) and separated by SDS-PAGE. Resolved proteins were probed with Bcl-2, Mcl-1, 
caspase 3, and Bax antibodies using β-actin as a loading control. A) Effect of combination of 
crocin with DNR on expression levels of Bcl-2/MCl-1in KG1a cells. B) Effect of combination of 
crocin with DNR on expression levels of Bcl-2/MCl-1in kasumai-1 cells, protein band were 
quantified by densitometry and band intensity was measured by Image J software (Bethesda, 
MD, USA). Data annotated as mean ± SD, n= 3, *P<0.05 was considered significant. 

 

3.6. Crocin in combination with DNR significantly inhibits acute myeloid leukemia 

tumour growth in BALB/c nude mice 

 

To validate whether the crocin in combination with DNR inhibits the acute myeloid 

leukemia in vivo, BALB/c nude mice were injected with KG1a cells at the concentration 

of (1.0 X 106) subcutaneously. After 12 days of tumour growth, mice were treated with 

100 mg/kg of crocin alone, 50 mg/kg of DNR alone and combination of crocin +DNR. 

The combination of crocin + DNR demonstrated significant reduction in tumour 

growth over time compared to the control group (Figure 6A). Crocin alone was 

significantly more effective in tumour reduction as compared to DNR alone, and the 

combination of crocin with DNR was significantly more effective than DNR alone; there 

was no significant difference between crocin alone or crocin in combination with DNR 

(Figure 6A). Moreover, the animals did not demonstrate any signs of toxicity 

throughout the treatment period and no significant changes in the mouse weight were 

observed (Figure 6B). Likewise, crocin alone and in combination with DNR showed 

significant reduction in tumour weight compared to control group (Figure 6C). 

However, no significant changes in tumour weight reduction were found between 

DNR alone compared to control (Figure 6C). Similarly, crocin alone and in combination 

with DNR demonstrated significant reduction in the size of the tumour compared to 

control; there was slight reduction in the size of tumour in DNR treated group 

compared with control (Figure 6D). It is noteworthy that although crocin in 

combination with DNR demonstrated a greater reduction in AML tumour growth 

compared to DNR alone there was no significant difference in the AML growth 

between combination group compared to crocin group alone. Both crocin containing 
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treatment groups demonstrated a marked reduction in AML growth, irrespective of 

the presence or absence of DNR. 

 

 

Figure 6. Effects of a combination of crocin and DNR on acute myeloid leukemia tumour 
growth. KG1a cells were injected into the flanks of nude mice subcutaneously. After 12 days 
of the tumour growth, the animals were randomly divided into four groups. The control 
(untreated) group, DNR (50 mg/kg), crocin (100 mg/kg) and combination of crocin with DNR. 
A) Tumour volume over time for each treatment group, measured by vernier caliper. B) Effect 
on mouse weights over time for each treatment group. C) Effect on tumour weight for each 
treatment group. D) Tumour excised from each treatment group. All data were expressed in 
mean± SD, n=3, *P<0.05; **P<0.01; ***P<0.001 was considered significant. 
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4. Discussion  

Chemotherapy and hematopoietic stem cell transplantation is the most common 

treatment for acute myeloid leukemia. The prognosis of AML is very poor, with typical 

5 years survival rate of patient is approximately 50% [29,30]. Unfortunately, some of 

the present treatments (cytarabine, Adriamycin, and daunorubicin) produce side 

effects because of the high dosages needed. This affects the quality of life of patients 

[31]. Moreover, frequent drug resistance to standard drugs such as cytotoxic 

chemotherapies, as well as tumor heterogeneity, reduce the efficacy of patient 

treatment [32]. Therefore, new, nontoxic, treatment options for AML management 

are urgently needed. Natural resources such as spices, dietary herbs, animals, plants, 

bacteria, and fungi have demonstrated to be a rich source of the most potent and non-

toxic anti-cancerous compounds [33,34]. In the last decade, our research group has 

focused on understanding the anticancer potential of dietary crocin, one of the 

principle active components in saffron. This dietary supplement has demonstrated 

remarkable anti-cancerous activities against Dalton’s lymphoma, colon, pancreatic, 

lung, breast, melanoma, and cervical cancers [19-23,26,28]. 

