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Abstract 

Abstract 

Acute Myeloid Leukemia (AML) presents significant clinical challenges due to its 

heterogeneous molecular profile and the limitations of traditional chemotherapy, which 

often result in inadequate efficacy and high toxicity. This research has been conducted to 

address these issues by exploring the potential of nanomedicines, combined with 

doxorubicin, to enhance therapeutic outcomes and reduce adverse effects in AML 

treatment. .  

This multidisciplinary study explores the combined efficacy of three different test 

compounds — caffeine-coated nanoparticles (CcNPs), copper diethyldithiocarbamate 

(CuET) nanoparticles, and nickel diethyldithiocarbamate (NiET) nanoparticles — as 

adjuncts to doxorubicin in the treatment of AML. Our research unfolds the anti-leukemic 

properties of these nanoparticles using a variety of investigative methodologies, including 

in silico, in vitro, and in vivo assays.. In silico docking studies act as a foundational 

scaffold, revealing the molecular complexities of nanoparticle interactions with critical 

cellular targets. Complementing these computational efforts are in vitro antioxidant assays, 

which provide insight into the nanoparticles' potential for modulating oxidative stress—an 

important aspect in AML pathogenesis. In vivo experimentation with AML rat models 

demonstrates the profound impact of nanoparticles, particularly when combined with 

doxorubicin.  

Our findings suggest that CcNP, CuET and NiET nanoparticles, when combined with 

doxorubicin, could be viable transformative therapeutic approaches in AML. These 

nanomedicines especially CcNPs act as potent inducers of the TRAIL-DR5 complex while 

also inhibiting the NF-kB p52/RelB/DNA complex. This dual action suggests their 

potential for reshaping the AML treatment landscape by targeting specific molecular 

pathways involved in leukemia progression. Moreover, their ability to modulate specific 

molecular pathways, improve treatment efficacy, and potential mitigation of the risks 

associated with conventional chemotherapies is a hallmark of their potential.  

Notably, the combination therapies have a significant impact on key leukemic genetic 

markers, specifically the downregulation of STMN1 and S1009A expressions, as well as 



 

xii 
 

Abstract 

the restoration of aberrant Wnt and HIF-1 alpha pathway gene expressions. The potent 

efficacy of these combination therapies is further supported by Annexin V/PI based 

apoptosis detection and CD4 viability tests, which highlight their significant potential 

against leukemic cells owing to enhanced intermolecular interaction of test compounds 

with CD33+ myeloid cells. 

This study heralds a new era in AML therapeutics, urging further clinical investigation to 

confirm their efficacy and safety profiles. The tantalizing prospect of these nanomedicines 

redefining AML treatment paradigms signals a promising path towards more effective, 

targeted, and less toxic therapies, highlighting a transformative phase in the fight against 

this aggressive hematological malignancy. 
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Chapter 1: Introduction 

1. Introduction 

1.1. Cancer 

Cancer continues to be a severe worldwide health concern, with yearly incidence expected 

to reach a staggering 23.6 million by 2030. Cancer initiation is characterized by 

deregulation of cellular survival pathways, which exceeds normal thresholds of 

proliferation, ultimately leading to uncontrolled tumor formation (Hanahan & Weinberg, 

2011). 

The delicate orchestration of cellular growth and division in physiological situations is 

rigorously managed by the exact release and interaction of growth factors. These 

components are essential for maintaining cellular homeostasis and a healthy tissue 

environment. This delicate balance, however, is disrupted within cancer cells. Cellular 

pathways that typically maintain this fine-tuned control are disrupted, resulting in an 

environment that is out of sync with the body's natural checks and balances (Terzibasi-

Tozzini et al., 2017). 

This alteration supports the uncontrolled multiplication and survival of malignant cells. 

Furthermore, these disrupted cells cause mutations in nearby healthy cells, resulting in an 

increase in the release of growth factors inside the cellular niche. This never-ending cycle 

promotes cancer cell growth and metastasis, continuing disease progression and has 

devastating impact on the affected individual (Chang et al., 2008). 

The complex interaction of disturbed cellular pathways, growth factor accumulation, and 

changes in survival protein receptor levels creates a hostile milieu that promotes cancer 

cell proliferation and spread. Understanding these numerous molecular complexities is 

critical in designing tailored treatment strategies to restore balance and halt the 

uncontrolled course of this dreadful disease (Sawyers et al., 2013). 
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1.2. Levels of cancer progression 

Cancer is caused by a sequence of genetic alterations in cells that cause them to transform 

from normal to malignant. It begins with excessive cell growth, known as hyperplasia. The 

nucleus (the cell's control center) then gets bigger in comparison to the cell's body, 

indicating a shift to a dysplastic condition. 

As the process progresses, these cells undergo additional transformation, obtaining the 

capacity to penetrate neighboring tissues and blood vessels. Figure 1.1 depicts these steps, 

showing how cells progress from basic alterations to becoming invasive and capable of 

spreading (Mayengbam et al., 2021).  

 

 

 

Figure 1.1: Flow diagram of cancer progression 

1.3. Hallmarks of cancer 

Cancer hallmarks are key biological characteristics gained during cancer development that 

serve as the foundation for comprehending the intricacies of metastatic cancers. These 

characteristics include cancer cells' capacity to fight apoptosis (cell death), establish 

replicative immortality, prolong cell survival signaling, avoid growth-suppressive signals, 

improve angiogenesis, and activate invasive activity (Hanahan & Weinberg, 2011). 

These abilities are the result of a slew of mutations that promote genetic diversity and 

genomic changes inside cancer cells. Over the last decade, advances in cancer research 

have resulted in the inclusion of four new hallmarks to this list: reprogramming of energy 

metabolism, tumor-promoting inflammation, genomic instability, and immune evasion. 

These new additions have broadened our understanding of cancer's complexities, giving a 

more complete framework for elucidating the mechanisms behind tumor growth and 

progression (Hanahan & Weinberg, 2011). 
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This updated collection of hallmarks provides a critical foundation for investigating 

innovative therapeutic options in cancer treatment. By defining these essential skills, 

researchers may develop creative techniques to target these unique characteristics, possibly 

altering the landscape of cancer therapy and management. 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Hallmarks of Cancer (Hanahan & Weinberg, 2011) 

1.4. Causes of Cancer 

Cancer is a multidimensional illness caused by a complex interplay of several variables 

rather than a single mutation. It is still extremely difficult to identify a single cause of 

cancer beginning and progression. Cancer has traditionally been viewed as the result of 

genomic modifications happening inside transformed cells, which are frequently 

characterized by mutations in the DNA of normal cells (Vogelstein & Kinzler, 2004). 

These mutations are often caused by exposure to various mutagens or carcinogens, such as 

environmental causes, radiation, food ingredients, or chemical agents (Allen et al., 1957). 

These agents' mutations disturb the delicate process of DNA replication, resulting in an 

accumulation of genetic abnormalities that support cancer growth. Furthermore, some of 
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these mutations have inheritable features, which perpetuate a proclivity for heightened 

genetic abnormalities, increasing the likelihood of cancer incidence (Anand et al., 2008) 

Cancer etiology is difficult because it is multiple, with a plethora of genetic, environmental, 

and lifestyle factors interacting to orchestrate the delicate cellular alterations that drive 

cancer growth. Despite advances in understanding the role of mutations in cancer 

causation, the holistic picture of cancer causation remains opaque, demanding ongoing 

research efforts to uncover its complex origins (Feinberg, 2004).  

1.5. Leukemia – blood cancer 

Leukemia, popularly known as blood cancer, stands as a complex and varied category of 

hematologic malignancies defined by the uncontrolled growth of aberrant white blood cells 

(leukocytes) within the bone marrow and peripheral circulation. This illness comprises a 

spectrum of diseases, each differentiated by specific clinical, pathological, and molecular 

aspects. The fundamental classification of leukemia rests on the differentiation lineage of 

the aberrant leukemic cells and their development pace, leading to its wide categorization 

into acute and chronic types (Lowenberg et al., 1999). 

Acute leukemias emerge as quickly advancing disorders, distinguished by the rapid growth 

of immature or undifferentiated cells, referred to as blasts, inside the bone marrow. These 

blasts fail to develop into functional blood cells, consequently entering the circulation and 

interfering with normal hematopoiesis. Acute leukemias are further subclassified into two 

basic types: acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), 

dependent upon the cell lineage affected—lymphoid or myeloid, respectively (Rose-Inman 

& Kuehl, 2017). 

Conversely, chronic leukemias advance at a slower pace, characterized by the excessive 

buildup of mature yet abnormal leukocytes. Chronic myeloid leukemia (CML) and chronic 

lymphocytic leukemia (CLL) represent the primary subtypes within the spectrum of 

chronic leukemias, Chronic Myeloid Leukemia (CML) is characterized by a distinctive 

genetic abnormality known as the Philadelphia chromosome. This aberration arises from a 

reciprocal translocation event between chromosomes 9 and 22, leading to the fusion of two 

genes: BCR (Breakpoint Cluster Region) and ABL (Abelson). The resulting fusion gene, 
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BCR-ABL, is considered a hallmark feature of CML, playing a pivotal role in both the 

diagnosis and treatment of the disease. 

The BCR-ABL fusion gene encodes for a constitutively active tyrosine kinase enzyme, 

which drives uncontrolled proliferation and survival of myeloid cells. This dysregulated 

signaling pathway is central to the pathogenesis of CML, contributing to the expansion of 

malignant myeloid progenitor cells characteristic of the disease. 

