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Abstract 

Leukaemia is the most common form of haematological malignancy and includes a group of 

diseases characterised by an uncontrolled growth of malignant haematopoietic cells. It accounts 

for about 33% and 3% of cancer cases in children and adults, respectively. Worldwide, 

approximately 350,000 new cases of leukaemia are diagnosed each year, with more than 

250,000 deaths. Acute myeloid leukaemia (AML) is the most common form of acute 

leukaemia, accounting for around 85% of adult cases, and a leading cause of cancer death in 

young adults. Although chemotherapy is often effective in the treatment of AML, at least in 

the short term, the agents currently in use are associated with a wide range of side effects 

including increasing the risk of developing therapy-related cancers. Therefore, there is 

considerable interest in the anti-cancer potential of natural agents with lower toxicities. 

Fucoidan is a fucose-rich sulphated polysaccharide that exists in the cell wall matrix of brown 

seaweeds. This component has shown immunomodulatory and anti-tumour activities. 

However, the underlying mechanisms of these activities remain largely unknown. 

Herein, the anti-tumour activities of fucoidan were examined in in vitro and in vivo models of 

AML, and its activity as a potential adjunct therapy was investigated. Investigation of the 

effects of fucoidan on leukaemic cells (NB4; a t(15;17) positive acute promyelocytic 

leukaemia, KG-1a; a minimally differentiated AML, HL60; a t(15;17) negative acute 

promyelocytic leukaemia and K562; an acute erythroleukaemia cell line) revealed evidence 

that fucoidan has a selective inhibitory effect on acute promyelocytic leukaemia (APL) and not 

other types of AML cells, initiating apoptosis. Examination of the pathways mediating the 

observed apoptotic mechanisms revealed the observed effect was caspase-dependent as it was 

significantly attenuated by pre-treatment with a pan-caspase inhibitor. P21/WAF1/CIP1 was 

significantly up-regulated leading to cell cycle arrest. Fucoidan decreased the activation of 

ERK1/2, and down-regulated the activation of AKT through hypo-phosphorylation of Thr(308) 

residue but not Ser(473). 

The anti-tumour activity of fucoidan was supported by in-vivo evidence which demonstrated 

that oral doses of fucoidan significantly delayed tumour growth in the APL xenograft model in 

athymic Balb/c nude mice, potentially by increasing the cytolytic activity of NK cells. This is 

the first study to reveal the anti-tumour activity of fucoidan on leukaemia in vivo. The selective 

inhibitory effect of fucoidan on APL cells and its protective effect against APL development 

in mice may prove that fucoidan may be useful in treatment of certain types of leukaemias. 

APL is one of the most aggressive types of AML characterised by differentiation arrest and 

accumulation of abnormal promyelocytes. Current APL therapies are associated with various 

side effects such as hyper-leucocytosis and differentiation syndrome which occurs in a quarter 

of the patients and is a serious and potentially fatal complication. There is therefore interest in 
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the possibility of reducing the incidence of these morbidities through the use of adjunctive 

therapies which permit lower doses of toxic therapies to be used whilst maintaining efficacy. 

Herein, the synergistic effects of fucoidan on current APL therapy, arsenic trioxide (ATO) and 

all-trans retinoic acid (ATRA), were investigated. In vitro, the effect of fucoidan combined 

with both therapeutic and lower doses of these drugs was examined in APL cells. Fucoidan in 

combination with ATO enhanced apoptosis in APL cells at both therapeutic and lower doses 

of ATO as indicated by an increased sub G0/G1 population, DNA fragmentation and annexin 

V positive apoptotic cells. Furthermore, the combination of fucoidan with low doses of ATRA 

and ATO significantly enhanced cell differentiation as indicated by G0/G1 arrest and increased 

CD11b expression. The triple combination of these agents resulted in the greatest myeloid 

differentiation in APL cells compared to single or double combinations. 

The efficacy of fucoidan as an adjuvant to the anti-leukaemic activity of ATO or ATRA was 

identified in vivo in athymic Balb/c nu/nu mice bearing APL. Tumour growth was monitored 

by measurement of tumour size and survival. When fucoidan and sub-therapeutic doses of ATO 

were administered in APL-bearing mice, the median survival and tumour volume doubling 

time significantly increased in mice treated with fucoidan alone and combined with ATO but 

not ATO alone compared to the control group. 

When fucoidan plus low dose ATRA were administered as the therapy regimen in APL-bearing 

mice, the median survival and tumour volume doubling time significantly increased in all 

treated groups compared to the control group. Moreover, the differentiation of APL cells 

obtained from animal’s tumour mass significantly increased in mice treated with fucoidan 

alone and fucoidan+ATRA but not ATRA alone compared to the control group. A further novel 

finding was that the differentiated APL cells derived from the excised tumour mass exhibited 

a down regulation of CD44 in fucoidan+ATRA treated mice. The presence of differentiated 

leukaemic cells with low or no expression of CD44 may be associated with decreased migration 

of these cells in APL.  

Taken together these findings  provide important evidence that fucoidan may prove an effective 

adjuvant therapeutic agent in the treatment of selected leukaemia sub-type APL and may permit 

lower doses of ATO and ATRA to be employed to achieve better efficacy of treatment 

accompanied by lower toxicity. 
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1.1 Haematological Malignancies 

Haematological malignancies (HMs) are tumours of the haematopoietic or lymphoid tissues, 

accounting for nearly 9% of all cancers (excluding non-melanoma skin cancers). Although 

there is no identifiable cause for most patients, factors such as exposure to ionising radiation, 

certain chemicals, genetic predisposition, viral infection and Down’s syndrome are associated 

with increased risk of these diseases (1). 

Haematological malignancies are classified into three major types; 1. leukaemia; cancer of 

immature or abnormal white blood cells, 2. lymphoma; cancer of the lymphoid tissues leading 

to accumulation of abnormal lymphocytes in lymph nodes and other tissues; and 3. multiple 

myeloma which is cancer of plasma cells originating in bone marrow. Figure 1.1 represents the 

amount of estimated new cases of leukaemia, lymphoma and myeloma in 2015 in Australia 

(2).  

 

 

 
Figure 1.1. Estimated new cases (%) of leukaemia, lymphoma, and myeloma in 

Australia, 2015*. Source: Australian Institute of Health and Welfare; 2014 (2). 
* Total percentage does not add up to 100% due to rounding in the calculation of individual percentages. 

 

 

1.1.1 Leukaemia 

Leukaemias are a group of malignancies involving the uncontrolled proliferation of immature 

or abnormal white blood cells in bone marrow and peripheral blood (3). Leukaemias are the 

leading cause of cancer deaths in males younger than 40 and females younger than 20 years 
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(4). Worldwide, approximately 350,000 new cases of leukaemia are diagnosed each year. There 

are more than 250,000 deaths. According to a report by Australian Institute of Health and 

Welfare, 2774 people were diagnosed with different types of leukaemias in 2011, and there 

were 1368 deaths due to this cancer in 2012 (5). 

Haematopoietic cells contain two major lineages; myeloid which gives rise to granulocytes, 

monocytes/macrophages, megakaryocytes and erythrocytes; and lymphoid which produces 

different types of lymphocytes (Figure 1.2). Leukaemia may derive from either of these two 

lineages (6). Leukaemias are also categorised into acute and chronic types depending on the 

rate of the progression and whether mature or immature WBCs are involved. In acute 

leukaemias, the number of non-functional immature WBCs increases rapidly without 

differentiating into mature cells. Acute leukaemias develop quickly and have a poor prognosis 

if untreated. In contrast, chronic leukaemias mostly involve proliferation of mature WBCs and 

tends to progress slowly (6).  

There are four major types of leukaemias:  acute lymphoblastic leukaemia (ALL),  acute 

myeloid leukaemia (AML),  chronic lymphocytic leukaemia (CLL) and chronic myeloid 

leukaemia (CML). Among all types of leukaemia, AML causes the most deaths in Australia 

and worldwide (1, 7). 

 

1.1.2 Acute Myeloid Leukaemia 

Acute myeloid leukaemia (AML) is characterised by rapid production and accumulation of 

immature myeloid cells. It is the most common form of acute leukaemia accounting for 25% 

of all adult leukaemias in USA, Australia and Europe (8, 9). AML is regarded as a highly 

malignant neoplasm and has the lowest survival rate of all leukaemias (8). The age of onset of 

AML has two peaks (Figure 1.3). It is the most common form of acute leukaemia during the 

first few months of life and also becomes the most frequent form of acute leukaemia in the 

middle and later years of life, with median age of 60. The increase in incidence of AML could 

be secondary due to the progression of the very common myelodysplastic syndrome (MDS) in 

elderly patients to AML. More than 80% of patients with MDS are over the age of 60 (10), and 

it has been reported that 30% of MDS cases evolve into AML (11). 
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Figure 1.2. Overview of normal haematopoiesis (12)   
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Various etiological factors have been associated with AML occurrence, such as exposure to 

radiation, viruses, chemical agents such as benzene and previous treatment with 

chemotherapeutic agents (6). However, most of the AML cases are not known to be linked with 

these factors.  

 

 

Figure 1.3. Age-specific incidence rates for AML (all races), 2007-2011 (13). 

 

Different subtypes of AML have been categorised. The French-American-British (FAB) 

classification and the newer World Health Organisation (WHO) classification are two of the 

main systems that have been used to classify AML. In 1976, the FAB group classified AMLs 

into 8 different subtypes according to morphology (maturity of the leukaemic cells) and 

cytochemical reactions of the cells’ enzymes (Table 1.1). In 2001, a new classification of AML 

was introduced by WHO, in which the genetic changes, and biologic and clinical features of 

the disease were incorporated into the FAB scheme (3). The 2008 revision of the WHO 

classification of AML is outlined in Table 1.2. 

The treatment of AML varies and depends on age, AML subtype and clinical history of 

patients. The main treatment for AML includes intensive chemotherapy which is composed of 

two stages: remission induction therapy to eradicate the leukaemic cells and induce remission; 

and consolidation therapy which begins after remission induction therapy (14). The goal of the 

latter stage is to destroy any remaining leukaemic cell and to prevent relapse. Other treatment 

strategies include radiation therapy and stem cell transplantation. 
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Table 1.1. The FAB classification of acute myeloid leukaemia (6) 

 

 

 

 

 

 

 

 

 

 

 

Subtypes Name Cytogenetics 

AML-M0 Undifferentiated acute myeloblastic leukaemia  

AML-M1 Acute myeloblastic leukaemia with minimal maturation  

AML-M2 Acute myeloblastic leukaemia with maturation t(8;21)(q22;q22), 
t(6;9) 

AML-M3 Acute promyelocytic leukaemia (APL) t(15;17) 

AML-M4 Acute myelomonocytic leukaemia Inv(16)(p13q22), 
del(16q) 

AML-M5 Acute monocytic leukaemia Del (11q), t(9;11), 
t(11;19) 

AML-M6 Acute erythroid leukaemia  

AML-M7 Acute megakaryoblastic leukaemia t(1;22) 
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Table 1.2. 2008 WHO classification of acute myeloid leukaemia (3) 

 

 

 

 

AML with recurrent genetic abnormalities 
 

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1;  
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22) CBFB-MYH11 
APL with t(15;17)(q22;q12); PML-RARA 
AML with t(9;11)(p22;q23); MLLT3-MLL 
AML with t(6;9)(p23;q34); DEK-NUP214 
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1 
AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1 
Provisional entity: AML with mutated NPM1 
Provisional entity: AML with mutated CEBPA 

 
Acute myeloid leukaemia with myelodysplasia-related changes 
 
Therapy-related myeloid neoplasms 
 
Acute myeloid leukaemia, not otherwise specified 
 

AML with minimal differentiation  
AML without maturation 
AML with maturation 
Acute myelomonocytic leukaemia 
Acute monoblastic/monocytic leukaemia 
Acute erythroid leukaemia 

Pure erythroid leukaemia 
Erythroleukaemia, erythroid/myeloid 

Acute megakaryoblastic leukaemia 
Acute basophilic leukaemia  
Acute panmyelosis with myelofibrosis 

Myeloid Sarcoma 
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1.1.3 Acute Promyelocytic Leukaemia 

Acute promyelocytic leukaemia (APL) or AML-M3 is one of the most aggressive subtypes of 

AML, characterised by accumulation of abnormal promyelocytes in bone marrow. It accounts 

for around 10-12% of all AML cases (15) with the unusual average age of 30-40 years, which 

is remarkably lower than that of other subtypes (60-70 year) (16). 

Due to its unique biologic characteristics compared to the other subtypes of AML, APL is 

characterised by distinct clinical features, associated with an apparent bleeding tendency (6). 

In the late 1950s, APL was first described as a hyper-acute fatal illness associated with a 

haemorrhagic syndrome based on this distinctive clinical symptom (17, 18).  

Morphologically, abundant amount of azurophilic granules are present within the malignant 

cells. The clumps of these granules form structures known as Auer rods which are found in 

most cases of APL (Figure 1.4). The frequently-observed haemorrhagic complications such as 

disseminated intravascular coagulation (DIC) occur due to presence of pro-coagulant materials 

in APL cell granules (6).  

 

1.1.3.1 APL Pathophysiology 

The chromosomal translocation t(15;17)(q22;q21) is the characteristic chromosomal 

abnormality in more than 95% of APL cases (19). The t(15;17) translocation involves fusion 

of segment of the PML gene on the long arm of chromosome 15 with segment of the retinoic 

acid receptor alpha (RARα) gene on the long arm of chromosome 17 (Figure 1.5) (20). The 

PML gene encodes the promyelocytic leukaemia protein PML which functions as a nuclear 

transcription factor and tumour suppressor. The RARα gene encodes transcription factor 

retinoic acid receptor alpha which is mainly expressed in haematopoietic cells. The RARα 

protein regulates the expression of a wide range of genes involved in proliferation, 

differentiation and maturation of WBCs, in particular from the promyelocyte stage (21).  

The fusion of PML and RARα genes encodes a hybrid protein, PML-RARα, with altered 

functions. It attaches to the genes involved in maturation with high affinity, resulting in 

transcriptional repression of those genes. The affected promyelocytes lose their differentiation 

capability and cannot give rise to mature cells (22) (Figure 1.6).  
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Figure 1.4. Acute promyelocytic leukaemia blood smear. APL with t(15;17) shows 
predominantly abnormal promyelocytes (×500). Inset (top right): Abnormal promyelocytes 

with bundles of Auer rods. (6) 
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Figure 1.5. Chromosomal translocation between PML and RARα genes (23) 
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Figure 1.6. The mutant PML-RARα blocks promyelocytes differentiation (23) 
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1.1.3.2 APL Treatment 

At the time of the first description of APL in the late 1950s, the front-line treatment for APL 

was similar to other subtypes of AML including chemotherapeutic drugs such as daunorubicin. 

In 1973, due to relatively low rate of complete remission in patients, the remission induction 

therapy phase was changed to chemotherapy composed of an anthracycline (daunorubicin, 

idarubicin, or others) and cytosine arabinoside (Ara-C), which led to an increased rate of 

complete remission from 55% to 75-80% in newly diagnosed patients (24-26). However, due 

to the unique clinical features of APL and the high likelihood of haemorrhagic complications 

the death rate was still high and the median duration of complete remission remained low. 

Since it was discovered that the accumulation of malignant promyelocytes in APL occurs as a 

result of differentiation arrest, in the early 1970s new insight into developing differentiation-

based therapy rather than cell death-based therapy was offered (26). All-trans retinoic acid 

(ATRA) and arsenic trioxide (ATO) were further introduced as potential molecules targeting 

differentiation in APL cells. In a newly published clinical trial, the combination of ATO with 

ATRA and idarubicin was used in induction therapy, and ATO with ATRA were used as 

consolidation therapy (27).  

 

1.1.3.2.1 All-Trans Retinoic Acid (ATRA) 

Retinoids are a family of molecules that are chemically and structurally related to vitamin A 

(retinol). Retinol, presents in the diet, is stored in the liver and can be converted to various 

derivatives such as ATRA, 9-cis-RA, 13-cis-RA, and retinal (28). These chemical compounds 

are present in human plasma and exert diverse physiological functions such as regulation of 

cell proliferation and differentiation (29).  

In 1980s, following introduction of the differentiation-based therapies, the synthetic form of 

retinoic acid (RA) was shown to trigger morphological and functional maturation in APL cell 

lines (28). In the first clinical trial, all patients who received ATRA underwent clinical 

remission, with a gradual differentiation of malignant promyelocytes in bone marrow and 

peripheral blood. This success was further confirmed by several clinical trials which reported 

complete remission of 85-90% in patients treated with ATRA (30, 31). However, continuous 

ATRA therapy led to progressive resistance to the drug leading to relapse within 3-6 months 
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in almost all patients (32). Subsequently it was found that the combination of ATRA and 

chemotherapy such as anthracyclines was more beneficial than each alone. This not only 

resulted in higher overall complete remission rates up to 95%, but also decreased the incidence 

of differentiation syndrome (DS) in newly diagnosed patients (26). DS is a life-threatening 

complication which is postulated to be caused by therapy-induced cytokine release from 

myeloid cells as they undergo differentiation. Clinical features may include fevers, dyspnoea 

with pulmonary infiltrates, effusions and renal failure (33). 

Today, the combination of ATRA and anthracycline-based chemotherapy is the first line of 

APL treatment in newly-diagnosed patients (22), resulting in 12-year progression-free survival 

rate of about 70%. However, relapse and death occur in 30% of patients within five years (28). 

 

1.1.3.2.2 Arsenic Trioxide (ATO) 

Arsenic trioxide (ATO) or white arsenic is an inorganic form of arsenic derived from minerals 

such as realgar or orpiment (34). ATO has been used in traditional Chinese medicine for 

thousands of years. In the late 18th and early 19th centuries, ATO was introduced for treating 

periodic fever and chronic myelogenous leukaemia. Although its usage was limited as it was 

highly poisonous and induced severe toxicities in patients (34, 35). 

In early 1990s, intravenous injection of crude solutions of ATO containing 1% of the 

component induced complete remission in 65% of APL patients with 30% survival rate after 

10 years (36). Impressively, ATO was shown to be more effective in relapsed APL patients or 

in patients who developed resistance to chemotherapy or ATRA than newly diagnosed patients 

(26). In 2000, the Food and Drug Administration (FDA) approved administration of ATO for 

the treatment of induction of remission and consolidation in patients with APL who are 

refractory to, or relapsed from, retinoid and anthracycline chemotherapy, and whose APL is 

characterised by the presence of the t(15;17) translocation or PML/RAR-alpha gene expression 

(37, 38). Recently, oral formulations of ATO have been developed and are entering clinical 

practice (39). 
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1.1.3.2.3 Combination of ATRA and ATO 

New insights provided by research using combined treatment of ATO and ATRA led to this 

chemotherapy being offered in 1998 (26). Subsequently, cell culture and animal studies 

revealed a significantly increased cell death in acute promyelocytic leukaemia NB4 cell line 

and a marked increase in survival of APL-bearing animals (40, 41). In the first phase of initial 

clinical trials it was revealed that even though the complete remission rates in ATRA single, 

ATO single and combined groups were similar, the time to achieve the complete remission was 

significantly shorter in the combination group (42). After 18 months follow up, 100% of the 

cases in the combination group remained in complete remission, while APL relapsed in nearly 

20% of the single therapy groups. The combination of oral ATRA and intravenous ATO is now 

considered as the standard treatment for relapsed APL (39). ATRA plus ATO is also used as 

induction therapy in elderly patients and in patients who cannot tolerate the anthracycline-

based therapy (43). However, despite the promising results from various clinical trials, the 

efficacy and safety of ATO+ATRA or ATO+ATRA+chemotherapy are still unclear and 

several pilot studies investigating their use for remission induction in newly diagnosed patients 

and other stages are ongoing (44, 45). In a recent multi-central randomized clinical trial, Zhu 

et al. tested the efficacy and safety of an oral formula of ATO and compared with intravenous 

ATO in newly diagnosed APL patients (46). Their findings showed that the oral formula of 

ATO plus ATRA was not inferior to intravenous ATO plus ATRA as first-line treatment of 

APL as the disease free survival was 98.1% and 95.5% in oral and intravenous ATO 

respectively. These results suggest that oral ATO plus ATRA could be considered as first-line 

treatment option for APL treatment. 

Although there have been advances in APL treatment, the early death rate related to 

hemorrhagic complications is still high. Besides, relapses, drug resistance and significant side-

effects of current treatments still remain clinical challenges. Therefore, new APL treatment 

strategies are needed to increase the disease free survival rate and improve the clinical outcome.  

 

1.2 Cellular Processes in Tumourigenesis 

During tumour development, various crucial cellular pathways are disrupted. Over the last 

decades, the major hallmarks of cancers have been identified as follows; 1. Self-sufficiency in 
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growth signals, 2. Insensitivity to death signals, 3. Apoptosis evasion, 4. Unlimited replicative 

potential and immortality, 5. Angiogenesis, 6. Invasion and metastasis to other tissue, (47) 7. 

Reprogramming energy metabolism and 7. Immune response destruction (48). These acquired 

capabilities are shared between almost all types of cancers. 

Unlike the traditional cancer therapies that kill rapidly proliferating cells and affect both tumour 

and normal cells, novel therapeutic agents are designed to target the molecules which are 

abnormally expressed only in tumour cells. These tumour-specific structures could be either 

surface antigens; such as polymorphic epithelial mucin (PEM) which is aberrantly glycosylated 

and overexpressed in a variety of epithelial cancers (49), or intracellular molecules; such as 

phosphatase of regenerating liver-3 (PRL-3) which is overexpressed in gastric carcinoma (50). 

In this regard, our understanding from the cancer hallmarks and involved pathways has 

enormously advanced anti-cancer treatments. In this section, the main involved cellular and 

molecular pathways, the role of their defects in cancer development, and their therapeutic 

implication in cancer will be reviewed.  

 

1.2.1 Apoptosis 

Until recently, accelerated or deregulated cell proliferation was believed to be the only 

causative factor for cancer. Kerr et al. however hypothesised that hyperplasia and malignant 

neoplasms can result from reduced programmed cell death known as apoptosis rather than 

increased unlimited proliferation only (51). Apoptosis is an active multi-step cell self-destruct 

program that can potentially occur in each cell in the body, leading to the removal of unwanted 

cell. 

During apoptosis, the chromosomal DNA is fragmented as a consequence of cleavage between 

nucleosomes. These DNA fragments can then be broken into small pieces of around 50 

nucleotides. Eventually, cleavage of proteins that are responsible for integrity of cytoplasm and 

organelles leads to cell self-shrinkage and formation of fragments known as                        

aapoptotic bodies (Figure 1.7). The apoptotic bodies can be recognised and phagocytosed by 

macrophages (52). 
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Due to the crucial role of apoptosis in abnormal cell removal, the molecules involved in 

apoptosis are broadly recruited for anti-cancer drug development. Therefore, understanding the 

apoptotic pathway and involved molecules as well as the role of relevant impairments causing 

cancers would help in designing therapeutic agents. 

 

 

 

 

Figure 1.7 Apoptotic bodies (53) 
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1.2.1.1 Apoptosis Initiation 

A variety of exogenous and endogenous agents initiate the apoptosis process including the 

agents that cause DNA damage (e.g. ionising radiation and cytotoxic drugs such as alkylating 

agents), the factors that activates the death receptors (e.g. some hormones), the biochemical 

agents which enhance the downstream components of apoptotic system such as phosphates and 

kinase inhibitors (e.g. perylenequinone antibiotic calphostin C), and the factors which mediate 

the apoptosis process by direct cell membrane damage (e.g. heat and other stressors) (54). 

 

1.2.1.2 Apoptosis Pathways 

Apoptosis initiation by stimuli results in activation of a number of molecules and proteolytic 

enzymes, causing the progression of the apoptosis cascade (Figure 1.8). Caspases or cysteine-

aspartic proteases known as the executioner proteins in apoptosis cascade are a family of 

cysteine proteases and have a pivotal role in this process (55). Caspases are divided into initial 

caspases which trigger the initial steps of the apoptosis; and effector caspases which function 

at the later stages of apoptosis leading to the cleavage of crucial molecules. The initial phase 

of apoptosis can be carried out either through activation of the cell death receptors (extrinsic 

pathway) or via the mitochondrial signalling (intrinsic pathway). In the extrinsic pathway, 

transmembrane death receptors transmit the death signals to the apoptotic machinery, while the 

intrinsic pathway is activated in response to death signals derived from inside the cell such as 

DNA damage. These signals cause permeabilisation of mitochondria and subsequently release 

of cytochrome C. Both pathways trigger the activation of effector caspases. 

 

1.2.1.2.1 Extrinsic Pathway 

A large number of death signals trigger the extrinsic pathway through attachment to death 

receptors located on cell surface. Different cell-surface death receptors have been characterised 

so far, which belong to the tumour necrosis factor (TNF) receptor gene superfamily. The Fas 

receptor, TNF-α receptor-1 and TRAIL receptors DR-4 and DR-5 are 
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Figure 1.8. Apoptosis related molecules (56) 
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the main death receptors (Table 1.3). UV radiation is an example of a stimulus which induces 

the extrinsic pathway of apoptosis through Fas clustering on the surface of keratinocytes.  

All death receptors contain a homologous cytoplasmic domain named Death Domain (DD) 

which includes approximately 80 amino acids and is responsible for transmitting the death 

signal into the intracellular signalling pathways. The DDs of activated death receptors recruit 

the DDs in adapter molecules such as FADD and TRADD and cause formation of death 

inducing signalling complex (DISC) (Figure 1.9). The DISC contains a multi-protein complex 

such as several caspase 8 molecules. The activated caspase 8 then directly cleaves and activates 

the downstream effector caspases.  

 

 

Table 1.3 Death receptors and their ligands 

 

 

 

 

 

 

 

 

 

 

 

 

Death receptors Ligands for death receptors 

Fas (CD95) CD95L (FasL) 

TNFR1 (p55, CD120a) TNF and Lymphotoxin alpha 

DR3 (Apo3) Apo3L 

DR4 TRAIL (Apo2L) 

DR5 (Apo2) TRAIL (Apo2L) 
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Figure 1.9. Apoptosis extrinsic pathway (57) 
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1.2.1.2.2 Intrinsic Pathway 

Intracellular stimuli and non-receptor mediated signals such as DNA damage, viral infection, 

hypoxia and high level of Ca2+ are responsible for the intrinsic apoptosis pathway. These 

stimuli induce changes in the inner membrane of mitochondria and lead to mitochondria 

transmembrane potential loss. Upon this, the mitochondrial membrane permeability increases 

and pro-apoptotic molecules such as cytochrome C are released into the cytosol. The released 

cytochrome C accompanied by dATP bind to a protein named Apoptotic Protease Activating 

Factor 1 (Apaf-1) which is the core of caspase-activating signal complex (Figure 1.10). In the 

absence of cytosolic cytochrome C, Apaf-1 is in monomeric form, but upon presence and 

binding to the cytochrome C, Apaf-1 forms an oligomeric holoenzyme complex called 

apoptosome which triggers the cleavage of procaspase 9 to caspase 9. The activated caspase 9 

then activates the downstream executive caspases and promotes the caspase cascade in the later 

stage of the apoptosis. 

Intrinsic and extrinsic pathways can be cross-linked together through a BH3 only family protein 

named BH3 interacting-domain death agonist (BID). Following the cleavage and activation of 

BID by caspase 8, the truncated BID is translocated to mitochondria and triggers release of 

cytochrome C (Figure 1.10). 

 

1.2.1.2.3 Common Pathway 

Activation of either caspase 8 through the extrinsic pathway or caspase 9 through the intrinsic 

pathway results in the activation of effector or executive caspases including caspases 3, 6 and 

7. It is believed that caspase 3 is the main executive caspase. In nuclei, caspase 3 cleaves and 

activates endonucleases such as Caspase-Activated DNase (CAD) which causes DNA 

fragmentation, degradation and chromatin condensation (52). Another role of caspase 3 is the 

proteolytic cleavage of poly(ADP-ribose)polymerase-1 (PARP-1), a nuclear enzyme involved 

in DNA repair and DNA stability. In addition, it mediates the disruption of cytoskeletal 

molecules such as gelsolin which is the core of actin polymerisation. The cleavage of gelsolin 

then results in actin filaments depolymerisation and cytoskeletal disruption (58).  

 



Chapter 1                                                                                                                       Literature Review 

 

 

Page 24 

 

 

 

 

 

 

 

Figure 1.10. Apoptosis intrinsic pathway (57) 
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1.2.1.3 Apoptosis Regulatory Proteins 

Cell survival is regulated by a balance between pro-apoptotic and anti-apoptotic signals. A 

large group of apoptosis regulatory proteins including oncogenes and tumour suppressor 

proteins have been characterised (59).  

Members of a protein family named Bcl-2 family (B-cell lymphoma 2) play pivotal roles in the 

regulation of the intrinsic apoptosis pathway. Bcl-2 family includes 25 either pro-apoptotic 

(such as Bax, Bak, BAD) or anti-apoptotic (such as Bcl-2 and Bcl-xL) proteins that reside in 

outer membrane of mitochondria and contribute to the regulation of apoptosis pathway. The 

anti-apoptotic proteins block the release of cytochrome C from mitochondria and inhibit 

apoptosis cascade permitting cell survival. In contrast, the pro-apoptotic proteins alter the 

mitochondrial membrane permeability, induce cytochrome C release and promote cell death 

(60). 

Inhibitors of apoptosis proteins (IAPs) are other anti-apoptotic proteins which interact with 

caspases and inhibit their activation. X-linked inhibitor of apoptosis (XIAP) is one of the IAP 

members which binds to and inhibits three caspases 3, 7 and 9 (61). 

 

1.2.1.4 Apoptosis Deregulation and Leukaemogenesis 

A well-known mechanism for tumourigenesis is disrupted balance between pro and anti-

apoptotic proteins. Characterisation and cloning of the protein Bcl-2, one of the main anti-

apoptotic proteins in the Bcl-2 family, opened new insight into understanding the impact of 

apoptosis in tumour development as its mutation and overexpression enhanced cell survival. 

Bcl-2 derives its name from its original discovery in B-cell lymphomas. The chromosomal 

translocation t(14;18) involving Bcl-2 gene on chromosome 18 and immunoglobulin heavy-

chain locus (IgH) on chromosome 14 is associated with human B-cell follicular lymphoma. 

The juxtaposition of these genes results in enhanced transcription and overexpression of the 

Bcl-2 protein in the cells (62), thereby promoting long-lived follicular precursor and memory 

B-cells (63). 

There are some pro-apoptotic Bcl-2 family proteins whose defect can also cause HM. Many 

frame-shift mutations in the Bax gene have been identified in T-cell acute lymphoblastic 
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leukaemia cell lines (64). These mutations lead to a decreased level of proteins or dysfunctional 

ones and cause impaired apoptosis within the tumour cells. 

Another mechanism by which apoptosis contributes to cancer formation is reduced caspase 

level or function. In 2002, Devarajan et al. reported undetectable caspase-3 mRNA levels in 

breast and cervical cancers and substantially decreased levels of caspase 3 mRNA in ovarian 

tumour cells (65). The irregular caspase expression has also been shown in HM pathogenesis. 

In 2003, Takeuchi et al. reported frame-shift mutations within the coding repeats of caspase 5 

gene in lymphoid leukaemia/lymphoma cell lines (66).  

The third mechanism for contribution of apoptosis in tumourigenesis is abnormal death 

receptor signalling. Several impairments related to death signalling have been clarified so far. 

Loss of expression of death receptors, non-functional receptors and lack of proper death signals 

are examples of death receptor signalling defects (67). Fas receptor also known as CD95 or 

APO1, is a death receptor on the membrane of target cell. Fas ligand or CD95L is a soluble 

protein which binds to the Fas receptor and causes trimerisation of the Fas receptor. Alterations 

in Fas receptor or Fas ligand level or function can cause interaction failure or excessive use of 

these proteins leading to neoplastic transformation. For instance, to balance peripheral 

lymphocyte homeostasis, Fas is widely expressed on activated T and B-cells. Disruption of the 

Fas/Fas L pathway has been reported to be highly associated with lympho-proliferation and 

increased risk of lymphoid neoplasms. For instance, several somatic mutations in Fas gene 

have been identified in non-Hodgkin lymphoma (68).  

 

1.2.1.5 Apoptosis: Therapeutic Implications 

In 1975, Searle et al. proposed that the chemotherapeutic agents induce apoptosis in the tumour 

cell (69). Since then, a large number of drugs have been designed, which either inhibit the anti-

apoptotic molecules or enhance the expression and function of pro-apoptotic molecules. Here, 

the anti-cancer agents are classified into drugs which target 1. extrinsic pathway molecules, 2. 

intrinsic pathway molecules or 3. caspases. 
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1.2.1.5.1 Therapies Targeting Extrinsic Pathway Molecules 

Activation of death receptors by anti-cancer agents such as death receptor agonists has shown 

promising results in different malignant cells. MegaFasL as an example is a novel Fas agonist 

and its usage as an effective regimen in haematological malignancy cells has been shown in 

the last decade (70, 71). However, despite the potential anti-tumour activity of Fas agonists and 

also TNF agonists, when they were used in vivo in murine models, they induced severe toxicity 

in hepatocytes and also caused haemorrhagic necrosis (72, 73). 

TRAIL (TNF-related apoptosis-inducing ligand) is another TNF family molecule which 

induces cell death through binding to the death receptors DR4 and DR5. TRAIL agonists 

including recombinant TRAIL natural ligand or monoclonal antibodies also trigger the 

apoptosis during cancer therapy. It has been shown that TRAIL agonists act more selectively 

than the other death receptor agonists and their systemic administration to animal models is 

associated with less toxicity. Also, some pre-clinical studies have demonstrated that 

recombinant TRAIL or antibodies against DR4 and DR5 enhance the efficacy of radiotherapy. 

Administration of TRAIL agonists in combination with chemotherapeutic agents such as 

doxorubicin has brought about profound apoptosis progression in animal models (74). 

 

1.2.1.5.2 Therapies Targeting Mitochondrial Pathway Molecules 

This group includes the agents that perform their activities on the inner membrane of 

mitochondria. The potential anticancer drugs in this group mostly target the Bcl-2 family. Some 

of these agents inhibit activity of anti-apoptotic proteins such as Bcl-2 and Bcl-xl or down-

regulate their expression. Others increase the activity of pro-apoptotic molecules such as Bax 

and Bad to promote the mitochondrial apoptosis pathway.  