 

In the present study, it was demonstrated that combination of crocin and DNR inhibits 

cell proliferation and cell migration in acute myeloid leukemia cells (KG1a and 

Kasumai-1). In earlier studies, we demonstrated that crocin is cytotoxic to cancer cells 

such as cervical and colon cancer cells but has no effect on normal cells [28,35]. In 

keeping with these previous studies, we found that crocin has higher IC50 

concentrations for normal human peripheral blood mononuclear cells than acute 

myeloid leukemia cells, indicating crocin is nontoxic to normal cells. 

 

To the best of our knowledge, this is the first study that reports anticancer activity 

against acute myeloid leukemia through the induction of apoptosis using the 

combination of crocin and DNR. It is well documented (see e.g. [36]) that Annexin v-

propidium iodide co-staining helps to differentiate between late apoptotic /necrotic 

cells from the early apoptotic cells as it can enter and interact with DNA when 

membrane integrity is lost. The data from this study indicate that the combination of 

crocin with DNR exert greater apoptosis induction on acute myeloid leukemia cells 
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when compared to DNR alone. Therefore, suggesting that crocin in combination with 

DNR inhibits KG1a and Kasumai-1 cells growth by promotion of apoptosis. Indeed, 

apoptosis induction is regarded as a primary therapeutic approach for a variety of 

bioactive agents and natural products. 

 

The expression level of Bcl-2  was analyzed  to gain insight into the induction of 

apoptosis in resistant acute myeloid leukemia cells by crocin in combination with DNR. 

Previous studies have shown that anti-apoptotic Bcl-2 family proteins and pro-

apoptotic proteins (Bax and Bak) regulate mitochondrial integrity and thus play an 

important role in the intrinsic apoptotic pathway [37]. It has been reported that Bcl-2 

upregulation causes resistance of acute myeloid leukemia to daunorubicin [38]. 

Results demonstrate that crocin in combination with DNR downregulates Bcl-2 

expression and increased the expression of Bax. This leads to leads to the induction of 

apoptosis in acute myeloid leukemia cells by the formation of the apoptosome in the 

cytosol and the initiation of caspase cascade signaling. To validate whether Bcl-2 

downregulation leads to the formation of an apoptosome complex and initiate 

caspase activation, we investigated the effect of crocin in combination with DNR on 

caspase -3 activation. The results indicate that combination of crocin with DNR 

produced significant upregulation of caspase 3. Hence, indicating that apoptosis 

induction in acute myeloid leukemia cells (KG1a and Kasumi-1) is caspase dependent 

and appeared to be mediated through mitochondrial pathways. 

 

Another member of anti-apoptotic protein family is Mcl-1, which is found 

overexpressed in many hematological malignances including acute myeloid leukemia 

[39]. It is reported that Mcl-1 acts as both an acquired and intrinsic factor that causes 

resistance to standard chemotherapeutic drugs [40,41]. Reilly et.al; 2018 reported 

that Mcl-1 upregulation plays a significant role in acute myeloid leukemia cell survival. 

This indicates that agents capable of downregulating MCl-1 protein expression might 

be effective for the treatment of AML [42]. Our results showed that crocin in 

combination with DNR elicits remarkable reduction in the expression level of MCl-1 in 

acute myeloid leukemia cells. This suggests that crocin in combination with DNR 

attenuates acute myeloid leukemia cells by increasing their sensitivity towards 
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apoptosis, through suppression of BCl-2/MCl-1 pathways and activation of caspase 

signaling.  