Importantly, the detection of the BCR-ABL fusion gene is a key diagnostic criterion for 

CML, as its presence confirms the diagnosis of the disease. Furthermore, targeting the 

BCR-ABL fusion protein with tyrosine kinase inhibitors (TKIs), such as imatinib, has 

revolutionized the treatment landscape for CML. TKIs specifically inhibit the activity of 

the BCR-ABL tyrosine kinase, leading to suppression of leukemic cell proliferation and 

induction of apoptosis, thereby achieving significant clinical responses and improving 

patient outcomes. 

In contrast, CLL includes the growth of aberrant B-lymphocytes, frequently demonstrating 

a somewhat indolent course and mostly affecting elderly persons (Pui & Evans, 1998). 

Table 1.1: Types and causes of leukemia 

No. Types of Leukemia Causes and Symptoms References 

1. Acute lymphocytic 

leukemia (ALL) 

 

1. Genetic abnormalities in 

hematopoietic stem cells (HSCs). 

2. Activation of   certain   genes by 

chromosomal translocation 

3. Bone and joint pain 

(Armstrong & Look, 

2005) 

2. Chronic  lymphocytic 

leukemia (CLL) 

  

1. Homogenous disease of immature B- 

Cells. 

2. Defective apoptosis.  

3. Inability to elicit immune response. 

4. Most prevalent form i.e. 36%. 

5. Night sweats, Easy bruising and 

bleeding 

(Chiorazzi, Rai et 

al., 2005) 
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3. Acute myeloid 

leukemia (AML) 

1. Genetic alteration and malfunctioning 

 of HSCs leading to clonal 

hematopoietic irregularity i.e. AML. 

2. Distortion of rational differentiation. 

3. Unrestrained growth of blast cells 

(Called immature leukemic cells). 

4. Fever, fatigue, hemorrhage, bone-pain 

 and CNS malfunctioning. 

(Lowenberg et 

al., 1999) 

4. Chronic myeloid 

leukemia (CML) 

1. Philadelphia chromosome 

translocation (BCR-ABL fusion gene) 

2. Genetic predisposition 

3. Ionizing radiation exposure 

4. Fatigue and weakness 

5. Unexplained weight loss 

6. Enlarged spleen and liver 

(Chiorazzi, Rai et 

al., 2005) 

 

Further sub-classification within each subtype is based on different cytogenetic, molecular, 

and immunophenotypic markers, enhancing diagnosis accuracy and assisting in 

prognostication and therapy planning. The identification of these distinct subtypes and their 

underlying molecular fingerprints has paved the way for customized therapy options, 

boosting treatment efficacy and patient outcomes in leukemia care. Continued 

breakthroughs in our understanding of the molecular processes and genetic foundations of 

leukemia subtypes remain crucial in improving diagnostic techniques and supporting the 

development of targeted treatments tailored to specific patient profiles. 

1.6. Acute Myeloid Leukemia (AML) 

Acute Myeloid Leukemia (AML) is commonly known as blood cancer which originates in 

bone marrow. The excessive proliferation of bone marrow cells result in the appearance of 

blast cells in bloodstream, which fail to differentiate into fully functional blood cells. 

Consequently, the normal process of blood cell formation is disrupted, leading to impaired 

bone marrow function. 
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The disturbance in bone marrow function manifests as a reduction in the synthesis of 

various types of blood cells. This includes a decline in the production of red blood cells, 

which are essential for oxygen transport, platelets, which play a critical role in blood 

clotting, and fully mature white blood cells, which are integral components of the immune 

system's defense mechanisms. 

AML is a very variable illness, defined primarily on genetic and cytogenetic abnormalities, 

which greatly impact prognosis and treatment response. The WHO categorization system 

categorizes AML into various subtypes characterized by particular genetic mutations, 

chromosomal abnormalities, and variations in gene expression patterns. Mutations 

typically related with AML include FLT3, NPM1, CEBPA, and IDH1/2, among others 

(Döhner et al., 2017). 

 

Figure 1.3: Acute myeloid leukemia (Rubnitz et al., 2008) 

Clinical signs of AML may include symptoms such as weariness, weakness, increased 

susceptibility to infections owing to neutropenia, easy bruising or bleeding arising from 

thrombocytopenia, and anemia due to diminished red blood cell formation. Diagnosis 

comprises blood testing, bone marrow aspiration, and genetic analysis to identify particular 

mutations, advise prognosis, and personalize treatment regimens (Döhner et al., 2017). 
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Treatment for AML often comprises of chemotherapy aimed at inducing remission by 

targeting leukemic cells. Consolidation therapy, which may involve further chemotherapy 

or stem cell transplantation, tries to avoid disease recurrence. Hematopoietic stem cell 

transplantation (HSCT) serves as a potential curative alternative, particularly for 

individuals at high risk of recurrence or with refractory illness. The decision for HSCT 

depends on parameters such as patient age, comorbidities, and genetic risk stratification 

(Döhner et al., 2017). 

Advancements in molecular profiling and targeted treatments have altered AML therapy 

paradigms. Targeted medicines, such as tyrosine kinase inhibitors (e.g., midostaurin for 

FLT3 mutations) and inhibitors of mutant IDH1/2 enzymes, have shown success in 

particular AML subgroups, enabling more focused and perhaps less toxic therapy 

alternatives (Perl et al., 2017). 

Despite these breakthroughs, obstacles exist in treating recurrent or refractory illness, 

avoiding treatment-related toxicities, and establishing sustained responses in older or 

medically unfit patients. Ongoing research endeavors focus on identifying novel 

therapeutic targets, developing immunotherapies, refining risk stratification, and exploring 

combination therapies to improve outcomes and enhance the quality of life for individuals 

affected by AML (Perl et al., 2017). 

1.7. Occurrence and diagnosis of AML 

The frequency of AML fluctuates with age, exhibiting a propensity for older individuals, 

and it accounts for a considerable fraction of adult leukemias (Arber et al., 2016). There 

are numerous techniques to detect AML, however the most frequent one is by blood testing. 

These tests are used to determine morphology of myeloblasts, peripheral blood cells and 

bone marrow cells as they are altered in leukemia. These morphological alterations include 

lower cytoplasmic content, higher nucleus to cytoplasm ratio and distortion in nuclear 

shape which are the features of immature blast cells.  

If in blood, 30% or more cells display such shape of blast cells, then it is recognized as 

AML. AML is split into 9 additional kinds according to differentiation in blast cells 

morphology (Bennett et al., 1976). Several staining processes may be adopted for such 
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morphological research but the most recommended one is Giemsa staining. Alteration in 

hepatic (ALT, ALP & AST) and renal biomarkers in serum of patients, owing to hepatic 

cytotoxicity by benzene, might also be one of the measures to detect AML (Dere & Ari, 

2009).  

Though, it is identified by a series of clinical assessments and laboratory testing, patients 

generally arrive with symptoms such as tiredness, infections, bleeding tendencies, and 

anemia, which require prompt medical screening. Blood tests, including complete blood 

count (CBC) and peripheral blood smears, typically indicate aberrant leukocyte counts, 

reduced red blood cells, and decreased platelets, indicating bone marrow failure. 

Confirmation of AML diagnosis relies on bone marrow aspiration and biopsy. This process 

comprises taking samples from the bone marrow to examine cellular shape, calculate blast 

percentages, and perform immunophenotyping to detect particular markers expressed on 

leukemic cells. Additionally, cytogenetic and molecular investigations are critical for 

detecting genetic abnormalities and mutations that impact prognosis and guide therapy 

options. Mutations commonly found in acute myeloid leukemia (AML), including FLT3 

play crucial roles in several aspects of the disease. They serve as important markers for 

assessing the risk profile of the patient, helping clinicians determine the prognosis and 

tailor treatment strategies accordingly. Additionally, these mutations provide valuable 

insights into the underlying molecular mechanisms driving AML pathogenesis. 

Understanding the presence and significance of these mutations allows for more 

personalized and targeted therapeutic approaches, ultimately improving patient outcomes. 

(Arber et al., 2016). 

Advanced diagnostic technologies, such as next-generation sequencing and multiparameter 

flow cytometry, provide more insight into the genetic landscape and immunophenotypic 

components of AML, allowing for more accurate subtyping and tailored treatment 

regimens. Early and accurate detection of AML is crucial for initiating fast and appropriate 

treatment. Induction chemotherapy regimens are widely used to promote remission, 

followed by consolidation therapy to prevent sickness recurrence. Furthermore, identifying 

specific genetic mutations allows for the use of targeted therapies such as tyrosine kinase 
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inhibitors or inhibitors of mutant enzymes, providing more tailored and potentially 

effective treatment options for select AML subgroups (DiNardo et al., 2019) 

Continuous advances in diagnostic techniques and molecular profiling continue to refine 

our understanding of AML pathogenesis, allowing for more precise diagnosis, risk 

stratification, and the development of novel therapeutic strategies aimed at improving 

outcomes for people living with this complex disease (Arber et al., 2016). 

1.8. Risk factors associated with AML 

Risk factors are components that increase the likelihood of getting a certain disease, and 

serve as critical markers for early identification. It is critical to understand that not everyone 

with these risk factors will acquire the disease (Belson et al., 2007). Several risk factors for 

Acute Myeloid Leukemia (AML) have been identified: 

1. Tobacco use 

2. Age: Individuals aged 65 and older account for approximately 60% of AML 

cases. 

3. Gender disparity: Males have a greater incidence of AML than females. 

4. Prior chemotherapy or radiation therapy for other malignancies, notwithstanding 

the possibility of acquiring AML. The advantages of these medicines in cancer 

therapy exceed the hazards. 

5. Myeloproliferative neoplasms (MPNs): Chronic bone marrow and blood 

illnesses, notably myelofibrosis, which can proceed to AML. 