“Oblimersen Sodium” is an antisense oligonucleotide which targets the inhibition of Bcl2 

protein. At the molecular level, it binds to and degrade the Bcl-2 mRNA, leading to decreased 

Bcl-2 protein translation. Pre-clinical and clinical studies have indicated that administration of 

oblimersen sodium combined with chemotherapeutic agents increases their anti-cancer effects. 

In a clinical trial, administration of oblimersen sodium to CLL patients who had previously 

received chemotherapy resulted in reduction of hepatosplenomegaly, lymph node size and 

lymphocyte count (75). 
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Another strategy includes designing small molecules which inhibit anti-apoptotic proteins. For 

instance, ABT-737 and ABT-263 bind to anti-apoptotic protein such as Bcl-2 and Bcl-X(L) 

with high affinity leading to their inhibition (76). ABT-199 is another small molecule Bcl-2 

inhibitor, which has recently received breakthrough designation by FDA for certain types of 

chronic lymphoma leukaemia (77). Findings from a phase I clinical trial showed an overall 

response rate of 84% in 56 patients with high risk relapsed or refractory CLL, including 20% 

complete remission (78). 

 

1.2.1.5.3 Therapies Targeting Caspases 

Due to the importance of caspases in the apoptosis pathway, targeting the initial and effector 

caspases is a potential anti-tumour therapeutic strategy. In this regard, some small molecule 

caspase activators have been developed to activate the effector caspases directly. Procaspase-

Activating Compound-1 (PAC-1) is the first-developed procaspase activating agent which 

promotes apoptosis through triggering caspase 3 activation (79). 

Caspase-based gene therapy is another strategy which recruits caspases for promotion of 

apoptosis. Caspase 8 expression is frequently silenced by transcription factors such as SP1 and 

ETS-like which are responsible for caspase 8 promoter hypermethylation and inactivation. 5-

aza-2’deoxycytidine (5-AZA) is a specific inhibitor of DNA methylation which demethylates 

the caspase 8 regulatory sequences, enhances the activity of caspase 8 promoter and therefore 

the expression of caspase 8 leading to apoptosis progress (80). 

 

 

1.2.2 Cell Cycle 

The cell division process is an ordered series of events within cells which lead to cell replication 

and production of two daughter cells. The processes from one cell division to the another is 

named “cell cycle” which is characterised by distinct biochemical steps (81). The whole cell 

cycle takes different amounts of time depending on the organism. For instance, cell division in 

bacteria like Escherichia coli takes around 20-30 minutes, and unicellular yeast divide every 
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90-120 minutes (82, 83). One complete cell cycle takes around 24 hours in most mammalian 

cells (81). 

 

1.2.2.1 Cell Cycle Stages 

The cell cycle events are classified into four main phases (Figure 1.11). The step where the 

division of the cell occurs and two daughter cells are formed is known as mitotic phase (M 

phase). Since each daughter cell needs to receive the same amount of genetic complement from 

the mother cell, the parent cell needs to duplicate its DNA prior to cell division. The DNA 

synthesis process is carried out during a stage named synthesis phase (S phase). Furthermore, 

there are two gaps during the cell cycle; the first gap is located between the end of M phase 

and onset of DNA synthesis, known as gap 1 phase (G1 phase) and the second gap is between 

the end of DNA synthesis and onset of M phase (G2 phase). At G1 phase, the cell grows and 

new organelles in addition to many proteins and RNAs are synthesised. These molecules are 

required for cell growth and DNA synthesis prior to division.  At G2 phase, the repair systems 

are activated to correct any DNA damage that may have occurred during S phase. Total G1, S 

and G2 phases are known as a single phase called interphase (84). The majority of the cell 

cycle process takes place in interphase. In a proliferating human cell, interphase typically needs 

20 hours to be completed while mitosis phase takes only less than an hour  (81) . 

Before cell entry to the S phase, cells might pause in the G1 phase and enter to a state of 

quiescency called G0 phase. In G0 phase, the cell is neither dividing nor preparing to divide. 

At any one time, most of the cells in the mammalians body are in G0 phase. Some cell types 

such as neuronal cells and heart muscle cells remain in G0 phase during the life span of the 

whole organism, whereas some specialised cells such as haematopoietic, gut epithelium and 

skin cells are always proliferating (85).  
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Figure 1.11. Average time spent in each phase of the cell cycle in a human cell  
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It is important to know that there is a small difference between a G0 cell and a quiescent cell. 

Quiescent cells are those which have reached a state of terminal differentiation and never re-

enter the G1 phase, whereas G0 cells may enter the cell cycle if needed.  

 

1.2.2.2 Cell Cycle Regulation 

There are several checkpoints within the cells that prevent them from entering the next step 

while they have not completed the previous step. Also, there should be certain checkpoints 

which allow G cells or newly divided cells to re-enter the cell cycle. 

The central molecules which positively regulate the cell cycle are called cyclin-dependent 

kinases (CDKs). CDKs are small serine/threonine protein kinases that have low enzymatic 

activity. CDKs have regulatory subunits referred as “cyclins” whose attachment to CDKs leads 

to CDK activation. CDKs 1, 2, 4 and 6 and cyclins A, B, D and E are the main CDKs and 

cyclins that function in specific phases of the cell cycle (81). CDKs 2, 4 and 6 are G1-specific 

CDKs. Cyclin D-CDK 4-6 complexes help the cell to progress toward late G1 phase. CDK2 

however functions in late G1 phase and is responsible for G1 phase completion and cell entry 

to S phase (81). Progression from either S to G2 or from G2 to M phase is dependent on cyclin 

A expression  (85) whereas cyclin B-CDK1 complex promotes M phase progression (86). 

A different group of proteins have been identified as negative regulators of the cell cycle. These 

proteins are referred as cyclin-dependent kinase inhibitor protein (CDKIs or CKIs). CDKIs 

which function as tumour suppressor genes normally inhibit G1-specific CDKs and lead to cell 

cycle arrest at G1 phase. p16, p19, p21/WAF1 and p27 are examples of CDKIs which inhibit 

CDK2, CDK4, CDK6 or G1 related cyclin-CDK complexes (81). 

Cell cycle progression is also regulated by a variety of external signals such as growth factors 

and stress stimuli. These stimuli affect cell cycle through different signal transduction 

pathways. The Ras/Raf/MAPK pathway is one of the main signalling pathways which controls 

the cell cycle mainly through the activation of G1 cyclin-CDK complexes (87). 
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1.2.2.3 Cell Cycle Deregulation and Leukaemogenesis 

The final aim of the cell cycle is to replicate exactly one copy of DNA, not more and not less, 

to produce two identical chromosomes during synthesis phase and then to segregate the 

chromosomes equally between two daughter cells. Defects in the process can lead to serious 

abnormalities. 

The role of deregulation of the cell cycle components in haematological malignancy 

development and progression has been well established. Due to the high rate of haematopoietic 

cell turn over, maintaining the balance between cell death and cell proliferation is an essential 

element for normal haematopoiesis. B-cell chronic lymphocytic leukaemia (B-CLL) is a well-

identified example of haematological malignancies in which tumour cells accumulate through 

reduction of cell death process rather than high proliferation. In contrast, Burkitt lymphoma is 

a type of haematological malignancies which is characterised by high proliferation index and 

increased activity of cell cycle promoters. 

In 2010, Gladkikh et al. examined the expression of cyclin D1 in different types of lymphomas 

compared with normal mature B-cells and showed a four-fold increase in cyclin D1 expression 

in mantle cell lymphoma (MCL) compared to normal lymphocytes (88). Cyclin E is also a 

proto-oncogene whose amplification and overexpression have been reported in ALL and AML 

(89, 90). 

As discussed above, CDK inhibitors negatively regulate cell cycle. The deregulation of CDKI 

gene has been reported in leukaemia development. p16INK4 for instance is a critical regulator 

of CDK activity, which specifically binds to CDK4 or CDK6 and inhibits cell cycle progression 

(91). The homozygous deletion of chromosome 9 (del9p21) containing p16INK4 gene resulting 

in its complete or partial loss has been documented in different types of haematological 

malignancies (92). 

 

1.2.2.4 Cell Cycle: Therapeutic Implications 

Over the last several years, our understanding about the role of genetic alterations in CDKs, 

CDKIs and other cell cycle molecules in carcinogenesis have opened new insights into 

designing anti-cancer agents which target these molecules. CDKs, which are the key motor of 
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cell cycle progression are known to be upregulated in malignancies. Many novel synthetic 

CDK inhibitors have been developed to inhibit CDKs expression and induce cell cycle arrest 

in the tumour cells. These anti-cancer agents can either directly target the catalytic activity of 

CDKs or target the regulatory mechanisms that contribute to CDK activity. 

Flavopiridol is a pan CDK inhibitor, which binds to, and inhibits CDKs 1, 2, 4, 6 and 7 and 

leads to cell cycle arrest at the G1 to S as well as G2 to M points. Several clinical trials have 

assessed the proliferation inhibitory effect of flavopiridol on a variety of human malignancies. 

In a clinical trial, a novel schedule with specific doses of flavopiridol was employed in patients 

with refractory CLL who had high-risk cytogenetic abnormalities. It was reported that 45% of 

patients attained a high response with durable remissions (93). 

Seliciclib or CYC202 is another CDK inhibitor, which inhibits multiple CDKs. This agent 

selectively blocks CDK2–cyclin E, CDK2–cyclin A, CDK7–cyclin H and CDK9–cyclin T1. 

CYC202 has been shown to increase the sub G0/G1 population and down-regulates cyclins D1 

and H in mantle cell lymphoma cell lines (94). 

 

1.2.3 Signal Transduction Pathways 

The signals created by extracellular stimuli are transmitted to the downstream effector cells by 

a series of phosphorylation steps through pathways known as signal transduction pathways. 

The transduced signal into nuclei up-regulates or down-regulates certain genes on DNA, which 

are associated with various cellular processes such as proliferation, growth, apoptosis and 

differentiation (95). Ras/Raf/MEK/MAPK, PI3K/Akt, JAK/STAT and Wnt signalling 

pathways are examples of signal transduction pathways which play key roles in cell 

proliferation and apoptosis. 

The Ras/Raf/MEK/MAPK pathway is one of the best categorised signal transduction pathways 

in cell biology (96). The external stimuli such as growth factors first activate Ras protein by 

GDP-GTP exchange (Figure 1.12). Activated Ras phosphorylates and activates different 

transduction molecules like serine-threonine kinase Raf. Activated Raf then phosphorylates 

MEK (MAPK/ERK kinase), which subsequently phosphorylates MAPK (Mitogen-Activated 

Protein Kinase) molecules such as ERK1 and ERK2. Upon phosphorylation, the activated 
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ERK1 and ERK2 translocate into nuclei where they activate their substrates; transcription 

factors which can further change gene expression (97). 

PI3K/Akt/mTOR is another important signalling pathway that regulates numerous cellular 

functions such as angiogenesis, metabolism, survival and apoptosis. The proto-oncogene AKT 

is the main enzyme in this pathway, which mainly inhibits apoptosis (98). Upon the pathway 

activation, phosphatidylinositol tri phosphate (PIP3) is produced by phosphoinositide 3-kinase. 

PIP3 acts as plasma membrane docking site for proteins such as AKT (Figure 1.12). Akt is then 

phosphorylated and activated by kinase activity of another molecule and transduces the signals 

into nuclei through phosphorylation and activation of downstream molecules (99).  

 

1.2.3.1 Signal Transduction Pathway Deregulation and Leukaemogenesis 

Defects in signal transduction pathways are highly linked with oncogenic transformations. The 

ERK pathway is the best-studied mammalian cell signalling pathway and its deregulation has 

been associated with one-third of all human cancers (96). The ERK pathway is mostly 

associated with cell proliferation, thus its overexpression contributes to tumourigenesis. As 

explained above, Raf and Ras groups are the initiator molecules of this pathway. The mutations 

occurring on these early stage molecules are the leading causes of consecutive activation of 

ERK pathway resulting in cancer development. For instance, B-Raf mutation alone is found in 

66% of malignant melanomas and is seen in various other malignancies such as colon and 

pancreatic cancers at lower frequencies (100). The ERK pathway deregulation has been 

reported in haematological malignancies as well. Okuda et al. showed that 

hyperphosphorylation and activation of proto-oncogene Raf-1 is highly associated with clonal 

evolution of myeloid leukaemic cells. Ras mutations are also seen in nearly 40% of patients 

with MM and in about 30% of myelodysplastic syndromes and AMLs (101, 102). 

PI3K/Akt/mTOR contains various oncoproteins and tumour suppressors, and deregulation of 

these components can mediate tumour development. Constitutive activation of PI3k/AKT 

pathway has been reported in half of AML cases (103). As AKT is a survival factor, its 

overactivation is highly associated with tumour survival and drug resistance. Blackburn et al. 
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Figure 1.12. Overview of main signal transduction pathways involved in cell 

proliferation and apoptosis 
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reported that at least 50% of relapse-driving leukaemic cells evolved genetic lesions and 

epigenetic modifications that acquired AKT activation (104). They showed that inhibition of 

AKT pathway in acute lymphoblastic leukaemia restored the malignant cell responses to 

chemotherapy. 

 

1.2.3.2 Signal Transduction: Therapeutic Implications 

Signalling pathway molecules have high potential to be exploited as targets for cancer 

treatment. As mentioned, mutant up-regulated B-Raf is commonly seen in various cancers and 

therefore B-Raf inhibitors are amongst the best potential therapeutic candidates. Two B-Raf 

inhibitors namely BAY43-9006 (Sorafenib) and PLX4032 (Vemurafenib) have obtained FDA 

approval and are in clinical use in advanced renal cell and hepatocellular carcinomas and in 

late-stage melanoma, respectively (105). 

RAS genes are the most commonly mutated oncogenes in human cancers and thus designing 

therapeutic agents inhibiting Ras activity is of considerable interest. Enzyme Farnesyl 

transferase (FTase) is responsible for activating the inactive cytosolic Ras. Synthetic inhibitors 

of FTase (FTIs) have shown promising activities in treating haematological cancers in clinical 

trials (106).  

Inhibitors of PI3k/AKT/mTOR pathway are other examples of anti-cancer agents. 

Administration of these agents caused partial response in patients with gynaecological and 

breast cancer (107). It is also well established that inhibition of PI3k/AKT/mTOR pathway can 

restore the tumour cells sensitivity to chemotherapy and radiotherapy. Therefore, their 

combination with chemotherapy can increase the efficacy of standard treatments (108). 

Amongst the PI3k inhibitors in development, idelalisib is the most studied compound in 

haematological malignancies, and was recently granted a full FDA approval to treat patients 

with relapsed CLL (109, 110). 

 

1.2.4 The Role of Immune System in Tumourigenesis 

Immuno-oncology research has provided strong evidence that tumour cells can be recognised 

by the immune system and destroyed or controlled by complex immune pathways. Cancer 

development has been shown to be accompanied by immune suppression in many types of 



Chapter 1                                                                                                                       Literature Review 

 

 

Page 37 

 

cancers, leading tumour cells to escape from immune system. The mechanism of this escape 

varies. Loss of tumour antigens, which normally make them recognisable to immune cells, and 

loss of tumour cell sensitivity to T-cells or natural killer (NK) cells are examples. Moreover, 

alterations in cytokine production by tumour cells or immune cells can provide a beneficial 

tumour microenvironment for cancer cells, as those can inhibit the immune cell activity (111). 

Our understanding from the mechanisms by which immune cells and molecules lose their 

immunosurveillance ability has opened new insights into developing immunotherapy 

approaches for cancer treatment. Designing these strategies has helped us to boost immune 

system responses against cancers. These strategies, for instance, can suppress the unfavourable 

tumour microenvironment which is caused by suppressive cytokines produced by tumour cells 

and immune cells. Specific anti-tumour immunity has been achieved by using antibodies 

designed for certain tumours or using agents which induce T-cell expansion (112). 

 

1.2.4.1 Immune Response: Therapeutic Implications 

Over the last two decades cancer immunotherapy (exploiting immune system mechanisms to 

treat cancers) has become a main focus of anti-neoplastic agent research. One of these 

approaches is to administer cancer vaccines by which the immune system would be able to 

recognise tumour cells. Another method is the use of passive immunotherapy by administration 

of monoclonal antibodies. The designed antibodies are specific for tumour specific antigens 

and therefore their binding to the tumour cell surface helps the immune system to recognise 

and kill the tumour cells. This approach promotes antibody-dependent cellular cytotoxicity 

(ADCC), whereby immune cells such as NK cells recognise the antibody-coated tumour cells, 

bind to them and destroy the cancer cells by cytolytic activity. 

Rituximab, a monoclonal anti-CD20 antibody, is one of the best categorised chimeric 

monoclonal antibodies, which is widely used in patients with certain types of leukaemias and 

lymphomas. CD20 is highly expressed on neoplastic B-lymphocytes and using anti-CD20 

along with chemotherapeutic agents has improved the outcome of patients with B-cell 

neoplasms. It has been identified that binding of rituximab and CD20 triggers NK-cells to 

mediate ADCC (113).  
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Targeting immune checkpoints that maintain physiologic self-tolerance has been a focus of 

cancer immunotherapy in recent years. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) is a 

protein receptor that regulates the immune system and tolerance through inhibition of T-cells. 

Clinical and pre-clinical data have shown that blockade of CTLA-4 using anti-CTLA-4 

monoclonal antibody therapy is a promising approach for a number of cancers, particularly 

advanced melanoma (114). It is believed that suppression of inhibitory signals leads to the 

generation of an antitumor T-cell response, and therefore CTLA-4 blockade results in direct 

activation of CD4+ and CD8+ effector cells (115). Programmed cell death protein 1 (PD-1) is 

another immune checkpoint, that down-regulates immune system by preventing the activation 

of T-cells, and its blockade by monoclonal anti-PD-1 antibodies restores the immune function 

in the tumour microenvironment in melanoma, renal and non-small cell lung cancers (116).  

Another approach of cancer immunotherapy is use of immune cells such as NK cells and 

cytotoxic T-cells. To increase the cytotoxic activity of  immune cells in patients, these cells are 

isolated from the patient’s body, activated in vitro, enriched and then transfused back to patient 

(117). Another method is to administer therapeutic cytokines such as alpha/beta interferons to 

stimulate and activate the immune cells in vivo (118). 

 

1.2.5 Cancer Therapy Complications  

Despite promising tumour growth-inhibitory effects in pre-clinical tests, many potential 

therapies fail in clinical trials when adverse unexpected side effects become apparent. 

Traditionally anti-cancer chemotherapy targets rapidly dividing cells. Therefore, normal cells 

which have high-proliferating potential are also affected. Novel therapeutic agents are designed 

to target specific molecules (targeted therapy). However, these targeted therapies are not 

always completely free of side effects either. For instance, usage of the B-Raf enzyme inhibitor 

vemurafenib, the first targeted molecular therapy, is highly associated with a rapid emergence 

of acquired resistance and adverse dermatological effects. It also stimulates B-Raf expression 

in V600E B-Raf negative patients, promoting melanoma growth (105, 119). Monoclonal 

antibodies are another example of targeted therapy as they specifically target the cancer 

antigens located on tumour cells. Monoclonal antibodies are generally safer than chemotherapy 

and the side effects mainly include mild allergic reactions such as urticaria. However, they can 
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also cause severe reactions such as infusion reactions and serum sickness. Rituximab (anti-

CD20), as an example, generally causes only mild toxicities. However, severe complications 

such as anaphylactic reactions, high risk of tumour lysis syndrome in patients who have high 

burden of circulatory tumour cells, and myocardial infarction have been reported (120).  

 

1.2.6 A Role for Natural Products for Cancer Treatment 

Toxicity, drug resistance and increased risk of developing secondary cancers from 

chemotherapeutic chemicals often limit their efficacy in cancer treatment. Concerns over these 

complications have generated interest in exploiting natural products, as they are generally safer 

and have multi-functional mechanism of action for cancer treatment. In the last decades, 

organic substances derived naturally from microbes and plants; either in their unmodified 

(naturally occurring) or synthetically modified analogues, have provided a number of useful 

cancer chemotherapeutic drugs (121). Taxol is an examples of these molecules, which is used 

to treat a number of cancers such as breast and colon cancers. It was first isolated from bark of 

the Pacific yew, Taxus brevifolia (122). 

Due to the multi-functional properties, natural products are also being tested as adjuvants for 

use in synergy with chemotherapeutic agents. For example those with immunomodulatory 

effects can reduce immune suppression and the associated increased risk of infection. In 

George et al. (123) study, Indukantha Ghritha, a polyherbal preparation consisting of 17 plant 

components, was used as an adjuvant to cyclophosphamide cancer chemotherapy and shown 

to stimulate the haematopoietic system and induce leucopoiesis in tumour-bearing mice. When 

administrated in combination with cyclophosphamide, it reversed myelosuppression induced 

by cyclophosphamide suggesting its potential to minimise or reverse chemotherapy-induced 

leucopenia. 

Polysaccharides include a large family of diverse biopolymers constituted by monosaccharide 

residues linked together by O-glycosidic linkage and can be seen in both natural and semi-

synthetic forms (124). Due to structural diversity, polysaccharides display the highest 

biological properties among macromolecules. Many natural polysaccharides obtained from 

natural sources such as plants and algae have demonstrated anti-cancer properties. The 

multifunctional structure of natural polysaccharides also allows them to be used in conjugation 
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with anti-cancer agents which lack physiochemical and biopharmaceutical properties (124, 

125). Among those, fucoidan derived from brown seaweeds has gained significance in the 

treatment of cancer. 

 

1.3 Fucoidan 

(This section has been substantially published in Atashrazm et al. 2015 (126)) 

Seaweeds have been a part of diets in China, Japan, and Korea since ancient civilization. 

Approximately, 400 different types of seaweeds are consumed by humans as food and for 

medical purposes (127). In the 11th century, in “The Canon of Medicine” -an encyclopaedia of 

medicine compiled by Persian polymath Avicenna (Bu-Ali Sina)-, the medical values of algae 

of different species were described. Among those, the usage of marine algae in treatment of 

tumours, vesicles, and joint pain has been proposed (128). 

Polysaccharides are of the main functional components in the structure of seaweeds. Fucoidan 

is a sulphated polysaccharide that exists in cell wall matrix of different species of brown 

seaweeds such as mozuku, limumoui, bladderwrack and wakame. Variant forms of fucoidan 

have been also recognised in some marine invertebrates (129) such as sea urchins (130) and 

sea cucumbers (131). The first isolation of fucoidan was carried out by Professor Kylin from a 

slimy ingredient of Kombu in 1913 (132). Research studies based on fucoidan functional 

activities and biological properties started to gain importance in early 1970’s. These studies 

have reported the potent physiological and biochemical properties of fucoidan such as its 

cytotoxic activities (133-135).  

Due to its heterogeneity and natural source, fucoidan remains unexploited as a basis of 

therapeutics. It is believed that pharmaceutical companies prefer “druggable” small molecules 

rather than larger and polydisperse compounds (136). In recent decade, few companies have 

attempted to produce fucoidan for research use. In limited studies, commercially available 

heterogeneous fucoidans have been examined in several clinical trials mainly for their anti-

coagulant and anti-viral properties. It is suggested that reproducibly defined fucoidan fractions 

could be created from controlled sources of seaweed, using modern extraction and 

characterization methods. As suggested by Fitton (136), high quality defined fucoidan could 
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be produced to standards suitable as ingredients in medical devices and even cross the threshold 

into drug development route”. 

 

1.3.1 Fucoidan Structure 

Fucoidan is a heterogeneous sulphated polysaccharide and its chemical composition differs 

based on the seaweeds source, harvesting time, and local climate conditions (137, 138). 

Fucoidan mainly consists of sulphated L-fucose with a fucose content of 34-44% (139) and 

can contain a large quantity of other monosaccharaides such as galactose, mannose, xylose and 

uronic acid all of which make up less than 10% of the total fucoidan structure. The degree of 

sulphation varies between 4-8% based on the harvesting location and season (138). The 

molecular weight (MW) of fucoidan also differs mainly according to the type of the seaweed 

from which it is isolated (132). 

 

1.3.2 Fucoidan Sources 

Fucoidan is widely extracted from different sources of seaweeds such as Fucus vesiculosus, 

Cladosiphon okamuranus and Sargassum muticum. Among those, Undaria pinnatifida and 

Fucus vesiculosus are two major sources of fucoidan that have been shown to have powerful 

biological activities in vitro and in vivo.  

 

1.3.2.1 Undaria pinnatifida  

Undaria pinnatifida also called wakame or Japanese kelp can reach an overall length of about 

0.5-3 metres (Figure 1.13). Wakame is edible seaweed and is widely consumed in Asian 

countries. The extracted fucoidan from this alga has been classified by the United States FDA 

as GRAS (Generally Regarded as Safe).  

This seaweed is native to Japan, Korea and China, however, it has been spread out from its 

origin to other sites of the world such as the Atlantic and Mediterranean coasts of Europe (140-

142) and shores of New Zealand (143), Argentina (144) and Australia (145, 146). 
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1.3.2.2 Fucus vesiculosus  

Fucus vesiculosus is the scientific name for brown macro algae named bladderwrack. It 

contains a main midrib while paired spherical vesicles surround it (Figure 1.14). Its colour 

varies from light yellow to brownish-green and its maximum length reaches to around 2-3 feet. 

Bladderwrack is found on the coasts of the North Sea and the Atlantic and Pacific Oceans. 

 

 

Figure 1.13. Undaria pinnatifida 

 

 

 

Figure 1.14. Fucus vesiculosus 
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1.3.3 Fucoidan Metabolism 

Fucoidanase, the enzyme responsible for fucoidan hydrolysis, has only been found in brown 

seaweed and marine microorganisms such as some marine bacteria and fungi (147) and not in 

humans. It is possible that the acidic conditions in the stomach could degrade fucoidan, 

however it has been reported that the low gastric pH has restricted effects on fucoidan (148). 

Transport across Gut 

Investigations over fucoidan transportation across the gut have shown that small amounts of 

dietary fucoidan can be endocytosed and cross the intestinal wall directly without breaking 

down (148). In Tokita et al. study, 10 volunteers were given oral fucoidan and the 

concentrations of fucoidan in the serum and urine were analysed. Fucoidan was detectable 3 

hours after administration and increased to 100 ng/mL in serum and 1000 ng/mL in urine.  

Although, the rate of absorption in the small intestine was highly variable among the 

participants. The MW of fucoidan in serum was similar to administered fucoidan indicating 

that fucoidan was not hydrolysed by digestive enzymes (149). However, the MW of the 

fucoidan detected in urine was significantly smaller than the ingested fucoidan suggesting that 

fucoidan is degraded in the excretory system and possibly the kidney and not by intestinal 

enzymes or normal flora. 

Transport across Cell Membrane 

To evaluate the fucoidan uptake process by cells, the internalisation of low molecular weight 

(LMW) fucoidan into rabbit smooth muscle cells (SMCs) was analysed. Fucoidan was shown 

to be internalised by endocytosis at 6 hours. The number of vesicles containing fucoidan 

increased in the peri-nuclear region at 24 hours, but nuclear internalisation was not observed 

at any time during the study (150). However, examining the transport of a native fucoidan from 

Cladosiphon okamuranus with MW of 80 KDa revealed a poor permeation of fucoidan across 

the human colon adenocarcinoma Caco-2 cell monolayer (151). 

Regarding the specific ligands by which fucoidan binds to the cell surface, several molecules 

have been proposed including class A macrophage scavenger receptors for fucoidan attachment 

to macrophages (152) as well as adhesion molecules such as integrins (153), L-selectin and P-

selectin (154). However, Aisa et al. reported the anti-tumour activity of fucoidan on human 
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HS-Sultan lymphoma cells while these cells lack selectin on their surface indicating that 

fucoidan exerted its activity through selectin-independent mechanisms (155). Two main 

pathways have been described for receptor-mediated endocytosis including the clathrin-

dependent and the caveolae/lipid raft-dependent endocytic pathways. In recent studies, it has 

been revealed that endocytosis of fucoidan is performed by caveolae-dependent pathway (156). 

 

1.3.4 Fucoidan Biological Properties 

A century after discovery of fucoidan, only recently, the biomedical potentials of fucoidans 

have been elucidated. It has been reported that this agent has effect on the immune system and 

can enhance rapid haematopoietic stem cell mobilization (134). Kim et al. studied the 

immunomodulatory effects of fucoidan on dendritic cells and indicated that viability of 

dendritic cells and production of some important immune system proteins such as TNF-α and 

IL-12 increased in the presence of fucoidan (157). Additionally, fucoidan has been reported as 

an antiviral (135)  and antioxidant (158) agent. All research conducted on fucoidan have proved 

it to be non-allergenic with no significant toxicological effects in human and animals. Human 

trials involving orally administration of fucoidan to healthy volunteers showed no adverse 

effect on liver, renal and haematopoietic function over a period of three months (128). 

 

1.3.5 Fucoidan’s Anti-Cancer Potential 

The anti-cancer property of fucoidan has been demonstrated in vivo and in vitro in different 

types of cancers. Nevertheless, it has been rarely used for its anti-cancer activity in clinical 

trials. Fucoidan mediates its activity through various mechanisms such as induction of cell 

cycle arrest, apoptosis and immune system activation. Additional activities of fucoidan have 

been reported that may be linked to the observed anti-cancer properties and these include 

induction of inflammation through immune system, oxidative stresses  and stem cell 

mobilisation (159). 
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1.3.5.1 Fucoidan and Cell Cycle 

Fucoidan induces cell death through modulation of cell cycle and results in accumulation of 

sub-G0/G1 cells (dead cells/apoptotic cells) in a variety of cell types (155, 160). It can also 

induce cell cycle arrest in other phases; Riou et al. (161) and Mourea et al. (162) reported arrest 

in G1 phase in a chemo-resistant non-small-cell bronchopulmonary carcinoma line by fucoidan 

from Ascophyllum nodosum and Bifurcaria bifurcate, respectively. 

In an investigation of its mechanism of action, fucoidan demonstrated significant down 

regulation of cyclin D1, cyclin D2 and CDK4 in cancer cells (163-165). The crude fucoidan 

from Fucus vesiculosus increased the level of p21/WAF1/CIP1 in human prostate cancer PC3 

cells and down-regulated E2F; a transcription factor that controls progression of cells from G1 

to S phase (163). 

In a recent study, fucoidan down-regulated cyclin E, CDK2, CDK4 resulting in G0/G1 arrest 

in human bladder cancer 5637 cells. Furthermore, immunoprecipitation assays revealed a 

significant increase in the binding of p21/WAF1/CIP1 to CDK2 and CDK4 in cells treated with 

fucoidan, suggesting that the induced G0/G1 arrest is due to suppression of CDK activity 

following direct binding of this CDK inhibitor to CDKs 2 and 4 (166). Table 1.4 summarises 

findings of studies examining the effects of fucoidan on cell cycle. 

 

1.3.5.2 Fucoidan and the Apoptosis Pathway 

Several studies examining a variety of cancers such as haematopoietic, lung, breast and colon 

cancers have shown that fucoidan-mediated cell death occurs through triggering apoptosis 

(Table 1.4) (160, 167, 168). A very low dose of fucoidan from F. vesiculosus (20 µg/mL) 

activated common caspases 3 and 7 in human colon cancer cells (167), whereas it induced the 

same activity in T-cell leukaemia at a much higher concentration (3 mg/mL) (165). Caspase 8 

and 9 are also activated by fucoidan (167). Yamasaki-Miyamoto et al. showed that pre-

treatment with caspase 8 inhibitor completely blocked fucoidan mediated apoptosis in MCF-7 

breast cancer cell line (168). In contrast, in Zhang et al. study (160), the mediated apoptosis by 

fucoidan from Cladosiphon okamuranus in MCF-7 human breast cancer cell line was shown 

to be caspase independent. As cytochrome C and apoptosis inducing factor (AIF) increased in  
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Table 1.4. Effects of fucoidan on cell cycle and apoptosis molecules 
Ref Cell Type Fucoidan 

Source 

Dose 

(µg/mL) 

Effects on Cell Cycle Effects on Apoptosis Pathways 

  Extrinsic                                     Intrinsic                                                                  Common   

(155) lymphoma HS-
sultan cells 

F. 
vesiculosus 

100 • ↑ sub G0/G1 
• No G0/G1 or G2/M arrest 

    - • ↓ MMP  • Caspase 3 activation 

(165) HTLV-1 infected 
T-cell HUT-102-  

cells 

C. 
okamurans 

3000 • G1 arrest 
• ↓ cyclin D2, c-myc 
• No changes in p21,p53 

Apoptosis was reversed by 
caspase 8 inhibitor 

• Caspase 9 activation 
• No changes in Bcl-2 and Bcl-XL 
• ↓survivin, cIAP-2 

• Apoptosis was reversed by 
caspase 3 inhibitor 

(169) Hepatocellular 
carcinoma  

Okinawa 
mozuku 

22.5 • ↑ G2/M phase in HAK-1A, KYN-2, KYN-3 cell lines - • No clear caspase 9 activation in HAK-1B cell 
line 

• No clear caspase 3 activation in 
HAK-1B cells 

(168) Breast cancer 
MCF7 cells 

Not 
mentioned 

1000 • ↑ sub-G1 fraction • Caspase 8 activation 
 

• Caspase 9 activation 
• ↓ Bid, cytosolic Bax, ↑ Bax, cytochrome C  

• Caspase 7 activation 
• PARP cleavage 

(170) Acute leukaemia 
NB4 and HL-60 

cells 

F. 
vesiculosus 

150 • ↑ sub-G1 fraction • Caspase 8 activation • caspase 9 activation 
• No changes in Bcl-2 or Bax. 
• ↓  Mcl-1, ↑ cytochrome C 

• PARP cleavage  
• Caspase 3 activation 

(167) Colon cancer HT-
29 and HCT116 

cells 

F. 
vesiculosus 

20 - • Caspase 8 activation 
• ↑ Fas, DR5, TRAIL 
• No significant effects on 

FasL and DR4 

• Caspase 9 activation 
• ↑ cytochrome C,  Smac/Diablo, Bak, t-Bid 
• No changes in Bcl-2, Bcl-xL, Bax, Bad, Bim, 

Bik,   ↓  XIAP, survivin 

• PARP cleavage  
• Caspase 3 and 7 activation 

(171) Lung cancer A549 
cells 

U. 
pinnatifida 

50, 100, 
200 

• ↑ Sub‐G1frction - • Caspase‐9 activation 
• ↓ Bcl‐2 ,  ↑ Bax 

• ↓ procaspase‐3  
• PARP cleavage 

(160) Human breast 
cancer MCF-7 

cells 

Cladosiphon 
novae-

caledoniae 

82, 410, 
820 

• ↑Sub-G1  
• No significant changes in cell cycle distribution 

• No changes in caspase-8 • Mitochondrial dysfunction 
• AIF and cytochrome C release 
• No cleavage of caspase-9 and Bid. 
• ↓ Bcl-2, Bcl-xl ,↑ Bax, Bad 

• No activation of PARP and 
caspase-7 

• All caspase inhibitors failed to 
attenuate FE-induced apoptosis 

(172) Hela cells Sargassum 
filipendula 

1500 - - • No effect on caspase 9 activation 
• ↑  cytosol AIF 

• No effect on caspase 3 (Caspase 
independent)   

(164) Breast cancer 
MCF-7 cells 

F. 
vesiculosus 

400, 800, 
1000 

• G1 phase arrest 
• ↑ Sub G0/G1 ↓ cyclin D1 and CDK-4 gene expression 

• Caspase-8 activation • ↓  Bcl-2, ↑ Bax 
• Release of cytochrome C and APAf-1  

• Caspase-dependent pathway  

(163) Prostate cancer 
PC-3 cells 

U. 
pinnatifida 

100 • G0/G1 phase arrest 
• ↓ E2F-1, ↑ p21Cip1/Waf  

• DR5, caspase-8 
activation 

• ↓ Bcl-2 , ↑ Bax, 
• Caspase 9 activation 

• Caspase-3 activation 
• PARP cleavage 

(173) Hepatocellular 
Carcinoma 

SMMC-7721 cells 

U. 
pinnatifida 

1000 • Non-significant accumulation in S-phase • Caspase-8 activation 
 

• Caspase-9 activation 
• MMP dissipation, Cytochrome C release 
• ↓ Bcl-2, ↑ Bax 
• ↓ XIAP, livin mRNA expression  

• Caspase-3 activation 
 

(166) Human bladder 
carcinoma 5637 
and T-24 cells 

F. 
vesiculosus 

100 • ↑ G1-phase, p21WAF1           
• ↓ Cyclin E, D1, DK2, CDK4                                                                           -                                                 -                                                                                - 
• No change in p27KIP,p53 
• ↑ p21WAF1 and CDK4 binding 
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the cytosol, it was concluded that fucoidan performed its activity through mechanisms altering 

mitochondrial function. 