 

Next, the in vivo studies of crocin in combination with DNR in acute myeloid leukemia 

induced xenograft model were conducted, to validate in vitro studies. The results 

demonstrate that crocin in combination with DNR, and as single agent, is efficacious 

in reducing acute myeloid leukemia growth- without observable signs of toxicity. It is 

noteworthy that in combination with DNR crocin demonstrated a greater reduction in 

AML tumour growth compared to DNR alone. Indeed, there was no significant 

difference in the AML growth between combination group compared to crocin group 

alone. Both crocin containing treatment groups demonstrated a marked reduction in 

AML growth, irrespective of the presence or absence of DNR. Nonetheless, the effect 

of crocin in combination with DNR in vivo, as well as their low toxicity profiles, 

indicates promise for AML treatment. According to pharmacokinetic studies crocin is 

mainly distributed into the heart, lung, kidney and spleen after intravenous injection, 

while it is undetectable in the brain, fat and testicle [43]. The distributive 

characteristics of crocin are probably associated with its high-water solubility. 

Additional studies are still required to fully delineate the role of crocin in combination 

therapy for treatment and management of AML before conducting human clinical 

trials. 

 

5. Conclusion 

The present study demonstrates the remarkable potential of crocin to increase 

sensitivity of acute myeloid leukemia to DNR through suppression of Bcl-2/Mcl-1 

pathways. These findings may contribute to better understand molecular mechanism 

of crocin’s anti-leukemic activity as a single agent or in combination with DNR. It is 

therefore reasonable to assume that human clinical trials involving crocin may lead to 

the development of new and safer therapeutic options for treatment and 

management of acute myeloid leukemia.  
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Significant cutting-edge investigations have been conducted over the last few decades, 

facilitated by the advent of novel technologies that made it possible to understand better the 

genesis and progression of cancer. However, due to the infiltrative and aggressive nature of 

the malignant cancer, the diagnosis is still challenging. The paucity of effective therapies along 

with the development of resistance to effective standard chemotherapies produces 

significant challenges and makes treatment incurable. As a result, any new strategy that can 

replace or supplement current treatments would facilitate proper prognosis at least of 

disease manifestation, which is critical in time-sensitive conditions. In this study, the 

molecular mechanism of crocin on three different types of cancers were investigated, which 

are the most prevalent cancers in United Kingdom, colon, pancreatic, and acute myeloid 

leukemia in children. In the first phase of the study in chapter 2, the effects of crocin on 

pancreatic cancer by evaluating apoptosis and cell cycle regulatory proteins were 

investigated. 

 

Apoptosis is the fundamental process which occurs mainly during the early 

developmental stages of growing organisms to maintain tissue homeostasis [1]. Apoptosis 

occurs through two pathways intrinsic or mitochondrial, and the extrinsic or death receptor 

pathway [2.3]. Bcl-2 is a well-known anti-apoptotic protein that is involved in cell survival and 

apoptosis triggered by various stimuli [2]. On the contrary, Bax is a pro-apoptotic protein 

which is present on the outer mitochondrial membrane and translocates into mitochondria 

during early stages of apoptosis. Therefore, the ratio of Bcl-2 /Bax determines for cell to 

undergo apoptosis, i.e., downregulation of Bcl-2 and upregulation of Bax induces apoptosis in 

the cell [4]. The data from chapter 2 demonstrated that crocin downregulates Bcl-2 and 

upregulates Bax. This change in the Bax/Bcl-2 ratio indicates the potential of crocin to induce 

apoptosis in pancreatic cancer cells. This finding is in agreement with previous studies that 

reported crocin-induced apoptosis by regulating Bax /Bcl-2 signaling pathways in leukemia, 

lung, gastric and prostate cancers [5,3,4,6]. 

 

Caspases are executioners of the apoptosis, a family of proteases that are grouped 

into two groups, the initiators, for instance caspase -9 and effectors such as caspase-3 and 7 

[7]. Several studies have depicted that active caspase -3 is prerequisite for the induction of 

chemotherapeutic-mediated apoptosis [8.9]. Therefore, to understand the molecular 
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mechanisms of caspase-mediated apoptosis by crocin in pancreatic cancer cells, the 

expression profile of caspases- 3, 9 and cytochrome c release which is released from 

mitochondria were investigated. The results from this study shown in chapter2 demonstrated 

that crocin significantly upregulates the expression of caspases and cytochrome c release in 

pancreatic cancer cells. The upregulation of caspase-3 leads to death inducing signalling 

complex formation, besides the release of cytochrome c from the inner mitochondria 

membrane, which is significant for initiation of the apoptotic cascade [10]. Crocin has shown 

that apoptosis induction in pancreatic cancer is mediated through caspase and mitochondrial-

dependent pathways (chapter 2). 