6. Myelodysplastic syndrome (MDS): A disorder characterized by insufficient 

generation of healthy blood cells, which results in AML transformation in 10% to 

20% of patients. 

7. Genetic predisposition: Certain genetic problems increase the risk of AML e.g. 

Down syndrome 

8. Prolonged exposure to benzene, which is often present in the petroleum sector. 
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9. Family history: People who have a family history of AML, such as a parent, 

sibling, or child with the disease, are more likely to develop the condition. 

Understanding and recognizing these risk factors is crucial for proactive disease 

management and individualized healthcare treatments for those who may be at increased 

risk of developing AML (Schmid et al., 2012). 

1.8.1. Role of benzene in AML induction 

Benzene, a common industrial chemical found in gasoline, solvents, and plastics, has been 

identified as a strong carcinogen. The link between benzene exposure and AML has been 

well established in epidemiological research and occupational exposure evaluations 

(Natelson, 2007). 

The detrimental impact of benzene on DNA integrity within bone marrow cells, notably 

hematopoietic stem cells and progenitor cells essential for blood cell formation, is a 

significant factor in AML development. Chronic exposure to benzene and its metabolites 

instigates genetic mutations, chromosomal aberrations, and DNA damage in these cells. 

Consequently, this disturbance disrupts their normal physiological functions, fostering 

uncontrolled cell growth and eventually paving the way for malignant transformation, thus 

contributing to the pathogenesis of AML (Shallis et al., 2021). 
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Figure 1.4: Mechanism of benzene action (Kolachana et al., 1993) 

Benzene metabolites like benzene oxide and reactive intermediates like 1,4-benzoquinone 

have been linked to DNA adduct production and oxidative stress in bone marrow cells. 

These pathways can cause oncogene activation, tumor suppressor gene inhibition, and 

interference with cellular repair systems, ultimately leading to the onset of leukemogenesis 

and progression to AML 

Furthermore, benzene's effect on the bone marrow microenvironment and hematopoietic 

niches may contribute to leukemic transformation by interrupting normal hematopoiesis 

and encouraging an environment permissive to leukemic cell growth. 

It is crucial to emphasize that, while benzene exposure is an established risk factor for 

AML, not all people who are exposed to it will acquire the condition. The likelihood of 

developing AML is determined by a number of factors, including exposure length and 

severity, individual’s vulnerability, and genetic predisposition. 

Regulatory initiatives and occupational safety standards targeted at decreasing benzene 

exposure in industrial settings have played a critical role in lowering the frequency of 
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benzene-induced AML. Comprehensive risk assessment, monitoring, and adherence to 

safety standards are still required to reduce the possible health concerns associated with 

benzene exposure (Snyder, 2002b). 

1.9. Treatment of AML 

Chemotherapy, radiation therapy, surgery, hormone therapy, and immunotherapy are all 

examples of traditional cancer treatments. Gene and stem cell transplantation is especially 

utilized to treat acute myeloid leukemia in order to enhance and extend patients' lives by a 

few years (Shaffer et al., 2012). 

Several chemotherapeutic anti-cancer drugs are employed in chemotherapy to kill cancer 

cells and prevent their growth. However, these chemotherapeutic drugs are costly and have 

several negative effects on nearby normal cells because of their inability to distinguish 

between malignant and normal cells ( Burnett, 2005). As a result, in addition to the intended 

therapeutic impact, chemotherapy can trigger immunogenic cell death. Chemotherapy side 

effects include hair loss, tiredness, vomiting, nausea, and diarrhea. Despite this, 

chemotherapy is most commonly used to treat AML in adults aged 18 to 60 years. 

Anticancer medications are being utilized in conjunction with naturopathy to treat AML 

for increased efficacy ( Burnett & Knapper, 2007). 

With increasing age, recurrence-free survival becomes less likely. AML needs targeted 

therapy that targets molecules involved in deregulating cellular functions and sustaining 

leukemic state, such as tyrosine kinase over-expression, increased angiogenesis, and drug 

resistance (Bruserud et al., 2001). 

Leukemia recurrence can also develop after therapy due to persistent leukemic cells. This 

is known as minimum residual disease. Patients are given "Trisenox" in such 

circumstances. In HL60 cell line, a combined treatment of Etomoxir, Arsenic Trioxide, and 

Trisenox caused apoptosis. Arsenic trioxide inhibits the AKT and ERK pathways while 

having no harmful effects on normal cells (Roboz, 2011). 

1.9.1. Chemotherapy 

Chemotherapy remains a cornerstone therapeutic approach for managing this aggressive 

malignancy. Chemotherapy's primary objective in AML is to promote remission by 
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eliminating leukemic cells and restoring normal bone marrow function (Dombret & 

Itzykson, 2017). 

 

Figure 1.5: Graphical representation of chemotherapy in AML patients (Dombret & Itzykson, 

2017) 

In AML treatment, chemotherapeutic drugs such as cytarabine (ara-C) and anthracyclines 

such as daunorubicin or idarubicin are widely employed. By removing the majority of 

leukemia cells from the bone marrow, this intense first therapy tries to achieve full 

remission. Consolidation treatment, a following phase of chemotherapy, lowers leftover 

leukemic cells further to avoid return of illness. 

Combination chemotherapy regimens tailored to the patient's age, overall health, and 

particular genetic or molecular features of the leukemia cells are frequently used in AML 

treatment. Chemotherapy medication selection and dose may differ depending on risk 

assessment, AML subtype, and individual patient characteristics (Yeung & Radich, 2017). 

While chemotherapy might induce remission, it can also bring adverse effects such as bone 

marrow suppression (leading to anemia, neutropenia, and thrombocytopenia), nausea, 

vomiting, hair loss, and increased susceptibility to infections. To control these side effects 

and maintain blood cell counts throughout therapy, supportive care techniques like as 

growth factor support and transfusions are frequently used (Büchner et al., 1985). 
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Following chemotherapy, stem cell transplantation (SCT) may be recommended for certain 

people, particularly those at high risk of recurrence or with specific genetic alterations. 

SCT entails replacing the patient's damaged bone marrow with healthy stem cells, either 

from a matched donor (allogeneic SCT) or from the patient (autologous SCT) (Yeung & 

Radich, 2017).  

Novel chemotherapeutic medicines, combination therapies, and targeted agents are being 

investigated in order to enhance outcomes, decrease treatment-related toxicities, and adopt 

treatments based on individual AML cell characteristics (Büchner et al., 1985). 

The ultimate goal of chemotherapy in AML is to establish long-term remission and enhance 

overall survival while reducing treatment-related problems, emphasizing continuous 

efforts to optimize and tailor treatment options for this illness. 

1.9.1.1. Doxorubicin 

Doxorubicin, an anthracycline-class chemotherapy medicine, is widely used in the 

treatment of different malignancies, including leukemias such as AML and ALL ( Chen, 

et al., 2013). 

Doxorubicin's action potential is based on its capacity to intercalate DNA, impede DNA 

and RNA synthesis, and induce DNA damage by creating free radicals via interaction with 

topoisomerase II. In rapidly developing cancer cells, including leukemia cells, these 

activities eventually result in cell cycle arrest and death (Kweon et al., 2010). 
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Figure 1.6: Mechanism of action of doxorubicin (Xu et al. 2013) 

While doxorubicin is effective in treating cancer, it can also lead to several adverse effects. 

These include bone marrow suppression, resulting in conditions such as anemia. 

Additionally, patients may experience nausea, vomiting, and hair loss. There is also a risk 

of cardiotoxicity, particularly with higher cumulative doses of the drug. Doxorubicin use 

in leukemia therapy is frequently modified based on a variety of parameters, including the 

precise kind and stage of leukemia, the patient's overall health, and individual treatment 

response. Through innovative drug delivery technologies, combination therapy, and dose 

changes, researchers continue to look for ways to improve doxorubicin's effectiveness 

while minimizing its side effects (Wunderlich et al., 2013). 

To summarize, doxorubicin remains a cornerstone in leukemia treatment, playing an 

important role in inducing remission and improving survival outcomes for people with 

specific kinds of leukemia. Its usage, however, necessitates careful evaluation of its 

possible adverse effects as well as the overall treatment approach in combination with other 

medicines. 
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1.9.2. Nano technological advances in treatment of AML 

Nanotechnology holds the promise of transforming drug delivery approaches, enhancing 

therapeutic efficacy, and mitigating off-target adverse effects commonly linked with 

conventional chemotherapy in managing AML. (Chen et al., 2019). 

Nanotechnology-based techniques entail the creation and application of nanoscale 

materials such as nanoparticles, liposomes, and micelles to deliver therapeutic medicines 

to leukemia cells while protecting healthy tissues. These nano-sized carriers can be 

designed to contain chemotherapeutic medicines, nucleic acids, or targeted agents, 

enabling precise administration and controlled release at the leukemic cells' point of origin 

(Fahrner, 2005) 

 

Figure 1.7: Comparison between conventional chemotherapy and nanotherapy (Chen et al., 

2019) 

Nanocarriers have various benefits in the context of AML treatment (Houshmand et al., 

2020): 

1. Tailored medication administration: Nanoparticles can be functionalized with 

ligands or antibodies that identify and bind to receptors overexpressed on AML 
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cells, allowing for tailored medication administration while minimizing systemic 

toxicity. 

2. Increased medication solubility and stability: Encapsulating chemotherapeutic 

drugs in nanoparticles improves their solubility, stability, and bioavailability, 

resulting in improved medication delivery to leukemia cells. 