Fucoidan also affects other components of extrinsic and intrinsic pathways. Analysing the 

extrinsic pathway, 20 µg/mL crude fucoidan from F. vesiculosus increased the levels of the 

death receptors Fas, DR5 and TRAIL but not FasL and DR4 in human colon cancer cell lines 

(167). Contradictory results have been described in the expression of Bcl-2 family members in 

response to fucoidan (Table 1.4). Treatment of MDA-MB231 breast cancer cells with 820 

µg/mL of low molecular weight (LMW) fucoidan resulted in a significant decrease in anti-

apoptotic proteins Bcl-2, Bcl-xl and Mcl-1 (174). In contrast, no changes in expression of Bcl-

2, Bcl-xl, Bad, Bim and Bik were observed in colon cancer cells when they were treated with 

20 µg/mL fucoidan from Fucus vesiculosus (167). Taken together, these findings suggest that 

fucoidan may interact with several components of the apoptosis pathway. 

 

1.3.5.3 Fucoidan and Angiogenesis 

Fucoidan inhibits the formation of new vessels by which tumour cells receive their oxygen and 

required nutrients. Fucoidan inhibited the binding of VEGF, a key angiogenesis promoting 

molecule, to its cell membrane receptor (175).  Xue et al. examined the anti-angiogenic 

properties of fucoidan in 4T1 mouse breast cancer cells both in vitro and in vivo and observed 

a significant dose-dependent decrease in VEGF expression in cells treated with fucoidan (176). 

Further, in a mouse breast cancer model using 4T1 cells, intraperitoneal injections of 10 mg/kg 

body weight fucoidan from F. vesiculosus markedly reduced the number of microvessels.  

 

1.3.5.4 Fucoidan and Metastasis 

Fucoidan significantly decreased tumour cell metastasis to the lungs in animals that were 

intravenously injected with rat mammary adenocarcinoma 13762 MAT cells (177). It was first 

reported that fucoidan inhibits cell invasion through competing with tumour cell binding with 

laminin in the basement membrane (178). Subsequent studies then revealed that fucoidan binds 

to fibronectin with high affinity and prevents attachment of tumour cells (179). 



Chapter 1                                                                                                                       Literature Review 

 

 

Page 48 

 

Tumour invasion requires the secretion of proteolytic enzymes by tumour cells to break down 

the extracellular matrix (ECM) proteins (e.g. collagen, fibronectin and laminin), with the 

matrix metalloproteinases (MMPs) MMP-2 and MMP-9 playing a major role. Fucoidan 

attenuates both expression and activity of these enzymes (180). 

Selectin inhibition by fucoidan interferes with tumour cell–platelet interaction. When highly 

metastatic MDA-MB-231 breast cancer cells were plated in platelet-coated plates in the 

presence or absence of 100 µg/mL fucoidan the number of cells attached to the platelets 

decreased by 80% in the presence of fucoidan (181). Interaction of tumour cells with platelets 

is one of the key factors in facilitating the early steps of tumour cell migration. During tumour 

cell migration, most circulating tumour cells do not survive attack from immune cells or the 

shear forces of the blood stream. However, they can attach to platelets to induce platelet 

aggregation allowing the tumour cell cluster to survive in the micro-vascular system. It was 

concluded that fucoidan inhibited P-selectin residing on the platelet surface and led to reduced 

number of attached tumour cells. Fucoidan can also inhibit other adhesion molecules such as 

integrins residing on the tumour cell surface and can modify distribution of their subunits. 

 

1.3.5.5 Fucoidan and Signalling Pathways 

The Ras/Raf/MAPK pathway is often hyperphosphorylated in a variety of human cancers. 

Various studies have shown that fucoidan inhibits tumour cell proliferation by decreasing 

ERKs activity through reduction of its phosphorylation (155, 182). 

JNK and p38 are other MAPK superfamily members whose activity is altered by fucoidan. 

Fucoidan induced cell death in breast cancer cells through phosphorylation and of JNK and 

p38 after 30 minutes. The fucoidan-induced apoptosis significantly annulled in the presence of 

JNK inhibitor, indicating critical role of JNK in fucoidan-mediated apoptosis (160). 

Similarly, the PI3K/Akt, GSK and Wnt pathways have been shown to be triggered by fucoidan. 

Akt over-activation is linked with drug resistance and tumour cell survival. Most of the studies 

have reported inactivation of Akt by fucoidan. PI3k, an upstream molecule of Akt, is also 

inhibited by fucoidan (180). Upregulation of the Wnt signalling pathway is believed to have a 

critical role in prostate cancer development, survival and progression. Fucoidan from F. 



Chapter 1                                                                                                                       Literature Review 

 

 

Page 49 

 

vesiculosus activated GSK-3β in PC3 human prostate cancer cells resulting in hypo-

phosphorylation and inactivation of β-catenin (163).  

1.3.5.6 Fucoidan and the Immune System 

The effects of fucoidan on molecules of the immune system have been studied both in-vitro 

and in-vivo and effects on both cellular and humoral elements have been described. Fucoidan 

increases both activity and number of NK cells in vivo (183, 184). Increase in the number of 

cytotoxic T-cells (CTLs) has also been reported. A high-molecular-weight (HMW) fucoidan 

from Cladosiphon okamuranus (200–300 KDa) induced a large increase in the proportion of 

murine cytotoxic T cells (185). Investigation of the role of fucoidan on dendritic cell (DC)-

mediated T-cell cytotoxicity has revealed that the stimulation of CTLs was more effective in 

fucoidan-treated DCs as CTLs co-cultured with fucoidan-treated DCs exerted a high level of 

specific lysis of breast cancer cells (186). 

In a recent study, the role of fucoidan in DCs function and its adjuvant effect have been 

examined in vivo. Fucoidan was systemically administrated to mice by intraperitoneal 

injection. Examination of the spleen DCs revealed up-regulation of maturation markers as well 

as production of IL-6, IL-12 and TNF-α. Fucoidan was then used as an adjuvant in vivo with 

ovalbumin antigen and induced Th1 mediated immune response and CTL activation (187). 

 

1.3.5.7 Fucoidan and Malignant Transformation in Vitro and in Vivo 

Few studies have reported the potential of fucoidan to inhibit neoplastic transformation. Teas 

et al. fed rats with dietary seaweed (Laminira) for 55 days and administrated the carcinogen 

7,12-dimethylbenz(a) anthracene intragastrically. Following 26 weeks monitoring, 

experimental rats showed a significant delay in the median time for tumour appearance (19 vs 

11 weeks in the control group) (188). 

Transforming growth factor β1 (TGFβ1) is believed to promote tumour development and 

metastasis through epithelial to mesenchymal transition (EMT), a process that enables 

epithelial cells migrate to distant areas during late stages of breast cancer development (189). 

To trigger tumour progression, TGFβ1 recruits TGF receptors (TGFR) residing on the cell 

surface. The investigations of effects of fucoidan on TGFβ1-promoted carcinogenesis in MDA-
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MB-231 breast cancer cells have indicated that fucoidan decreased the expression of TGFRs 

and affected the downstream signalling molecules which are involved in TGFβ1-mediated 

EMT (190). 

Epidermal growth factor (EGF) is another carcinogenesis promoter, which induces tumour 

transformation through overexpression and activation of EGF receptor (EGFR). EGFR has a 

key role in cell proliferation and differentiation and many carcinomas arise from its mutations 

(191). Lee et al. examined the role of fucoidan on the activation of EGFR and EGF-mediated 

neoplastic transformation (192). They utilised murine JB6 Cl41 epidermal cells and induced 

cell transformation by EGF in the presence of fucoidan from L. guryanovae. Fucoidan 

markedly reduced the EGFR activation through hypo-phosphorylation. It also inhibited EGF-

tumourigenic activity through inhibition of AP-1, a transcription factor responsible for cell 

proliferation regulation. 

 

1.3.5.8 Fucoidan as a Synergistic Anti-Cancer Agent 

The ability of fucoidan to synergise with standard anti-cancer agents and/or reduce toxicity has 

recently been investigated. Ikeguchi et al. examined the synergistic effect of a HMW fucoidan 

with colorectal cancer chemotherapy agents; oxaliplatin plus 5-fluorouracil/leucovorin 

(FOLFOX) or irinotecan plus 5-fluorouracil/leucovorin (FOLFIRI). The test patients received 

150 mL/day for 6 months of liquid that contained 4.05 g fucoidan. From the commencement 

of chemotherapy, toxicities and chemotherapy efficiency were compared. Fucoidan showed no 

side effects such as allergic dermatitis. Diarrhoea, neurotoxicity and myelo-suppression were 

not suppressed by fucoidan, whereas general fatigue was significantly decreased from 60% to 

10%. The patients were followed for approximately 15 months and the survival rate of the 

patients who received fucoidan was longer than that of the control participants; however the 

difference was not significant, probably due to the small numbers (193).  

Fucoidan affects the migration and invasion of multiple myeloma (MM) cells treated with 

chemotherapy drug cytarabine. The human myeloma cell lines RPMI8226 and U266 were 

treated with crude fucoidan from F. vesiculosus for 72 hours and then cytarabine for 6 hours. 

Fucoidan reduced cell migration and down-regulated expression of CXCR4 and MMP-9 (194). 

Fucoidan from Saccharina cichorioides has been reported to synergise with the anti-tumour 
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activity of low dose resveratrol on invasive and highly motile HCT 116 colon cancer cell line 

(195). In the colony formation assay, fucoidan plus resveratrol reduced the colony number by 

60% compared to 34% and 27% in resveratrol alone or fucoidan alone, respectively.  

Zhang et al. studied the combinatory effect of fucoidan and three commonly used anti-cancer 

agents; cis-platin (CDDP), tamoxifen (TAM) and paclitaxel (Taxol) on signal transduction 

pathways. Fucoidan from Cladosiphon navae-caledoniae plus anti-cancer agents reduced the 

ERK phosphorylation in MDA-MB-231 breast cancer cells compared to untreated control or 

fucoidan alone (196). Dietary fucoidan synergistically reduced cell growth in the OE33 cell 

line when it was combined with lapatinib, a targeted therapy that acts as a tyrosine kinase 

inhibitor in advanced HER2-positive breast cancer cells (197).  
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1.4 Research Aims 

The focus of this PhD project was to investigate the biological anti-tumour activities of the alga 

derived polysaccharide, fucoidan, on acute myeloid leukaemia cells. It was hypothesised that 

fucoidan exerts anti-tumour activity in AML cells and augments the efficacy of standard AML 

therapy.  

This study aimed to assess the inhibitory role of fucoidan on AML cell proliferation in vitro 

and in vivo, and to investigate the effect of fucoidan when combined with standard 

chemotherapeutic regimens in inhibition of AML cell growth in vitro and in vivo. The specific 

aims of this project were to: 

 

1. Determine if fucoidan has cytotoxic activity against AML cell lines, in vitro 
 

2. Characterise the mechanisms by which fucoidan induces cell death in AML cells  
 

3. Identify if fucoidan has anti-tumour property as a prophylactic agent during AML 
development, in vivo, and to characterise the underlying mechanisms 

 

4. Determine the synergistic effects of fucoidan with standard chemotherapy regimens for 
AML, both in vitro and in vivo 
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2.1 Cell Culture 

2.1.1 Cell Line Characteristics 

2.1.1.1 HL60 Cell Line 

HL60 is a human acute promyelocytic leukaemia (APL) cell line (198). Morphologically, these 

cells display a myeloblastic/promyelocytic feature; large, basophilic cytoplasm containing 

azurophilic granules and rounded nuclei with 2-4 distinct nucleoli. The HL60 cells are negative 

for translocation t(15;17) which is the karyotypic marker of most cases of APL in humans. In 

immunophenotyping analysis, the majority of HL60 cells are positive for CD13 (the pan-

myeloid marker), CD15 (granulocytes-associated antigen), CD11a (Integrin) and CD44 

(hyaluronic acid receptor). These cells are non-adherent and grow in a suspension culture with 

a doubling time varying between 24 to 40 hours.  

 

2.1.1.2 NB4 Cell Line 

NB4 is a human APL cell line which unlike HL60 carries the specific chromosomal 

translocation t(15;17) (199). Morphologically, NB4 cells are abnormal large promyelocytes 

with hyper-granular cytoplasm and prominent nuclei. In analysis of surface markers, NB4 cells 

are positive for CD13, CD15, and CD44 and also show low expression of CD11b. The NB4 

cells grow in a suspension culture with a doubling time of 24-36 hours.  

 

2.1.1.3 K562 Cell Line 

K562 is an erythroleukaemia type cell line derived from a patient with chronic myelogenous 

leukaemia in blastic crisis (200). Morphologically, K562 cells are lymphoblastic; round small 

cells with large round nuclei and high nuclear to cytoplasm (N/C) ratio. These cells are non-

adherent and their doubling time is around 24 hours. 

 

2.1.1.4 KG-1a Cell Line 

KG-1a is a human undifferentiated myeloblastic leukaemia and is a sub-clone of the KG-1 cell 

line (201). KG-1a represents an early or primitive stage of development and is generally 
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irresponsive to colony stimulating factor and is unable to differentiate into further mature cells. 

Morphologically, KG-1a cells are small round cells with presence of 1-2% giant myeloblasts. 

These cells are leukaemia stem cell-like cells and highly express CD34 while are negative for 

CD38. KG-1a grows slowly with doubling time of approximately 50 hours. 

 

2.1.1.5 Kasumi-1 Cell Line 

Kasumi-1 cells are human acute myeloblastic leukaemia cells containing translocation t(8;21) 

representative of AML-M2 in the FAB classification (202). Morphologically, these cells show 

myeloid maturation; the myeloblasts are the major cells with variation in size and N/C ratio. 

Kasumi cells express CD13, CD33 and are negative for CD34. The doubling time is around 

40-45 hours.  

 

2.1.1.6 Yac-1 Cell Line 

Yac-1 cell line is a mouse T-cell lymphoma which was induced by inoculation of Moloney 

leukaemia virus into a new-born mouse (203). Morphologically, Yac-1 cells are small round to 

oval lymphoblasts and can form clusters in suspension. The most important feature of these 

cells is their sensitivity to the cytolytic function of NK-cells. The non-adherent Yac-1 cells 

grow rapidly and their doubling time is around 20 hours. 

 

2.1.2 Cell Culture 

The K562 cell line was purchased from Sigma-Aldrich. The other cell lines were stored in 

liquid nitrogen at Menzies Institute for Medical Research. The cells were thawed and used for 

experiments when they reached log phase. The cells were cultured in RPMI-1640 

supplemented with 10% heat inactivated fetal calf serum (JRH Biosciences, Australia), 2 mM 

L-glutamine and 1% penicillin/streptomycin solution (5000 U/mL penicillin G and 5000 

µg/mL streptomycin, Sigma Aldrich, U.S.A). For the Kasumi-1 cell line, the RPMI-1640 

medium was supplemented with 20% heat inactivated fetal calf serum. 
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2.1.2.1 Thawing Cell Lines 

Cell line vials were removed from either the -80°C freezer or vapour phase of liquid nitrogen 

and thawed in a water bath at 37°C. The thawed cells were transferred to a 15 mL BD Falcon™ 

conical tube (Becton, Dickinson and Company Biosciences, U.S.A) and 10 mL media was 

gradually added to cells. After centrifugation (500 g for 5 minutes), 10 mL of fresh medium 

was added and the cells were transferred to cell culture flasks (Becton, Dickinson and Company 

Biosciences, U.S.A) and incubated at 37°C with 5% CO2. 

 

2.1.2.2 Culturing Cell Lines 

Cells were cultured in either 25 cm2 or 75 cm2 BD Falcon™ cell culture flasks. Cells were 

counted using a haemocytometer using trypan blue exclusion to assay viability. Cells were 

maintained at a concentration between 1 × 105 and 1 × 106 cells/ mL by sub-culturing the cells 

every 2-3 days.  

 

2.1.2.3 Cryopreservation of Cell Lines 

Cells were collected by centrifugation at 500 g for 5 minutes and resuspended in media at 1 × 

107 cells/ mL. Equal volume of media containing 20% DMSO was gradually added to the cell 

suspension. Aliquots (1 mL) were transferred to CryoTubes. Tubes were placed in a -80 °C 

freezer in a box insulated with cotton wool to slow freezing, and then transferred to the vapour-

phase of liquid nitrogen for storage. 

 

2.2 Cell Treatments 

Cell lines were treated with the following reagents for variable doses and times as indicated in 

Table 2.1. 
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Table 2.1 Cell treatments 

Reagents Stock Preparation Treatment 

Purified fucoidan from Undaria 

pinnatifida (Marinova Pty Ltd) 

10 mg/mL in PBS (filtered through 

a 0.21-µm syringe filter (Millipore) 

Variable doses for variable 

times as indicated. 

Purified fucoidan from Fucus 

vesiculosus (Marinova Pty Ltd) 

10 mg/mL in PBS (filtered through 

a 0.21-µm syringe filter (Millipore) 

Variable doses for variable 

times as indicated. 

Fucoidan from Fucus 

vesiculosus (Sigma-Aldrich)* 

10 mg/mL in PBS (filtered through 

a 0.21-µm syringe filter (Millipore) 

Variable doses for variable 

times as indicated. 

Phorbol Myristate Acetate 

(PMA, Boehringer Mannheim, 

Australia) 

1 mg/mL in DMSO 20 ng/mL for 48 hours. 

Pan-Caspase Inhibitor Z-VAD-

FMK (Abcam) 

10 mM in DMSO 40 µM for 1 hour. 

Arsenic Trioxide  

(ATO, Sigma-Aldrich) 

Stock: 10 mM in 1.65 M NaOH. 

Working solution: 100 µM in PBS. 

0.25, 0.5 and 1 µM for 

variable times as indicated. 

All-Trans Retinoic Acid 

(ATRA, Sigma-Aldrich) 

Stock: 10 mM in absolute ethanol. 

Working solution: 100 µM in PBS. 

0.25, 0.5 and 1 µM for 

variable times as indicated. 

* The endotoxin level of the crude fucoidan solution (Sigma-Aldrich) was detected using 
chromogenic LAL endpoint assay (GenScript, U.S.A). 

 

2.3 DNA Content Analysis (Cell Cycle Assay) 

2.3.1 Reagents 

2.3.1.1 Propidium Iodide (PI) Solution 

PI powder was purchased from Sigma-Aldrich, U.S.A (Cat. No. P4170). The powder was 

dissolved in PBS to a concentration of 1 mg/mL and stored at 4 °C, protected from light. 

 

2.3.1.2 RNase A solution 

DNAase-free RNase A solution (100 mg/mL; 7000 units/mL) was purchased from Qiagen (Cat. 

No. 194101). A 10 mg/mL RNase A working solution was freshly prepared by diluting the 

RNase A solution in PBS. 
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2.3.1.3 DNA Content Staining Solution 

The DNA content staining solution was made freshly. For each sample, 40 µL of PI solution 

(see 2.3.1.1) and 10 µL of prepared RNase A (see 2.3.1.2) were added to 950 µL of PBS. 

 

2.3.2 DNA Content Analysis (Cell Cycle Assay) 

Evaluation of the cell cycle phase distribution and sub-G0/G1 population was performed using 

propidium iodide staining as described previously (204). In brief, approximately 1-2 × 106 cells 

were harvested following treatment as indicated, pelleted (500 g for 5 minutes) and washed in 

cold PBS. Cells were resuspended in 500 µL cold PBS and put on ice. To fix the cells, 4 mL 

of ice-cold 70% ethanol was added to cells drop wise with mixing. Cells were stored at -20°C 

overnight. 

The ethanol was aspirated after centrifugation (500 g for 10 minutes) and cells were washed 

once in PBS (500 g for 5 minutes). The cells were resuspended in 1 mL DNA content staining 

solution, transferred into 12×75 mm Polystyrene test tubes (BD Company, Cat. No. 352052) 

and incubated at room temperature for 30 minutes in the dark. Cell cycle was analysed using 

the FACSCantoTMII flow cytometer (BD Biosciences, U.S.A). The data was analysed by 

Kaluza Software (BD Biosciences, U.S.A). 

 

2.4 WST-8 Cell Proliferation Assay 

Cell proliferation was assessed using water-soluble tetrazolium salt WST-8 (Sigma-Aldrich). 

The assay is based on the extracellular reduction of WST-8 (205) by the glycolytic NAD(P)H 

production of viable cells. The WST-8 reduction produces yellow-colour formazan dye and 

generates colour which is directly proportional to the number of the living cells. According to 

the manufacturer’s instructions, 10 µL of WST-8 solution was added to 100 µL treated cells in 

a 96-well Corning® cell culture micro-culture plate for the last 4 hours of incubation. Finally, 

the absorbance was determined at 450 nm by spectrophotometry (SpectraMax® Plus384, 

Molecular Devices, U.S.A). 
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2.5 DNA Fragmentation TUNEL Assay 

The presence of fragmented DNA was detected using the Apo-BrdU TUNEL apoptosis assay 

kit (Invitrogen Ltd) according to the manufacturer’s protocol. In brief, 1-2 × 106 cells were 

harvested following treatment as indicated, pelleted (500 g for 5 minutes) and washed with 

PBS and resuspended in 0.5 mL PBS. Paraformaldehyde (5 mL at 1%) was added to the 

suspension and tubes were put on ice for 15 minutes. To remove the paraformaldehyde, cells 

were centrifuged (500 g for 5 minutes) and washed twice with 5 mL PBS.  The cell pellet was 

resuspended in 0.5 mL PBS. Five mL of 70% ethanol was added and cells were stored for 18 

hours in a -20°C freezer. After 18 hours, the experimental samples in addition to a 1 mL aliquot 

of manufacturer-supplied positive and negative control cells (containing approximately 1 × 106 

cells) were centrifuged at 500 g for 5 minutes and the ethanol was removed by aspiration. Cells 

were washed twice with wash buffer provided by the kit. The cell pellet was resuspended in 50 

µL of DNA-labelling solution (10 µL of reaction buffer, 0.75 µL of terminal deoxynucleotidyl 

transferase, 8.0 µL of 5-Bromo-2’-deoxyuridine 5’-triphosphate (BrdUTP) and 31.25 µL of 

Milli-Q water) and incubated at 37°C on heat-block for 60 minutes. 

Following the incubation time, 1 mL of provided rinse buffer was added to each tube and cells 

were centrifuged (500 g for 5 minutes). This step was repeated and then 100 µL antibody 

staining solution containing Alexa Fluor® 488 dye-labeled anti-BrdU antibody was added to 

the cell pellet and cells were incubated at room temperature for 30 minutes. Finally, 500 µL 

PBS was added to the tubes and the presence of DNA fragmentation was analysed by 

FACSCantoTMII flow cytometer (BD Biosciences). 

Note 1. The peak emission of Alexa Fluor® 488 is 519 nm and was measured in the FL-1 

channel. 

 

2.6 Annexin V/PI Apoptosis Detection Assay 

2.6.1 Reagents 

Annexin V binding buffer and annexin V-FITC antibody were purchased from Abcam. To 

prepare the 1X annexin V binding buffer, the 10X annexin V binding buffer was diluted in 
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PBS. To prepare the 1X annexin V-FITC antibody, the 5X annexin V-FITC antibody was 

diluted in 1X annexin V binding buffer. 

 

2.6.2 Annexin V/PI Apoptosis Detection Assay 

The presence of early and late apoptosis was detected using annexin V/PI apoptosis assay as 

described previously (206). Briefly, 1 × 105 cells were harvested following treatment as 

indicated, pelleted (500 g for 5 minutes) and washed with PBS and resuspended in 500 µL of 

1X annexin V binding buffer. Five µL of 1X annexin V-FITC antibody was added to the cell 

suspension and tubes were incubated at room temperature for 10 minutes. Propidium iodide 

solution (2.3.1.1) was added to each sample (1 µL) and cells were incubated at room 

temperature for an extra 5 minutes. The presence of different stages of apoptosis was analysed 

by FACSCantoTMII flow cytometer (BD Biosciences) and data was analysed using Kaluza 

Software (BD Biosciences, U.S.A)  

 

2.7 Western Blot Analysis of Cytoplasmic and Nuclear Proteins 

2.7.1 Preparation of Cytoplasmic and Nuclear Protein Extracts 

For this protocol, 25 mL cells at 5 × 105 cells/mL (i.e. 1.25 × 107 cells total) were used. 

Additional sample tubes and buffers were pre-cooled for over an hour prior to extraction. 

Nuclear and cytoplasmic extracts were prepared from a modified method (207). Briefly, cells 

were harvested following treatment as indicated, pelleted (500 g for 5 minutes at 4 °C) and 

washed twice in 10 mL of ice-cold PBS. The resulting cell pellet was resuspended in 750 µL 

of lysis buffer (containing 10 mM NaCl, 10 mM Tris (pH 7.4), 3 mM MgCl2, 0.1 mM EDTA 

(pH 8.0), 0.5% Igepal) and incubated on ice for 5 minutes to lyse the cells. Following 

centrifugation (500 g for 5 minutes at 4 ºC) the supernatant containing the cytoplasmic protein 

fraction was transferred to a fresh tube and placed on ice. The remaining nuclei pellet was 

washed in 750 µL of lysis buffer without Igepal (containing 10 mM NaCl, 10 mM Tris (pH 

7.4), 3 mM MgCl2, 0.2 mM EDTA (pH 8.0)) and centrifuged at 500 g for 5 minutes and 4 ºC. 

The nuclei were then resuspended in 25 µL of nuclei lysis buffer (containing 400 mM NaCl, 

7.5 mM MgCl2, 0.1 mM EDTA (pH 8.0), 1 mM DTT) and 1 µL of protease inhibitor 
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(containing aprotinin, leupeptin, complete EDTA-Free Protease Inhibitor Cocktail (Roche 

Applied Science, Switzerland)) to be incubated for 15 minutes on ice with shaking ensuring 

nuclear lysis. The suspension was centrifuged at 15,000 g for 5 minutes and 4 ºC and 

supernatant containing the nuclear proteins was transferred to a fresh tube. Protein 

concentration was measured using Bradford assay (208) (see Appendix B). 

 

2.7.2 SDS-PAGE and Western Blotting 

To separate proteins according to their molecular weight, SDS-PAGE (sodium dodecyl 

sulphate-poly-acrylamide gel electrophoresis) was performed. Briefly, protein extracts (10-20 

µg) were combined with an equal volume of 2X sample loading buffer (10 µL containing: 120 

mM Tris HCl (pH 6.8), 20% glycerol, 4% SDS, 0.04% Bromophenol blue, 5% β-

mercaptoethanol) and heated at 95 ºC for 5 minutes on a heat block. Spectra™ Multicolor 

Broad Range Protein ladder (10-260 kDa) (ThermoScientific, U.S.A) and 20 µL of samples 

were carefully loaded on the 12% Mini-PROTEAN® TGX™ pre-cast gel (Bio-Rad, U.S.A) 

with sufficient SDS-PAGE running buffer (192 mM glycine, 25 mM Tris (pH 8.0), 0.1% 

sodium dodecyl sulphate). Samples were initially electrophoresed for 15 minutes at 100 V and 

were subsequently subjected to 150 V until completion. 

The separated proteins were transferred from gel onto a 0.45 µM nitrocellulose membrane 

(Bio-Rad, U.S.A) using a wet transfer. The transfer assembly (consisted of the gel and membrane 

in direct contact surrounded by two layers of filter paper (Whatman, U.S.A) and a support pad on 

either side pressed together by the support grid) was placed in the transfer apparatus, immersed 

in western transfer buffer (20mM Tris (pH 8.3, 150 mM glycine, 20% methanol) and transfer 

was facilitated by 100 V for 90 minutes at 4 °C. 

 

2.7.3 Protein Detection 

The membrane was placed in blocking reagent (Blocking reagent (Roche Applied Sciences, 

Switzerland) diluted 1:10 in 1X TNT (10 mM Tris (pH 8.0), 150 mM NaCl, 0.05% Tween) 

and incubated at room temperature for 1 hour with shaking. The membrane was incubated with 

a specific dilution of primary antibody (see Appendix A) overnight at 4 ºC followed by three 
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10-minute washes with 1X TNT at room temperature with shaking. The membrane was 

incubated in 5 mL of secondary antibody (see Appendix A) for 45 minutes at room temperature 

followed by three 10-minute washes with 1X TNT at room temperature with shaking. 

To visualise the membrane, it was incubated with a mixture of 1 mL of SuperSignal® West 

Pico Stable Peroxide Solution and 1 mL of Pico Luminol/Enhancer solution (ThermoScientific, 

U.S.A) for 5-10 minutes with shaking in minimal light. Excess chemiluminescent complex was 

removed and the membrane was exposed for adequate lengths of time up to 10 minutes using 

the Chemi-Smart 5000 (Vilber Lourmat, France). 

 

2.8 Analysis of Fucoidan  

The constituents of fucoidan was determined in the laboratory of Marinova Pty Ltd. These 

experiments were performed by spectrophotometric analysis of fucoidan as follows: Total 

carbohydrate content was determined by spectrophotometric analysis of the hydrolysed 

compound in the presence of phenol, based on a method described by Dubois et al. (209). 

Sulphate content was analysed spectrophotometrically using a BaSO4 precipitation method 

(BaCl2 in gelatin), based on the work of Dodgson (210, 211). Analysis of polyphenol content 

was also determined spectrophotometrically, using a method based on the Folin-Ciocalteu 

reagent (phosphomolybdate/phosphotungstate) (212-214). The carbohydrate profile was 

determined using a GC-based method for the accurate determination of individual 

monosaccharide ratios in a sample. This method relies on the preparation of acetylated alditol 

derivatives of the hydrolysed samples (215). Molecular weight profiles were determined by 

Gel Permeation Chromatography, with the aid of a Size-Exclusion Column, and were reported 

relative to Dextran standards. 
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2.9 In Vivo Experiments 

2.9.1 Animals 

A total number of 120 athymic Balb/c nude mice (nu/nu) were obtained from the Cambridge 

Facility Farm (CFF) and housed at the animal facility, Medical Sciences Building 2, Menzies 

Institute for Medical Research. All animal studies were approved by the University of 

Tasmania Animal Ethics Committee (reference number: A13940) and were performed in 

accordance with the institutional guidelines.  

 

2.9.2 Mice Identification System 

The ear punch system was used for mice identification (Table 2.2) and a maximum of 5 mice 

with different ear punches were placed in one cage. A unique identification code was also 

prepared by the CFF for each mouse. To identify different cages, cage cards were used. The 

following information was included on each card: species, strain, mice identification code, ear 

punch category, date of birth, sex, date of arrival and names and contact details of responsible 

investigators. 

 

Table 2.2 Mice identification by ear punch 

 

 

 

 

 

 

 

Ear Punch Category Description 

1R 1 punch in right ear 

1L 1 punch in left ear 

1R1L 1 punch in right ear and 1 punch in left ear 

2R 2 punches in right ear 

2L 2 punches in left ear 

NM  Non-marked 
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2.9.3 Mice Health Monitoring 

A monitoring sheet was prepared for each experiment (see Appendix C) and all animals were 

checked daily. Changes in behaviour, food or water consumption, aggression, muscular rigidity 

and reaction to handling were recorded. Mice were weighed daily and the weight was recorded. 

 

2.9.4 Animal Treatment 

Mice were treated with different substances as indicated in Table 2.3. As shown, various 

injection routes including intraperitoneal (IP), Sub-cutaneous (SC) and intravenous (IV) were 

used in the experiments. The following general requirements were applied: 1. the pH of 

solutions injected was verified to be 7.3 to 7.45; 2. isotonic sterilised solutions were warmed 

to body temperature when injecting either IV or IP; 3. where different substances were to be 

injected, both chemicals were combined in a single solution. 