 

  The tumour suppressor protein (P53) is known to regulate cell cycle by 

inhibiting CDK- complex activation by enabling the binding of CDK with the p21/cip1 and 

P27/kip1 protein inhibitors, which leads to the suppression of cyclic dependent kinases 

activities and halts cell cycle progression [11]. It was found that crocin downregulates the 

expression of CDk2 and upregulates the expression of p21/cip1 and p27/kip1 in pancreatic 

cancer cells (chapter 2). This finding is in agreement with our previous report where crocin 

induces cell cycle arrest at G1 phase in pancreatic cancer [12]. It is well documented that the 

G1 phase of the cycle is regulated by the CDK- complex and suppression of this complex leads 

to halts the entry of cells from G1 to S phase of cycle [13].  It was found that the up regulation 

of P21/cip1 and p27/kip1 by crocin increases its binding with CDk2, leads to loss of function 

of CDk2 and inhibits the progression of cells from G1 to S phase transition (chapter 2). 

Likewise, several studies have reported that G1/S phase transition is also dependent on p38 

inhibition [14]. The p38 protein may regulate the phosphorylation of the retinoblastoma 

protein (pRb), which is an essential regulator of G1 checkpoint [14]. Therefore, P38 inhibition 

can cause cell cycle arrest at G1/S transition independent of CDK [14]. Besides, the P38 protein 

is dependent on expression of p53, as it serves as a substrate for activation of P38[15]. Crocin 

has shown dose -dependent upregulation of both p38 and p53 proteins in pancreatic cancer 

cells, thus playing a significant functional role in enabling the binding of p53 and p38 which 

leads to inhibition of cycle at G1/S phase transition (chapter 2). 

 

Cell proliferation, differentiation, and apoptosis are regulated by the transcriptional 

activation of c-MYC genes [16]. The c-MYC is an important transcriptional factor and 
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overexpression of this protein promotes cancer progression by enabling the cells to transit 

G1/S phase [16]. Previous studies reported that, inactivation of c-MYC leads to tumour 

remission and could be a novel target to treat cancer [17]. It is reported that c-MYC is the 

central onco-protein in pancreatic cancer progression, invasion, and metastasis [18]. 

Therefore, it was essential to investigate the effect of crocin on c-MYC expression (Chapter 

2). Crocin reverses the expression of c-MYC in a concentration-dependent manner in 

pancreatic cancer cells (chapter 2). Since c-MYC is in the nucleus, therefore, drug-induced 

inhibition of c-MYC requires translocation of drug into nuclear site. It was found that crocin 

induces the dose -dependent inhibition of c-MYC expression in pancreatic cancer cells, hence 

indicates that crocin localizes into the nuclear site (chapter 2). This is in agreement with this 

notation, the present study demonstrated that crocin could arrest pancreatic cancer at G1/S 

phase by increasing the expression of p53, p38, p21/p27and inhibits the expression of CDk2 

and c-MYC proteins. Therefore, this suggests that crocin may target multiple signalling 

pathway molecules concurrently thereby inhibit pancreatic cancer growth. 

 

The incidence and progression of pancreatic cancer is linked with the differential 

expression of genes [18]. The technological advances in cancer genomics have enhanced the 

knowledge of the pathogenesis of pancreatic cancer immensely [18]. The identification of 

drug targeting genes and their downstream targets in cancer could help in selecting precision 

medicine for patients [19]. Therefore, a DNA microarray analysis was conducted to observe 

the differential expression of genes during crocin treatment in pancreatic cancer cells 

(Chapter 2). The analysis revealed that a total of 723 genes, 269 of which were upregulated 

and 454 were down-regulated in crocin-treated BxPc-3 cells (chapter 2). Among the 

upregulated genes were a variety of checkpoints proteins involved in such as programmed 

cell death, mitotic spindle, cell cycle, DNA damage, cell adhesion, and differentiation. This 

finding suggests the notion that crocin may act as a pro-apoptotic agent. Crocin upregulated 

the GADD45β gene, which gets activated during P53-mediated apoptosis, and it also activates 

the caspases which lead to apoptosis induction in pancreatic cancer (chapter 2). 