3. Less side effects: By delivering medications directly to leukemia cells, 

nanocarriers reduce exposure to healthy tissues, decreasing off-target effects and 

lowering systemic toxicity that is commonly associated with traditional 

chemotherapy. 

4. Overcoming drug resistance: Nanotechnology-based techniques can aid in the 

elimination of drug resistance mechanisms seen in AML cells, potentially 

increasing the efficacy of treatment drugs. 

Nanomedicine research for AML includes the creation of innovative nanoparticle 

formulations, such as liposomal cytarabine and daunorubicin, with the goal of increasing 

medication delivery and treatment results. Furthermore, nanocarriers loaded with targeted 

medicines, gene treatments, or immunotherapeutic agents are being investigated to 

improve treatment effectiveness. (Sauvage et al., 2016) 

While nanotechnology-based therapeutics show promise, there are still obstacles to 

overcome, such as improving nanoparticle design, guaranteeing biocompatibility and 

safety, and converting these novel techniques from preclinical to clinical applications. 

Nanotechnology breakthroughs have the potential to revolutionize AML therapy by 

delivering more effective, tailored, and less toxic therapeutic choices, eventually aiming to 

enhance patient outcomes and quality of life (Deshantri et al., 2018). 

1.9.2.1. Use of drug delivery system with natural compounds 

The use of nanotechnology in Drug Delivery Systems (DDS) in conjunction with natural 

chemicals provides an exciting new frontier in the treatment of AML. By integrating 

natural substances into nanocarriers, researchers hope to improve their transport, potency, 

and selectivity against leukemia cells (Kingsley et al., 2006). 
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Some natural chemicals produced from plants, fungus, marine creatures, or other natural 

sources have intrinsic medicinal qualities, such as anti-leukemic capabilities. However, 

their therapeutic applicability is frequently hampered by issues such as poor solubility, fast 

degradation, and low bioavailability (Jiang et al., 2007). 

By encapsulating these natural substances into nano-sized carriers such as liposomes, 

polymeric nanoparticles, or micelles, nanotechnology provides a solution. This 

encapsulation improves natural component stability, solubility, and targeted administration 

to leukemia cells, overcoming their intrinsic limitations (Fang, 2006). 

Several natural substances, including curcumin, resveratrol, quercetin, and different plant-

derived extracts, have been shown in preclinical tests to have anti-leukemic effects. When 

these drugs are combined with nano DDS, they display better pharmacokinetics and 

increased accumulation within leukemia cells, possibly increasing their therapeutic 

effectiveness against AML. 

The following are the benefits of employing nano DDS in conjunction with natural 

chemicals to treat AML (Hu et al., 2021): 

1. Targeted delivery: Nanocarriers can be customized to transport natural 

substances selectively to leukemia cells, limiting exposure to healthy tissues and 

lowering systemic adverse effects. 

2. Increased stability: Encapsulating natural substances into nanoparticles shields 

them from degradation, increasing their stability and bioavailability. 

3. Synergistic benefits: By co-delivering several natural substances or combining 

them with traditional anti-leukemic medications, nano-formulations might promote 

combination therapy, potentially leading to synergistic benefits and overcoming 

drug resistance. 

4. Lower toxicity: Precise delivery to leukemia cells can reduce the needed dosage 

of natural substances, lowering toxicity and boosting therapeutic index. 

While preclinical investigations have yielded encouraging findings, further research is 

required to improve nano DDS formulations, assess their safety profiles, and confirm their 
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usefulness in clinical settings. Scalability, regulatory concerns, and long-term stability are 

all issues that must be addressed for effective translation to clinical applications (Mintz & 

Leblanc, 2021). 

Overall, the combination of nanotechnology and natural chemicals in DDS has enormous 

promise for revolutionizing AML therapy by providing a unique and focused therapeutic 

strategy with the goal of improving patient outcomes. 

1.9.2.2. Use of synthetic nanoparticles against AML 

Many clinically approved nanoparticle formulations are used to treat various cancers at 

different stages. Interestingly, all but one of these systems (Abraxane) are liposomal 

systems encapsulating an anticancer drug. The first approved cancer nanomedicine was 

Doxil, a polyethylene glycol (PEG) functionalized liposomal doxorubicin, approved by the 

FDA in 1995. Soon after, other liposomal formulations, such as liposomal daunorubicin 

(DaunoXome), liposomal vincristine (Marqibo), and most recently, liposomal irinotecan 

(Onivyde), received FDA approval (Beals, 2018). 

These man-made nanoparticles, often composed of polymers, metals (such as gold or 

silver), silica, or carbon-based nanomaterials, can be precisely tailored and functionalized 

to deliver therapeutic payloads to leukemia cells while sparing healthy tissues ( Smith, et 

al., 2015). They can be tailored in several ways: 

1.  Size and Shape: The size and shape of nanoparticles can be controlled to 

optimize cellular uptake, circulation time, and bio-distribution. Smaller 

nanoparticles typically have better penetration into tissues, while the shape can 

influence cellular uptake mechanisms. 

2. Surface Chemistry: The surface of nanoparticles can be modified to enhance 

stability, biocompatibility, and target specificity. This can involve adding various 

chemical groups or coatings to the nanoparticle surface. 

 



 

22 
 

Chapter 1: Introduction 

3. Drug Loading: Nanoparticles can be engineered to encapsulate or conjugate 

therapeutic agents, ensuring controlled release and protecting the drug from 

premature degradation. 

Approaches to functionalize nanoparticles include: 

1. Ligand Attachment: Attaching ligands (such as antibodies, peptides, or small 

molecules) to the surface of nanoparticles can target specific receptors on leukemia 

cells, enhancing selectivity and uptake by the target cells. 

2. Polyethylene Glycol (PEG): Adding PEG to the surface of nanoparticles can 

improve their circulation time by reducing opsonization and clearance by the 

immune system, as well as increasing solubility and stability. 

3. Surface Coatings: Applying biocompatible coatings such as proteins, lipids, or 

synthetic polymers can improve the biocompatibility and reduce the 

immunogenicity of nanoparticles. 

4. Magnetic Functionalization: Incorporating magnetic materials allows for the 

external control of nanoparticle movement and drug release using magnetic fields, 

which can target nanoparticles to specific sites within the body (Deshayes & Gref, 

2014). 

By employing these tailoring and functionalization strategies, nanoparticles can be 

designed to effectively deliver drugs to leukemia cells while minimizing impact on healthy 

tissues  (Gao & Zhang, 2015). 

1.9.3. Naturopathy 

Naturopathy, a holistic approach to healthcare that stresses natural cures and self-healing 

processes, provides supportive techniques that may supplement traditional AML therapies. 

While naturopathy is not a replacement for regular medical care, it can be used as a 

complementary therapy to improve general well-being and quality of life for those 

undergoing AML treatment (Calgarotto et al., 2021). 

Some naturopathic techniques that may be beneficial in the treatment of AML include: 
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1. Nutritional and dietary support: Naturopathic practitioners frequently highlight 

the need of a well-balanced diet rich in minerals, antioxidants, and phytochemicals. 

Dietary changes may be made to improve immunological function, decrease 

inflammation, and improve general health during and after AML therapy. 

2. Herbal medicine: Naturopaths may offer some herbal supplements or plant 

extracts for alleged immune-boosting or anti-inflammatory effects. However, these 

supplements should be used carefully since they may interact with conventional 

medications or influence blood coagulation, necessitating constant monitoring and 

contact with healthcare specialists. 

3. Lifestyle adjustments: Naturopathy frequently encourages lifestyle adjustments 

such as stress reduction strategies (e.g., meditation, yoga), regular physical activity, 

and appropriate sleep, all of which can help with general health and well-being 

throughout AML therapy. 

4. Mind-body therapies: Acupuncture, massage therapy, and mindfulness-based 

practices may help with treatment-related side effects such as pain, exhaustion, and 

mental distress. 

5. Nutritional supplements: Naturopathic practitioners may advise patients to take 

certain vitamins, minerals, or supplements to address nutritional deficiencies that 

may arise during AML therapy. However, it is critical to discuss these supplements 

with your healthcare professional to avoid any drug interactions or unwanted 

effects. 

Individuals receiving AML therapy must speak freely with their healthcare team, including 

naturopathic practitioners, in order to provide integrated care and avoid any conflicts 

between naturopathic therapies and conventional treatments. Furthermore, naturopathic 

treatments should be utilized with, rather than in place of, traditional medical therapy, and 

their efficacy and safety in the context of AML should be extensively verified via clinical 

research (Roy et al., 2017). 
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The incorporation of naturopathy into a comprehensive care plan can provide supportive 

measures to improve the general well-being and quality of life of those dealing with AML 

treatment problems. 

1.9.3.1.Caffeine 

Caffeine, a frequently ingested psychoactive ingredient present in a variety of drinks, has 

sparked interest because of its possible influence on cancer cells, including leukemia. Its 

methods of action include adenosine receptor antagonism and inhibition of specific 

enzymes such as phosphodiesterase, altering cellular signaling pathways that govern 

proliferation, apoptosis, and DNA repair processes in cancer cells (Amirizadeh et al., 

2023). 

While some in vitro studies have suggested that caffeine may affect cancer cells by causing 

cell cycle arrest, promoting programmed cell death (apoptosis), or altering DNA repair 

mechanisms, the specific implications of caffeine in AML treatment are unclear and 

warrant further investigation (Gibbs et al., 2015). 

Research on caffeine’s effect on AML cells or its possible involvement in AML treatment 

is sparse and frequently inconclusive. Because of the complexity of cancer cells and the 

heterogeneity in their responses to caffeine, thorough investigations, including preclinical 

models and clinical trials, are required to determine caffeine's effectiveness, safety, and 

possible therapeutic advantages for AML. 