 

Table 2.3 Animal treatments 

Substance Route Stock Preparation* 

Fucoidan (Sigma-Aldrich) Oral 70 mg/mL fucoidan in Milli-Q water 

Fucoidan (Sigma-Aldrich) IP 20 mg/mL fucoidan in sterile PBS 

Fucoidan (Sigma-Aldrich) IV 2 mg/mL fucoidan in sterile PBS 

All-Trans Retinoic Acid 

(ATRA) (Sigma-Aldrich) 

IP A stock of 100 mM ATRA (30 mg/mL) was prepared by 

dissolving ATRA powder in DMSO. 

Arsenic trioxide (ATO)  

(Sigma-Aldrich)  

IP A stock of 300 mM (59.34 mg/mL) ATO was prepared 

by dissolving ATO powder in 1.65 M NaOH. 

*All stock solutions were filtered through a 0.21-µm syringe filter (Millipore). To prepare the solutions for 
injection, stock solutions were diluted in sterile PBS. 

 

For S.C injection, the animal was restrained with the non-dominant hand. The syringe was held 

with the dominant hand with the bevel of the needle facing upwards. The needle was inserted 
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and the skin was gently tented upwards with the needle to confirm that the needle was in the 

subcutaneous space. The solution was injected and the plunger was depressed until the solution 

was fully administered. The animal was placed back into its cage and observed for any 

complications. For S.C injections, a needle of 26 gauge × 1/2 in. 0.45 mm × 13 mm 

(Becton Dickinson) was used. If the injection was successful, a small swelling under the skin 

was seen.  

For IP injections, the animal was restrained with the non-dominant. The syringe was held with 

the dominant hand with the bevel of the needle facing upwards. The substance was injected 

into the lower right quadrant of the abdomen towards the head at a 30‐40o  angle. The solution 

was injected and the plunger was depressed until the solution was fully administered. The 

animal was placed back into the cage and observed for any complications. For IP injection, a 

needle of 30 gauge × 1/2 in. (Becton Dickinson) was used. 

For IV injection, the two lateral tail veins were used. The animal was restrained in a rodent 

cone-shaped restrainer. The tail was swabbed with 70% alcohol and rotated ¼ turn to place the 

tail veins dorsally for easier injection. The needle was approached at a 15-20° angle at the distal 

portion of the tail and inserted parallel to the tail vein penetrating 2-4 mm into the lumen while 

keeping the bevel of the needle face upwards and the material was injected slowly. A successful 

injection resulted in the material entering the vein with no resistance and blanching of the tail 

vein for the duration of the injection. 

 

2.9.4.1 Oral Administration of Fucoidan 

150 µg/g body weight (b.w.) fucoidan was orally administered. Mouse weight was measured 

daily and the required amount of fucoidan was mixed with peanut butter and a paste was 

prepared. For each mouse the peanut butter paste was prepared freshly just before feeding 

(Figure 2.1). The prepared fucoidan-peanut butter paste was put on a wooden applicator stick 

and put in the cage with a single mouse. Each mouse was not returned to its own cage until the 

entire paste was eaten. The control group was fed with peanut butter mixed with Milli-Q water 

in the same manner. 



Chapter 2                                                                                                               Materials and Methods 

 

 

Page 66 

 

 

Figure 2.1. Preparation of fucoidan for oral administration. 1) The required amount of 
fucoidan was added to peanut butter. 2) Fucoidan was mixed with peanut butter. 3) The 

prepared paste was put on a wooden applicator stick. 4) The fucoidan paste was put in the 
cage with a single mouse 

 
2.9.4.2 Intraperitoneal Injection of Fucoidan  

Either low dose of 30 µg/g b.w. or high dose of 100 µg/g b.w. of fucoidan was administered 

by injection according to the mice weight measured daily. An injection volume of 200 µL of 

freshly prepared solution was injected into the lower quadrant of abdomen as described (see 

Section 2.9.4). 

 

2.9.4.3 Intravenous Injection of Fucoidan 

One daily dose of 6 µg/g b.w. fucoidan was administered by injection according to the mice 

weight measured each day. An injection volume of 200 µL of freshly prepared solution was 

injected into the lower quadrant of the abdomen as described (see Section 2.9.4). 

 

2.9.4.4 Intraperitoneal Injection of Arsenic Trioxide 

One daily dose of 2.5 µg/g b.w. ATO was administrated by injection according to the mice 

weight measured each day. An injection volume of 200 µL of freshly prepared solution was 

injected into the lower quadrant of the abdomen as described (see Section 2.9.4). 

 

2.9.4.5 Intraperitoneal Injection of ATRA 

One dose of 1.5 µg/g b.w. ATRA was administrated three times a week by injection according 

to the mice weight measured each day. An injection volume of 200 µL of freshly prepared 

solution was injected into the lateral tail veins as described (see Section 2.9.4). 
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2.9.5 Establishment of Human Leukaemia Xenograft Models 

Acute promyelocytic leukaemia NB4 cell line was cultured in RPMI as explained in 2.1.2.2. 

The medium was replaced with fresh RPMI medium 3 to 4 hours before harvesting. Cells were 

centrifuged at or below 500 g for 5 minutes and washed twice with 20 mL of sterile PBS free 

of serum. Cells were resuspended in sterile PBS at the final concentration of 2.5 × 107 cells/mL 

and transferred to sterile CryoVials. For each mouse, a volume of 200 µL of the prepared cell 

suspension containing 5 × 106 cells was injected. Cells were injected subcutaneously in the 

right flank of each mouse as described in 2.9.4. Mice injected with NB4 cells were monitored 

daily for tumour burden appearance. 

 

2.9.6 Tumour Volume Measurement 

Tumour volume was measured daily and the results were recorded in the monitoring sheet. The 

measuring surface was cleaned and dried. A flexible plastic ruler was sprayed with ethanol 

70% and dried. The general restrain following by lifting the animal with the non-dominant 

hand was performed and the tumour location was faced toward the investigator. The length and 

width of the tumour was measured in millimeter (mm) three times and the mean value was 

recorded. To calculate the tumour volume, the below formula was used: 

Tumour Volume (mm3) = 
�

�
 × (length × width2) 

The tumour volume was recorded in the monitoring sheet (see Appendix C) and the experiment 

was terminated if the tumour size reached 1000 mm3. 

 

2.9.7 Animals Euthanasia  

Animals were humanely sacrificed using carbon dioxide as per the AVMA Guidelines on 

Euthanasia 2013 (216). 
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2.9.8 Tumour Volume Doubling Time  

The tumour volume doubling time and tumour growth rate were calculated by the algorithm 

provided by http://www.doubling-time.com (217). 

 

2.9.9 Assessment of the Tumour Mass  

2.9.9.1 Tumour Mass Cell Suspension Preparation 

To remove the tumour mass, an incision was made in the area of the tumour using dissecting 

scissors and microscopic forceps (Met-App Co.) and the tumour mass was carefully removed. 

Fresh tissue sample was dissected and mixed with 2 mL PBS and filtered through a 40 µM 

sterile nylon mesh strainer (Fisher Scientific, Cat. No. 352340). The cell suspension was then 

washed with PBS (500 g for 5 minutes) and the cell pellet was resuspended in 2 mL sterile 

PBS. 

 

2.9.9.2 Cell Surface Marker Analysis 

The cell surface markers of the tumour mass removed from mice were analysed using various 

antibodies by flow cytometry. The prepared cell suspension (50 µL) was mixed with 5 µL of 

desired cell surface antibodies or the appropriate isotype negative controls in 12×75 mm 

polystyrene test tubes and incubated at 4 °C for 30 minutes. PBS (500 mL) containing 10% 

paraformaldehyde was added to the mixture, and the expression of cell markers was analysed 

with FACSCantoTMII flow cytometer (BD Biosciences, U.S.A). The flow cytometry results 

were analysed with Kaluza Software (BD Biosciences, U.S.A). 

  

2.9.10 Natural Killer Cell Activity 

To analyse the cytolytic activity of mice splenic natural killer (NK) cells, the spleen 

mononuclear cells (MNCs) were used as effector cells and the NK sensitive Yac-1 cell line was 

used as target cell. The activity of NK cells in lysing these cells was measured with Cell Trace 

Violet and PI cytotoxicity assay using flow cytometry. 
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2.9.10.1 Preparation of Splenic Mononuclear Cells 

Animals were sacrificed (see 2.9.8) and the mouse body was placed on its back and sprayed 

with 70% ethanol. A small incision was made in the left side of the peritoneum and the spleen 

was gently pulled and the connective tissues behind it were torn. The removed spleen was 

dissected and filtered through 40 µM sterile nylon mesh strainer (Fisher Scientific, Cat. No. 

352340). To do this, the spleen pieces were placed on the strainer and mashed and minced 

using a syringe plunger firmly so the connective tissue remained on the top of the strainer and 

the cells were filtered through by adding PBS. The cell suspension was washed with PBS (500 

g for 5 minutes) and resuspended in 5 mL of PBS. 

To isolate the MNCs, the prepared splenic cell suspension was gently homogenised and slowly 

added to a tube previously loaded with 5 ml of Ficoll-paque®-1077 (Sigma Company, Cat. No. 

10771). The tube was carefully loaded into the centrifuge buckets without disturbing the layers. 

The mixture was centrifuged (400 g, for 30 minutes) using slow acceleration and deceleration 

rates. After centrifugation, the following layers were visible in the tube from top to bottom: 

PBS, a layer of MNCs, Ficoll-Paque, and erythrocytes and poly-morphonuclear cells presented 

in pellet form. The MNC layer was recovered and washed with sterile PBS (500 g for 10 

minutes). The cell pellet was completely resuspended in the remaining PBS and mixed with 

complete RPMI media at 107 cells/ mL. 

 

2.9.10.2 Preparation of Yac-1 Target Cells 

The Yac-1 target cells were labelled with CellTraceTM Violet (CTV) fluorescent dye (Life 

technologies Inc. Cat. No. C34557). Briefly, 1 × 106 Yac-1 cells were pelleted and mixed with 

1 mL of pre-warmed sterile PBS. The cells were mixed with 1 µL of stock CTV and incubated 

for 20 minutes at room temperature with gentle agitation and protected from light. The unbound 

dye remained in solution was the quenched by adding 5 mL of pre-warmed RPMI media (10% 

FCS) and incubated for an extra 5 minutes at room temperature. Finally cells were pelleted and 

resuspended in RPMI at 105 cells/ mL. 
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2.9.10.3 Cell Trace Violet and PI staining Assay 

A 96-well plate was prepared with 100 µL serial halving dilutions of splenic mononuclear cells 

with a range from 100:1 to 3:1 of effector cells: target cells (Figure 2.2). This was achieved by 

adding 200 µL of prepared MNCs in the 100:1 wells and 100 µL of RPMI media in the rest of 

the dilution wells. The MNCs (100 µL) was then transferred as a serial dilution through the 

relevant wells from 100:1 to 3:1. Finally, 100 µL of CTV-labelled Yac-1 cells were added to 

each well. A control well (0:1) was prepared with addition of 100 µL RPMI in 100 µL Yac-1 

cell and no MNCs. All samples were loaded in triplicates. 

Plates were incubated for 4 hours at 37 °C with 5% CO2. PI solution (2.3.1.1) was diluted 1:25 

with PBS and added to the wells right before analysis (25 µL). The amount of lysed Yac-1 cells 

representing NK cell cytotoxic activity was analysed using flow cytometry within two hours. 

Flow cytometry data was analysed using Kaluza Software and the data was normalised by 

subtracting the percentage of spontaneous cell death observed in the wells with target cells only.  

Note 1. The peak emission of CTV is 450 nm and was measured in the FL-1 channel. 

 

 

Figure 2.2. Cell trace violet and PI staining assay 
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2.10 Statistical Analysis 

Data were analysed for significance using GraphPad Prism 5 Software. In-vitro experiments 

were performed in duplicate or triplicate. p values were determined using the Student’s t-test 

accompanied by analysis of variance (ANOVA) as indicated in Figure legends. For in vivo 

experiments, a Kaplan-Meier survival curve was used to estimate the fraction of mice living 

for the certain amount of time after treatment. A p value of less than 0.05 was considered 

significant.  
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3.1 Introduction 

Although chemotherapy is often effective in the treatment of AML, at least in the short term, 

the agents currently in use are associated with undesirable side effects and low survival rate 

(218). Concerns over toxicities from chemotherapeutic chemicals have generated interest in 

exploiting natural products for cancer treatment (219). Among those, fucoidan derived from 

brown seaweeds has gained significance in the treatment of cancer. 

Different experimental studies have shown the tumour-suppressive activity of fucoidan in 

various human cancer cells, including gastric adenocarcinoma (220), prostate cancer (163), 

breast cancer (160), lung carcinoma (171) and colorectal cancer (167). Low toxicity and the in 

vitro cytotoxic effects of fucoidan on cancer cells make it a suitable choice for cancer 

prevention or treatment.  

Despite evidence for the tumour inhibitory effect of fucoidan in different cancer types, there 

are only few studies which have examined the anti-proliferative property of fucoidan in 

haematological malignancies. Aisa et al. and Haneji et al. have reported that fucoidan induces 

apoptosis in human lymphoma HS-Sultan and adult T-cell leukaemia cell lines, respectively 

(155, 165). The first aim of this thesis chapter was to investigate whether anti-proliferative 

effects of fucoidan were observed in myeloid leukaemias in vitro. 

Several studies have examined the mechanisms underlying the observed anti-tumour activities 

and provided some clues to the key pathways involved. Roles in apoptotic protein regulation 

(220), caspase activation (164) oxidative stress induction and mitochondrial dysfunction (167)  

have been reported. However the inconsistent and contradictory evidence to date has been 

challenging to interpret and the mechanisms of action of fucoidan remains unclear. The second 

aim of this chapter was to examine the mechanisms by which fucoidan affect cell growth in 

AML cells, and if the cytotoxic responses were observed in AML cells. To test this, a wide 

range of cellular and molecular pathways including cell proliferation, apoptosis, cell cycle and 

different signal transduction pathways were examined in AML cells after treatment with 

fucoidan. 
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3.2 Experimental Design 

Fucoidan from different seaweed sources were obtained and their inhibitory effects were 

compared in AML cell growth. 

The composition and characteristics of fucoidan from F. vesiculosus (Sigma-Aldrich Co.) and 

purified fucoidan from U. pinnatifida (Marinova Pty. Ltd.) were assessed and compared (see 

Section 2.8). Endotoxin contamination was a potential concern for the fucoidan preparation 

therefore whether endotoxin was present in the fucoidan preparation was determined (see 

Section 2.2). 

AML cell lines including NB4, HL60 and K562 cells (see Section 2.1.1) were treated with 

Marinova Pty. Ltd. supplied purified fucoidan derived from two seaweed sources (U. 

pinnatifida and F. vesiculosus) where indicated with doses ranging from 10 to 2000 µg/mL. 

AML cell lines including NB4, HL60, K562 and KG-1a cells were then treated with fucoidan 

from F. vesiculosus (Sigma-Aldrich Co.) at various doses ranging from 10 up to 100 µg/mL. 

Cell proliferation was measured with WST-8 proliferation assay (see Section 2.4). Cell death 

and apoptosis were analysed by measuring DNA content, annexin V/PI and DNA 

fragmentation assays (see Sections 2.3, 2.5 and 2.6). To investigate the mechanisms by which 

fucoidan induced apoptosis, the expression of various proteins in cell cycle, apoptosis and 

signal transduction pathways were assessed using Western blotting (see Section 2.7). 
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3.3 Results 

(This section has been substantially published in Atashrazm et al. 2015 (221)) 

 

3.3.1 Fucoidan Characteristics 

3.3.1.1 Endotoxin Level Assay in Fucoidan 

To evaluate the pyrogenicity and endotoxin contamination, the endotoxin level was measured 

in fucoidan. According to the "Guidelines on the Validation of the Limulus Amebocyte Lysate 

Test" defined by the FDA (12/87), the endotoxin level for human and animal parenteral drugs, 

biological products and medical devices must be ≤0.5 Endotoxin Units/ml (222). The 

endotoxin level of the fucoidan preparation was measured utilising the standard curve 

generated from E. coli endotoxin standards. Less than 0.1 EU/mL endotoxin was detected in 

fucoidan preparation, which is considered as non-pyrogenic. 

 

3.3.1.2 Analysis of the Two Fucoidan Preparations 

The characteristics of two sources of fucoidan were evaluated; fucoidan from F. vesiculosus 

supplied by Sigma-Aldrich Co. and purified fucoidan from U. pinnatifida supplied by 

Marinova Pty. Ltd. The experiments for characterisation of the fucoidan constituents were 

performed by Samuel S Karpiniec at Marinova Pty. Ltd. The results for the compositional 

analysis of the fucoidans from Sigma-Aldrich Co. and Marinova Pty. Ltd. are shown in Table 

3.1. As indicated, fucoidan from F. vesiculosus (Sigma-Aldrich Co.) had lower molecular 

weight and less fucose content compared to the Marinova Pty. Ltd. supplied fucoidan from U. 

pinnatifida. The amount of other monosaccharaides in addition to sulphate content were similar 

in fucoidan from both sources. The amount of uronic acid in fucoidan from Sigma-Aldrich Co. 

was 4 fold higher than that of fucoidan from Marinova Pty. Ltd. The purity of the fucoidan 

from Sigma-Aldrich Co. was near 80% compared to 98% in purified fucoidan (Marinova Pty. 

Ltd.). In addition, 3.9% polyphenol was found in the Sigma-Aldrich Co. supplied fucoidan 

structure. 
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Table 3.1. Composition and monosaccharide constituents of fucoidan from different 

sources 

 

 
Fucoidan from F. vesiculosus 

 (Sigma-Aldrich Co.) 

Fucoidan from U. pinnatifida  

(Marinova Pty. Ltd.) 

Molecular Weight (kDa) 20.7 61.7 

Fucoidan (%) 79.3 98.0 

Total Carbohydrate (%) 55.9 67.5 

Uronic Acid (%) 5.9 1.4 

Polyphenol (%) 3.9 - 

Cations (%) 6.4 11.9 

Sulphate (%) 26.9 26.6 

 

Monosaccharide 

Composition 

(%) 

Fucose 38.2 53.3 

Xylose 2.7 2.3 

Mannose 0.4 0.8 

Galactose 3.5 3.1 

Glucose 0.1 0.0 
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3.3.2 Purified Fucoidans from U. pinnatifida and F. vesiculosus (Marinova 

Pty. Ltd.) Did Not Suppress the Growth of AML Cells 

To determine whether fucoidan inhibits the growth of AML cells through either cell cycle arrest 

or cell death, cell cycle progression was assessed in cells treated with purified fucoidan 

(Marinova Pty. Ltd.). This was performed by DNA quantitation whereby DNA is labelled and 

the amount of measured dye quantitated (84). Figure 3.1 (left) displays the typical DNA content 

histogram in a healthy cell population. As indicated, the G0/G1 phase cells have the least 

amount of staining intensity as they have the least amount of genetic material (only one copy 

of DNA). G2/M phase cells, in contrast, have the highest amount of staining intensity as they 

contain the highest amount of DNA (two copies of chromosomes). Since the S phase cells are 

synthetising DNA, they have different amounts of DNA varying from one copy to two copies. 

The cell cycle histogram not only gives us information about the status of the living cells, but 

also detects the dead cells. As DNA is degraded in the late stages of the death process, a large 

number of small DNA fragments accumulate in the cells, which can then leach out. Since these 

dying cells have a lower DNA content, they can be observed in the cell cycle histogram as a 

hypo-diploid or sub G0/G1 peak (223). Figure 3.1 compares the cell cycle histogram between 

a normal cell population and a dead cell population. 

 

 

Figure 3.1. Cell cycle histogram in healthy (left) and apoptotic (right) population (224) 
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Phorbol 12-myristate 13-acetate (PMA) was used as a positive control, to ensure that cells were 

responding to chemical agents as expected and to assess efficacy of the assay methodology.  

PMA is a diester of phorbol which induces G0/G1 cell cycle arrest in a variety of cell types. 

The leukaemic cells were treated with 20 ng/mL PMA for 48 hours and DNA content was 

measured using PI staining. As shown in Figure 3.2, PMA inhibited cell proliferation in K562, 

NB4 and HL60 cells, which was indicated by G0/G1 arrest in all three cell lines. 

To investigate the growth inhibitory effect of fucoidan, acute myeloid leukaemia cell lines 

HL60, NB4 and K562 were treated with the two different purified fucoidans from Marinova 

Pty. Ltd. as indicated with doses up to 150 µg/mL. After 48 hours, the DNA content was 

analysed using PI staining. Neither fucoidan preparations influenced the proportion of cells 

present in each of the cell cycle phases as measured by flow cytometry at any of the given 

doses (Figures 3.3, 3.4, 3.5) in the experimental time frame.  A similar result was observed in 

each of the cell lines examined. 

Furthermore, very high doses of the two purified fucoidans from Marinova Pty. Ltd (for up to 

2 mg/mL) were used and no changes were observed in any phases of the cell cycle for either 

fucoidan preparations. Figures 3.6 and 3.7 display DNA content in HL60 cells after treatment 

with very high dose of the two purified fucoidans from Marinova Pty. Ltd. 

DNA fragmentation was also assessed in fucoidan-treated cells at a low (150 µg/mL) and a 

very high dose (2000 µg/mL). In agreement with the DNA content results, the purified fucoidan 

(Marinova Pty. Ltd.) did not induce DNA fragmentation in the treated cell lines (Figure 3.8). 

In summary, purified fucoidans from two sources of U. pinnatifida and F. vesiculosus supplied 

by Marinova Pty. Ltd. did not affect cell proliferation, DNA content and DNA fragmentation 

in different AML cell lines as indicated. Due to inconsistency with literature, this was further 

examined by analysing the anti-proliferative activity of a commercially available fucoidan 

extract, which is the most common source of experimental fucoidan used in literature. 
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Figure 3.2. DNA content analysis in AML cells treated with PMA. HL60, NB4 and K562 
cell lines were treated with 20 ng/mL PMA, and cell cycle phase distribution was measured 

using PI staining and quantitated by flow cytometry. 

 

Green population: G0/G1 phase cells, Blue population: S phase cells, Purple population: 
G2/M phase cells 
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Figure 3.3. DNA content analysis in HL60 cells. HL60 cells were treated with increasing 
doses (from 50 µg/mL to 150 µg/mL) of fucoidan from U. pinnatifida (Marinova Pty. Ltd.), 

and cell cycle phase distribution was measured using PI staining and quantitated by flow 
cytometry. 

 

 

Red population: Sub-G0/G1 phase cells, Green population: G0/G1 phase cells,  
Blue population: S phase cells, Purple population: G2/M phase cells 
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Figure 3.4. DNA content analysis in NB4 cells. NB4 cells were treated with increasing 
doses (from 50 µg/mL to 150 µg/mL) of fucoidan from U. pinnatifida (Marinova Pty. Ltd.), 

and cell cycle phase distribution was measured using PI staining and quantitated by flow 
cytometry. 

 

 

Red population: Sub-G0/G1 phase cells, Green population: G0/G1 phase cells,  
Blue population: S phase cells, Purple population: G2/M phase cells 
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Figure 3.5. DNA content analysis in K562 cells. K562 cells were treated with increasing 
doses (from 50 µg/mL to 150 µg/mL) of fucoidan from U. pinnatifida (Marinova Pty. Ltd.), 

and cell cycle phase distribution was measured using PI staining and quantitated by flow 
cytometry.  

 

 

Red population: Sub-G0/G1 phase cells, Green population: G0/G1 phase cells,  
Blue population: S phase cells, Purple population: G2/M phase cells 
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Figure 3.6. DNA content analysis in HL60 cells treated with high dose fucoidan. HL60 
cells were treated with low (150 µg/mL) and high (2000 µg/mL) doses of fucoidan from U. 

pinnatifida (Marinova Pty. Ltd), and cell cycle phase distribution was measured using PI 
staining and quantitated by flow cytometry. 

 

Red population: Sub-G0/G1 phase cells, Green population: G0/G1 phase cells,  
Blue population: S phase cells, Purple population: G2/M phase cells 
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Figure 3.7. DNA content analysis in HL60 cells treated with high dose fucoidan. HL60 
cells were treated with low (150 µg/mL) and high (2000 µg/mL) doses of fucoidan from F. 
vesiculosus (Marinova Pty. Ltd), and cell cycle phase distribution was measured using PI 

staining and quantitated by flow cytometry. 

 

Red population: Sub-G0/G1 phase cells, Green population: G0/G1 phase cells,  
Blue population: S phase cells, Purple population: G2/M phase cells 
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Figure 3.8. DNA fragmentation assay in AML cells. HL60, NB4 and K562 cell lines were 
treated with low (150 µg/mL) and high (2000 µg/mL) doses of fucoidan from U. pinnatifida, 

and DNA fragmentation was assessed using TUNEL assay. 

Red population: Dead cells with DNA fragmentation, Black population: Live cells 
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3.3.3 Cytotoxicity Activity of Fucoidan (Sigma-Aldrich Co.) in AML Cells 

Fucoidan from F. vesiculosus was obtained from Sigma-Aldrich Co. and its cytotoxicity and 

antiproliferative activities were examined in different types of AML. 

 

3.3.3.1 Fucoidan Inhibited Cell Proliferation in NB4, HL60 and K562 Cell Lines 

To investigate the proliferation inhibitory effects of this fucoidan preparation on AML cells, 

cell lines were treated with increasing doses of fucoidan and after 48 hours cell proliferation 

was measured with the WST-8 proliferation assay (Figure 3.9). The results indicated that 

fucoidan differentially inhibited cell growth in selected leukaemia cell sub-types; it inhibited 

the proliferation of acute promyelocytic leukaemia NB4 and HL60 cell lines in a dose 

dependent manner with the level of cell proliferation decreased to less than 10% at 

concentrations of 25 and 50 µg/mL in NB4 and HL60 cells, respectively. To a lesser extent, 

fucoidan reduced the proliferation of K562 cells and the amount of cell proliferation remained 

more than 70% at a dose of 100 µg/mL. In contrast, fucoidan had almost no effect on KG-1a 

cell proliferation. 

 

3.3.3.2 Fucoidan Increased Sub-G0/G1 Fraction in NB4 and HL60 Cells.  

To investigate whether the reduced proliferation in NB4 and HL60 cells was due to cell cycle 

arrest or increased cell death, cells were treated with fucoidan and DNA content was evaluated 

for up to 48 hours using PI staining. The percentage of sub-G0/G1 fraction representing the 

dead cell population significantly increased in both HL60 and NB4 cells in a time dependent 

manner (Figure 3.10 A, B). Table 3.2 shows the percentage of cells in each phase of the cell 

cycle as measured by PI staining using flow cytometry. 

Furthermore, the effects of fucoidan on cell cycle was determined in K562 and KG-1a cell 

lines. A cell cycle arrest in G0/G1 accompanied by a decrease in S and M phases was observed 

in fucoidan-treated K562 cells (Figure 3.10 C); approximately 60% of the cells treated with 

fucoidan were in the non-proliferative fraction compared to around 40% in untreated cells 

(Table 3.2).  
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Figure 3.9. Inhibitory effect of fucoidan on cell proliferation. Different leukaemia cell 
lines were treated with increasing doses of fucoidan (Sigma-Aldrich Co.) (12.5 µg/mL to 100 
µg/mL) and measured for proliferation with the WST-8 assay. Mean ± SEM of at least three 

replicates is shown. Statistical significance was determined by ANOVA, followed by 
Tukey’s multiple comparison test (***: p≤0.001, **: p≤0.01). 
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Figure 3.10. Representative DNA content analysis. A, B) HL60 and NB4 cells were treated with 100 µg/mL fucoidan and DNA content was 
analysed for up to 48 hours. The sub-G0/G1dead cell fraction increased in a time-dependent manner (p≤0.001). C, D) K562 and KG-1a cells 

were respectively treated with 100 µg/mL fucoidan for 48 hours and DNA content was analysed.  
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Table 3.2. Cell cycle phases distribution. DNA content was assessed in different AML cell lines after treatment with 100 µg/mL fucoidan for 
48 hours. Data represents Mean ± SEM of three independent experiments. Statistical significance was determined by two-way ANOVA, 

followed by Bonferroni post-test (***: p≤0.001). 

Cell line Fucoidan Sub G0/G1 (%) G0/G1 (%) S (%) M (%) 

HL60 Untreated 2.5 ± 1.26 48.4 ± 1.26 29.0 ± 1.04 18.8 ± 3.27 

Treated 78.7 ± 2.45***  8.3 ± 1.35 7.0 ± 2.95 6.3 ± 1.81 

NB4 Untreated 5.9 ±  2.45 43.3 ± 2.46 32.3 ± 1.72 16.2 ± 1.34 

Treated 97.5 ± 3.004***  1.5 ± 1.98 0.6 ± 0.68 0.1 ± 0.11 

K562 Untreated 3.3 ± 0.20 42.6 ± 4.66 30.4 ± 3.05 21.5 ± 1.79 

Treated 9.0 ± 0.80 58.3 ± 2.482 24.4 ± 0.92 7.7 ± 1.69 

KG-1a Untreated 1.6 ± 0.41 61.1 ± 1.08 15.9 ± 0.66 20.7 ± 1.85 

Treated 1.3 ± 0.40 60.3 ± 1.19 16.0 ± 1.19 21.6 ± 1.14 
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Unlike the HL60, NB4 and K562 cell lines, the undifferentiated AML cell line KG-1a was 

resistant to the cell cycle modulatory effects of fucoidan (Figure 3.10 D). This was consistent 

with the proliferation assay results as fucoidan neither induced cell cycle arrest nor sub-G0/G1 

dead cell population in KG-1a cells (Table 3.2).  

Taken together, the results indicate that fucoidan reduced proliferation of HL60 and NB4 cell 

lines at the sub-G0/G1 stage and reduced proliferation of K562 cells at the G0/G1 stage, but 

did not inhibit the KG-1a cell growth.  

 

3.3.3.3 Fucoidan Induced Apoptosis in NB4 and HL60 Cells.  

The observed reduced cell proliferation in NB4, HL60 and K562 cells and increased sub-

G0/G1 dead cell population in HL60 and NB4 cells were further examined. The annexin V/PI 

apoptosis assay and DNA fragmentation TUNEL assays were employed to measure apoptosis 

and evaluate mechanisms of cell death induced by fucoidan. 

The annexin V/PI apoptosis assay permits the distinction between apoptosis and necrosis to be 

observed. During the earliest stages of apoptosis there is a loss of asymmetry of the plasma 

membrane, which results in the translocation of the phosphatidylserine (PS) from the inner side of 

the cell membrane to the surface. The exposed PS can then bound to annexin V. In the very earliest 

stages of apoptosis the membrane remains impermeable to the dye PI. Upon the loss of membrane 

integrity at the late stages of apoptosis however PI passes through the cell. Necrotic cells are also 

permeable to PI but its binding to annexin V is relatively low and this allows discrimination of 

early and late apoptotic cells from necrotic cells (225) (Figure 3.11).  

 

 

Figure 3.11. Healthy and apoptotic cells with markers for detection of apoptosis (226) 



Chapter 3                                                                             Cytotoxic Effects of Fucoidan on AML Cells 

 

 

Page 91 

 

As shown in Figures 3.12 and 3.13, the annexin V/PI apoptosis assay revealed that fucoidan 

significantly increased apoptosis in HL60 (p≤0.01) and NB4 cells (p≤0.001). Consistent with 

the proliferation and DNA content assay results, fucoidan failed to induce apoptosis in K562 

and KG-1a cell lines (Figure 3.12). 

 

DNA fragmentation, which is a feature of late apoptosis, was examined in fucoidan-treated 

cells by TUNEL assay in triplicate and the mean values were analysed (Figure 3.14). DNA 

fragmentation significantly increased in HL60 and NB4 cells in a dose dependent manner. 

Compared to untreated cells, the percentage of cells containing fragmented DNA increased 

from less than 1% to 88.9% in NB4 cells and to 54.8% in HL60 cells treated with 100 µg/mL 

fucoidan (p≤0.01, p≤0.001). In contrast, the DNA fragmentation amount remained unchanged 

in K562 and KG-1a cells treated with up to 100 µg/mL fucoidan (less than 1%). 

Taken together, these results indicate that apoptosis induction by fucoidan within tumour cells 

is cell-type specific and further that promyelocytic cells were more sensitive to fucoidan’s 

action. In the next step, the underpinning mechanisms of the fucoidan’s activity in induction 

of apoptosis was investigated. 
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Figure 3.12. Annexin V/PI apoptosis assay in AML cell lines trated with fucoidan. 
Apoptosis was evaluated using annexin V/PI assay. Cell lines were treated with 100 µg/mL 

fucoidan. Results represent one of three independent experiments. 

 

*: Purple population: Annexin-/PI- (live cells), Blue population: Annexin-/PI+ (necrotic 
cells), Red population: Annexin+/PI- (early apoptotic cells), Green population: Annexin+/PI+ 
(late apoptotic cells),  

 

 

 

 



Chapter 3                                                                             Cytotoxic Effects of Fucoidan on AML Cells 

 

 

Page 93 

 

 

 

 

 

 

 

 

 

Figure 3.13. Early apoptosis detection. HL60 and NB4 cells were treated with 100 µg/mL 
fucoidan for 24 hours. Apoptosis was assessed using Annexin V/PI assay. Annexin V 

positive/PI negative populations representing early apoptosis were calculated.  Each column 
represents the Mean ± SEM (n=3) values for annexin V positive/PI negative population. 