 

The bioactive lipid, prostaglandin (PG) influences tissue homeostasis, inflammation, 

and cancer progression [20]. It is well documented that carcinogenesis and inflammation 

enhance the expression of Cox-1 and mPGES-1 (microsomal PGE synthase-1) and these 
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proteins increase the accumulation of PGE2 in tumours [21]. We found that crocin 

demonstrated the down regulation of PG-inducible genes such as prostaglandin E synthase 

(PTGES), prostaglandin–endoperoxidase synthase 1 (PTGS1), COX1, phospholipase A2- group 

5 (Pla2g5), cytochrome P450, family 2, subfamily c, polypeptide 37 (Cyp2c37. Likewise, 

carbonyl reductase 2 (Cbr2), and Ras related GTP binding D were also found downregulated 

by crocin.  

 

Since COX is the main enzyme involved in the conversion of arachidonic acid into 

prostaglandin, which plays an important role in pancreatic cancer progression and 

development [22]. So, inhibition of COX family enzymes by crocin indicated that anti-

pancreatic activity of this molecule may be through the suppression of arachidonic acid 

metabolism. Likewise, other genes which were downregulated by crocin treatment were 

MAP kinase kinase kinase Kinase 6 (MAPKKK6), inflammatory genes bradykinin receptor, beta 

1 (Bdkrb1), nitric oxide synthase 3 (NOS 3), fibroblast growth factor (FGF), hypoxia-inducible 

factor 3 (HIF3). However, their functional significance in the pancreatic cancer is yet to be 

elucidated. 

 

The effect of crocin on in vivo xenograft models of pancreatic cancer were performed 

to ascertain its efficacy in in vivo models (chapter 2).  We found that crocin showed significant 

inhibition of tumour growth and no changes in the weight of tumour bearing mice were 

noted (chapter 2). These findings in both in vitro and in vivo models indicated that crocin could 

be a potential anti-pancreatic cancer agent with minimal toxicity. 

 

 Since crocin has shown minimal toxicity and high efficacy in pancreatic cancer, it was 

hypothesized that crocin might act as a radioprotective agent as well. Pancreatic cancer 

patients often receive a continuous cycle of ionization radiation (IR) to suppress tumour 

growth. Anatomically, the liver is located near to the pancreas. Therefore, this organ is also 

exposed to radiotherapy which may cause radiation-induced hepatic damage leading to 

hepatotoxicity [23]. It was  found that crocin has shown significant protection against 

radiation-induced oxidative damage in the liver of mice exposed to ionization radiation 

(chapter 2). Radiation can cause changes in the redox potential by the generation of free 

radicals that significantly decrease liver enzymes such as glutathione (GSH), glutathione 



125 
 

reductase, and glutathione transferase, which leads to lipid peroxidation of membranes 

[23,24]. In our experimental studies, we found that crocin demonstrated protection against 

radiation-induced hepatic oxidative damage by the restoration of altered enzymes and 

scavenging of radiation-generated free radicals (chapter 2). Therefore, this study confirmed 

that crocin is not only inducing apoptosis in pancreatic cancer but is also exhibiting potential 

radioprotective activity and may be used as an adjuvant to radiotherapy. 

 

In the second phase of this study, chapter 3, we investigated the molecular 

mechanisms of crocin on colon cancer angiogenesis and metastasis. Angiogenesis plays a 

pivotal role in tumour progression and metastasis [25].  It is a well understood fact that the 

majority of cancer, almost 90% occurs due to angiogenesis, invasion, and metastasis [25,26]. 