 

Figure 1.8: Structure of Caffeine (Kolachana, et al., 1993) 
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Furthermore, translating caffeine's effects reported in laboratory investigations to clinical 

applications necessitates a number of factors. Caffeine's practicality as an adjuvant therapy 

for AML requires careful consideration of factors such as caffeine concentration, length of 

exposure, possible interactions with other drugs or therapies used in AML therapy, and 

individual patient variability (Karalexi et al., 2019).  

Patients receiving AML therapy should seek medical advice before making any dietary 

modifications, including caffeine usage. Understanding the interaction between caffeine 

and AML cells necessitates extensive scientific research to evaluate its potential as a 

therapeutic adjuvant or find any contraindications in leukemia therapy. 

In conclusion, while fascinating discoveries in laboratory settings suggest that caffeine has 

an effect on cancer cells, notably via modifying cellular pathways involved in cancer 

growth, its specific involvement in AML therapy remains unknown. Extensive scientific 

research and clinical trials are required to determine caffeine's therapeutic significance, 

safety, and optimal use in the context of AML care (Ugai et al., 2018). 

1.9.3.2. Mode of Action of Caffeine 

For decades, studies have been done to dissect the mechanisms of action of caffeine. Out 

of several known mechanisms, the most projecting one is show in figure 1.9. 

 

 

 

 

 

 

 

Figure 1.9: Mechanism of Caffeine Action (Deshayes & Gref) 
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Caffeine is said to reversibly disrupt the connection of adenosine with its receptor, 

preventing the onset of sleepiness and other effects generated by adenosine in the human 

body. Caffeine stimulates several other parts of our autonomic nervous system as well. 

Caffeine stimulates efflux pumps, the baseline levels of which are controlled by the 

transcription factor Pap1, to execute detoxifying functions (Hidalgo et al., 2009).  

Caffeine does not activate the Pap1 transcription factor; instead, it shuttles between the 

cytoplasm and the nucleus, regulating the expression of around fifty genes. Caffeine has a 

number of harmful consequences, as well as interference in cellular processes such as 

protein trafficking and general fitness impairment, cell wall destruction, cell cycle arrest, 

and DNA damage. 

1.9.4. Synthetic organometallic compounds 

The prospective uses of synthetic organometallic compounds against Acute Myeloid 

Leukemia (AML) have piqued the interest of cancer researchers. These complexes, which 

comprise metal atoms linked to carbon atoms in organic molecules, have a wide range of 

chemical configurations and may be tailored to target certain biological pathways or 

cellular processes related to cancer (Ong & Gasser, 2020). 

Some synthesized organometallic compounds have shown promising anticancer effects in 

preclinical trials against AML. These complexes can be programmed to engage selectively 

with biomolecular targets within leukemia cells, possibly interfering with vital biological 

activities or signaling pathways important for cancer cell survival and proliferation (Sabnis, 

2021). 

Several ways for developing organometallic compounds for AML therapy have been 

investigated: 

1. Targeted drug delivery: Organometallic compounds can be integrated into 

nanoparticles or carrier systems, allowing for precise drug delivery to AML cells. 

This method tries to increase medication accumulation within leukemia cells while 

decreasing off-target effects on healthy cells. 
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2. DNA binding and damage: Certain organometallic complexes can bind with 

DNA, producing DNA damage or interfering with replication and transcription 

processes, causing apoptosis or cell cycle arrest in leukemia cells. 

3. Redox modulation: Certain complexes exhibit redox activity, disrupting cellular 

redox balance. Increased ROS levels cause oxidative stress, leading to damage of 

biological molecules within leukemia cells, ultimately triggering their demise. 

4. Cellular process inhibition: Organometallic compounds can interfere with certain 

enzymatic pathways or molecular targets required for AML cell survival and 

proliferation, affecting key cellular processes. 

While these synthetic complexes show promise in preclinical AML models, clinical 

translation will necessitate a thorough examination of their pharmacokinetics, safety 

profiles, and effectiveness in human trials. Understanding the underlying mechanisms of 

action, identifying possible resistance mechanisms, and improving delivery systems are 

also crucial for their successful use in AML treatment (Hemmati et al., 2020). 

Synthetic organometallic complexes research against AML is still ongoing, with the goal 

of developing novel and tailored therapeutic methods that may complement or augment 

current leukemia therapies. 

1.9.4.1.Copper diethyldithiocarbamate 

Copper diethyldithiocarbamate (CuET) has arisen as a molecule of interest in cancer 

research, particularly for its potential usefulness against leukemia such as AML. CuET is 

a synthetic compound comprising of copper ions coupled with diethyldithiocarbamate 

ligands that shows a variety of biological actions making it a candidate for anticancer 

treatment ( Peng et al., 2020). 

Preclinical research investigating CuET's impact on leukemia, especially AML, has yielded 

encouraging results (Meng et al., 2024): 

1. Anti-proliferative effects: CuET has shown in laboratory conditions decrease in 

growth of leukemia cells, particularly AML cells. This suppression might be 
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attributable to the effect it has on critical cellular processes involved in cell growth 

and division. 

2. Induction of apoptosis: CuET has been found to promote programmed cell death 

(apoptosis) in leukemia cells. It has the potential to activate apoptotic pathways 

inside AML cells, resulting in their selective elimination. 

3. Cellular process disruption: CuET's mode of action includes interfering with 

particular cellular processes required for leukemia cell survival and multiplication. 

It has the potential to disrupt critical pathways or biomolecular targets required for 

AML cell survival. 

4. Antioxidant qualities: A research study suggests that CuET has antioxidant 

qualities, which may help to modulate oxidative stress levels in leukemia cells (Ref 

of research). This alteration of cellular redox balance may have an effect on the 

viability of AML cells. 

While these findings in laboratory models are encouraging, clinical translation of CuET 

for AML therapy requires more research. The difficulties will be in determining its 

pharmacokinetics, toxicity profiles, and effectiveness in clinical studies. Furthermore, for 

its potential therapeutic application, improving its distribution, evaluating potential adverse 

effects, and finding resistance mechanisms are critical tasks. 

CuET's potential as an anticancer agent against AML highlights continuing research efforts 

focused at researching novel chemicals and their processes in order to produce more 

effective and tailored leukemia therapeutics. However, rigorous clinical testing is required 

to establish its safety, effectiveness, and acceptability for inclusion in leukemia therapy 

regimens (Skrott & Cvek, 2012). 

1.9.4.2. Nickel diethyldithiocarbamate 

Nickel diethyldithiocarbamate (NiET) is a synthetic compound that has been researched 

for its possible usefulness in cancer, especially leukemia. NiET is composed of nickel ions 

that are coupled with diethyldithiocarbamate ligands and shows a variety of biological 

actions that have provoked the curiosity of cancer researchers (Madhusudanan et al., 1975). 
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In laboratory settings, studies on NiET's impact on leukemia, especially AML, have 

revealed the following results: 

1. Anti-proliferative effects: In experimental settings, NiET inhibited the growth of 

leukemia cells, including AML cells. This suppression might be related to its effect 

on cellular pathways required for cell growth and division. 

2. Induction of apoptosis: NiET has the ability to induce programmed cell death 

(apoptosis) in leukemia cells. This characteristic may activate pathways that lead 

to the selective destruction of AML cells. 

3. Cellular process disruption: NiET's method of action may entail interfering with 

critical cellular processes required for leukemia cell survival and proliferation. It 

might target particular pathways or biomolecular targets involved in the survival of 

AML cells. 

4. Oxidative stress modulation: According to several research studies, NiET has 

antioxidant characteristics that may modify oxidative stress levels in leukemia 

cells. This adjustment may have an effect on the viability of AML cells (Cvek et 

al., 2008). 

Despite these promising outcomes in laboratory models, the translation of NiET for AML 

treatment requires additional research. Understanding its pharmacokinetics, safety profiles, 

potential adverse effects, and effectiveness in clinical trials are critical stages toward its 

potential medicinal use (Zidan, 2001). 

NiET, like any new chemical, would require extensive clinical testing to confirm its safety, 

efficacy, and applicability as a potential candidate for AML therapy. Ongoing research is 

being conducted to determine the full therapeutic potential and usefulness of NiET and 

comparable chemicals in the treatment of leukemia (Cvek et al., 2008). 

1.10. TRAIL signaling pathway 

TNF-related apoptosis-inducing ligand (TRAIL) initiates apoptosis, a programmed cell 

death process, which selectively targets and eliminates mutated cells. This unique attribute 

makes TRAIL a highly promising candidate for cancer therapy. Its capacity to induce 
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apoptosis specifically in tumour cells, while sparing normal cells, highlights its substantial 

clinical significance. TRAIL's selective action against cancer cells offers a potential avenue 

for effective and targeted cancer treatment with reduced toxicity to healthy tissues. 

(Almasan & Ashkenazi, 2003).    

 

1.10.1 TRAIL receptors 

In humans, there are five receptors for TNF-related apoptosis-inducing ligand (TRAIL). 

Among these, DR4 (also known as TRAIL-R1) and DR5 (TRAIL-R2) are categorized as 

death receptors. These receptors are membrane-bound and play pivotal roles in transmitting 

signals that lead to cellular apoptosis upon binding with TRAIL. On the other hand, DcR1 

(TRAIL-R3) and DcR2 (TRAIL-R4) are classified as decoy receptors. Despite their 

similarity in structure to DR4 and DR5, these receptors lack functional death domains, 

rendering them incapable of inducing apoptosis. Instead, they act as decoys, competitively 

binding to TRAIL without triggering apoptosis, thereby modulating the cellular response 

to TRAIL signalling (Griffith et al., 1999).  