Statistical significance was determined by one-tailed student t test. 
(***: p ≤0.001, **: p≤ 0.01). 
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Figure 3.14. DNA fragmentation TUNEL assay. HL60, NB4, K562 and KG-1a cells were 
treated with increaing doses of fucoidan (from 10-100 µg/mL) and DNA fragmentation was 

measured using the TUNEL assay. Mean ± SEM of at least three replicates is shown. 
Statistical significance was determined by ANOVA, followed by Tukey’s multiple 

comparison test (***: p≤ 0.001, **: p≤ 0.01). 
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3.3.3.4 Fucoidan-Induced Apoptosis was Caspase Dependent 

As NB4 cells showed the highest sensitivity to fucoidan, the further experiments were 

conducted on NB4 cells. To determine the mechanisms by which fucoidan induces apoptosis, 

the activation of caspase 3 as well as the cleavage of poly ADP ribose polymerase (PARP), a 

downstream target of activated caspase 3 in isolated nuclei, were examined using Western 

blotting. Since fucoidan caused near 100% NB4 cells death within 48 hours, the shorter 

incubation time of 24 hours was selected for this assay in order to obtain sufficient amount of 

protein. Fucoidan decreased the level of pro-caspase 3 and increased the cleaved activated 

caspase 3 in treated cells in a dose dependent manner correlated with the detection of cleaved 

PARP (Figure 3.15). 

In order to examine the importance of caspase participation in apoptosis-induced by fucoidan, 

cell proliferation and annexin V apoptosis assays were performed in the presence of the caspase 

inhibitor Z-VAD-fmk in NB4 cells. In the WST-8 assay, the caspase inhibitor Z-VAD-fmk was 

protective and partially ameliorated the anti-proliferative effect of fucoidan (p≤0.001) (Figure 

3.16 A). In the annexin V/PI apoptosis assay, the inhibitory effect of fucoidan was completely 

annulled in the presence of Z-VAD-fmk (p≤0.001) (Figure 3.16 B), indicating that caspase 

activation is required for fucoidan activity. 

The expression of various apoptosis, cell cycle and signalling pathway related molecules were 

then examined. For these experiments, a dose of 50 µg/mL and the incubation time of 24 hours 

were selected in order to obtain sufficient amount of protein.  

To evaluate different apoptosis pathways, the expression of death receptors DR5 and Fas, pro-

apoptotic molecule Bax and anti-apoptotic molecule Bcl-xl in addition to the activation of 

caspases 8 and 9 were examined. There was an increase in the amount of cleaved activated 

caspase 8, which correlated to DR5 activation (Figure 3.17 A). No change in Fas expression 

was observed. Caspase 9, the key caspase in the intrinsic pathway, was also activated by 

fucoidan. Fucoidan increased expression of the pro-apoptotic molecule Bax but did not affect 

expression of the anti-apoptotic molecule Bcl-xl (Figure 3.17 B). 
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Figure 3.15. Analysis of caspase 3 activation and PARP cleavage in fucoidan-induced 
apoptosis by Western blot. NB4 cells were treated with various concentrations of fucoidan 

for 24 hours and cytoplasmic and nuclear fractions were isolated. GAPDH and SP1 were 
used as cytoplasmic and nuclear loading controls, respectively. 
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Figure 3.16. Effects of caspase inhibitor on fucoidan induced apoptosis. NB4 cells were pre-treated with Caspase inhibitor Z-Vad-fmk (40µM) for 1 
hour followed by treatment with fucoidan for 24 hours. A) Cell proliferation was assesed using WST-8 proliferaton assay. B) Apoptosis was analysed 
using Annexin V/PI apoptosis assay. Mean ± SEM of at least three replicates is shown. Statistical significance was determined by two-way ANOVA, 

followed by Bonferroni post-test (***: p≤ 0.001). 
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Figure 3.17. Analysis of the expression of apoptosis related proteins in A) extrinsic 
pathway B) intrinsic pathway by Western blot. NB4 cells were treated with 50 µg/mL 
fucoidan for 24 hours and cytoplasmic fraction was isolated. Protein expression levels of 

cleaved caspase 8, DR5, Fas, cleaved caspase 9, Bcl-xl and Bax were analysed using specific 
antibodies. The cytoplasmic protein β-actin was used as loading control. 
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3.3.3.5 Fucoidan Changed the expression of Cell Cycle Proteins 

Since fucoidan altered the distribution of cell cycle phases in NB4 cell lines, the expression of 

cell cycle regulatory proteins P21/WAF1/CIP1 and cyclin D1 were examined using Western 

blotting. The cyclin dependent kinase inhibitor P21/WAF1/CIP1 is a negative cell-cycle-

regulatory protein. Treatment with 50 µg/mL fucoidan for 24 hours induced a marked increase 

in P21/WAF1/CIP1 expression in NB4 cells. No changes were seen in cyclin D1 expression 

(Figure 3.18). 

 

 

 

 

 

Figure 3.18. Analysis of the expression of cell cycle related proteins by Western blot. 
NB4 cells were treated with 50 µg/mL fucoidan for 24 hours and nuclear fraction was 

isolated. Protein expression and P21/WAF1/CIP1 and cyclin D1 were analysed using specific 
antibodies. The nuclear protein SP-1 was used as loading control. 
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3.3.3.6 Fucoidan Deactivated ERK1/2 and Decreased Phosphorylation of AKT on Thr308 

Residue.  

MAPK and PI3k/AKT signal transduction pathways play major roles in cell proliferation and 

apoptosis, hence both expression and activation levels of two main kinases were examined in 

these pathways; ERK in the MAPK pathway and AKT in the P13K pathway. Whilst total 

protein expression level of these two enzymes was not altered with fucoidan treatment of NB4 

cells, the phosphorylation of both AKT and ERK1/2 enzymes was clearly down-regulated 

(Figure 3.19), AKT is a serine/threonine-specific protein kinase and has two different 

phosphorylation sites; Thr308 and Ser473. By examining the phosphorylation status of AKT 

at both sites it was found that fucoidan did not alter the phosphorylation of AKT on the Ser473 

site in APL cells, but it down-regulated the phosphorylation of AKT on the Thr308 residue as 

indicated. 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. Analysis of the signal transduction pathways involvement in fucoidan-
mediated apoptosis by Western blot. NB4 cells were treated with 50 µg/mL fucoidan for 24 
hours. Protein expression and phosphorylation levels of ERK and AKT were analysed using 

specific antibodies. The cytoplasmic protein β-actin was used as loading control. 
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3.3.3.7 Cellular Signalling and Fucoidan  

To investigate whether fucoidan enters into the cells or functions as an extracellular stimulus, 

NB4 cells were pre-treated with various concentrations of monensin, an endocytosis blocker, 

for 2 hours following treatment with fucoidan for 24 hours. Cell proliferation was analysed 

using WST-8 proliferation assay. It was observed that the endocytosis blockage did not prevent 

the NB4 cell growth inhibition induced by fucoidan (Figure 3.20). However, since the 

endocytosis blocker itself had growth-inhibitory effect and reduced the proliferation of NB4 

cells, the obtained combined-(fucoidan+blocker)-treated-cells data were normalised according 

to blocker only-treated cells. After normalization, no significant difference was observed 

between fucoidan-treated cells with or without pre-treatment with endocytosis blocker (Figure 

3.21). Pre-treatment with endocytosis blocker did not restore the reduced cell proliferation 

caused by fucoidan. 
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Figure 3.20. WST-8 proliferation assay in NB4 cells pre-treated with endocytosis 
blocker; monensin. NB4 cells were pre-treated with an endocytosis blocker for 2 hours 

following treatment with fucoidan for 24 hours. Cell proliferation was assessed using WST-8 
proliferation assay. Mean ± SEM of at least three replicates is shown. Statistical significance 

was determined by two-way ANOVA, followed by Bonferroni post-test. 
 (***: p ≤ 0.001, *: p≤ 0.05) 
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Figure 3.21. WST-8 proliferation assay in cells pre-treated with endocytosis blocker, 
monensin, after data normalization. NB4 cells were pre-treated with an endocytosis 

blocker for 2 hours following treatment with fucoidan for 24 hours. Cell proliferation was 
assessed using WST-8 proliferation assay. The data were normalised according to blocker-
only-treated cells. Mean ± SEM of at least three replicates is shown. Statistical significance 

was determined by two-way ANOVA, followed by Bonferroni post-test.  
(***: p ≤ 0.001, **: p≤ 0.01*: p≤ 0.05) 
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3.4 Discussion 

Analysis of the tumour inhibitory effect of fucoidan in various types of AML revealed that 

fucoidan specifically inhibited the growth of the APL cell lines NB4 and HL60. The growth-

inhibitory potential of fucoidan in APL cells was mainly due to activation of caspases and 

inactivation of pro-survival signalling pathways. The data presented here also shows the 

differing activity of fucoidan from different sources. 

 

3.4.1 Fucoidan Metabolism and Variable Activities of Fucoidan from 

Different Sources 

Despite the promising findings about the anti-cancer effect of fucoidan, there are still 

challenges impeding utilization of fucoidan in the clinic. The overall review of the literature 

demonstrates wide variability of the effects of fucoidan in different studies. The differences 

and the controversies between the results mainly stem from the variable nature of fucoidan 

(including its structure and molecular weight) depending on its source, amongst other factors.  

In this thesis, fucoidan extracts from various sources revealed different activities. The purified 

fucoidans from two seaweed sources (U. pinnatifida and F. vesiculosus) supplied by Marinova 

Pty. Ltd. did not affect cell proliferation and DNA content even at the very high doses of 2 

mg/mL. In contrast, the fucoidan from F. vesiculosus from Sigma-Aldrich Co. highly inhibited 

the growth of AML cell lines. 

It is well known that the difference in molecular backbone structures of fucoidan extracts can 

result in differences in their bio-properties. Fucoidan structure differs depends on various 

factors such as the harvest season, seaweed sources, the parts of the plant, extraction and the 

purification methods used and the stage of development of the algae. The fucoidan extract from 

F. vesiculosus supplied by Sigma-Aldrich Co. is prepared by dissolving the crude fucoidan in 

deionised water, acidified to precipitate algenic acid, centrifuged, filtered and lyophilised 

whereas Marinova Pty. Ltd. supplied fucoidans are extracted using a cold water technique. We 

believe that differential structural changes observed in the composition analysis of different 

fucoidans could have been due to different extraction methods.  

Sulphate content has the most essential role in bioactivity of fucoidan. The use of de-sulphated 

and over-sulphated fucoidan with the sulphate content varying from 6% to 41% has shown that 
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the minimum necessary sulphate content for anti-proliferative activity of fucoidan against 

CCL39 fibroblast cells is 20% (227). Here, fucoidans from both sources had almost similar 

amount of near 27% sulphate, as a result sulphate content cannot be the reason for the 

differential results. The position of sulphate groups in the molecule structure has also a key 

role in the function of polysaccharides (228), which was not analysed in this study.  

Molecular weight is another factor which plays role in fucoidan bioactivity. Here, the MW for 

purified fucoidan from U. pinnatifida from Marinova Pty Ltd. was three times more than that 

of the fucoidan from F. vesiculosus from Sigma-Aldrich Co. (60 kDa vs 20 kDa). Cho and 

colleagues produced three fucoidan fractions with molecular weights of <5, 5–30 and >30 kDa 

and compared their anti-cancer activity in vitro. Interestingly, the F5-30K revealed the most 

tumour growth inhibitory effect despites the sulphate amount in F<5K was greater than that of 

two other fractions (229). 

Another significant difference between Sigma-Aldrich Co. and Marinova Pty Ltd. supplied 

fucoidans was presence of significantly higher amount of uronic acid in the structure of 

fucoidan from Sigma-Aldrich Co. (more than 4 fold). Uronic acids are acidic carbohydrates, 

structurally similar to monosaccharaides -except having carboxyl group (COOH) instead of 

CH2OH radical in monosaccharaides (230)-, and can be located in the repeating units of 

polysaccharides (231). Uronic acids are stable structures in the fucoidan molecule and can be 

prevalently bound to sulphate groups. Different studies have indicated a critical role for uronic 

acid in the biological activity of polysaccharides (232). In addition, due to the significance of 

uronic acid in polysaccharide functionality, new studies have attempted to assemble more 

active molecules by synthesis of uronic acid building blocks (233).  

Rosenberg et al. (234) compared the structure of highly active and relatively inactive 

preparations of heparin, a sulphated polysaccharide which has marked structural and functional 

resemblance to fucoidan (235), and showed that the highly active heparin contained a greater 

number of uronic acid residues than the relatively inactive substance. In addition, in highly 

active heparin, a large number of non-sulphated uronic acid residues were located in a 

restricted region of the molecule or at penultimate positions within the polysaccharide chain, 

whereas the sulphated uronic acids presented in the main structure. In another study, the anti-

tumour activity of 31 different polysaccharides isolated from a brown seaweed against Ehrlich 

carcinoma was tested in mice. Among those, only L-fucan and fucoidan containing 



Chapter 3                                                                             Cytotoxic Effects of Fucoidan on AML Cells 

 

 

Page 106 

 

approximately 10% uronic acid exhibited anti-tumour potential (236). Here, the amount of 

uronic acid in Marinova Pty. Ltd. supplied purified fucoidan from U. pinnatifida was near 1.5% 

compared to 6% in Sigma-Aldrich Co. supplied fucoidan from F. vesiculosus. Although the 

position of sulphate and uronic acid on fucoidans’ structure was not examined in this study, the 

significantly low amount of uronic acid in purified fucoidan molecule from Marinova Pty. Ltd. 

might explain its inactivity.  

One factor that can make the results challengeable is the presence of 3.9% polyphenol in the 

fucoidan from Sigma-Aldrich Co. Polyphenol is a phytochemical widely distributed in plants 

including marine plants such as seaweeds and is reported to have anti-oxidant and cytotoxic 

effects (237). As purification of the product was not carried out, it is not clear how much the 

presence of 3.9% polyphenols could have interfered with the cytotoxic effects of the fucoidan. 

Another important unanswered question is that whether fucoidan penetrates into the cell and 

directly performs its activities or remains outside of the cells and exerts its functions through 

attachment to surface receptors and downstream molecules. To answer to this question, cells 

were pre-treated with an endocytosis blocker (monensin) to prevent the entrance of fucoidan 

into the cells. The cell proliferation was then analysed 24 hours after treatment with fucoidan. 

Upon NB4 cell treatment with monensin (alone or in combination with fucoidan), it was 

observed that the monensin itself decreased the NB4 cell proliferation. Monensin is a 

monovalent ion-selective ionophore that prevents the internalization of a variety of ligands. It 

also acts as a Golgi apparatus plug and interferes with vesicular transport. It is established that 

monensin decreases cell proliferation and induces cell death through mitochondrial damage 

and dilatation of the Golgi apparatus in various tumour cells (238). Park et al. showed the 

antiproliferative effects of monensin through cell cycle-related proteins such as p27 in AML 

cell lines (239). Data obtained in this project is consistent with these findings. Similar to 

monensin, fucoidan induces apoptosis via different apoptosis and cell cycle related proteins. 

This may explain the enhanced reduction of cell proliferation in NB4 cells when they were co-

treated with both fucoidan and monensin. 

The data represented here showed that the endocytosis blocker did not restore the apoptosis 

mediated by fucoidan. Since the monensin itself had growth inhibitory effect, the combination 

data were normalised accordingly and yet still endocytosis blockage did not restore the reduced 

cell proliferation by fucoidan suggesting that fucoidan’s action is not associated with its 
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entrance into the cell. Nevertheless, since hydrophobicity of the molecule plays a crucial role 

in its transport across the membrane I believe that this result is not strong enough to conclude 

that fucoidan does not enter the cells and performs its action via surface receptors and 

downstream molecules. In 2002, Deux et al. evaluated the internalisation of LMW fucoidan 

into rabbit smooth muscle cells (SMCs). Fucoidan was shown to be internalised by endocytosis 

at 6 h and the number of vesicles containing fucoidan increased in the peri-nuclear region at 24 

h. However, they did not observe fucoidan’s nuclear internalisation at any time during the study 

(150). In contrast, Kimura et al. investigated the transport of a native fucoidan from 

Cladosiphon okamuranus (MW: 80 kDa) and reported a poor permeation of fucoidan across 

the human colon adenocarcinoma Caco-2 cell monolayer (151). To investigate this further, it 

is suggested that the penetration of fucoidan be analysed using high-performance liquid 

chromatography (HPLC) in whole cell lysate after treatment with fucoidan. This could also be 

assessed using cell imaging system when an antibody against fucoidan becomes available.  

 

3.4.2 Cytotoxic Effects of Fucoidan on different AML cells 

In this chapter, the examination of tumour inhibitory effect of fucoidan in various types of 

AML showed that fucoidan specifically induced apoptosis in APL cell lines (NB4 and HL60), 

but not other AML cell lines. HL-60 cells are negative for t(15;17) whereas NB4 cells are 

positive for t(15;17). The induced cell death was observed in both cell lines indicating that the 

translocation t(15;17) is not required for fucoidan activity.  

Induction of apoptosis is one of the key pathways exploited by anti-cancer agents and is 

activated through either the extrinsic pathway which is activated by a death receptor located on 

the cell membrane or the intrinsic pathway which is activated by Bcl-2 family followed by 

downstream mitochondrial signals. Kim et al. and Lee et al. reported that fucoidan from a 

similar source as ours induced tumour cells apoptosis via activation of caspases (167, 240). In 

contrast, Costa et al. demonstrated that the apoptosis mediated by fucoidan (from Sargassum 

filipendula) in Hela cells was caspase-independent (172). Zhang et al. however reported that 

fucoidan from Mozuku increased activation of caspase 9 only and not caspases 7 or 8 in MCF-

7 breast cancer cells (160). These results imply that the action of fucoidan is highly dependent 

on cell type and fucoidan source. In this thesis, fucoidan activated caspase 8 and this was 

correlated to activation of death receptor DR5 (TNF-related apoptosis-inducing ligand 
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(TRAIL) receptor II). Caspase 9 was also activated by fucoidan’s action and this was correlated 

with upregulation of the pro-apoptotic molecule Bax.  The pan-caspase inhibitor, Z-VAD-fmk, 

significantly prevented fucoidan-mediated apoptosis, suggesting that caspases are essential in 

fucoidan-induced apoptosis. Taken together, fucoidan induces apoptosis in APL cells through 

both intrinsic and extrinsic pathways. 

The cyclin dependent kinase inhibitor P21/WAF1/CIP1 is a negative cell-cycle-regulatory 

protein. Transcriptional activation of P21/WAF1/CIP1, either p53-dependent or independent, 

inhibits the accumulation of cyclin-CDK complexes and therefore causes G1/S and G2/M 

arrest. The cell cycle arrest caused by P21/WAF1/CIP1 has also been shown to stimulate the 

cleavage of caspase 9 resulting in apoptosis within the cell (241). Data presented here 

demonstrated that fucoidan led to accumulation of P21/WAF1/CIP1 in APLL cells. This is 

supported by others (163, 166) who have demonstrated the involvement of fucoidan in 

P21/WAF1/CIP1 upregulation in prostate and bladder cancer cell lines, respectively. 

MAPK and PI3/AKT are key components of the signalling pathways involved in cell 

proliferation and transmit signals through enzymes such as Raf, MEK, ERK and AKT (155). 

Since fucoidan has been shown to target cell survival and apoptosis processes, it is 

hypothesised that the mechanism of action is inducing changes in the activation of signalling 

pathway molecules. Here, expression and activation of two kinases involved in these key 

signalling molecules were evaluated; ERK and AKT in the MAPK and P13K pathways 

respectively. Fucoidan reduced activation of both enzymes through hypo-phosphorylation, but 

it did not alter their total expression levels. 

PI3K/AKT is a signal transduction pathway whose activation mediates multiple biological 

processes such as cell survival, growth and proliferation and inhibits apoptosis. AKT is one of 

the key enzymes in this pathway and, as mentioned, fucoidan suppressed AKT activation, 

leading to cell death. Our findings regarding the observed inactivation of AKT are similar to 

those of others (171, 242). It has also been reported that AKT over-activation is associated with 

drug resistance, tumour cell survival and migration (243). AKT activation occurs following 

phosphorylation of two different residues: Thr308 (in the activation loop) and Ser473 (in the 

C-terminal hydrophobic motif). Activation of Thr308 and not Ser473 correlates with poor 

prognosis in AML (244). The analysis of the phosphorylation of AKT in both Thr308 and 

Ser473 residues indicated that fucoidan did not alter the phosphorylation of AKT on the Ser473 
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site in APL cell lines, but it down-regulated the phosphorylation of AKT on the Thr308 residue. 

This is the first study that has reported a selective effect of fucoidan on AKT phosphorylation 

sites.  

In this study, fucoidan markedly inactivated ERK. Studies by Patel et al. and Aisa et al. also 

showed that the anti-mitogenic property of fucoidan is mediated by hypo-phosphorylation and 

deactivation of ERK1/ERK2 in vascular smooth muscle cells and in human lymphoma cells, 

respectively (155, 182). In contrast, Hsu and colleagues proposed that fucoidan causes ERK 

activation rather than inactivation (190). It is known that the ERK signalling pathway is 

complex and induces a range of different responses including cell proliferation, differentiation, 

migration and even apoptosis depending on cell type, the type of stimulus and duration of 

activation. For instance, it is generally believed that the ERKs progress cell proliferation in 

most types of cells, while in some studies, the ERKs have shown pro-apoptotic (and not 

mitogenic) influences on renal cell lines (245). In contrast to this thesis, Jin and colleagues 

reported activation of ERK in NB4 and HL60 cells (170). It should be highlighted that duration 

of activation and timing are the main variables in signal transduction pathways studies. ERK 

activation was measured after 24 hours but in the study by Jin et al., the ERK activation was 

measured after only 15 minutes.  

In contrast to APL cell lines, fucoidan did not induce apoptosis in the AML cell lines KG-1a 

and K562. This cell-type specific growth inhibitory activity of fucoidan has been previously 

reported. Fukahori et al. examined 6 different hepatocarcinoma cell lines revealing selective 

and differing inhibitory effects of fucoidan (169). Cell lineage and maturation stage of 

haematopoietic cells are governed by altered regulation and differential expression of sets of 

genes in different pathways and these differences are likely to affect the cell response to drugs. 

The CD34+/CD38- cells isolated from both K562 and KG-1a cell lines are reported to have less 

phosphorylated p38 MAPK than those isolated from human cord blood (246). It has been 

suggested that this reduced phosphorylation of p38 may reduce the sensitivity of these cell 

types to activation of apoptosis. Xiao et al. showed that modification of p38 through over-

phosphorylation induced growth arrest and apoptosis in both K562 and KG-1a cell lines (246). 

Previously published studies have also reported that fucoidan induces apoptosis in monocytic 

U937 cells through p38 activation (247). Here, it is hypothesised that lower phosphorylation 
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of p38 in K562 and KG-1a cell lines could possibly protect them against the anti-tumour 

activity of fucoidan. 

In agreement with data obtained here, Jin et al. also reported that fucoidan does not induce 

apoptosis in K562 cells (170). However, the cell proliferation study in this project revealed that 

fucoidan slightly decreased proliferation of K562 cells after 48 hours. To investigate this 

further, the DNA content was analysed and a marked increase in G0/G1 cell population was 

found in treated K562 cells. This indicates that fucoidan induces cell cycle arrest without 

switching on the apoptosis pathway in this cell type. Unlike the NB4, HL60 and K562 cell 

lines, the undifferentiated AML cell line KG-1a was resistant to the growth inhibitory function 

of fucoidan. In DNA content analysis, fucoidan induced neither cell cycle arrest nor sub G0/G1 

dead cell population.  

In summary, it is concluded that fucoidan’s action against tumour cells is cell-type specific and 

further that APL cells showed higher response to fucoidan. Fucoidan was found to reduce the 

activation of ERK1/2 and AKT in APL cells and induce the activation of caspases 8, 9 and 3 

where fucoidan’s action was attenuated using a pan-caspase inhibitor. 
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4.1 Introduction 

Seaweed, a common food source in Asian countries, is rich in bioactive metabolites such as 

poly-phenols, sulphated polysaccharides (fucoidan and laminarin) and primary carotenoid 

(fucoxanthin). Epidemiological and experimental evidence supporting the protective effect of 

these active ingredients against cancer development have been growing in the last three decades 

(248-251). Epidemiological studies have supported this with reports of low risk and mortality 

from certain types of cancers in populations with daily consumption of seaweeds.  

Japanese women with regular seaweed consumption are reported to have 1/3 the rate of 

premenopausal and 1/9 the rate of postmenopausal breast cancers (252). The risk of cancer 

between seaweed- to non-seaweed-consuming American postmenopausal women has been 

also evaluated in a clinical trial (253). In this study, consumption of 5 g / day brown seaweeds 

for duration of one month resulted in 50% reduction in systematic concentration of the Uri-

kinase receptor (uPAR) whose overexpression is associated with higher risk of cancer and 

tumour cell invasion and metastasis (254). 

The anti-cancer activities of the dietry seaweed have been further explored. Teas et al. reported 

a significant delay in adenocarcinoma development in female rats fed with dietary Seaweed 

(Laminaria) (188). In 1991, Furusawa et al. investigated the prophylactic activity of a dietary 

seaweed Undaria pinnatifida extract, referred as Viva-Natural, against Rauscher murine 

retrovirus-induced erythroleukaemia (255) which is characterised by development of 

splenomegaly within 2-3 weeks after virus inoculation. They pre-treated mice with IP 

administration of seaweed extract on day 3 or day 1 or 1 hour prior to virus inoculation and 

analysed the leukaemia progression on day 21. Pre-treatment on 3 days prior to inoculation 

significantly inhibited the growth of leukaemic cells. Pre-treatment with the extract was not 

effective on tumour growth when administrated on day -1 or 1 h before virus inoculation (256). 

It has been subsequently found that fucoidan is the main brown seaweed ingredient which 

possessed tumour inhibitory effects. Despite the reported anti-tumour activity of fucoidan in 

different types of cancers, very little in vivo work has focused on protective activity of fucoidan 

against cancer development; but rather has focused on its therapeutic effects after tumours have 

been established in animals.  
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Several theories have been proposed about prophylactic activity of fucoidan. One hypothesis 

is its anti-oxidant activity. The association between oxidative stress involving active states of 

oxygen and tumourigenesis process is well established (257). Oxidative stress agents, or free 

radicals such as reactive oxygen species (ROS) and reactive nitrogen species (RNS) (e.g. 

hydrogen peroxide and nitric oxide) are highly reactive chemicals that harm cells through 

damaging lipids, proteins and DNA (258). Antioxidants function as free radical scavengers and 

protect cells against oxidative damages. Rocha de Souza et al. study has shown that fucoidan 

exhibits the highest antioxidant and superoxide radical scavenging activity amongst different 

polysaccharides derived from brown seaweeds (259). In vitro and in vivo evidences have also 

indicated that fucoidan prevented the free radical synthesis, reversed the oxidative damages 

and restored the increases in free radicals in the spleen tissue caused by oxidative agents (260). 

 The second hypothesis arises from the demonstrated immunomodulatory activity of fucoidan 

(261). Fucoidan enhanced the anti-tumour immune response through various pathways 

including increased phagocyte activity of macrophages (262), enhanced functional maturation 

of dendritic cells (263), and increased number of NK and cytotoxic T-cells (185). It also 

modulated the production of cytokines by immune cells. Interferon-γ (IFN-γ) is a cytokine that 

promotes the innate and adaptive immune responses and has a critical protective role against 

tumour development. Fucoidan markedly increased the intracellular level of IFN-γ in NK cells 

in vitro (264), and elevated secretion of IFN- γ in serum in vivo (187).  

The aim of this chapter was to investigate the prophylactic activity of fucoidan against human 

acute myeloid leukaemia development in mice. To determine the immunomodulatory activity 

of fucoidan was the second aim of this chapter. To address this, the splenic natural killer cell 

cytotoxicity activity was examined in mice that were orally pre-treated with fucoidan.  
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4.2 Experimental Design 

4.2.1 Analysis of Prophylactic Activity of Fucoidan in Vivo 

The acute promyelocytic leukaemia NB4 cells were selected as they were sensitive to fucoidan. 

NB4 cells provide a suitable model for xenograft human APL. Five to seven week old BALB/c 

athymic nu/nu mice were randomly divided into two groups; the control group (n=8) and the 

fucoidan group (n=9) (Table 4.1). The animals in the fucoidan group were daily fed with 150 

µg/g b.w. fucoidan from F. vesiculosus (Sigma-Aldrich Co.) mixed with peanut butter for two 

weeks (see Section 2.9.4.1). The control group was fed with the same amount of peanut butter 

mixed with vehicle (distilled water). The animal’s body weight was measured daily in both 

groups until the end of the study and doses were calculated daily according to body weight. 

After 14 days, NB4 cells were injected subcutaneously in the right flank of each mouse and the 

xenograft tumour appearance and growth were monitored daily. When the transplanted tumour 

volume reached 1000 mm3, the mice were humanely euthanised (see Section 2.9.7). Tumour 

volume doubling time and tumour growth rate were calculated for each mouse.  

Table 4.1. The Number and Gender of Mice Used for Prophylactic Study 

 Control Fucoidan 
Female 4 4 
Male 4 5 
Total 8 9 

 

4.2.1 Analysis of Immunomodulatory Activity of Fucoidan in Vivo 

To investigate the underpinning mechanism of the prophylactic activity of fucoidan on tumour 

growth, the immunomodulatory effect of fucoidan and its role in mice’s NK cell function was 

investigated. To do this, twelve 5-7 week old male BALB/c athymic nu/nu mice were randomly 

divided into two groups; the control group (n=6) and the fucoidan group (n=6). Animals were 

fed with 150 µg/g b.w. fucoidan (Sigma Co.) or distilled water in peanut butter (as described 

in Chapter 2). After 14 days, the mice were humanely euthanised with inhalation of CO2 and 

the cytotoxic activity of spleen NK cells was investigated using flow cytometry (see Section 

2.9.10). 
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4.3 Results 

(This section has been substantially published in Atashrazm et al. 2015 (221)) 

 

4.3.1 Oral Fucoidan Delayed the AML Appearance and Growth in Mice 

To analyse the protective activity of fucoidan on leukaemia development, 17 mice were pre-

fed with fucoidan followed by tumour cell injection and the effect of orally administered 

fucoidan on subcutaneous xenograft tumour development was examined. Three out of eight 

female mice including 1 in control group and 2 in fucoidan group did not develop tumour for 

up to 50 days. As a result the experimental animals were limited into 14 mice: 7 in each control 

and fucoidan group. No signs of toxicity were observed in mice fed with fucoidan. 

No significant difference was observed in body weight in animals and it slightly increased in 

both control mice and fucoidan mice; mean ± SD of body weight gain was 3.25±1.65 g and 

3.85±1.95 g in control and fucoidan groups, respectively (see Appendix D).  

Significant anti-tumour activity was observed in mice fed with fucoidan compared to the 

control (p≤0.001) (Figure 4.1). Following inoculation with NB4 cells the subcutaneous tumour 

mass appeared in less than 10 days in 5 out of 7 mice in the control group and 2 out of 7 mice 

in the pre-treated fucoidan group. The mean of doubling time for the tumour mass was 1.8 days 

in the control group compared to 4.64 days in the fucoidan group. The growth rate which is the 

number of volume doublings that occurred per day was also calculated. The mean of tumour 

growth rate was 0.37 in the control group and 0.23 in the fucoidan groups. 

The tumour size reached the end point in less than 12 days after tumour appearance in all mice 

in the control group compared to 1 mouse in the fucoidan group. Figure 4.2 shows the tumour 

mass at day 19 after tumour cell injection in two representative mice from fucoidan and control 

groups. Figure 4.3 compares the tumour volume in both groups at four-day intervals for up to 

12 days when all mice in control group were sacrificed. 
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Figure 4.1. Tumour appearance and growth in mice fed with vehicle or fucoidan. Mice were fed with fucoidan or vehicle for 14 days 
(n=7/group). NB4 cells were injected into mice and tumour volume was measured daily. Each line represents the daily tumour volume in one 

mouse in fucoidan group (green) and control group (red). 

* Due to tumour rupture, two mice (1/group) were sacrificed before the tumour size reached the end point.  
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Figure 4.2. Representative tumour mass at day 19 after NB4 cells injection. Mice were 
either fed with fucoidan or vehicle for 14 days. NB4 cells were then injected SC in the mice’s 
right flank. The images demonstrate the tumour mass in one mouse in each group at day 12 

after injection. 
 

 

 

 

 

Figure 4.3. tumour Volume in fucoidan and control groups at 4-day intervals. Mice were 
fed with fucoidan or vehicle for 14 days (n=7/each group). NB4 cells were injected into mice 
and tumour volume was measured daily. The tumour mass in all control mice reached the end 
point within 12 days after the tumour appearance. The columns and bars represent mean ± SD 

(***: p ≤0.001, *: p≤0.05). 
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4.3.2 Fucoidan Increased Splenic NK-cell Activity in Vivo 

Given our observation and the known immunomodulatory activity of fucoidan, it was 

hypothesised that fucoidan increases the cytotoxic activity of splenic NK cells when it is orally 

administrated. Twelve additional mice were fed with either fucoidan or distilled water (6 in 

each group) for 14 days and the mice were humanely euthanised and their spleen was removed. 

The viability of isolated splenic mononuclear cells (MNCs) was assessed using trypan blue 

exclusion and was more than 90% for all animals. 

To measure the ability of MNCs to lyse the NK cell-sensitive YAC-1 cells, the target YAC-1 

cells were first labelled with the fluorescent dye CellTrace™ Violet (CTV). As shown in Figure 

4.4A, YAC-1 cells 100% labelled with CTV was established before being used for the 

experiment. The CTV+ YAC-1 cells were then combined with effector MNCs at effector cells 

to target cells ratios of 3:1, 6:1, 12:1, 25:1, 50:1 and 100:1. Each sample was plated in triplicate 

and a control YAC-1 cell sample was included. After 4 hours incubation, the dead YAC-1 cells 

were measured using PI staining with flow cytometer. The amount of spontaneous dead YAC-

1 cells was measured in YAC-1 control wells only (Figure 4.4B). To calculate the specific 

YAC-1 cell lysis by NK cells, the amount of spontaneous dead YAC-1 cells in control wells 

was subtracted from the results of the experiments (Figure 4.4C). The results for one 

representative mouse in each group are shown in Figures 4.5 and 4.6.  