It is reported that NF-kB and VEGF are fundamental pathways involved in the process of 

angiogenesis and metastasis [27]. Therefore, it was hypothesized that colon carcinoma 

growth may be inhibited by suppressing angiogenesis via NF-kB/VEGF pathway by crocin. A 

series of angiogenesis assay were performed to understand effect of crocin on these 

processes. In these experiments we demonstrated that crocin significantly inhibited   the cell 

migration and invasion in colon cancer cells (chapter 3). Likewise, crocin also inhibited the 

fundamental processes involved in angiogenesis, such as tube formation, invasion, and 

migration in human umbilical vein endothelial cells (chapter 3). 

  

The cancer-mediated angiogenesis is principally influenced by pro-angiogenic factors 

secreted by cancer cells [28]. The vascular endothelial growth factor (VEGF) is one such 

regulator of angiogenesis that is produced by various cancer cells [29]. All these processes 

play important roles in tumour angiogenesis [30]. Recently, it was reported that crocin 

suppresses NF-kB activation and can inhibit the secretion of IL-6, TNF-alpha, and IL-1Beta by 

interaction with the IKK subunit [31]. Therefore, since a downstream target of the NF-kB 

pathway is VEGF, which promotes tumour angiogenesis, we investigated the effect of crocin 

on NF-kB and VEGF protein expression. It was found that crocin shows a significant 

concentration-dependent inhibition of these proteins (chapter 3). Similarly, it was 

demonstrated that crocin also inhibits VEGF secretion by colon carcinoma cells (chapter 3). 

Tumour necrosis factor alpha (TNF-α) is well known to play an important role in immunology 

and to contribute to tumour progression by activating cell proliferation and angiogenesis [32]. 
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Tumour necrosis factor alpha (TNF-α) has been shown in several studies to activate NF-kB 

transcriptionally [33]. The current findings (Chapter 3) show that crocin inhibits both NF-kB 

activation alone and TNF-induced NF-kB activation in colon carcinoma cells.  

 

An in vivo study of crocin in a colon angiogenesis tumour model was performed to 

validate in vitro findings. Crocin showed significant tumour growth reduction and 

angiogenesis suppression. Therefore, these results suggest that crocin may inhibits 

angiogenesis and metastasis in colon carcinoma via the TNF-/NF-B/VEGF pathway (chapter 

3). 

 

In the final stage of this study, Chapter 4, the effect of crocin on acute myeloid 

leukaemia was analysed, which is a very common childhood cancer in the United Kingdom. 

For acute myeloid leukaemia, the most standard treatment options are hematopoietic stem 

cell transplantation and chemotherapy [31]. The prognosis of AML is very poor, with an 

average 5-year survival rate of about fifty percent. However, some of the current treatments 

(cytarabine, Adriamycin, and daunorubicin) produce side effects as a secondary complication 

[32]. Apart from the secondary complications, standard chemotherapies develop resistance 

to chemotherapy and affect the quality of life of patients [33]. Besides, frequent drug 

resistance to chemotherapeutic drugs such as daunorubicin as well as tumour heterogeneity 

pose challenges in patient treatment [34]. The present study shown in chapter 4 

demonstrated that crocin in combination with daunorubicin promotes apoptosis, inhibits cell 

migration and proliferation in acute myeloid leukaemia cells. 

 

Previous studies have revealed that the ratio of proapoptotic proteins such as Bax and 

the anti-apoptotic protein Bcl-2 determines the fate of cells, whether they will undergo 

apoptosis or not. The upregulation of Bax and downregulation of Bcl-2 promote apoptosis, 

whereas upregulation of Bcl-2 and downregulation of Bax cause drug resistance. [35]. The 

anti-apoptotic Bcl-2 family proteins are reported to cause resistance in acute myeloid 

leukaemia towards daunorubicin [36]. Myeloid cell leukemia -1(MCl-1) is another anti-

apoptotic protein member that has been found to be overexpressed in several 

haematological malignancies, including acute myeloid leukaemia [37]. Therefore, the effect 

of crocin in combination with DNR on the expression of Bcl-2 and Mcl-1 was investigated. It 
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was found that crocin in combination with DNR downregulates Bcl-2 and Mcl-1 expression 

and promotes apoptosis in acute myeloid leukaemia cells which were resistant to 

daunorubicin. Moreover, it was demonstrated that crocin induces apoptosis in AML cells by 

activation of apoptosome complex formation in the cytosol and initiation of caspase 

signalling, which was validated by analysing the expression of caspase 3 (chapter 4). These 

findings suggest that crocin in combination with DNR inhibits acute myeloid leukaemia cells 

by enhancing their sensitivity towards apoptosis via inhibition of the Bcl-2/Mcl-1 pathway. 