Additionally, Osteoprotegrin (OPG) is another soluble receptor that binds to TRAIL. 

However, unlike the membrane-bound receptors, OPG is not anchored to the cell 

membrane. Furthermore, OPG does not transmit signals for cellular apoptosis like DR4 

and DR5. Instead, it acts as a soluble decoy receptor, sequestering TRAIL and inhibiting 

its apoptotic effects. This diversity in TRAIL receptors provides a sophisticated regulatory 

mechanism for controlling cellular responses to TRAIL signalling, thereby influencing cell 

fate decisions such as apoptosis. Understanding the roles and interactions of these receptors 

is crucial for elucidating the intricate mechanisms underlying TRAIL-mediated apoptosis 

and for developing targeted therapeutic strategies for cancer treatment. (Griffith et al., 

1999).  

DcR1 does not have death domain while DcR2 has a truncated death domain, so both are 

unable to transmit signals for apoptosis. At body temperature, osteoprotegrin has low 

affinity for TRAIL. Therefore, it is also unable to transmit any apoptotic signal (Wang & 

El-Deiry, 2003) 
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Figure 1.10: Five TRAIL receptors showing different domains(Kimberley & Screaton, 2004). 

1.10.2. TRAIL signaling 

Cells initiate the process of apoptosis through extracellular signals, so called “death 

factors”, or through internal factors such as oxidative stress or DNA damage. The pathway 

initiated by extracellular factors is known as extrinsic pathway and the pathway activated 

by internal factors is known as intrinsic pathway (Kim et al., 2005) 

1.10.2.1 The extrinsic pathway 

Within the extrinsic pathway, TRAIL interacts with transmembrane death receptors like 

DR4 or DR5, initiating receptor oligomerization. This process induces a conformational 

shift in the receptors, facilitating signal transduction into the cell. The structural changes 

in these receptors enable the exposure of specific regions known as death domains. These 

exposed domains serve as docking sites for intracellular adaptor proteins, including FADD 

(Fas-associated death domain protein) and TRADD (TNF receptor-associated death 

domain protein). Once bound to the death domains of the receptors, these adaptor proteins 

initiate downstream signalling cascades that ultimately lead to apoptotic cell death. This 

intricate process highlights the crucial role of receptor conformational changes in 

facilitating the transmission of apoptotic signals within the cell (Ganten et al., 2004) 

These adaptor proteins function as carriers to transfer the signal from death receptors to 

caspases. These adaptor proteins recruit molecules of procaspase 8 and 10. These 

procaspases are inactive and become activated by self-cleavage. The combination of the 

death ligand, death receptor, adaptor, and initiator caspase forms a complex referred to as 

the death-inducing signalling complex (DISC). DISC assembly triggers the activation of 
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caspase 8, which in turn activates effector caspases 3, 6, and 7, ultimately leading to 

apoptosis. Caspase 8 and caspase 10 are categorized as initiator caspases, initiating a 

cascade of caspase activation where one activated caspase triggers the activation of others 

known as executioner or effector caspases (caspases 3, 6, and 7). This cascade ultimately 

cleaves specific protein targets within the cell, culminating in apoptosis. The apoptotic 

process can be hindered by FLIPL, an inhibitor of apoptosis. FLICE-like inhibitory protein 

(FLIPL) inhibits the activation of caspase 8 by impeding DISC assembly (He, et al., 2004).  

1.10.2.2 The intrinsic pathway  

Internal signals originating from within the cell, such as DNA damage, aberrant cell cycle 

regulation, and oxidative stress, can activate the intrinsic pathway of apoptosis. This occurs 

through the involvement of the Bcl-2 family of proteins, which operate at the outer 

mitochondrial membrane. Consisting of approximately 25 members, each Bcl-2 protein 

contains at least one Bcl-2 homology (BH) domain crucial for mediating protein-protein 

interactions. Within this family, one subset of Bcl-2 proteins promotes apoptosis, while 

another subset inhibits it. These distinct groups, characterized by opposing functions, 

regulate apoptosis within the cell (Elumalai et al., 2012). 

Figure 1.11: Extrinsic and intrinsic apoptosis signalling pathways  

(Johnstone et al., 2008) 
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Upon receiving an apoptotic signal, Bid and Bim become activated and subsequently bind 

to Bax, activating it in the process. This interaction induces a conformational alteration in 

Bax, prompting its translocation from the cytoplasm to the outer mitochondrial membrane. 

This change in the mitochondrial membrane structure leads to the formation of channels, 

thereby augmenting the permeability of the outer mitochondrial membrane. Following the 

activation of the intrinsic apoptotic pathway, cytochrome-c and SMAC (Second 

Mitochondria-Derived Activator of Caspases) or DIABLO (Direct Inhibitor of Apoptosis-

Binding protein with Low pI) are released from the mitochondria into the cytoplasm. 

Cytochrome-c then interacts with Apaf-1, an essential cofactor required for the activation 

of procaspase 9, forming a complex known as the apoptosome. This wheel-like heptameric 

structure serves as a platform for the recruitment and activation of procaspase 9. Once 

procaspase 9 is activated within the apoptosome, it initiates a cascade of proteolytic events 

that culminate in the execution phase of apoptosis, ultimately leading to programmed cell 

death. This sequence of events underscores the critical role of the apoptosome in 

coordinating the activation of downstream caspases and regulating the apoptotic process 

(Song et al., 2003). 

Bcl-2/Bcl-XL proteins hinder this translocation process, thereby exerting an anti-apoptotic 

function. Upon the release of Smac/DIABLO from the mitochondria, caspase 9 activation 

is initiated, subsequently leading to the cleavage of caspase-3. Diablo diminishes the 

inhibitory effect of IAPs (Inhibitor of Apoptotic Proteins), facilitating the progression 

towards apoptosis ( Wang & El-Deiry, 2003). In the intrinsic pathway of apoptosis, the 

aggregation of procaspases triggers the activation of caspase 9, which acts as an initiator 

caspase. Once activated, caspase 9 initiates a cascade of events by cleaving and activating 

effector caspases such as caspases 3, 6, and 7. These effector caspases play pivotal roles in 

executing the process of apoptosis by cleaving various cellular substrates, ultimately 

leading to cell death. Therefore, caspase 9 serves as a central regulator in the intrinsic 

pathway of apoptosis, orchestrating the activation of downstream effectors and ensuring 

the orderly progression of the apoptotic process. 
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1.10.3. Regulation of TRAIL pathway 

Tumour cells have evolved various strategies to evade the host's immune responses, 

allowing them to proliferate and survive. One such mechanism involves alterations in the 

expression or functionality of death receptors, which are crucial for triggering apoptosis in 

cancer cells. Tumour cells may acquire mutations that render these receptors ineffective or 

downregulate their expression, thereby escaping death signals delivered by the immune 

system. These mechanisms collectively contribute to TRAIL resistance, limiting the 

effectiveness of the host's immune surveillance mechanisms, particularly those mediated 

by cytotoxic T cells. By evading apoptosis and immune recognition, tumour cells can evade 

destruction by the immune system and continue to proliferate unchecked. Understanding 

these escape mechanisms is crucial for developing strategies to overcome TRAIL 

resistance and enhance the effectiveness of immunotherapy in cancer treatment. ( Kim & 

Lee, 2007). 

The regulation of TRAIL involves various proteins within the pathway. Inhibitors of 

Apoptotic Proteins (IAPs) and Smac/DIABLO are particularly pivotal in modulating the 

apoptosis process (Verhagen et al., 2000). IAPs function to suppress apoptosis by impeding 

the activation of effector caspase-3 or caspase-7. Additionally, they inhibit the intrinsic 

pathway by directly blocking caspase-9 activation ( Wang & El-Deiry, 2003). 

Activation of the intrinsic pathway of apoptosis leads to the release of Smac/DIABLO, a 

critical regulator that counteracts the inhibitory effects of inhibitor of apoptosis proteins 

(IAPs) on caspase activation. By binding to IAPs, Smac/DIABLO disrupts their interaction 

with caspases, particularly caspase-3 and caspase-7, which are essential for the execution 

of apoptosis. This disruption effectively removes the blockade imposed by IAPs, allowing 

caspases to proceed with their apoptotic functions and ultimately promoting programmed 

cell death. Thus, the binding of Smac/DIABLO to IAPs represents a key regulatory step in 

apoptosis, ensuring the efficient elimination of unwanted or damaged cells (Deng, et al., 

2002). 

Bcl-2 and Bcl-XL function as anti-apoptotic proteins by impeding the activity of Bax and 

Bak, acting as terminators that disrupt the apoptotic cascade. Likewise, FLIPL, another anti-

apoptotic factor, impedes the activation of initiator caspases by binding to the Death-
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Inducing Signalling Complex (DISC). Despite its structural resemblance to caspase-8 and 

caspase-10, FLIPL lacks protease functionality. Therefore, its association with the DISC 

precludes the activation of initiator caspases, thereby obstructing the initiation of apoptosis. 

(El-Gazzar et al., 2010) 

TRAIL exhibits a strong affinity for binding with receptors DcR1 and DcR2. However, 

these receptors lack the ability to transmit an apoptotic signal due to the absence of a death 

domain in DcR1 and a truncated death domain in DcR2. Consequently, overexpression of 

these receptors serves as a protective mechanism against TRAIL-induced apoptosis. 

Moreover, studies have revealed that cancer cells often display elevated expression levels 

of these decoy receptors compared to normal cells, providing another mechanism for 

tumour cells to evade apoptosis (Hersey & Zhang, 2001).  