As shown in Figure 4.7, the cytotoxic activity of NK cells from the fucoidan group was higher 

than that of the control group in all six effector to target cells ratios (p=0.3). The difference 

was statistically significant at 50:1 and 100:1 effector:target cells ratio (p≤0.05, p≤0.001 

respectively). This result suggests that consumption of fucoidan can modulate the innate 

immune system by increasing the cytolytic activity of NK cells. 
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Figure 4.4. Flow cytomety histograms for NK cell cytotoxicity assay in one representative 
experiment. The YAC-1 cells were labelled with CTV and used as targets for splenic NK cells 
as effectors. Left histograms show cell population based on size (FSC) and granularity (SSC). 
Debris was excluded and the remaining cells were gated as “Gate A”. Middle histograms show 
PI versus CTV in “Gate A” population. The CTV+ cells were gated as “Gate B”. Right 
histograms show PI versus CTV in “Gate B” population. Results from this histogram were used 
for calculation.  

A) “CTV-labelled target cells only” without PI. This control was used to ensure all target 
cells were labelled with CTV. As shown in the middle graph, all YAC-1 cells were 100% 
labelled with CTV. The CTV+ cells were gated and used for NK cell-mediated cytotoxicity 
analysis. B) “CTV-labelled target cells only” with PI. The 0:1 effector to target cells were 
used as the minimum control cells. The amount of PI+ dead YAC-1 cells (green population) 
was calculated as spontaneous cell death. C) CTV-labelled target cells plus effector cells. 
Splenic mononuclear cells obtained from each mouse were added to the target cells. The 
amount of PI+ dead YAC-1 cells (green population) was calculated. The percentage of 
spontaneous dead cells was subtracted from these results.  

Red population: live target cells (CTV+/PI-), Green population: dead target cells (CTV+/PI+), 
Purple population: effector cells (CTV-) 
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Figure 4.5. NK cell cytotoxicty assay in one representative mouse in control group. Mice 
were fed with vehicle for 14 days (n=6). Splenic mononuclear cells were isolated and NK cell 
cytotoxicity was analysed using flow cytometry. The CTV+ YAC-1 cells were used as targets 
for splenic NK cells (effectors). The dead YAC-1 cells were analysed with PI staining. Each 
histogram demonstrates the live (red) and dead (green) YAC-1 cells in various dilutions of 
effector:target. To measure the spontaneous cell death, minimum control cells (0:1) containing 
target cells only were prepared. Results represent one of three replicates in 1 out of 6 mice. 

Red population: CTV+/PI- (live target cells), Green population: CTV+/PI+ (dead target cells) 
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Figure 4.6. NK cell cytotoxicty assay in one representative mouse in fucodian group. Mice 
were fed with fucoidan for 14 days (n=6). Splenic mononuclear cells were isolated and NK cell 
cytotoxicity was analysed using flow cytometry. The CTV+ YAC-1 cells were used as targets 
for splenic NK cells (effectors). The dead YAC-1 cells were analysed with PI staining. Each 
histogram demonstrates the live (red) and dead (green) YAC-1 cells in various dilutions of 
effector:target. To measure the spontaneous cell death, minimum control cells (0:1) containing 
target cells only were prepared. Results represent one of three replicates in 1 out of 6 mice. 

Red population: CTV+/PI- (live target cells), Green population: CTV+/PI+ (dead target cells) 
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Figure 4.7. Splenic NK cell cytotoxicity. Percentage of dead targets cells (YAC-1 cells) in 
mice fed with fucoidan (green) and control mice (red) were calculated (n=6/group). Data 

represent mean ± SD. Statistical significance was determined by two-way ANOVA, followed 
by Bonferroni post-test (***: p≤ 0.001, *: p≤0.05). 
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4.4 Discussion 

Data in this chapter presents evidence that fucoidan has protective effects against development 

of acute promyelocytic leukaemia in a xenograft mouse model. APL appearance and growth 

were significantly delayed in mice that were pre-fed with fucoidan. This was possibly through 

modulation of immune system as fucoidan enhanced cytolytic activity of NK cells in mice. 

4.4.1 Protective Effect of Fucoidan against AML development in Mice 

A large number of epidemiologic, animal and laboratory studies indicate that dietary factors 

play a key role in cancer prevention and progression. Several studies have associated 

consumption of seaweeds containing fucoidan with low risk of cancers (265). The preventive 

effect is highly related to the anti-inflammatory and immunomodulatory activities of this 

component. Herein, the prophylactic effects of fucoidan on an acute myeloid leukaemia mouse 

model were examined. Development of APL following NB4 cell inoculation was investigated 

in mice that were pre-fed with fucoidan and it was observed that fucoidan significantly 

protected mice against APL development. 

Few studies have shown that fucoidan inhibits the neoplastic transformation. In a study by Teas 

et al., a group of female Sprague-Dawley rats were fed with dietary seaweed (laminira) for 34 

days and then were given carcinogen 7,12-dimethylbenz(a) anthracene. Feeding was continued 

per day for the entire period of the study. The animals were monitored for 26 weeks and the 

rate of tumour development was examined. Experimental rats showed a significant delay in 

tumour appearance; the median time from carcinogen administration until first tumour 

appearance was 19 weeks in the seaweed-fed rats and 11 weeks in the control rats (253). The 

delayed tumour appearance observed in Teas et al. study is similar to results in this Chapter. 

Although mice were treated for a shorter period of time than their study and feeding was not 

continued after tumour inoculation, fucoidan still could protect the animals against tumour 

development. 

In a recent study by Huang et al, oral administration of fucoidan prophylactically alleviated 

cachectic symptom of lung carcinoma (266). In their study inoculation of Lewis lung 

carcinoma cells in mice resulted in body weight loss in tumour-bearing animals compared to 

non-bearing-tumour control mice. But mice orally fed with fucoidan (1 or 3 mg /mouse) had 

significant increase in the body weight compared to tumour-bearing mice receiving water. In 
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this thesis, there was no significant difference in body weight, and animals in both control and 

fucoidan groups slightly gained similar amount of weight during the study. Difference between 

these results and those of Huang et al. study may be due to various tumour model used as they 

established systematic tumour through IV injection of tumour cells while the model developed 

here was a subcutaneous transplanted tumour. 

Data presented in this chapter of thesis showed that the utilised animal model had some 

limitations as 37.5% of female mice (3 out of 8) did not develop tumours. Prior to commencing 

the main experiments and to investigate whether xenograft transplantation with human NB4 

cells would be feasible in nude mice, 5 female mice were obtained and injected subcutaneously 

with NB4 cells (Data not shown). It was demonstrated that 40% of mice (2 out of 5) from that 

batch also did not develop tumour for up to 3 months. In contrast, the xenograft transplantation 

in male mice was 100% successful and all mice grew tumour within 7-14 days. Due to these 

observations, the experiments evaluating the immunomodulatory activity of fucoidan were 

conducted on male mice only. The reason behind the tumour establishment failure in female 

mice is not clear to us. Several studies have used female nude mice for establishment of 

different types of cancers including NB4 cells (267, 268). In a report by Zhang et al., NB4 cell 

transplantation into nude mice was unsuccessful in their unpublished data (269). However, they 

did not report whether or not the unsuccessful tumour growth was sex dependent. The 

hormone-rich environment presenting in females might be one of the factors that affected the 

NB4 cell growth. Moreover, some nude mice have been shown to have extra-thymic T-cells, 

which can affect the tumour development. Hence optimization assays are suggested for cancer 

research using xenograft transplantation in nude mice. Moreover, it is suggested that using 

NOD-SCID mice (non-obese diabetic-severe combined immunodeficiency) might be a better 

choice for xenograft models as they lack T-cells, B-cells and NK cells. 

4.4.2 Immunomodulatory Activity of Fucoidan in Vivo  

To evaluate the mechanisms underpinning the delayed tumour growth in mice pre-fed with 

fucoidan, the immune system was examined in mice as it is pivotal for cancer development. 

In a recent study, Zuo and colleagues examined immune system in mice orally fed with 

fucoidan (270). They examined the intestinal tissue samples from mice being fed with fucoidan 

and reported that dietary fucoidan markedly increased the mRNA level of IL-6 and IL-10. In 
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addition, a significant increase in IgA expression was observed in intestinal samples, which 

probably occurred upon upregulation of the aforementioned cytokines.  

Recently, Zhang et al. showed that IP injection of 50 µg/g b.w. fucoidan significantly increased 

the percentage and cell number of NK cells in C57BL/6 mice (264). Here, we also investigated 

the effect of fucoidan on NK cells which are the key component of body’s innate immune 

system. Although, the focus of this thesis was on the effects of fucoidan on NK cell function.  

Although athymic nude mice lack T-cells, they have functional NK cells. NK cells are a subset 

of lymphocytes, characterised by their ability to kill tumour cells spontaneously. Data 

presented showed that the cytolytic activity of NK cells in mice that were fed with fucoidan for 

two weeks significantly increased compared to the control group. This was shown by the 

amount of dead target cells in fucoidan group which was higher than that of the control group 

in all six effector:target cells ratios with a maximum of 1.6 fold at 100:1 ratio. Maruyama et al. 

have similarly reported higher NK cell activity in fucoidan-treated mice. Although, they report 

2.3 fold higher than the control group which could be as a result of the different route of 

administration as they injected 50 µg/g b.w. of fucoidan intraperitoneally (271). 

NK cells mediate their anti-cancer function through cytokine production and also by regulating 

cytokine production of other immune cells. IFNγ is a major anti-cancer cytokine produced by 

immune cells such as T-cells and NK cells, and itself modulates NK cell function. A clinical 

trial has shown that the amount of IFNγ producing immune cells increased to 114% in 

individuals given a fucoidan mix orally for 30 days. In a recent in vitro study, fucoidan 

treatment activated NK cells and stimulated the production of IFN-γ by them (264). These data 

support the involvement of activated NK cells –and potentially through increased IFNγ- in 

delaying the tumour growth in the in vivo experiments in this thesis. 

In conclusion, it was found that consumption of fucoidan even over a very short time period 

could protect the animals against APL development and growth and suggested that fucoidan 

intake has a prominent effect to enhance the immune cell activity and to eliminate the tumour 

cell development. 
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5.1 Introduction 

Although therapeutic strategies using ATRA plus anthracycline-based chemotherapy increases 

the cure rate in majority of new cases of APL, potential short-term and long-term side effects 

are reported (272). Hyper-leucocytosis and differentiation syndrome (DS) are some short-term 

sequelae (273), and extra-medullary diseases at the recurrence (274), secondary cancers such 

as myelodysplastic syndrome (275), and delayed cardiomyopathy (276) are examples of the 

long term side effects.  

Arsenic trioxide (ATO) is the most active single agent in APL treatment. Single administration 

of ATO induces complete remission in approximately 85-90% of the patients (277, 278). 

Currently, ATO is administrated for refractory or relapsed APL, or older patients who are 

unable to tolerate anthracycline-based therapies (38). However, clinical trials are under way to 

evaluate if revised strategies incorporating ATO in the treatment of newly diagnosed cases of 

APL could possibly prevent the above mentioned complications caused by 

ATRA+chemotherapies. 

ATO acts through multiple mechanisms. It induces apoptosis, inhibits proliferation and 

angiogenesis and stimulates cell differentiation (279). Interestingly, ATO has a dose-dependent 

dual effect on abnormal promyelocytes; at high concentrations of 0.5-2 µM, ATO induces 

apoptosis in malignant promyelocytes, while at low doses of 0.1-0.5 µM, it induces partial 

differentiation (32). Apoptosis is mediated by down regulation of the anti-apoptotic molecule 

Bcl-2 expression both at mRNA and protein level, disruption of mitochondrial transmembrane 

potentials ( m), induction of accumulation of ROS and modulation and degradation of the 

PML-RARα hybrid protein (280).  

Administration of ATO has been linked with several mild to moderate haematologic and non-

haematologic side effects. ATO is reported to induce leucocytosis in about 50% of the cases 

and also mild to severe hepatic toxicities in a large number of the patients (281, 282). Similar 

to ATRA, its usage can cause development of the potentially fatal complication, DS, 

characterised by fever, acute respiratory distress, acute renal failure and potentially death (273). 

In spite of its high efficacy in induction of complete remission in a majority of the patients 

(283), the 2-year disease free survival remains quite low (42%) in refractory patients (282). 
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Therefore, it is of interest to develop complementary treatment strategies which increase the 

efficacy of current treatment while minimizing the toxicities.  

This dissertation has outlined the potential advantages of natural products, and the growing 

interest in their anti-cancer activities. Due to their multi-functional properties, natural products 

are also being tested as adjuvants for use in synergy with chemotherapeutic agents.  

In recent years, there is an emerging body of work investigating the combined effects of 

fucoidan with standard anti-tumour agents. For example, fucoidan from Saccharina 

cichorioides was reported to synergise with the anti-tumour activity of low dose resveratrol on 

the invasive and highly motile HCT 116 colon cancer cell line (195). In a xenograft 

transplantation study, the effect of fucoidan alone or in combination with cyclophosphamide 

was examined on tumour growth. Nine days after the injection of Lewis lung carcinoma cells 

into C57BL/6 mice, fucoidan from Fucus evanescens was administered to animals alone or 

combined with cyclophosphamide. The fucoidan group showed marked anti-tumour (33% 

tumour growth inhibition) and anti-metastatic (29% reduction of the number of metastases) 

activities. Although fucoidan did not exhibit a synergistic effect with cyclophosphamide on 

primary tumour growth, but significantly decreased the lung cancer cell metastasis (284). 

In Chapters 3 and 4 of this thesis, fucoidan was shown to possess antiproliferative activities in 

human APL cell lines both in vitro and in vivo. It is postulated that the induction of apoptosis 

by ATO is via mitochondrial dysfunction and further cleavage of PARP1 which is a crucial 

enzyme involved in DNA repair (285). In Chapter 3, fucoidan was shown to induce apoptosis 

through a caspase-dependent mechanism and further inactivation of PARP-1 in the acute 

promyelocytic leukaemia NB4 and HL60 cell lines. Both fucoidan and ATO cleave PARP-1 

but through two different pathways, therefore it was hypothesised that the combination of these 

two agents could synergistically enhance apoptosis in APL cells and that fucoidan may 

potentiate the anti-tumour activity of the APL standard treatment ATO. 
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5.2 Experimental Design 

5.2.1 The synergistic Effect of fucoidan with ATO in APL Cell Apoptosis in Vitro  

The chromosomal t(15;17) translocation positive human APL cell line NB4 was treated with 

low concentration of fucoidan from F. vesiculosus (10 and 20 µg/mL) alone, ATO alone (0.25, 

0.5, 1 µM) or combination (see Section 2.2). After 48 hours, cell proliferation and apoptosis 

were analysed using WST-8 proliferation, Annexin V/PI, DNA fragmentation and cell cycle 

assays (see Sections 2.3 to 2.6).  

The non-APL Kasumi-1 AML cell line was used as control and similarly treated as described 

above for up to 96 hours. Cell proliferation was assessed using the colorimetric WST-8 cell 

proliferation assay (see Section 2.4). 

 

5.2.2 The Synergistic Anti-Tumour Activity of fucoidan with ATO in APL-Bearing 

Mice 

An optimization experiment was performed to determine the route and the dose of fucoidan 

administration. A subcutaneous xenograft tumour was established in 14 female BALB/c nu/nu 

athymic mice (see Section 2.9.5) and fucoidan was delivered with different doses (high and 

low) and routes (IP and IV) once tumours was appeared. The best route and dose were selected 

for the rest of the experiments in chapters 5 and 6 of the thesis. 

To examine the anti-tumour effects of fucoidan and its synergy with ATO, 28 mice (n=7/group) 

were randomly divided into four treatment groups; the control, fucoidan, ATO and 

fucoidan+ATO. A subcutaneous xenograft tumour was established by injecting NB4 cells in 

the right flank of mice (see Section 2.9.5). Treatment was commenced following tumour 

appearance at the following doses: 100 µg/g body weight (b.w.) fucoidan, 2.5 µg/g b.w. ATO 

or in combination, daily. The control group was treated with IP injection of vehicle (sterile 

PBS). Mouse weight and tumour volume were measured daily. Once tumour volume reached 

1000 mm3, this time point was considered as the end point and the mice were humanely 

euthanised with inhalation of CO2 (see Section 2.9.7). Tumour volume doubling time was 

calculated for each mouse. 
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5.3 Results 

5.3.1 Fucoidan Increases the Anti-proliferative Activity of ATO in APL Cells 

in Vitro. 

The acute promyelocytic leukaemia NB4 cell line was treated with fucoidan plus clinical and 

sub-clinical doses of ATO for 48 hours, and cell proliferation and apoptosis were evaluated 

using different assays. 

NB4 cell proliferation was significantly decreased when cells were co-treated with fucoidan 

and ATO, compared to single treatment with either agents (Figures 5.1, 5.2). The decreased 

proliferation was observed in both low (0.25, 0.5 µM) and clinical doses of ATO (1 µM).  

At lowest dose of 0.25 µM ATO, combination of 10 µg/mL fucoidan with ATO resulted in 

decreased cell proliferation to approximately 80%. Whereas combination of 20 µg/mL of 

fucoidan with ATO reduced the cell proliferation to near 60%. According to the results 

obtained, fucoidan at the concentration of 20 µg/mL was used for the rest of the apoptosis 

experiments. 

In the clinic, ATO is only used for treatment of acute promyelocytic leukaemia and not for 

other sub-types of AML as it is not effective in treatment of other subtypes (286). To examine 

whether the ATO activity observed was specific to APL cells, the non-APL t(8;21) positive 

AML Kasumi-1 cell line was similarly treated with ATO plus fucoidan. Neither combined 

fucoidan+ATO nor single treatment with fucoidan and ATO decreased the proliferation of 

Kasumi-1 cells and the percentage of viable cells in all groups remained at >80% for up to 96 

hours (Figure 5.3).   

To investigate whether the reduced cell proliferation in NB4 cells was due to cell death or cell 

cycle arrest, the DNA content of the NB4 cells treated with fucoidan+ATO was analysed using 

flow cytometry. The amount of the sub-G0/G1 population, which represents dead cells, 

significantly increased when cells were treated with fucoidan+ATO compared to ATO alone 

at both therapeutic and sub-therapeutic doses (p≤0.001) (Figure 5.4). Table 5.1 displays 

distribution of all cell cycle phases in NB4 cells. 
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Figure 5.1. Inhibitory effects of ATO plus 10 µg/mL fucoidan on APL cell proliferation.  
NB4 cells were treated with low to high doses of ATO with or without fucoidan for 48 hours 
and cell proliferation was evaluated using the WST-8 assay. Mean ± SEM of at least three 

replicates is shown. Statistical significance was determined by two-way ANOVA, followed 
by Bonferroni post-test (***:p≤ 0.001, *:p≤ 0.05). 
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Figure 5.2. Inhibitory effects of ATO plus 20 µg/mL fucoidan on APL cell proliferation.  
NB4 cells were treated with low to high doses of ATO with or without fucoidan for 48 hours, 

and cell proliferation was evaluated using the WST-8 assay. Mean ± SEM of at least three 
replicates is shown. Statistical significance was determined by two-way ANOVA, followed 

by Bonferroni post-test (***: p ≤ 0.001). 
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Figure 5.3. Inhibitory effects of ATO combined with fucoidan on non-APL Kasumi-1 
cell proliferation.  Kasumi-1 cells were treated with low and high doses of ATO with or 

without 20 µg/mL fucoidan, and cell proliferation was evaluated using WST-8 assay after 96 
hours. Mean ± SEM of at least three replicates is shown. Statistical significance was 

determined by ANOVA, followed by Tukey’s multiple comparison test. 
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Table 5.1. Cell cycle phase distribution. NB4 cells were treated with various doses of ATO 
with or without fucoidan (20 µg/mL), and DNA content was assessed using flow cytometry 

after 48 hours. Data represents mean ± SEM of at least three replicates. 

 

 

  Sub G0/G1 G0/G1 S Mitosis 

ATO 

0.25 µM 

Control 1.93 ± 0.30 42.46 ± 1.39 22.34 ± 0.06 31.67 ± 1.34 

Fucoidan 18.34 ± 1.75 28.66 ± 1.42 22.38 ± 2.70 29.18 ± 3.38 

ATO 2.73 ± 1.08 45.10 ± 0.54 20.22 ± 0.41 30.39 ± 0.87 

Combination 20.69 ± 1.54 31.30 ± 0.09 25.8 ± 2.68 19.44 ± 2.04 

ATO 

0.5 µM 

Control 1.93 ± 0.30 42.46 ± 1.39 22.34 ± 0.06 31.67 ± 1.34 

Fucoidan 18.34 ± 1.75 28.66 ± 1.42 22.38 ± 2.70 29.18 ± 3.38 

ATO 2.39 ± 1.08 46.10 ± 0.54 20.22 ± 0.41 29.39 ± 0.87 

Combination 25.57 ± 0.86 38.42 ± 1.38 15.20 ± 0.34 18.14 ± 1.66 

ATO 

1.0 µM 

Control 1.93 ± 0.30 42.46 ± 1.39 22.34 ± 0.06 31.67 ± 1.34 

Fucoidan 18.34 ± 1.75 28.66 ± 1.42 22.38 ± 2.70 29.18 ± 3.38 

ATO 15.13 ± 0.40 39.81 ± 3.82 16.56 ± 0.80 25.50 ± 2.11 

Combination 74.51 ± 2.26 7.29 ± 1.36 9.28 ± 2.28 6.76 ± 0.70 
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Figure 5.4. Effects of ATO plus fucoidan on accumulation of sub G0/G1 dead cells. NB4 
cells were treated with various doses of ATO with or without fucoidan (20 µg/mL) and cell 

cycle was analysed after 48 hours. Sub G0/G1 population representing the dead cells 
significantly increased when fucoidan was combined with ATO at both clinical and low 

doses. Mean ± SEM of at least three replicates is shown. Statistical significance was 
determined by two-way ANOVA, followed by Bonferroni post-test. 

 (***: p ≤ 0.001, *: p ≤ 0.05) 
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5.3.2 Fucoidan Synergises with ATO in ATO-Mediated Apoptosis in APL 

Cells.  

To determine if cell death was due to apoptosis, the annexin V/PI assay was employed. Figure 

5.5 shows a representative flow cytometry result for each treatment. As shown, combination of 

fucoidan with ATO significantly enhanced apoptosis in NB4 cells. At low doses of ATO, the 

percentage of apoptotic cells (annexin V positive cells) increased from approximately 6% (0.25 

µM ATO only) to 32% (fucoidan+0.25 µM ATO) and from 5% (0.5 µM ATO only) to 52% 

(fucoidan+0.5 µM ATO) (p≤0.001). At the therapeutic dose of 1 µM ATO, the percentage of 

apoptotic cells increased from approximately 18% (ATO only) to 71% (fucoidan+ATO) 

(p≤0.001).  

Furthermore, the TUNEL assay was employed to measure the amount of DNA fragmentation; 

which is one of the main features of apoptosis. Consistent with the annexin V/PI assay data, 

co-treatment of fucoidan with ATO significantly enhanced apoptosis compared to treatment 

with ATO only (p≤0.001). As shown in Figure 5.6, the mean percentage of cells with 

fragmented DNA increased to 42.5% (fucoidan+0.25 µM ATO), 60% (fucoidan+0.5 µM 

ATO), and 79% (fucoidan+1 µM ATO) compared to 1.5%, 1% and 12%, respectively, for the 

same doses of ATO alone. 
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Figure 5.5. Representative annexin V/PI apoptosis assay. NB4 cells were treated with 
increasing doses of ATO with or without fucoidan (20 µg/mL) and apoptosis was measured 
using annexin V/PI apoptosis assay. Results represent flow cytometry histograms of one of 

three replicates. 
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Figure 5.6. DNA fragmentation. The percentage of apoptotic cells with fragmented DNA 
significantly increased when fucoidan (20 µg/mL) was combined with ATO at both low and 

high doses. Mean ± SEM of at least three replicates is shown. Statistical significance was 
determined by two-way ANOVA, followed by Bonferroni post-test (***: p ≤ 0.001). 
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5.3.3 High Dose Fucoidan Delayed Tumour Growth  

To optimise the route and the dose of fucoidan administration, 14 female mice were divided 

into three groups according to the dose (low or high) and the route (IP or IV) of fucoidan 

administration as follow: 

 

1. IP low dose (30 µg/g b.w.) 

2. IP high dose (100 µg/g b.w.) 

3. IV (6 µg/g b.w.) 

 

A subcutaneous xenograft tumour was established in mice and treatments were applied daily 

at the mentioned conditions. Out of 14 mice, 5 mice (2 in each IP group and 1 in IV group) did 

not develop tumours for up to 50 days. These mice were excluded from the experiments and 

data analysis. The number of mice in different groups was therefore restricted to 9 animals as 

shown in Figure 5.7. 

In the 9 remaining mice, a visible tumour mass (4~10 mm3) appeared in 8 mice after 8-14 days. 

The tumour appeared in the last mouse at day 20. 

Despite using different techniques, attempts to administer fucoidan through IV injection failed. 

Due to the small size of nude mice and thin tail blood vessels, fucoidan could not be injected 

IV for more than 2 or 3 days. As a result, the IV injection was excluded from the experiments 

and the three mice in IV group were transferred to the IP groups (Figure 5.7).  

Figure 5.8 displays the tumour appearance and growth for the optimization assay. The tumour 

size in all mice in IP-low dose group reached the end point (1000 mm3) in less than 12 days 

after the treatment commenced. In the IP-high dose group, the tumour size reached the end 

point between days 13 to 26. The high dose treatment did not induce any side effects (such as 

weight loss and/or behavioural changes) in the mice. As a result, the dose of 100 µg/g b.w. and 

IP injection route were selected for the main experiments in this Chapter and Chapter 6.  
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Figure 5.7. Total animal number used in optimization assay. The number of animals 
decreased due to tumour establishment and IV injection failure. 

 

 

 

 

 

 

Final animal number due to IV injection failure

IP low dose (n=5) IP high dose (n=4)

Reduced animal number due to tumour establishment failure

IP low dose (n=3) IP high dose (n=3) IV (n=3)

Initial experimental animal number

IP low dose (n=5) IP high dose (n=5) IV (n=4)
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Figure 5.8. Tumour mass growth in mice treated with different doses of fucoidan. 
Xenograft tumour was established in mice with injection of NB4 cells and treatment with low 
and high doses of fucoidan (IP) was commenced after tumour appearance. Tumour volume 
was measured daily. Each graph represents the daily tumour volume of one mouse in high-

dose (green) and low dose (red) groups (n=4 in low dose/n=5 in high dose groups). 

 
* Due to tumour rupture, one mouse in the IP-low dose group was sacrificed at day 6 of 
treatment. 
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5.3.4. Co-treatment of Fucoidan with ATO Significantly Delayed the Growth 

of APL in Mice.  

To evaluate the possible synergy of ATO and fucoidan in vivo, a subcutaneous xenograft APL 

mass was established in 28 male nude mice (n=7/group) and single or combined treatments of 

fucoidan and ATO were commenced following tumour appearance. Tumour mass volume was 

monitored and median survival was identified using the Kaplan-Meier survival analysis.  

A visible tumour mass (4~10 mm3) appeared after 8-14 days in all 28 mice. During the 

treatment, none of the mice showed any side effects (e.g. weight loss or behavioural changes) 

to the administered doses. Of the 7 mice treated with fucoidan+ATO, only 2 mice completed 

the full 28-days treatment. All remaining mice were sacrificed as per animal ethics guidelines 

prior to 28-days treatment as tumour volume reached 1000 mm3.  

Treatment with “fucoidan only” and “fucoidan+ATO” significantly slowed the increase in 

tumour mass with the tumours in these animals reaching the maximal end point much later than 

the control group (p≤0.05). The median survival of the mice was 14.5, 18.5, 16.5 and 20 days 

in control, fucoidan alone, ATO alone and combination groups, respectively (Figure 5.9). 

Although a higher median survival in combination group was observed, the difference between 

treated groups was not statistically significant.  

Tumour aggressiveness was evaluated by tumour volume doubling time which increased in 

treated groups compared to the control group. The mean tumour volume doubling time was 

2.72, 3.70, 3.42 and 3.86 days in control, fucoidan, ATO and combination groups, respectively 

(Figure 5.10). 
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Figure 5.9. The Kaplan-Meier survival analysis over 28 days of treatment. Mice with 
APL were treated with vehicle (red), fucoidan (green), ATO (blue) and their combination 
(purple) and their life span was analysed over 28 days of treatment (n=7/ group). p values 

refer to comparison between each treatment group with the control group. 

 

 

 



Chapter 5    Investigation of Possible Synergistic Effects of Fucoidan and ATO in APL Treatment in Vitro and in Vivo  

 

 

Page 144 

 

 

 

 

 

 

 

Figure 5.10. Mean tumour volume doubling time.  Mice with APL were treated with 
vehicle (red), fucoidan (green), ATO (blue) and their combination (purple) and their mean 

tumour volume doubling time was compared to that of the control group (n=7/group). 
Statistical significance was determined by ANOVA, followed by Tukey’s multiple 

comparison test (*: p≤0.05). Each column shows mean ± SD. 
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5.4 Discussion 

Herein, the synergistic effects of fucoidan with ATO in ATO-induced apoptosis was examined 

in vitro and in vivo. Evidence provided here supports the hypothesis that combining fucoidan 

with ATO enhanced apoptosis at both clinically-used and low doses of ATO, in vitro. In 

addition, enhanced survival and delayed tumour growth were observed in APL-bearing mice 

when treated with combined fucoidan and ATO. This is the first study to examine the potential 

therapeutic activity of fucoidan in leukaemia in vivo. 

 

5.4.1 Synergistic Effect of Fucoidan with ATO in Vitro 

In the last decade, combined treatment of natural components with chemotherapeutic agents 

has gained considerable attention. The potential synergistic activities of these agents could be 

exploited to reduce the toxicity of chemotherapy by achieving the same (or even higher) 

efficacy at lower doses. ATO was first used for APL treatment in the early 1990s and improved 

the complete remission rate in APL patients (280). Further studies and clinical trials showed 

that it induced a sustained molecular remission when it was used alone in relapsed patients (37, 

38). However, the currently used clinical doses of ATO has been accompanied with 

morbidities.  

Few studies have examined the combinatory activity of natural derived compounds with ATO 

in treatment of APL. Lu et al. reported that combination of a crude methanolic extract 

of Mucuna macrocarpa with ATO suppressed proliferation of APL cell line HL60 and 

increased apoptosis through accumulation ROS (287). Fan et al. also showed that addition of 

resveratrol, a stilbene enriched in red wine, to ATO significantly enhanced the anti-cancer 

effect of ATO in APL cell line NB4 (288). In a recent investigation, the synergistic activity of 

Icarrin, a natural flavonoid derived from several plants, with ATO was evaluated in NB4 cell 

apoptosis (289). The combination of these extracts resulted in continuous accumulation of ROS 

and excessive cellular oxidative stress.  

As mentioned before, the clinical doses of 1 µM of ATO can cause side effects in patients. The 

aforementioned studies have used high doses of ATO; from 2 to 12 µM, which are considerably 

higher than clinical doses. Here, it was postulated that lower concentrations of ATO could 

attenuate its undesirable side effects. Therefore APL cells were co-treated with lower doses of 
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ATO and compared the outcomes with therapeutic doses. Addition of fucoidan to ATO 

significantly increased the efficacy of ATO in induction of apoptosis in NB4 cells both at low 

and clinical doses of ATO.  

It should be noted that due to the cytotoxic effect of fucoidan in NB4 cells, ultra-low 

concentrations of fucoidan were used in this chapter than previously used in Chapter 3 (10-20 

µg/mL vs 50-100 µg/mL). The lower doses of fucoidan allowed us to identify the effect of 

fucoidan on ATO-induced apoptosis, and yet even the combination of this low concentration 

of fucoidan with ATO decreased cell proliferation to less than 20% compared to around 80% 

in ATO-alone treated cells. 

It is well known that ATO induces apoptosis at higher doses whereas it induces myeloid 

differentiation at lower doses. Here, as expected, high dose of ATO (1 µM) increased the sub-

G0/G1 dead cell population in the cell cycle assay. Consistent with the literature, lower doses 

of ATO (0.25 and 0.5 1 µM) did not induce apoptosis in APL cells and did not increase the sub 

G0/G1 dead cell population. However, they induced G0/G1 arrest with 42% cells in control 

compared to near 46% in ATO-treated cells. The slight G0/G1 arrest within 48 hours could be 

associated with initiation of differentiation in APL cells in response to low dose ATO. This 

effect will be discussed in detail in Chapter 6. 

AKT, a serine/threonine kinase, is a key molecule in PI3K/AKT signaling pathway which 

inhibits apoptosis and is reported to be frequently upregulated in various tumours (290). The 

results of Chapter 3 of this thesis together with other studies have shown that fucoidan down-

regulates the activity of AKT (163, 180). Further, there are several reports that show that ATO 

triggers apoptosis via inhibition of AKT (291, 292). Evidence indicates that fucoidan and ATO 

trigger the same pathway and therefore it could be postulated that double inhibition of AKT 

may explain the observed synergistic activity.  

Evidence shows that apoptosis mediated by ATO is caspase independent (293, 294). It induces 

apoptosis through down-regulation of anti-apoptotic molecule Bcl-2 expression, induction of 

accumulation of reactive oxygen species (ROS) and disruption of mitochondrial 

transmembrane potentials ( m), eventually resulting in increased cleavage of PARP-1 and 

subsequent cell death. PARP-1 is a nuclear enzyme which modifies various nuclear proteins 

involved in different cellular processes. PARP-1 has a key role in DNA repair and cell recovery 
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from DNA damage through maintenance of genomic integrity and its inactivation is highly 

associated with apoptosis (295). Cleavage of PARP-1 is one of the main mechanisms triggered 

by a wide range of anti-cancer agents. Similar to ATO, in Chapter 3 it was shown that fucoidan 

significantly increased the cleavage of PARP-1, however through a caspase dependent process. 

Thereby, although fucoidan and ATO recruits different pathways, both agents eventually 

induce cleavage of PARP-1 (285). This may explain the severe induced DNA fragmentation 

when ATO was combined with fucoidan (80%) compared to when it was used alone (about 

15%). 

 

5.4.2 Therapeutic Potential of Fucoidan in APL-Bearing Mice 

Next, the therapeutic effects of fucoidan on APL-bearing mice was examined and its synergy 

with current APL therapies was evaluated in vivo.  