 

 These findings were further validated in in vivo studies. Crocin demonstrated that it 

is effective in reducing tumour growth alone or in combination with DNR without causing 

toxicity. It is noteworthy that in combination with DNR, crocin demonstrated a greater 

reduction in AML tumour growth compared to DNR alone. Indeed, there was no significant 

difference in the AML growth between the combination group compared to the crocin group 

alone (chapter 4). Both crocin-containing treatment groups showed a significant reduction in 

AML growth, irrespective of the presence or absence of DNR. Nonetheless, the effect of crocin 

in combination with DNR in vivo, as well as their low toxicity profiles, indicates a promising 

treatment for AML. The study presented in chapter 4 suggests that crocin has the potential 

to sensitise AML to DNR through imbibition of Bcl-2/Mcl-1 pathways. These findings may 

contribute to better understanding the molecular mechanism of crocin-induced anti-

leukaemia activity as a single agent or in combination with standard chemotherapeutic drugs 

in the future. 

 

Perspectives / Future directions  

 

Although the work presented in this thesis contributed to the better understanding of the 

molecular mechanism of crocin-induced inhibition of three different types of cancer such as 

acute myeloid leukemia, pancreatic and colon cancer, However, further research is still 

required to fully understand the underlying mechanism of crocin induced pancreatic cancer 

inhibition by analysing the following genes: MAP kinase kinase kinase 6 (MAPKKK6); 

inflammatory genes bradykinin receptor, beta 1 (Bdkrb1); nitric oxide synthase 3 (NOS3); 

fibroblast growth factor (FGF), hypoxia-inducible factor 3 (HIF3). The significance of the 

crocin-mediated downregulation of these genes remains unclear. Further specific gene 
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knocks out of the above genes are warranted to unravel the mechanism of action of crocin in 

pancreatic cancer. 

 

In colon carcinoma, the epithelial to mesenchymal transition secretes colony 

stimulating factor (CSF-1) which attracts macrophages to the tumour, where they produce 

angiogenic factors that promote tumour invasion and metastasis [38]. Therefore, the effect 

of crocin on the colon carcinoma microenvironment is also required to further understand 

the underlying mechanism of crocin by evaluating other factors such as MMP, HIF-1, Cox-2, 

VEGF, PGE-2, etc. to ascertain what role these factors play together in colon cancer 

progression and metastasis. 

 

The finding that crocin in combination with daunorubicin has showed significant anti-

acute myeloid leukaemia activity as well as minimal toxicity, which indicates promise for AML 

treatment. However, further studies are required where other drug resistance targets will be 

evaluated, such as the multidrug resistance (MDR) gene, multidrug resistance related protein, 

also known as ABBC1, glutathione S-transferase, etc. The effect of crocin on these targets as 

a single agent or in combination with standard chemotherapeutic drugs will help to elucidate 

what role crocin plays in drug resistance. Moreover, if downregulation of Bcl-2 and Mcl-1 by 

crocin has any significant role in the synergistic effect. The Bcl2 and MCl-1 knock out by crisper 

/silencing by RNA inference are required to confirm it in future. 

 

In conclusion, the work conducted in this thesis has advanced the scientific work 

focusing on crocin-mediated apoptosis induction in different cancers as well as cancer 

angiogenesis, metastasis, and drug resistance. However, further in-depth, and dedicated 

evaluations are still needed to uncover many unexplored aspects. From the studies presented 

so far, it is concluded that crocin has the potential to inhibit different types of cancer by 

modulating multiple signalling pathways and showing a minimal toxicity profile. Therefore, it 

is reasonable to suggest crocin as an effective and successful anticancer agent with 

radioprotective properties that must be translated into clinics. 
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