1.11. NF-κB  

NF-κB is a transcription factor and acts as an initiator of inflammatory responses. It is 

activated by several types of cells, such as cancer cells, macrophages and number of target 

cells of inflammation. In addition to inflammation, NF-κB has many effects that lead to 

tumorigenesis i.e., apoptosis inhibition, metastasis and angiogenesis. Many human cancers 

activate NF-κB gene, including breast and prostate cancers, myeloma and acute 

lymphocytic leukaemia through different pathways (Baeuerle & Henkel, 1994) 

1.11.1 Classification of NF-κB proteins 

NF-κB belongs to a family of transcription factors that exist in homo- or heterodimeric 

form. NF-κB proteins are divided into two types: 

 p65 (Rel-A), Rel-B and Rel-C have a transactivation domain for interaction with 

transcriptional machinery. These proteins are produced in mature forms. 

 p105/p50 or NF-κB1 and p100/p52 or NF-κB2 are produced in their inactive form. 

DNA binding domain is present in these proteins, but lack a transactivation domain. 

They contain ankyrin repeats on C-terminal. They are activated by proteosomal 

degradation of Ankyrin repeats and converted into mature proteins. Among these 

five, p65 and p50 proteins are present most abundantly in the cell (Serasanambati 

& Chilakapati, 2016) 
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1.11.2 NF-κB inhibitors 

Normally NF-κB dimers remain transcriptionally inactive. In inactive form, they are 

sequestered to cytoplasm because of interaction with IκBs (Inhibitors of NF-κB). The IκBs 

belong to protein family that contain ankyrin repeats at C-terminal. These repeats bind with 

NF-κB. IκBs undergo proteasomal degradation, upon phosphorylation of conserved serine 

domains by IκB kinases (IKKs). When IκBs are degraded, NF-κB is free to move from 

cytoplasm to the nucleus. In nucleus, NF-κB transcribes target genes. NF-κB transcribes 

more than 200 genes to produce diverse effects. Many important genes regulated by NF-

κB include BCL-2, cyclin D1, MMP-9, IL-6, IL-8 and VEGF (Zinatizadeh et al., 2021). 

1.11.3 Classical pathway of NF-κB 

Classical pathway is also known as canonical pathway. Dimers of NF-κB complex 

comprises of either Rel-A or Rel-C, along with p50. Dimers exist in inactive form due to 

their interaction with IκB proteins in the cytoplasm. Classical pathway is normally initiated 

by TNF family. Dimers are activated, when IKK complex consisting of IKKβ, IKKα and 

NEMO phosphorylates serine residues of IκB. When IκB are phosphorylated, they are 

ubiquitinylated and proteosomal degradation occurs. Subsequently, NF-κB is free and 

moves from cytoplasm to nucleus and functions as a transcription factor (Moynagh, 2005). 

1.11.4 Alternative pathway of NF-κB 

In alternative pathway, also known as non-canonical pathway, NF-κB is activated by viral 

infections, pro-inflammatory cytokines, radiations and other stimuli. In this case, the 

dimers consist of Rel-B and p100). In this pathway, the complex IKKα along with NIK is 

mainly activated, which then phosphorylates p100 that results in its conversion into mature 

form (p52). After converting to activated form, NF-κB complex is translocated to nucleus 

for transcription of genes (Senftleben et al., 2001; Greten & Karin, 2004).  
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Figure 1.12: Classical (canonical) and alternative (non-canonical) pathways leading to NF-κB 

activation (Hariharan et al., 2021)  

1.11.5 NF-κB activation 

The process of cellular activation involves the initiation of signalling cascades triggered by 

a variety of molecules, including cytokines, growth factors, and tyrosine kinases. These 

molecules bind to their respective receptors on the cell surface, initiating intracellular 

signalling pathways that ultimately lead to cellular responses.  In particular, NF-κB, a 

transcription factor known for its role in regulating immune and inflammatory responses, 

can be activated by the increased expression of certain receptors. For example, the 

epidermal growth factor receptor (EGFR), insulin-like growth factor receptor (IGFR), and 

tumour necrosis factor receptor (TNFR) are known to stimulate NF-κB activation when 

their expression levels are elevated (Kreuz et al., 2001).. 

Overall, the activation of NF-κB by receptors such as EGFR, IGFR, and TNFR highlights 

the interconnectedness of signalling pathways in regulating cellular responses to various 

extracellular stimuli. In cancerous cells, molecular modifications affect the activation and 

regulation of NF-κB. In such case, NF-κB becomes permanently activated leading to 

unregulated expression of the genes under the control of NF-κB. Some of these genes are 
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involved in cell cycle control, apoptosis evasion and migration. So, variations due to any 

of the pathways result in changes in NF-κB regulation consequently contributing to cancer 

progression showing a clear association between NF-κB and cancer propagation 

(Senftleben & Karin, 2002). The NF-κB pathway is only marginally affected by TRAIL. 

The adaptors Rip and TRAF2 are necessary for TRAIL to activate NF-κB (Liang, et al., 

2004) 

1.11.6 TRAIL-NF-κB association 

NF-κB transcribes number of genes which are involved in inhibition of apoptosis in TRAIL 

pathway. NF-κB activates those genes that obstruct the apoptosis pathway e.g., Bcl-XL, 

cellular inhibitor of apoptosis (c-IAP), FLIPL, etc. FLIPL is an inhibitory protein that binds 

to the DISC and inhibits the activation of caspase-8. Thus, high FLIPL expression results 

in the inhibition of caspase-8 activation. FLIPL is upregulated in many tumours (Kreuz et 

al., 2001).  

NF-κB also activates the expression of the IAPs and some anti-apoptotic proteins of Bcl-

2 family. The TRAIL induced apoptosis is suppressed by IAPs as they directly inhibit the 

effector caspases, whereas the Bcl-2 family proteins that are anti-apoptotic, antagonize 

the role of the pro-apoptotic protein Bcl-XL (Wang et al., 1998). 

1.12. Wnt signaling pathway 

The Wnt signaling system is a critical biochemical mechanism that affects embryonic 

development, tissue homeostasis, and adult physiological activities. Dysregulation of the 

Wnt pathway has been linked to a variety of cancers, including colorectal cancer, breast 

cancer, and leukemia (Huelsken & Behrens, 2002) . 
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Figure 1.13: Wnt signaling pathway including a) canonical and b) non-canonical signaling 

cascades (Deshayes & Gref) 

Wnt ligands interact with cell surface receptors (frizzled and LRP5/6 co-receptors), as well 

as downstream signaling molecules such as disheveled (DVL) proteins, axin, glycogen 

synthase kinase 3 beta (GSK-3), and -catenin. The Wnt signaling pathway in cancer is 

summarized below (Seidensticker & Behrens, 2000): 

1. Wnt signaling activation: In the absence of Wnt ligands, a protein complex 

composed of Axin, APC, GSK-3, and β-catenin promotes phosphorylation and 

subsequent ubiquitination of β-catenin. Wnt ligand binding to Frizzled receptors 

and LRP5/6 co-receptors, on the other hand, suppresses the destruction complex, 

resulting in the stability and accumulation of β-catenin in the cytoplasm. 

2. Nuclear β-catenin translocation: Accumulated β-catenin translocate into the 

nucleus, where it interacts with TCF/LEF transcription factors, resulting in the 

activation of Wnt target genes involved in cell proliferation, survival, and 

differentiation. 

3. Role in carcinogenesis: Aberrant Wnt pathway activation, commonly caused by 

mutations in critical system components like as APC, β-catenin, or Axin, can result 
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in excessive β-catenin accumulation and constitutive activation of Wnt target 

genes. This dysregulated signaling has been linked to uncontrolled cell 

proliferation, apoptosis inhibition, and tumor growth in a variety of malignancies. 

4. Therapeutic consequences: Potential cancer therapeutics are based on targeting 

Wnt pathway components such as β-catenin, Wnt ligands, or downstream effectors. 

However, because of the Wnt pathway's intricacy and crucial involvement in 

normal cellular activities, therapeutic approaches targeting this system must be 

carefully planned to minimize deleterious effects on healthy tissues. 

Understanding how the Wnt signaling pathway is regulated and dysregulated in cancer is 

critical for creating targeted therapeutics that disrupt oncogenic Wnt signaling while 

protecting normal cellular activities. Ongoing studies are being conducted to investigate 

the therapeutic potential of Wnt pathway modulators in various cancer types. 

1.12.1. Canonical signaling cascade 

The canonical Wnt signaling system regulates several biological functions, including 

embryonic development, tissue homeostasis, and cell fate determination. The canonical 

Wnt signaling pathway is as follows (Moon, 2005): 

1. Binding of Wnt ligands: Wnt proteins, a class of secreted glycoproteins, bind to 

cell surface receptors to activate the pathway. Wnt ligands interact with Frizzled 

(FZD) receptors and co-receptors of low-density lipoprotein receptor-related 

proteins 5 and 6 (LRP5/6). 

2. Activation of intracellular signaling cascades: When the Frizzled-LRP5/6 

complex binds to a Wnt ligand, it experiences conformational changes that activate 

intracellular signaling cascades. This activation prevents the β-catenin destruction 

complex from phosphorylating β-catenin for degradation. 

3. β-catenin stabilization and accumulation: In the absence of Wnt signaling, the 

destruction complex continually degrades cytoplasmic β-catenin, preventing its 

accumulation. Wnt activation, on the other hand, disturbs the destruction complex, 

resulting in the stability and cytoplasmic accumulation of β-catenin. 
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4. Nuclear β-catenin translocation: Stabilized β-catenin translocate into the nucleus 

and interacts with T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription 

factors. This interaction results in the formation of a transcriptional complex that 

regulates the expression of Wnt target genes, including those involved in cell 

proliferation, survival, and differentiation.  