In previous in vivo studies examining the therapeutic effect of fucoidan, the range of utilised 

doses mostly resides between 5 to 500 µg/g b.w. To select the more effective dose, Lee and 

colleagues treated mice with a range of 0, 10, 50, 100, 200 and 400 µg/g b.w. fucoidan 24 hrs 

and 1 hr before irradiating the mice. The mice injected with 100 µg/g b.w. fucoidan showed 

the best survival rate at 30 days post-irradiation (296). Here, mice were treated with 30 µg/g 

b.w. and 100 µg/g b.w. and it was found that the mice treated with high doses of fucoidan had 

delayed tumour growth compared to the low-dose treated group, suggesting the therapeutic 

potential of fucoidan in treatment of mice bearing APL.  

Similar to Chapter 4 (see Sections 4.3.1 and 4.4), the utilised mouse model had some limitations 

and female mice were less susceptible to developing tumours. Thereby, subsequent 

experiments were conducted on male mice.  

 

5.4.3 Synergistic Effect of Fucoidan with ATO in Vivo 

Despite many in vitro studies investigating the synergistic activity of fucoidan with anti-cancer 

drugs, in vivo studies have been limited. Alekseyenko et al. reported that in C57Bl/6 mice 

fucoidan significantly potentiated the anti-metastatic, but not anti-tumour activity of the 

chemotherapeutic agent cyclophosphamide (284). In a clinical trial, fucoidan similarly did not 
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affect the efficacy of standard chemotherapeutic agents in patients with colorectal cancer, but 

reduced the toxicities of chemotherapy (193). The previous reported experiments in this 

Chapter and Chapter 4 provided evidence that fucoidan was effective in delaying tumour 

growth in vivo. These data led to examining the combinatory therapeutic effects of fucoidan 

with low doses of ATO in APL-bearing mice. 

Unlike other AML subtypes, early death is the primary cause of treatment failure in patients 

with APL, mainly due to the toxicity of therapeutic agents themselves (297). This toxicity has 

been reported in in vivo studies as well. In an in vivo study, Jing and colleagues treated APL-

bearing mice with 8 µg/g b.w. of ATO and reported toxicity with weight loss and early-

treatment associated deaths in mice (40). Lallemand-Breitenbach et al. also reported that 10 

µg/g b.w. of ATO was toxic and caused many early deaths due to hepatic toxicity and 

widespread pulmonary edema (41). Hence, they used a reduced dose of 5 µg/g b.w. ATO in 

mice bearing APL. In this thesis, with the assumption that the lower concentrations could 

attenuate the side effects of these drugs, the dose was reduced even further (2.5 µg/g b.w. ATO) 

and no toxicity was observed when it was used alone or in combination with fucoidan. 

Treatment with fucoidan plus low dose ATO increased the tumour volume doubling time 

compared to the control (p=0.0175) and ATO alone (p=0.56) groups. The survival rate in the 

combination group was the highest between all treated groups, although it was only significant 

compared to the control group but not the single fucoidan and single ATO treated groups.  

ATO alone did not have a significant impact on mouse survival and the tumour doubling time 

compared to the control group. The utilised low dose may explain the non-significant anti-

tumour effects of ATO alone in these investigations. More importantly, in contrast with studies 

by Jin et al and Lallemand-Breitenbach et al., no toxicity was observed when this low dose of 

ATO was used alone or in combination with fucoidan. Even though very low doses were used, 

the efficacy of combined treatment was still higher than that of standard APL treatment alone.  

In conclusion, the data presented in this chapter suggest that the usage of fucoidan as a 

supplementary agent to the APL standard treatment ATO may represent a promising new 

strategy for management of APL.  
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Chapter Six – Synergistic Effects of Fucoidan with ATRA in APL 

Treatment in Vitro and in Vivo

Investigation of Possible Synergistic Effects of 

Fucoidan and ATRA in APL Treatment in 

Vitro and in Vivo  
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6.1 Introduction 

The PML/RARα gene product of the chromosomal t(15;17) translocation blocks the differentiation 

of malignant promyelocytes in APL (22). In the late 1970s, the hypothesis of inducing 

differentiation rather than apoptosis in tumour cells was proposed and drugs with differentiation-

inducing property were developed (26). ATRA was the first successful differentiation-based therapy 

used in patients with APL. However it could only induce transient remission (298). Further pre-

clinical studies showed a dramatic synergy between ATRA and arsenic trioxide in inducing 

differentiation and clearing the APL cells in animal models (41). Today, ATO+ATRA is a standard 

therapeutic strategy which provides an effective differentiation-based therapy, potentially avoiding 

use of anthracycline-based chemotherapy. 

Retinoic acid receptor alpha (RARα) is a ligand-dependent transcription factor that regulates the 

expression of a number of genes involved in cell differentiation and proliferation. In normal 

promyelocytes, RARα binds to the promoter region of target genes and recruits various molecules 

such as nuclear co-repressor proteins (N-coR). These molecules form complexes with histone 

deacetylase enzymes (HDACs), leading to transcriptional repression and differentiation block (28). 

ATRA is a retinoid derivative which is present physiologically in human plasma. At normal 

physiological concentrations (10-9 to 10-8 M), conformational changes occurs in the RARα, leading 

to dissociation of the co-repressors/HDAC complex and re-expression of differentiation-related 

proteins (Figure 6.1A). In malignant promyelocytes the fusion protein PML-RARα is attached to 

the gene promoters and at physiological concentrations, ATRA cannot dissociate the co-

repressors/HDAC complex, causing the persistence of transcriptional repression and differentiation 

arrest (28, 283) (Figure 6.1B). At higher pharmacological doses of ATRA, within range of 10-7 to 

10-6 M, the co-receptor proteins are removed, relieving transcriptional repression complexes leading 

to terminal differentiation of abnormal promyelocytes (Figure 6.1C). This is known as the 

“reactivation” model. The terminally differentiated mature cells arising from neoplastic clones 

eventually undergo apoptosis (299). 

An additional model for the ATRA-mediated differentiation has been proposed. ATRA has been 

shown to induce the catabolism of the PML-RARα fusion protein through binding to and targeting 

the RARα moiety for ubiquitin/proteasome pathway. The degradation of the fusion protein can thus 

promote differentiation in abnormal promyelocytes (300). This is known as the “de-repression” 

model. Figure 6.2 represents the two proposed models. 
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Figure 6.1. Proposed mechanisms of actions of ATRA on nuclear co-repressor complex and 
PML-RAR α fusion protein in APL. In the absence of ATRA, RARα associate with the co-

repressor/HDAC complex, which induces reorganization of chromatin structure into a repressed 
state that is inaccessible to basal transcription factors. A) In the normal promyelocyte, 

physiological doses of ATRA binds to RARα, dissociate the co-repressor complex and causes 
association of a co-activator such as SRC-1 (301) allowing the access of transcription factors and 
transcription activation. B) In APL, physiological doses of ATRA is not sufficient to dissociate 

PML-RARα fusion protein from the co-repressor complex. C) In APL, pharmacological doses of 
ATRA are required to dissociate the PML-RARα from co-repressor complex and activate 

transcription and differentiation (Modified image from (302)). 
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Figure 6.2. Reactivation and de-repression models for the role of ATRA and ATO in 
induction of differentiation in APL cells. Two current models of ATRA action on 

differentiation through gene transcription re-activation (top) and action of ATRA and ATO on 
degradation of PML-RAR or de-repression (bottom) ((Modified image from (298)).  
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As discussed in Chapter 5, ATO induces both partial differentiation and apoptosis in leukaemic 

promyelocytes. Similar to ATRA, ATO induces the degradation of the PML-RARα fusion protein, 

but through targeting the PML moiety (303). Promyelocytic leukaemia (PML) protein is a tumour 

suppressor protein involved in the regulation of apoptosis, and therefore its degradation upon ATO 

exposure induces apoptosis in malignant promyelocytes. In terms of the ATO-mediated partial 

differentiation, it does not change the nuclear receptor signalling and therefore the transcription 

“reactivation” model cannot account for its action. As mentioned above, ATO degrades PML-RAR 

fusion protein. Thus, it has been proposed that ATO induces differentiation through abrogation of 

PML/RARα-mediated gene repression (the “de-repression” model) (304) (Figure 6.2).  

It is notable that the advantage of ATRA plus ATO therapy is reduced toxicity compared to standard 

ATRA plus anthracycline-based chemotherapy. However, despite the enormous improvement in 

APL treatment, the use of ATRA plus ATO is not free of side effects. Several clinical trials have 

reported that the prolonged administration of high doses of ATRA results in resistance (32). 

Moreover, this combination can cause differentiation syndrome; a potentially fatal complication 

which occurs in approximately 25% of APL patients (281). It has also been reported that the 

efficiency of myeloid cell differentiation could be diminished due to down-regulation of RARα in 

the duration of the treatment (305). Therefore, it is of interest to develop complementary treatment 

strategies which increase the sensitivity of myeloid cells to the action of ATRA+ATO therapy. New 

adjuvants permitting lower doses of ATRA and ATO to be used could also reduce the toxicity of 

current treatment regimens in some patients. 

As discussed in the previous chapters, fucoidan induces strong anti-tumour activities in various 

tumour cells and has been shown to be non-toxic when consumed. In recent years, some studies 

have investigated the synergistic effects of fucoidan with standard anti-cancer agents. Lv et al. 

showed that fucoidan reduced the migration and invasion of multiple myeloma (MM) cells treated 

with the chemotherapy drug cytarabine (194). Dietary fucoidan synergistically reduced cell growth 

in the OE33 cell line when it was combined with lapatinib, a targeted therapy that acts as a tyrosine 

kinase inhibitor in advanced HER2-positive breast cancer cells (197). In Chapter 5 of this thesis, 

the study of combined effects of fucoidan and the APL standard treatment ATO showed that 

fucoidan synergistically increased apoptosis induced by ATO in APL cells in vitro. 
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Here, it is hypothesised that fucoidan synergistically enhances the effects of current APL therapeutic 

regimens, ATRA and ATO, in APL cell differentiation. It has been well documented that exposure 

of APL cells to ATRA at a concentration of 1 µM results in 95% of cells differentiating 

accompanied by loss of their capacity to proliferate (306). ATO however induces APL cell partial 

differentiation at lower doses of 0.1 to 0.5 µM. Since the clinical doses of 1 µM of ATRA and ATO 

can cause side effects in patients, it is hypothesised that the reduced concentrations could reduce 

the side effects of these drugs. Therefore, the synergistic effects of fucoidan with ATRA+ATO were 

investigated in APL cell myeloid differentiation at sub-pharmacological doses in vitro and in vivo. 
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6.2 Experimental Design 

6.2.1 The Synergistic Effect of Fucoidan with Low Doses of ATRA+ATO in APL 

Cell Differentiation in vitro 

The chromosomal t(15;17) translocation positive human APL cell line NB4 was treated with ultra-

low dose (5 µg/mL) of fucoidan from F. vesiculosus alone, 0.5 µM ATRA alone, 0.5 µM ATO 

alone or in combinations for 120 hours (see Section 2.2). Monitoring of NB4 cell differentiation 

was performed by quantitation of the cell surface myeloid differentiation marker CD11b and cell 

cycle assay by flow cytometry (see Section 2.3).  

 

6.2.2 The synergistic Anti-Tumour Activity of fucoidan with ATRA in APL-

Bearing Mice 

To examine the anti-tumour activity of fucoidan and its synergy with ATRA, 32 mice (n=8/group) 

were randomly divided into four treatment groups; the control, fucoidan, ATRA and 

fucoidan+ATRA. A subcutaneous xenograft tumour was established by injecting NB4 cells in the 

right flank of mice (see Section 2.9.5). Treatment was commenced by IP injection following tumour 

appearance at the following doses:  100 µg/g b.w. fucoidan (daily), 1.5 µg/g b.w. ATRA (three 

times a week) or in combination. The control group was treated with sterile vehicle (see Section 

2.9.4). Mouse weight and tumour volume were measured daily. Once tumour volume reached 1000 

mm3, this time point was considered as the end point and the mice were humanely euthanised with 

inhalation of CO2 (see Section 2.9.7). Tumour volume doubling time was calculated for each mouse. 

At the end point, tumour mass was removed and tumour cell differentiation was analysed by CD11b 

expression. 
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6.3 Results 

6.3.1 Fucoidan Enhances ATRA-Induced Differentiation in APL Cells.  

Increasing surface expression of CD11b is a marker of myeloid cells undergoing differentiation 

(307). To identify the expression level of CD11b, cells were incubated with anti-CD11b antibody 

and isotype-matched negative control and analysed by flow cytometry. The intensity of CD11b 

expression was determined using mean fluorescent intensity (MFI). This was first optimised using 

untreated NB4 cells (Figure 6.3). As shown in Figure 6.3, the signals lower than 101 contributed to 

“neg/low” CD11b expression (non-differentiated cells) and signals higher than 101 contributed to 

“high” CD11b expression (differentiated cells). 

Myeloid differentiation was assessed by quantitating CD11b expression following treatment with 

low doses of ATRA and ATO for 48, 72, 96 and 120 hours. The non-differentiated or low-

differentiated CD11bneg/low cells were excluded from the analysis. The percentage of CD11bhigh cells 

was quantified as differentiated cells. As shown in Figure 6.4 and 6.5, the CD11b expression 

increased in ATRA-treated cells from 48 hours and reached a maximum of 83.5% after 120 hours. 

In contrast, the differentiation induced by ATO was delayed; with increases after 96 hours and 

reached 20% after 120 hours compared to 2.66% at time zero. For the rest of the experiments, 120 

hours was selected for incubation time for the differentiation assay. 

To determine the effect of combining fucoidan with ATRA and ATO on APL cell differentiation, 

NB4 cells were treated with fucoidan, sub-clinical doses of ATRA and ATO, or in combination for 

120 hours and differentiation was measured by expression of CD11b as described above. Figure 6.6 

demonstrates representative flow cytometry histograms in cells treated with single or combination 

of different compounds as indicated. As shown, 0.5 µM ATRA increased the differentiated cells 

from approximately 6% to 83%, while addition of fucoidan to ATRA increased the differentiated 

cells to 94%. Low-dose ATO similarly increased the differentiated cells from 6% to 14% while 

ATO+fucoidan enhanced the percentage of differentiated cells to 20.2%. Finally, APL cells treated 

with all three reagents in combination resulted in a 99% CD11bhigh cells after the 5-day incubation 

period, compared to 87% when cells were co-treated with ATRA+ATO. 

Taken together, combined treatment of fucoidan with ATRA and ATO significantly increased 

myeloid differentiation in APL cells after 120 hours (Figure 6.7). Fucoidan alone did not affect 

myeloid differentiation in APL cells in vitro compared to untreated control (Figure 6.7).  
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Figure 6.3. Cell differentiation assay. NB4 cells were labelled with isotype negative control 
(left) and CD11b (right) antibody. The non-specific antibody binding was excluded using the 

isotype negative antibody (left histogram-D-). According to the level of CD11b expression in the 
right histogram, the fluorescent intensity of 101 was determined as the cut off for differentiation. 
To quantify the cell differentiation, the percentage of CD11bhigh cells (signals higher than 101) 

was analysed. 
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Figure 6.4. Cell differentiation assay. NB4 cells were treated with ATRA (0.5 µM) or ATO (0.5 µM), and CD11b expression was analysed by 
flow cytometry at various time points for up to 120 hours. Each peak with different colour represents the expression of CD11b at different time 

points compared to the control (red peak). The table below demonstrates the percentage of differentiated NB4 cells (CD11bhigh) induced by 
ATRA and ATO. 
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Figure 6.5. Representative cell differentiation assay at various time points. NB4 cells were treated with ATRA (0.5 µM) or ATO (0.5 µM), 
and CD11b expression was analysed by flow cytometry at various time points for up to 120 hours. Low and high CD11b expressing cells were 
determined using fluorescence intensity (Above demonstrative histogram). Changes in CD11b expression in different treatment conditions are 

demonstrated in below dot plots with different colours.  Green population indicates non/low differentiated population (CD11bneg/low), and Blue 
population indicates differentiated cells (CD11bhigh).
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Figure 6.6. Representative cell differentiation analysis. NB4 cells were treated with ATRA 
alone (0.5 µM), ATO alone (0.5 µM), fucoidan alone (5 µg/mL) or in combination. CD11b 

expression was analysed by flow cytometry after 120 hours. CD11bneg/low cells were excluded, and 
the CD11bhigh population was calculated. In dot plot histograms, green population indicates 

differentiated population while red population represents non-differentiated cells. 

Dot plot (left) histogram: Red population: non/low differentiated CD11bneg/low population, 
Green population: CD11bhight differentiated cells. 
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Figure 6.7. Effects of combination of fucoidan with ATRA and ATO on cell differentiation. 
NB4 cells were treated with ATRA alone (0.5 µM), ATO alone (0.5 µM), fucoidan alone (5 

µg/mL) or in combination, and CD11b expression was analysed after 120 hours. Mean ± SEM of 
at least three replicates is shown. Statistical significance was determined by ANOVA, followed by 

Tukey’s multiple comparison test (***: p≤0.001, **: p≤ 0.01). 
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6.3.2 Fucoidan Combined with ATRA and ATO Enhances G0/G1 arrest in APL 

Cells.  

Cells undergoing differentiation normally stop dividing and exit the cell cycle dividing phases. 

Hence, the DNA content was assessed and the percentage of the non-dividing G0/G1 population, 

indicative of differentiation, was analysed in APL cells treated with single or combination of 

fucoidan, ATRA and ATO (Figure 6.8). Consistent with the observed changes in CD11b expression, 

a significant increase in the non-dividing G0/G1 population was observed in cells co-treated with 

ATRA+fucoidan compared to ATRA alone, and in cells co-treated with ATRA+ATO+fucoidan 

compared to ATRA+ATO (Table 6.1). Figure 6.9 compares the G0/G1 arrest in NB4 cells treated 

with different agents. 

It should be noted that at the very low doses of fucoidan used, the amount of the sub G0/G1 dead 

cell population did not change in treated cells compared to the untreated cells (Table 6.1). 

 

Table 6.1. Cell cycle phase distribution. NB4 cells were treated with ATRA (0.5 µM) and ATO 
(0.5 µM) with or without fucoidan (5 µg/mL), and DNA content was assessed using flow 

cytometry after 120 hours. Data represents mean ± SEM of at least three replicates. 

 

  G0/G1 S Mitosis 

 
Agents alone 

Control 60.64 ± 0.41 20.65 ± 1.1 18.07 ± 0.89 

Fucoidan 65.10 ± 1.54 20.77 ± 1.44 13.3 ± 0.10 

ATRA 76.01 ± 1.05 8.53 ± 1.00 15.12 ± 0.08 

ATO 64.40 ± 0.95 18.29 ± 1.29  16.64 ± 0.31 

 
Combination 

ATRA+fucoidan 84.28 ± 1.81 5.24 ± 0.21 10.24 ± 1.61 

ATO+fucoidan 66.01 ± 2.95 21.94 ± 1.77 11.38 ± 1.02 

ATRA + ATO 82.44 ± 0.53 6.78 ± 0.06 10.58 ± 0.65 

ATRA+ATO+fucoidan 89.86 ± 1.11 4.42 ± 0.94 5.41 ± 0.16 
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Figure 6.8. Representative cell cycle analysis. NB4 cells were treated with fucoidan alone (5 µg/mL), ATRA alone (0.5 µM), ATO alone (0.5 

µM), or combinations of these agents. Cell cycle was assessed using flow cytometry. Results represent one of the three replicates. 
Dot plot (left) histogram: Green population: G0/G1 phase. Blue population: S phase. Yellow population: G2/M phase  
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Figure 6.9. Effects of combination of fucoidan with ATRA and ATO on accumulation of 
the non-dividing G0/G1 cells. NB4 cells were treated with ATRA alone (0.5 µM), ATO 

alone (0.5 µM), fucoidan alone (5 µg/mL) or combinations of these agents, and DNA content 
was analysed after 120 hours. Mean ± SEM of at least three replicates is shown. Statistical 
significance was determined by ANOVA, followed by Tukey’s multiple comparison test. 

 (**: p≤0.01, *: p≤0.05) 
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6.3.3 Co-treatment of Fucoidan with ATRA Significantly Delayed the 

Growth of APL in Mice.  

To evaluate the possible synergy of fucoidan and ATRA in vivo, a subcutaneous xenograft APL 

mass was established in 32 nude mice (n=8/group), and single or combined treatments of 

fucoidan and ATRA were commenced following tumour appearance. Tumour mass volume 

was monitored and median survival was identified using the Kaplan-Meier survival analysis.  

A visible tumour mass (4~10 mm3) appeared after 8-14 days in all 32 mice. During the 

treatment, none of the mice showed any side effects (e.g. weight loss or behavioural changes) 

to the administered doses. One animal in the fucoidan alone group and one animal in the ATRA 

alone group completed the full 28-days treatment. All remaining mice were sacrificed as per 

animal ethics guidelines prior to 28-days treatment as tumour volume reached 1000 mm3.  

Treatment with all three treated groups significantly slowed the increase in tumour mass with 

the tumours in these animals reaching the maximal end point much later than the control group. 

The median survival of the mice was 13, 19, 19 and 19.5 days in control, fucoidan alone, ATRA 

alone and combination groups, respectively (Figure 6.10). No significant difference was seen 

between treatment groups with each other. 

Tumour aggressiveness was evaluated by tumour volume doubling time which decreased in all 

treatment groups compared to the control group. The mean tumour volume doubling time was 

2.43, 3.92, 3.42 and 3.53 days in control, fucoidan, ATO and combination groups, respectively 

(Figure 6.11) indicating that the tumour in the control group grew more quickly than in treated 

mice. No significant difference was seen between treatment groups with each other.  
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Figure 6.10. The Kaplan-Meier survival analysis over 28 days of treatment. Mice with 
APL were treated with vehicle (red), fucoidan (green), ATRA (blue) and their combination 
(purple) and their life span was analysed over 28 days of treatment (n=8/group). p values 

refer to comparison between each treatment group with the control group. 
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Figure 6.11. Mean tumour volume doubling time.  Mice with APL were treated with 
vehicle (red), fucoidan (green), ATRA (blue) and their combination (purple) and their mean 
tumour doubling time was compared to that of the control group (n=8/group). Each column 

shows mean ± SD. Statistical significance was determined by ANOVA, followed by Tukey’s 
multiple comparison test (**:p≤0.01, *: p≤0.05).  
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6.3.4 Fucoidan Significantly Increased the Differentiation of APL Cells in 

Vivo.  

At the end of the in-vivo study of the combinatory effect of fucoidan plus ATRA, the tumour 

mass was removed from the mice and myeloid differentiation was assessed. To do this, a cell 

suspension from the removed tumour mass was prepared following labelling with anti-CD11b 

antibody. Since almost all NB4 cells express CD44, tumour cells were identified by CD44 

expression. CD44 is an adhesion molecule which is highly expressed in more than 95% of the 

NB4 cells and its expression does not change upon differentiation and maturation. To analyse 

myeloid differentiation, CD11bhighCD44+ cells were quantified.  

Figure 6.12 shows representative CD11b expression histograms in tumour mass obtained from 

one representative mouse in each treatment group. As shown, a significant increase in 

differentiation was observed in tumour mass treated with fucoidan alone (p≤0.05) and 

ATRA+fucoidan (p≤0.05). The mean values of differentiated cells were approximately 10%, 

24%, 19% and 22% in control, fucoidan, ATRA and combination groups, respectively (Figure 

6.13). There was no significant difference between treated groups with each other.  

Furthermore, a different immunophenotypic pattern in expression of CD44 and CD11b was 

observed in different treatment groups (Blue population in Figure 6.12). Evaluating the 

expression of CD44 on differentiated cells, the ratio of CD11bhighCD44- cells to 

CD11bhighCD44+ cells was calculated (Figure 6.14). As shown in Figure 6.14, compared to the 

control group, the ratio was reversed in mice treated with ATRA+fucoidan, indicating that the 

percentage of CD44-negative differentiated cells was higher than the CD44-positive 

differentiated cells. This ratio was 0.58, 0.83, 0.87 and 1.14 in control, fucoidan alone, ATRA 

alone and combination groups, respectively, indicating decreased expression of CD44 in mice 

treated with fucoidan+ATRA. 
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Figure 6.12. Representative flow cytometry analysis of CD11b expression in cells 
obtained from tumour mass. The tumour-bearing mice were treated with fucoidan, ATRA 

and combination, and differentiation was assessed using CD11b expression. Histograms show 
the flow cytometry results from one representative tumour mass in each treated group. The 
percentage of differentiated CD11bhigh cells was calculated (left graphs). The graphs in the 

right hand column demonstrate the expression of CD11b and CD44. 
Blue population: CD11bhigh , Green and Gray populations: CD11blow 

Red populations: CD11bneg 
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Figure 6.13. Myeloid differentiation in tumour mass obtained from mice treated with 
fucoidan, ATRA and combination compared to the control group. Differentiation was 
measured calculating CD11bhigh cells. Each column represents the mean ± SD of CD11bhigh 

cells in each experimental group (n=8/group). Statistical significance was determined by 
ANOVA, followed by Tukey’s multiple comparison test (*: p≤0.05).  
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Figure 6.14. The ratio between CD44-/CD11b+ to CD44+/CD11b+ cells in tumour mass 
obtained from mice. Mice with APL were treated with vehicle, fucoidan, ATRA and 

combination. Expression of CD44 and CD11b was measured using flow cytometry and the 
ratio between CD44-negative to CD44-positive differentiated cells was calculated in each 

experimental group. Statistical significance was determined by ANOVA, followed by 
Tukey’s multiple comparison test (**: p≤0.01). Each column represents the mean ratio of 

CD44- to CD44+ differentiated cells with error bars the SD. 
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6.4 Discussion 

Herein, the synergistic effects of fucoidan with ATRA and ATO in induction of myeloid 

differentiation was investigated. It was found that combining fucoidan with sub-therapeutic 

doses of ATRA and ATO enhanced myeloid differentiation in vitro. In addition, enhanced 

survival and delayed tumour growth were observed in APL-bearing mice when treated with 

combined fucoidan and low doses of ATRA. Analysis of myeloid differentiation in the tumour 

mass obtained from mice showed that treatment with fucoidan alone and combined with ATRA 

significantly increased tumour cell differentiation, in vivo. This is the first study to show that 

treatment of mice with fucoidan+ATRA down-regulates the expression of the adhesion 

molecule CD44 in APL cells. 

 

6.4.1 Synergistic Effect of Fucoidan with ATRA and ATO in Vitro 

Severe toxicity is frequently observed in newly diagnosed APL patients treated with traditional 

chemotherapeutic agents. Several studies and trials have investigated whether the combination 

of ATRA+ATO with minimal or no chemotherapy can replace standard therapy (308). 

Haematological remission is observed in 80-90% of refractory and relapsed patients treated 

with ATRA+ATO (272), however the use of this combination in newly diagnosed and high-

risk patients remains clinically challenging and can induce serious complications such as 

hyperleucocytosis and differentiation syndrome (309, 310). Therefore, the use of adjuvants 

increasing the efficiency of ATO+ATRA on the one hand and decreasing the risk of side effects 

on the other gained strong interest.  

Fucoidan’s biological activities such as anti-tumour and immunomodulatory effects are highly 

relevant to its potential as an adjuvant therapy. In a recent study by Zuo et al., the role of 

fucoidan in minimising intestinal mucositis induced by chemotherapy was examined in mice 

(270). Mucositis is a common problem in patients under chemotherapy and is related to 

significant morbidity and rarely mortality. Zuo et al. developed a mouse model of mucositis 

induced by the chemotherapy drug cyclophosphamide and showed that administration of 

fucoidan significantly reduced the intestinal damage caused by chemotherapy. This was 

accompanied by an improved intestinal immune system as fucoidan altered the expression of 

intestinal immune system cytokines and maintained the Th1/Th2 immune balance. Fucoidan 
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has also been shown to increase the efficacy of chemotherapeutic agents. Zhang et al. reported 

that combining fucoidan with standard chemotherapeutic agents increased apoptosis in breast 

cancer cell lines, potentially through induction of oxidative stress (196). To the best of our 

knowledge, there is no study examining the combinatory effect of fucoidan with standard 

treatments in leukaemias.  

Failure to differentiate is a feature of the abnormal promyelocytes in APL (286). ATRA and 

ATO are two main standard differentiation-based therapies which stimulate terminal and partial 

differentiation of the accumulated abnormal promyelocytes, respectively (40, 311). The 

selective growth inhibitory effect of fucoidan in APL cells was demonstrated in Chapter 3. 

Results in Chapter 5 also provided evidence that fucoidan has synergistic effect with standard 

APL therapy regimen (ATO) in induction of apoptosis. Here, further investigations were 

carried out to determine whether fucoidan can enhance the effectiveness of ATRA+ATO in 

induction of differentiation in APL cells.  

CD11b or integrin alpha M (ITGAM) is the alpha subunit of the heterodimeric integrin alpha 

M beta 2 (αMβ2) protein which is also known as macrophage antigen-1 (Mac-1) or complement 

receptor 3 (CR3). This adhesion molecule is highly expressed on the surface of many 

leucocytes (312). The surface expression of CD11b is gradually increased upon the myeloid 

differentiation and maturation  and hence its overexpression is an indicator of differentiation.  

Previous studies have analysed the ATRA-mediated granulocytic differentiation of NB4 cells 

at various time points. Yang et al. analysed the expression profiles of more than 12,000 genes 

in NB4 cells after treatment with 1 µM ATRA at various time points (from 12 to 96 hours), 

and compared them to those of untreated cells (314). Differentiation markers began to increase 

after 24 hours with the maximum differentiation (more than 85%) at 96 hours after ATRA 

treatment. Here, the expression of CD11b was analysed in NB4 cells after treatment with 

ATRA from 48 to 120 hours, and the maximum differentiation was observed after 120 hours 

of treatment. The same analysis were conducted in NB4 cells treated with ATO. The 

granulocytic differentiation began 72-96 hours after the ATO treatment compared to the 

control. This is consistent with the literature as it is well documented that ATO induces only 

partial differentiation and slight changes in CD11b expression in NB4 cells compared to the 

terminal differentiation induced by ATRA (315). 
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Cell cycle assay is another tool for analysing cell differentiation. In vitro, proliferating cells are 

characterised by an active cell cycle leading to cellular divisions. With initiation of the 

differentiation process, cells exit from the dividing phases of the cell cycle. This is observed 

with decrease in the fraction of cells in S phase and mitosis phase parallel with increase in the 

non-dividing G0/G1 phase fraction (316). In this Chapter, the cell cycle status was measured 

to assess the differentiation after 120 hours. The amount of the S-phase population decreased 

from approximately 21% to 8% in the ATRA-treated NB4 cells. This decrease was consistent 

with the literature (314). 

After the optimization assays, NB4 cells were treated with fucoidan plus sub-clinical doses of 

ATRA and ATO. In this chapter, an ultra-low dose of fucoidan was selected for the 

differentiation assay to minimise the fucoidan-mediated apoptosis in NB4 cells over the 120-

hour incubation time. Co-stimulation of NB4 cells with fucoidan and ATRA+ATO resulted in 

synergistic induction of myeloid differentiation characterised by increased expression of 

CD11b and G0/G1 arrest. When fucoidan was combined with ATRA+ATO, almost all cells 

underwent differentiation. In contrast, when cells were treated with ATRA alone or 

ATRA+ATO, a proportion of cells remained undifferentiated. During chemotherapy, the drug-

resistant cell population is the main source of cancer recurrence in patients. The findings of 

this thesis suggest that the number of resistant cells in response to ATRA could be limited in 

patients by addition of fucoidan to the standard APL regimen.  

ATRA and ATO induce differentiation through the degradation of the oncoprotein PML-

RARα, the main barrier of differentiation in APL cells (317). Previous studies on fucoidan’s 

anti-cancer effects have shown that fucoidan mostly regulates the protein levels rather than 

mRNA levels. Hence it will be worthwhile to investigate the effects of fucoidan on the 

expression of PML-RARα fusion protein as it might alter the expression of the fusion protein 

or enhance its degradation through regulating the ubiquitin/proteasome pathway. 

Although fucoidan significantly increased APL cell differentiation when it was combined with 

ATRA and ATO, fucoidan alone had almost no effect on NB4 cell differentiation in vitro. 

Reports examining differentiation response in other cell types have been reported, for example 

in osteoblasts and mesenchymal stem cells. In a recent study, fucoidan significantly increased 

differentiation in human mesenchymal stem cells at doses between 0.1-1 µg/mL after 120 

hours. Differentiation was however markedly decreased at 5 and 10 µg/mL fucoidan (318). 
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Here, differentiation was not altered when cells were treated with lower or higher doses of 

fucoidan alone (1 µg/mL and 20 µg/mL) (data were not shown). 

 

6.4.2 Synergistic Effect of Fucoidan with ATRA in Vivo 

Following the in vitro findings, the synergistic effects of fucoidan with ATRA were examined 

in vivo. Several in vivo studies have reported side effects caused by high doses of ATO and 

ATRA. In a study by Jing et al., 10 µg/g ATRA increased the lifespan of mice bearing APL. 

However, combination of this dose of ATRA with ATO was toxic with weight loss and early 

therapy-associated death (40). Here, lower concentration of ATRA (1.5 µg/g b.w.) was 

employed, with the presumption that this may minimise the toxicities of the anti-cancer drugs. 

Due to small size of the utilised nude mice and risk of toxicity, administration of higher 

concentrations of ATRA was impossible. Knowing that previously published papers used at 

least 5 µg/gr b.w. of ATRA, at the beginning of the study a dose of 2.5 µg/gr b.w. of ATRA 

was selected for the in vivo investigations, but initiation of treatment led to the early death of 

animals where two mice died two days after treatment commencement (data were not shown). 

As a result the ATRA dose was further reduced to 1.5 µg/gr b.w. and observed no toxicity 

when it was used alone or in combination with fucoidan.  

To address the effects of fucoidan on APL cell differentiation in vivo, the myeloid 

differentiation of the tumour mass obtained from mice treated with fucoidan and ATRA was 

lastly measured. In contrast with the in vitro findings, in which fucoidan alone had little effects 

on NB4 cell differentiation, in vivo, fucoidan alone induced 1.3-fold more differentiation in 

NB4 cells than did ATRA alone. Granulocytic differentiation includes a highly regulated 

process which occurs upon stimulation of several cytokines (319). The microenvironment and 

cellular cross talk are other critical factors that can influence the maturation and differentiation 

process. As fucoidan has been shown to change the production of various cytokines in vivo 

(320), it is suggested that the different results between fucoidan’s action in vivo and in vitro 

could be explained by the effect of fucoidan on alteration of the cytokines that have regulatory 

effects on myeloid maturation. Fucoidan also affects the mobilization of the white blood cells 

from bone marrow to the peripheral blood through various mechanisms. Irhimeh et al. showed 

that fucoidan increased the expression of CXCR4 on haematopoietic stem cells resulting in the 

migration of these cells into the circulatory blood (321). Furthermore, it has been reported that 
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fucoidan has a synergistic effect with granulocyte colony stimulating factor (G-CSF) to alter 

leucocyte trafficking and mobilization (321). Changes in the pattern of circulatory blood cells 

combined with the altered stimulation of cytokine production by immune cells could lead to a 

different microenvironment around engrafted NB4 cells compared to in-vitro-cultured NB4 

cells. G-CSF is a major cytokine, which increases granulocytic differentiation (322). Synergy 

of fucoidan with G-CSF in induction of differentiation is another hypothesis which needs to be 

investigated in future studies. 

The combined fucoidan and ATRA treatment of mice bearing APL not only caused myeloid 

differentiation, but reduced CD44 expression. This was not observed in those mice treated with 

ATRA or fucoidan alone. Evaluating the expression of CD44 on differentiated cells, the ratio 

of CD44- cells to CD44+ cells was measured, and it was found that when mice were treated 

with combined agents, the pattern of CD44 expression reversed upon maturation compared to 

the other groups. The observed reversal following combined ATRA+fucoidan treatment could 

be suggestive of two hypotheses: 1. the differentiating cells have lost their CD44 upon 

maturation 2. the existing CD44- cells have undergone higher amount of maturation than the 

existing CD44+ cells. However, since more than 95% of NB4 cells express CD44 at high level, 

the second hypothesis seems implausible.  

CD44 is an adhesion molecule involved in cell proliferation, differentiation, migration and 

angiogenesis (323). It is well documented that upregulation of CD44 on cancer cells is 

correlated with poor prognosis as it can enhance cell migration and metastasis (324). As 

mentioned above, development of the differentiation syndrome caused by ATRA and ATO is 

one of the main clinical challenges in treatment of APL, whereby the accumulated 

differentiated young neutrophils infiltrate into various body sites, particularly lungs, and cause 

fatal complications (325). The observed increase in differentiated cells with low or no 

expression of CD44 in mice treated with fucoidan+ATRA adds further evidence that it may 

decrease the migration of these cells. However, further analysis including developing murine 

models of differentiation syndrome following treatment with ATRA plus fucoidan is needed. 
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Final Discussion and Conclusion 

This thesis focussed on examining the anti-tumour activity of the natural product, fucoidan, in 

haematological malignancies (HMs) both in vitro and in vivo. The chemical composition of 

fucoidan from different seaweed sources and their cytotoxicity activity on HMs were analysed 

and compared. In-vitro studies indicated that fucoidan selectively inhibited the growth of acute 

promyelocytic leukaemia (APL) cell lines through activation of apoptotic molecules and 

inactivation of signal transduction molecules involved in cell survival. The anti-tumour activity 

of fucoidan was supported by an in-vivo evidence which demonstrated that oral doses of 

fucoidan prior to inoculation with a human APL cell line significantly delayed tumour growth 

in the xenograft model, potentially by increasing the cytolytic activity of NK cells. In addition, 

significant synergy between fucoidan and anti-leukaemic activity of APL standard treatments 

ATO and ATRA was observed in the APL cells in vitro. In vivo, treatment of APL-bearing 

mice with fucoidan plus ATRA and fucoidan plus ATO resulted in delayed tumour growth and 

significantly prolonged the tumour volume doubling time compared to the control group. 

There is considerable scope to improve treatment efficiency outcomes as the high mortality 

and morbidity associated with relapse, drug resistance and the risk of the development of 

therapy related cancers have remained unchanged in last decades. The challenges in the 

successful treatment of HMs arise largely because of the nature of the cancer. The 

dissemination of leukaemic cells in HMs limits the use of localised therapeutic strategies such 

as surgery and radiation (326). Further, by generating key growth and survival signals, bone 

marrow stroma provides a nurturing environment for leukaemic cells, leading to tumour 

progression, and resistance against the cytotoxic effects of chemotherapeutic agents (327).  

Identification of novel and potent agents that target the cancer cell death while having 

minimum impact on normal cells is the main key toward developing successful therapeutic 

strategies. Thereby, agents with anti-cancer activity and reduced toxicity such as some natural 

products have attracted strong interest. The multifunctional properties of many natural products 

many of which are also known to be well tolerated make them ideal targets in anti-cancer 

research. Vinblastine and vincristine, for instance, are amongst the main chemotherapeutic 

agents, that are derived from the Madagascar periwinkle known as rosy periwinkle (328). The 

usage of these drugs in childhood leukaemia has improved the survival rate from 10% to 95%. 
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Eribulin is another natural-based anticancer agent, that has been developed from a sea sponge 

and its usage in metastatic breast cancer was approved by FDA in 2010 (329).  

Fucoidan is a water soluble polysaccharide derived from brown seaweeds, and is consumed as 

a regular part of diet in Asian countries. Recent epidemiological studies have linked the 

consumption of seaweeds containing fucoidan with low risk of certain cancer types particularly 

female breast cancer (252). The biological properties of fucoidans derived from Undaria 

pinnatifida and Fucus vesiculosus have been under recent investigations. However, there are 

few studies on the growth inhibitory effects of these fucoidans in HMs. This is the first study 

to investigate the anti-tumour activity of fucoidan in HMs in vivo. 

Different factors such as the source of fucoidan, the time and location of harvesting and the 

extraction method can affect the fucoidan’s bioactivities (137).  Fucoidan from two sources of 

Undaria pinnatifida and Fucus vesiculosus was used in this study. The purified fucoidan from 

Undaria pinnatifida and Fucus vesiculosus (Marinova Pty. Ltd) used in Chapter 3 are extracted 

by a neutral cold process and ultrafiltration. This process leaves the product with its native 

structure intact with a high molecular weight. These fucoidans were found to have no cytotoxic 

activity in any of the leukaemic cells utilised. Wang and colleagues extracted fucoidan from 

the sporophyll of Undaria pinnatifida using hot water extraction and alcohol grade 

precipitation (330). The product had a purity of >90% with the molecular weight of 104 kDa 

and contained 21% sulphate. At the dose of 250 µg/mL, this purified fucoidan inhibited growth 

in mouse hepatocarcinoma cells. The fucoidan from Undaria pinnatifida used in this thesis had 

almost similar characteristics to that of Wang et al., with a purity of 99%, MW of 61.2 kDa 

and a sulphate content of 26.6%. However, even at very high doses of 2.5 mg/mL it did not 

affect the leukaemia cell growth and cell cycle. This difference can possibly be explained by 

factors such as cell types and other structural characteristics. 

Fucoidan from Fucus vesiculosus obtained from Sigma Co. was further utilised and tested. This 

Fucus fucoidan is the one most commonly reported to be used in research in this field. It is 

produced using acid hydrolysis and ethanol precipitation. The chemical constituent analysis in 

this thesis revealed structural differences between two fucoidan sources. For instance, the 

fucoidan from Sigma Co. had three times lower MW than that produced by Marinova Pty. Ltd. 

In addition, the purity of this fucoidan was near 80% compared to 98% in fucoidan from 

Marinova Pty. Ltd. In contrast with the purified fucoidan (Marinova Pty. Ltd.), the fucoidan 
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from Sigma Co. revealed strong cytotoxic activity in some AML cell lines. To ensure to avoid 

false results, the endotoxin level of the commercial fucoidan was measured and no endotoxin 

activity was detected.  

The reason for the observed difference in results obtained from different fucoidans is not clear, 

although this has been noticed by others. Mak et al. isolated crude fucoidan from Undaria 

pinnatifida with 70% fucoidan purity and prepared three different fractions with higher purities, 

and compared the biological properties of these fractions with fucoidan from Fucus vesiculosus 

(Sigma Co.) (249). Cell proliferation assay in various cell lines showed that their own crude 

fucoidan had the highest cytotoxic activity than purified fractions and commercial fucoidan 

against the MCF-7 breast cancer cells and A-549 lung cancer cells. Another study by 

Choosawad et al. also reported a stronger inhibitory effect of crude fucoidan from Utricularia 

aurea on KB nasopharynx cancer cells than its purified fractions (331). It is generally believed 

that fucoidans with lower MW and higher sulphate content have higher growth inhibitory effect 

on cancer cells. However, in the Mak et al. report, the crude fucoidan had the highest MW and 

lowest sulphate content compared to those of the purified fractions but had the highest anti-

cancer activity. Here, the different fucoidan preparations utilised had similar sulphate content. 

This could suggest that sulphate content in the range of 20% might not have a large impact on 

the fucoidan bio-properties.  

Another difference between the three fucoidans studied in this thesis is the presence of 3.9% 

polyphenols in the fucoidan from Sigma Co. Polyphenols are phytochemicals widely 

distributed in plants and marine plants such as seaweeds and have been reported to have anti-

oxidant and cytotoxic effects (237). It is not clear how much the presence of 3.9% polyphenols 

contributed to the cytotoxic effects of the fucoidan. In a recent study, Yang et al. showed that 

the polyphenol extracted from the brown seaweed Laminaria japonica Aresch had anti-

proliferative activity on P388 leukaemia cell line with the IC50 value of >200 µg/mL (p>0.05) 

(332). To the best of our knowledge, the previously published articles studying the anti-cancer 

activity of fucoidan have not examined polyphenol content of their fucoidans. 

Fucoidan has been shown to be non-toxic in normal tissues. For in-vitro studies, some 

researchers have utilised normal cells such as normal fibroblasts alongside tumour cell lines, 

and have examined the proliferation inhibitory effect of fucoidan on both tumour and normal 

cells. These studies have revealed that fucoidan did not induce apoptosis within normal cells 
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at the doses which were toxic for the studied cancer cell lines. In vivo and clinical trials using 

fucoidan from different sources have also reported no or mild side effects. For instance, long-

term administration of fucoidan from Undaria pinnatifida in a form of 560 mg capsules did not 

induce side effects even when the participants took 4 capsules a day (333).  

In this dissertation, it was determined that fucoidan from Fucus vesiculosus (Sigma Co.) 

effectively and selectively induced cell death in the APL cell lines NB4 and HL60 but did not 

have any inhibitory effect on proliferation of the minimally differentiated AML cell line KG-

1a. It also slightly reduced the proliferation of the acute erythroleukaemic cell line K562 

through induction of cell cycle arrest and not cell death. The induced cell death in APL cells 

was revealed to have features characteristic of apoptosis and not necrosis. Necrosis is a 

pathological cell death that causes inflammation upon the release of the cellular content in the 

surrounding environment. In contrast, during apoptosis the intracellular contents are not 

released and inflammation does not occur in the cellular environment. Therefore, the type of 

cell death induced by fucoidan makes it a desirable therapeutic agent.  

Speculation of fucoidan’s targets leading to its wide range of activities including cell death 

process in cancer cells is still a matter of debate and controversy. Here, fucoidan induced 

apoptosis through reducing the activation of survival molecules ERK1/2 and AKT in APL 

cells. It also hyper-activated the apoptosis enzymes caspases 8, 9 and 3, and its cytotoxic 

activity was attenuated using a pan-caspase inhibitor indicating that fucoidan’s apoptosis 

induction is caspase dependent in APL cells.  

Consumption of fucoidan even over a very short time period was found to significantly delay 

the development and growth of APL, suggesting that fucoidan intake may enhance the immune 

cell activity. Other studies have also shown that fucoidan can inhibit neoplastic transformation 

in other in vivo models. In a chemical carcinogen rat model, fucoidan delayed the median time 

for tumour appearance when fucoidan was intraperitoneally administrated for 34 days prior to 

carcinogen exposure (253). In a recent study, the prophylactic activity of oral fucoidan in the 

prevention of Lewis Lung Carcinoma cell invasion and metastasis was investigated (266). 

Fucoidan prophylactically inhibited lung metastasis colonisation of tumour cells in C57BL/6 

mice.  
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Treatment with fucoidan alone has been shown to be effective in multiple cancer types in vivo. 

Many bioactive substances function to modulate multiple pathways including apoptosis, cell 

proliferation and differentiation. Therefore, use of combinations of such natural compounds 

with two or more targeted anti-cancer agents may achieve a more successful outcome.  

APL is one of the most aggressive types of AML with the unusually young average age of 40 

years. Despite the improvement in APL survival rate, drug resistance and side effects such as 

hyperleucocytosis and differentiation syndrome remain the clinical challenges. Here, the anti-

tumour activity of fucoidan in different types of AML was examined, and it was found that 

fucoidan treatment inhibited APL cell proliferation. This finding led us to examine whether 

fucoidan combined with standard APL treatments would have therapeutic benefit.  

A strong synergistic effect on apoptosis was noted in fucoidan and ATO treated cells. 

Combination treatment led to significant increase in DNA fragmentation and annexin V 

positive apoptotic cells. ATO plus ATRA traditionally targets the differentiation of malignant 

promyelocytes. As ATO can additionally induce apoptosis in APL cells, the involvement of 

ATO plus other therapeutic strategies in induction of apoptosis in promyelocytes is a target of 

cancer research studies. Treatment of human cervix carcinoma cells with ATO and ionised 

radiation enhanced apoptosis with loss of mitochondrial membrane potential and activation of 

caspases (334). The combination of ATO with the tyrosine kinase inhibitor imatinib also 

significantly increased chronic myelocytic leukaemic cell apoptosis through activation of the 

apoptosis intrinsic pathway, compared to stress-mediated apoptosis induced by ATO alone 

(335). ATO is currently administrated in refractory APL but not in newly diagnosed cases. This 

work is in agreement with other aforementioned studies (334, 335) that show more effective 

apoptotic action can be achieved using ATO plus other therapies rather than ATO alone. This 

observed synergy raises the possibility that ATO combined with other therapeutic agents such 

as fucoidan in newly diagnosed APL patients may be a viable option particularly arising from 

our observation of synergism between fucoidan with low doses of ATRA and ATO. These 

findings could be beneficial in clinics as the administration of lower doses of ATRA and ATO 

could reduce their observed toxicities. 

The synergistic effect of fucoidan on APL cell differentiation induced by ATRA and ATO was 

further determined in the human APL cell line, NB4. Triple combinations of these agents were 

found to induce the strongest influence on cell cycle arrest compared to single or any double 
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combinations of the compounds. The cell cycle arrest observed was consistent with the data 

obtained from the differentiation assay and the triple combination resulted in the highest 

amount of differentiated cells where almost all cells underwent differentiation. In NB4 cells 

treated with dual combination of ATRA+ATO, a small proportion of resistant cells (~15%) 

remained undifferentiated. The primary cause of relapse is drug resistance and therefore 

incomplete clearance of tumour cells. The findings presented in this thesis have implications 

for improving treatment response in APL cells as the addition of fucoidan to standard 

ATRA+ATO therapy could overcome resistance and relapse in APL. 

Although combination of low dose fucoidan with ATRA or ATO synergistically enhanced the 

differentiation, no dual dose dependent effect was observed for fucoidan alone treatment such 

as was seen in ATO-treated APL cells. As mentioned before, ATO induces apoptosis at higher 

doses while it induces myeloid differentiation at lower doses. In contrast, fucoidan only 

induced cell death at higher dose but did not induce differentiation at the lower dose when it 

was administered alone.  

Finally, the synergy of fucoidan+ATO or fucoidan+ATRA was investigated in vivo. The 

combination of ATRA plus fucoidan retarded tumour growth as indicated by increased tumour 

volume doubling time. However, overall the maximal effect was observed in fucoidan+ATO 

treated mice. Approximately 28% of the mice treated with fucoidan+ATO completed the full 

treatment program, with tumour volume reaching the end point after 28 days compared to none 

in fucoidan+ATRA treated mice. Furthermore, the tumour volume doubling time was maximal 

in fucoidan+ATO treated mice compared to all other groups in all studies. This could be 

because of the very low dose of ATRA used here due to toxicity encountered as described 

previously. This low dose may explain the lower efficacy of fucoidan+ATRA compared to 

fucoidan+ATO treatment and to the in vitro results. 

The anti-tumour activity of fucoidan treatment as a single agent was demonstrated, and 

consistent outcomes were achieved. Further, in combination with ATRA and ATO, fucoidan 

was again demonstrated to potentiate the anti-tumour activities. The results obtained from the 

optimisation assay (see Section 5.3.3), the fucoidan+ATO assay (see Section 5.3.4) and the 

fucoidan+ATRA assay (see Section 6.3.3) reveal the anti-tumour activity of fucoidan alone 

treatment compared to the control group in APL-bearing mice. Figure 7.1 compares the tumour 

volume doubling time and the median survival in fucoidan alone treated mice and the control 
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group in two independent assays in Chapters 5 and 6. As shown, almost similar outcomes were 

observed in the fucoidan treated mice in both studies. The reproducibility and observed 

consistent anti-cancer activity of fucoidan when used alone strengthens the hypothesis that 

fucoidan has anti-tumour activity against APL. 

 

 

 
Figure 7.1. Comparison of the data obtained in two independent studies in Chapters 5 
and 6. Results show tumour volume doubling time and median survival in the control (blue) 
and fucoidan alone (green) treated mice from studies in Chapter 5 (left) and Chapter 6 (right).  

 

When the differentiation activity of fucoidan treatment alone was assessed, myeloid 

differentiation of APL cells was observed in vivo, while no such effect was observed in vitro. 

We believe that fucoidan treatment alters the microenvironment around engrafted NB4 cells 

compared to in-vitro-cultured NB4 cells. Fucoidan’s influences on cell cross-talk and cytokine 

production in vivo may explain the induced differentiation in APL cells in mice.  

Another novel observation was to identify the altered ratio of CD44- cells to CD44+ cells in the 

tumour masses of those mice treated with fucoidan+ATRA compared to single treatment and 

control groups. It is not clear whether co-treatment of ATRA with fucoidan reduced the 

expression of CD44 upon differentiation or induced differentiation of existing CD44- NB4 cells 

more than the CD44+ NB4 cells. Although as it is known that almost 95% of the NB4 cells 

express CD44 on their surface, reduction in CD44 expression appears plausible. CD44 plays a 

major role in migration of tumour cells to other sites of the body and therefore downregulation 

of CD44 by combined fucoidan and ATRA may reduce the migration of APL cells in 

differentiation syndrome caused by ATRA and ATO. Although, this remains to be proven and 

further investigation on the underpinning mechanisms of this action should be undertaken. This 

could be analysed by labelling the CD44- NB4 cells prior to injection into mice. 
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Future Directions 

This thesis provides the first evidence that the combination of fucoidan with APL standard 

therapy delays APL growth and enhances the survival of APL-bearing mice. More animal 

experiments using larger numbers and additional treatment groups such as a triple combination 

of fucoidan, ATRA and ATO are suggested. Also, future studies which examine systemic 

leukaemia closely mimicking circulatory leukaemia cells in humans should be undertaken with 

establishment of APL via injection of the tumour cells intravenously. The use of NOD/SCID 

mice would permit tumour burden to be examined in the absence of NK cells, B-cells and T-

cells, and tumour establishment would be more successful. NOD-SCID mice can also tolerate 

higher doses of ATRA compared to nude mice. 

The research presented in this thesis also provides evidences for immunomodulatory activity 

of fucoidan through changes in NK cell behaviour in vivo. Whether the increased activity of 

NK cells were due to increased numbers or function remains to be determined. In addition, the 

role of fucoidan on other immune response elements such as IFN- level could be examined in 

future studies.  

As it is hypothesised that fucoidan reduces the toxicity of ATRA and ATO through its 

immunomodulatory effects, it is worthwhile to analyse the protective activity of fucoidan on 

differentiation syndrome which is one of the main features of ATRA and ATO therapies. This 

could be done by establishment of differentiation syndrome model in mice bearing systemic 

APL treated with high dose ATRA, and assessing specific outcomes such as lung edema and 

pulmonary effusion which are indicators of differentiation syndrome. 

This thesis also provides solid evidence of synergy of fucoidan plus ATO plus ATRA in vitro 

in NB4 cell differentiation. The combination of fucoidan+ATRA+ATO resulted in myeloid 

differentiation of >99% of treated cells compared to 87% when cells were treated with 

ATRA+ATO. ATRA and ATO induce differentiation through degradation of the oncoprotein 

PML-RARα, the main barrier of differentiation in APL cells (317). Further future 

investigations to examine the effects of fucoidan on the expression of PML-RARα fusion 

protein are suggested. 

This work provides evidence about the protective effect of fucoidan in prevention and delayed 

growth of APL. These data have implications for future epidemiological studies. Randomised 
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controlled trials may seek to evaluate the effect of dietary fucoidan supplementation or brown 

seaweed intake on leukaemia prevention. These data could also be a basis for clinical trials in 

order to assess the association between oral administration of fucoidan and immune system 

functions such as NK cell activity as was shown in this project. 
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Appendix A- Reagents 

 

Reagent Preparation 

1M NaCl 5.84 gr NaCl powder was dissolved in 100 mL Milli-Q water and stored at 2-8°C.  

1 M Tris 12.114 gr Tris powder was dissolved in 100 mL Milli-Q water and stored at 2-8°C. 

1 M MgCl2 9.52 gr MgCl2 powder was dissolved in 100 mL Milli-Q water and stored at 2-8°C.  

0.5 M EDTA 1.46 gr EDTA powder was dissolved in 10 mL Milli-Q water and stored at 2-8°C.  

0.5 M Tris 

HCl, pH 6.8 

12.1 gr of Tris base was dissolved in 150 mL of Milli-Q water water. pH was 

adjusted to 6.8 using concentrated HCl and the total volume to 200 mL was made 

up with Milli-Q water. The solution was stored at 2-8 °C. 

1.65 M NaOH 66 mg NaOH powder was dissolved in 1 mL Milli-Q water.  

protease 

inhibitor 

cocktail 

Complete protease inhibitor cocktail tablets were purchased from Roche Co. (Cat. 

No. 04693116001). Each tablet was dissolved in 2 mL Milli-Q water and aliquots 

were stored in -20 °C freezer. 

10% Igepal The Igepal solution was purchased from Sigma-Aldrich, U.S.A. To make the 10% 

Igepal, 2 mL of the stock solution was diluted in 18 mL Milli-Q water and was 

stored at 2-8 °C. 
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Primary and secondary antibodies utilised for Western blot 

Affinity MW (KD) Host Dilution* Supplier (Cat. No.) 
     

Anti-Pro Caspase 3 32 Rabbit 1:100 Abcam (ab136812) 

Anti-Caspase 3 17 Rabbit 1:100 Abcam (ab136812) 

Anti-PARP 89 Rabbit 1:100 Abcam (ab136812) 

Anti-Pro Caspase 8 55 Goat 1:200 Santa Cruz (sc-6134) 

Anti- Caspase 8 18 Goat 1:200 Santa Cruz (sc-6134) 

Anti-Pro Caspase 9 46 Rabbit 1:200 Santa Cruz (sc-8355) 

Anti- Caspase 9 35 Rabbit 1:200 Santa Cruz (sc-8355) 

Anti-ERK 42,44 Rabbit 1:1000 Cell Signalling (4695P) 

Anti-p-ERK 42,44 Rabbit 1:2000 Cell Signalling (4370P) 

Anti-AKT 60 Rabbit 1:1000 Cell Signalling (4691P) 

Anti-p-AKT(Ser) 60 Rabbit 1:2000 Cell Signalling (4060P) 

Anti-p-AKT(Thr) 60 Rabbit 1:1000 Cell Signalling (2965P) 

Anti-Bcl-xl 26,30 Rabbit 1:1000 Cell Signalling (2764P) 

Anti-DR5 40,48 Rabbit 1:1000 Cell Signalling (8074P) 

Anti-Fas 40-50 Rabbit 1:1000 Cell Signalling (4233S) 

Anti-Bax 21 Rabbit 1:1000 Cell Signalling (5023P) 

Anti-Cyclin D1 36 Mouse 1:2000 Cell Signalling (2926P) 

Anti-Waf1/Cip1 21 Mouse 1:2000 Cell Signalling (2946P) 

Anti-Actin 42 Rabbit 1:1000 Abcam (ab184111) 

Anti-GAPDH 36 Mouse 1:5000 Millipore (MAB374) 

Anti-SP1 90 Rabbit 1:1000 Santa Cruz (sc-59) 

Secondary Antibodies Labelled with HRP 

Anti-

Rabbit/Mouse** 

 
Goat 1:250 Abcam (ab136812) 

Anti-Rabbit  Goat 1:1000 Dako (P0448) 

Anti-Goat  Rabbit 1:1000 Dako (P0160) 

Anti-Mouse  Rabbit 1:1000 Dako (P0260) 

* Various antibody dilutions were diluted in 10 mL of 1X TNT with 1% 10X blocking reagent. 
**: Cocktail secondary antibody for anti-caspase 3 and anti-PARP was provided by the supplier 
in the kit 
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Appendix B- Methods 

Quantitation of Protein by Bradford Assay 

Bradford dye reagent was purchased from Bio-Rad, U.S.A and stored in the fridge. To measure 

the proteins concentrations, the dye reagent was diluted 1:5 with Milli-Q water. The extracts 

were diluted 1:10 with Milli-Q water and serial dilutions of bovine serum albumin (BSA) were 

used to further standard curve construction (i.e. 0.1 mg/mL, 0.15 mg/mL, 0.2 mg/mL, 0.25 

mg/mL, 0.5 mg/mL and 1.0 mg/mL samples of BSA were prepared from 10 mg/mL, BSA; 

Invitrogen™, U.S.A). 990 µL of the diluted Bradford dye reagent was added in 10 µL of each 

extract and each diluted BSA standard. Absorbance was measured at 595 nm using the 

SpectraMax® Plus384 Absorbance Reader (Molecular Devices, U.S.A). The results were 

entered in Microsoft Excel 2010 and BSA standard curve was created. Sample protein 

concentrations were determined in comparison to the BSA standard curve. 
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Appendix C –Monitoring Sheets 

Animal monitoring sheet after tumour cells injection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Project code: A13940 

Aim 

……. 

Mouse Ear tag- ID 

…………………….. 

Cage 

……. 

Tumour injection date 

…………………… 

Treatment start 

…………………….. 

Termination date 

……………………… 

Tumour Appearance Monitoring 

Day Date Weight Condition/comment 

1    

2    

3    

4    

5    

6    

7    

8    

9    

10    

11    

12    

13    

14    

15    

16    

17    
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Animal monitoring sheets during Treatment 

 

Tumour Development 

Day Date Weight Tumour measurement Width  x  
Length (Volume) 

Condition/comment 

1                   ×              (               )  

2                   ×              (               )  

3                   ×              (               )  

4                   ×              (               )  

5                   ×              (               )  

6                   ×              (               )  

7                   ×              (               )  

8                   ×              (               )  

9                   ×              (               )  

10                   ×              (               )  

11                   ×              (               )  

12                   ×              (               )  

13                   ×              (               )  

14                   ×              (               )  

15                   ×              (               )  

16                   ×              (               )  

17                   ×              (               )  

20                   ×              (               )  

21                   ×              (               )  

22                   ×              (               )  
23                   ×              (               )  
24                   ×              (               )  
25                   ×              (               )  
26                   ×              (               )  
27                   ×              (               )  

28                   ×              (               )  

 

Project code: A13940 

Aim 

……. 

Mouse Ear tag- ID 

…………………….. 

Cage 

……. 

Tumour injection date 

…………………… 

Treatment start 

…………………….. 

Termination date 

……………………… 
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Appendix D-Results 
Chapter 4. Daily body weight in mice fed with peanut butter and vehicle (control group) 

Day before tumour injection Control 1 Control 2 Control 3 Control 4 Control 5 Control 6 Control 7 

1 12 12.1 21.52 18.75 22.45 12.3 23.6 

2 12.78 12 21.3 18.83 22.36 12.81 23.84 

3 13.36 12.25 21.88 18.73 23.07 12.95 24.44 

4 13.5 12.48 21.93 19.13 23.11 13.25 24.6 

5 13.7 12.26 21.88 19.66 23.23 12.99 24.7 

6 13.75 12.2 21.54 19.55 23.04 12.99 23.84 

7 13.84 12.6 21.6 19.5 23.5 13.25 24.23 

8 14.01 12.95 21.8 19.91 23.1 13.6 24.65 

9 13.48 12.6 21.71 19.23 22.9 13.32 24.14 

10 13.57 12.8 21.64 19.31 22.6 13.7 23.85 

11 14.15 13.22 21.33 19.73 22.81 14.12 23.06 

12 14.54 13.49 21.47 19.81 22.9 14.61 23.19 

13 14.73 13.45 21.56 19.8 22.76 14.43 23.32 

14 15.04 13.2 21.8 19.72 22.83 14.8 23.6 

Day after tumour injection               

1 15.3 13.33 21.64 19.73 22.6 14.81 24.21 

2 15.68 13.71 21.61 20.06 22.81 14.94 24.26 

3 15.66 13.6 21.35 20.22 22.7 14.9 24.57 

4 15.8 13.9 21.88 20.34 23.28 15.54 24.48 

5 16.1 14.01 21.84 20.68 23.7 15.03 24.17 

6 16.3 14.15 22.36 21.4 24.02 15.42 24.64 

7 15.91 14.32 22.13 21.28 23.31 15.46 24.4 

8 16.5 14.2 22.4 21.1 23.71 15.14 24.81 

9 16.23 14.8 22.14 21.65 23.73 15.6 24.54 

10 16.3 14.65 23.61 21.74 24.86 16.16 25.45 

11 15.98 14.8 22.6 21.29 24.5 16.35 25.4 

12 16.5 15 22.5 20.85 24.7 16.38 25.8 

13 16.14 15.32 22.36 20.82 24.07 16.92 24.49 

14 16.26 15.1 22.4 20.73 24.5 17.41 25 

15 16.62 15.26 22.91 21.55 24.61 17.78 25.25 

16 16.58 15.41 23.11 21.68 End Point 17.86 25.29 

17 17.11 15.48 22.97 21.2   End Point 24.42 

18 17.47 15.61 End Point End Point   25.8 

19 End Point End Point     24.9 

20       24.69 

21       25.25 

22       25.8 

23       25.4 

24       End Point 
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Chapter 4. Daily body weight in mice fed with peanut butter and fucoidan (fucoidan group) 

Day before tumour injection Fucoidan 1 Fucoidan 2 Fucoidan 3 Fucoidan 4 Fucoidan 5 Fucoidan 6 Fucoidan 7 

1 11.87 14.9 23.13 13 23.74 11.8 21.99 

2 12.1 15.45 23.52 13.28 24.18 12.2 21.95 

3 12.6 15.7 23.4 13.6 14.32 12.44 22.68 

4 12.71 16 23.5 13.9 24.51 12.7 22.69 

5 13 16.2 23.4 14.01 24.75 13.03 22.85 

6 13.4 16.35 23.99 14.27 24 13.29 22.4 

7 13.5 16.09 23.6 14 24.32 13.09 22.76 

8 13.67 15.9 24.13 13.98 24.65 13.35 23 

9 13.31 15.8 24.03 13.73 24.01 12.86 23.08 

10 13.34 16.04 24.11 13.74 23.29 12.9 23.14 

11 13.7 16.23 24.2 14.2 23.9 13.4 23.39 

12 14.01 16.56 24.15 14.56 23.47 13.63 23 

13 14.01 16.03 24.23 14.3 23.5 13.23 23.1 

14 14.12 16.46 24.1 14.65 23.81 14.57 22.8 

Day after tumour injection               

1 14.1 16.31 24.4 14.01 24.41 14.3 23.4 

2 14 16.13 24.8 14.27 24.42 13.5 23.62 

3 14.25 16.44 24.93 14 23.81 13.7 23.4 

4 14.38 16.47 24.31 13.98 24.34 13.66 23.6 

5 14.72 16.93 24.47 13.73 24.1 14.28 23.6 

6 14.33 16.98 24.36 13.74 24.68 14.67 23.9 

7 14.36 17.23 23.83 14.2 25.05 14.8 23.81 

8 14.69 17.56 23.87 14.56 24.78 14.96 23.91 

9 14.7 17.48 23.96 14.46 24.79 14.9 24.11 

10 15.12 17.45 24.26 14.53 24.26 15.23 23.91 

11 15.33 17.8 23.7 14.78 25 15.22 24.21 

12 14.89 18.1 23.69 14.6 25.4 15.54 23.96 

13 15.26 18 23.5 14.9 25.2 15.36 24.48 

14 15.6 18.32 23.17 14.52 25.3 15.72 23.97 

15 15.88 18.4 23.59 14.31 24.75 15.78 24.43 

16 15.81 18.68 23.02 14.5 25.07 15.73 24.15 

17 16.38 19.1 23.91 14.52 25.01 15.78 24.1 

18 16.11 20.1 End Point 14.95 25.1 15.91 23.92 

19 16.42 20.36  15.2 24.72 15.9 23.75 

20 16.12 20.8  15.73 25.16 15.54 23.58 

21 16.98 End Point  15.68 25.72 16.14 23.53 

22 17.47   16.4 26.51 16.4 24.39 

23 17.6   16.8 26.5 16.52 24.06 

24 17.47   16.65 25.15 16.83 23.69 

25 17.25   16.08 25.28 16.86 23.6 

26 17.73   17.01 26.3 16.7 23.47 

27 17.27   17.08 26.24 17.1 24.18 

28 17.2   17.52 25.98 16.88 23.9 

29 17.39   17.6 26.25 17 23.93 

30 End Point   17.91 25.8 17.23 23.59 

31    End Point 26.24 17.17 23.78 

32     25.57 End Point 23.5 
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Continue from last page 

Day after tumour injection     Fucoidan 6  Fucoidan 1 

33     26.23  23.36 

38     25.99  23.65 

43     26.12  23.91 

48     End Point  23.5 

53       23.46 

58       23.97 

63       23.8 

68       23.5 

73       24.98 

78       24.6 

83       24.83 

87       End Point 

 

 