5. Cellular responses: Wnt target gene activation mediated by the β-

catenin/TCF/LEF complex regulates a wide range of cellular processes, including 

embryonic patterning, stem cell maintenance, tissue regeneration, and cell fate 

determination. 

6. Dysregulation in disease: Dysregulation or mutations affecting critical 

components of the canonical Wnt pathway, such as APC (adenomatous polyposis 

coli), β-catenin, or Axin, can result in abnormal Wnt signaling activation. This 

dysregulation is linked to a number of illnesses, including cancer, where hyper 

activation of the system promotes uncontrolled cell proliferation and tumor growth. 

Understanding the complicated processes of the canonical Wnt signaling pathway is critical 

for determining its functions in normal physiology and disease situations. Wnt signaling 

dysregulation is linked to a variety of malignancies, making it an appealing target for 

therapeutic approaches targeted at reducing aberrant pathway activity while retaining its 

fundamental physiological activities. 

1.12.2. Non-canonical signaling cascade 

Non-canonical Wnt signaling pathways are branches of Wnt signaling that differ from the 

well-studied canonical route. While the canonical Wnt pathway is primarily involved in β-

catenin-mediated transcriptional activation, non-canonical routes typically govern different 

physiological activities such as cell polarity, migration, and cytoskeletal reorganization. 

The following are two types of non-canonical Wnt signaling pathways (Duchartre, et al., 

2016): 

1. Wnt/PCP (Planar Cell Polarity) signaling pathway: The Wnt/PCP pathway 

regulates cell polarity, cytoskeletal dynamics, and tissue morphogenesis through 

the activation of Frizzled receptors and specific intracellular signaling molecules 



 

42 
 

Chapter 1: Introduction 

such as Disheveled (Dvl), Van Gogh (Vangl), and Prickle. Wnt/PCP pathway 

activation results in cytoskeletal rearrangements, changes in cell shape, and 

directional cell movements, particularly during processes such as gastrulation 

during embryonic development. 

2. Wnt/Ca2+ (Calcium) pathway: In response to Wnt ligand binding, the Wnt/Ca2+ 

pathway activates intracellular signaling via Frizzled receptors, resulting in the 

activation of proteins such as Protein Kinase C (PKC) and Calcium/Calmodulin-

dependent protein kinase II (CaMKII). 

These non-canonical Wnt pathways differ from the canonical system in that they are not 

controlled by β-catenin-mediated transcriptional regulation. While the canonical route is 

well-known for its function in cell fate determination and proliferation, non-canonical Wnt 

signaling is involved in tissue morphogenesis, cell motility, and cytoskeletal architecture. 

Non-canonical Wnt signaling dysregulation has been linked to a variety of developmental 

problems and illnesses, including cancer metastasis and neurodevelopmental defects. 

Understanding the complex interaction between canonical and non-canonical Wnt 

signaling pathways is critical for determining their roles in normal physiology and disease 

pathogenesis, possibly opening the door to targeted therapeutic approaches in a variety of 

pathological diseases (Deshayes & Gref, 2023). 

1.13. HIF1-alpha signaling pathway 

The Hypoxia-Inducible Factor 1 alpha (HIF-1α) signaling pathway is a critical regulatory 

mechanism that orchestrates cellular responses to oxygen deficiency (hypoxia). It is crucial 

in adapting cells to low oxygen circumstances by modulating the expression of genes 

involved in a variety of physiological processes such as angiogenesis, metabolism, cell 

survival, and erythropoiesis (Poon et al., 2009; Deshayes & Gref, 2023) .  
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Figure 1.14: HIF1 alpha pathway signaling cascade (Deshayes & Gref) 

Here is a summary of the HIF-1 signaling pathway: 

1. HIF-1 control: Under normoxic (normal oxygen) circumstances, the proteasome 

in the cytoplasm constantly synthesizes and degrades HIF-1α via oxygen-

dependent prolyl hydroxylation. HIF-1α is marked for identification by the von 

Hippel-Lindau tumor suppressor protein (VHL), which leads to ubiquitination and 

destruction. 

2. Under hypoxic conditions (low oxygen levels), the rate of prolyl hydroxylation 

lowers due to decreased oxygen availability. As a result, HIF-1α is not destroyed 

effectively and accumulates in the cytoplasm. 

3. HIF-1 transport and activation: Accumulated HIF-1 translocates to the nucleus, 

where it forms a heterodimeric complex with HIF-1β (Aryl hydrocarbon receptor 
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nuclear translocator - ARNT). The HIF-1α/HIF-1β complex binds to hypoxia 

response elements (Wunderlich et al.) in target gene promoters, triggering 

transcription of numerous genes involved in hypoxia adaptation. 

4. Target gene expression: HIF-1α controls the expression of several genes involved 

in cellular adaptation to hypoxia, including VEGF, erythropoietin (de Castro et al.), 

glucose transporters (GLUTs), glycolytic enzymes, and genes implicated in 

angiogenesis and death. 

5. The activation of HIF-1α target genes causes adaptive responses such as 

increased angiogenesis (the development of new blood vessels), better oxygen 

delivery, changed metabolism to favor glycolysis, and improved cell survival under 

low oxygen circumstances. 

6. Disease role: Dysregulation of the HIF-1α pathway has been linked to a variety 

of illnesses, including cancer, ischemia diseases, and metabolic disorders. 

Abnormal HIF-1α activation increases tumor development, angiogenesis, 

metastasis, and resistance to treatment in cancer. 

Understanding the HIF-1α signaling pathway and its function in cellular adaptation to 

hypoxia sheds light on its participation in physiological responses and illnesses, pointing 

to possible therapeutic targets for ailments impacted by oxygen levels and tissue 

oxygenation. 

1.13.1. Dysregulation in Hif1-alpha pathway causing AML 

Dysregulation of the HIF-1α pathway can contribute to the etiology and progression of 

AML. The dysregulation usually includes abnormal HIF-1α stabilization or activation, 

which results in altered cellular responses to hypoxia and influences different facets of 

leukemogenesis. Here's how dysregulation expresses itself in AML (Maxwell et al., 2001): 

1. Increased HIF-1 stabilization: AML cells are frequently found in a hypoxic bone 

marrow microenvironment. Even under normoxic settings, leukemic cells adapt to 

hypoxia by stabilizing HIF-1α, resulting in its accumulation. This dysregulated 

stabilization might be caused by mutations, changes in oxygen-sensing systems, or 

abnormalities in signaling pathways. 
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2. Changes in gene expression: Abnormal HIF-1α activation affects the 

transcriptional profile of AML cells. This abnormal activation causes the 

overexpression of genes involved in cell survival, angiogenesis (such as VEGF), 

glycolytic enzymes, and other factors that promote tumor development and cell 

death resistance. 

3. Effect on cell survival and metabolism: HIF-1α dysregulation in AML cells 

contributes to cellular metabolic rewiring, favoring glycolysis even in oxygen-rich 

environments (the warburg effect). This metabolic change meets the energy needs 

of rapidly proliferating leukemic cells while also providing a survival advantage. 

4. Angiogenesis and impacts on tumor microenvironment: HIF-1α dysregulation 

promotes angiogenesis by upregulating pro-angiogenic factors, allowing the 

development of new blood vessels that keep leukemic cells alive in the bone 

marrow niche. It also has an impact on the tumor microenvironment by regulating 

immune responses and interactions with stromal cells. 

5. Clinical implications: The dysregulated HIF-1α pathway in AML might be a 

therapeutic target. In order to disrupt the pro-survival and pro-growth signals 

supplied by the hypoxic bone marrow niche, efforts are being made to reduce or 

alter HIF-1α activity in leukemic cells. 

Understanding the dysregulation of the HIF-1 pathway in AML provides insights into the 

mechanisms underlying leukemogenesis and offers potential avenues for targeted therapies 

aimed at disrupting leukemic cells' adaptive responses to hypoxia, potentially slowing 

disease progression and improving treatment outcomes. 
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1.14. Aims and Objectives 

The aim of this study was to advance therapeutic options for Acute Myeloid Leukemia by 

developing targeted drug delivery system using different metal compounds. The specific 

objectives are given below: 

Objective 1: Synthesis of caffeine-coated nanoparticles 

 Synthesize and characterize caffeine-coated nanoparticles to serve as a potential 

drug carrier system. 

 Evaluate the biological properties and stability of the synthesized nanoparticles. 

Objective 2: Design and synthesis of metal complexes-based nanoparticles 

 Develop and characterize metal complexes-based nanoparticles intended for anti-

leukemic therapy. 

 Optimize the formulation to ensure stability and controlled drug release properties. 

Objective 3: Molecular docking analysis 

 Identify binding efficacy of surface ligands with active sites of target proteins 

 Assessment of potential interaction/ inter-molecular forces between ligand and pro-

apoptotic complexes. 

Objective 4: In vitro evaluation of Nano drugs in multiple combinations 

 Evaluation of anti-oxidant potential of synthetic and natural Nano drugs at multiple 

concentrations. 

 Optimize the various dosage regimes for in vivo administration via IC50 values 

analysis  

Objective 5: Examination of anti-leukemic potential 

 Assess the cytotoxicity and anti-leukemic efficacy of caffeine-coated nanoparticles 

against AML in Sprague Dawley rat model. 
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 Determine the selectivity and targeting efficiency of the DDS in delivering caffeine 

to AML cells and study its effect on various molecular pathways via different 

molecular biology techniques. 

Objective 6: Evaluation of combined therapy effects 

• Investigate the synergistic or additive effects of combining chemotherapy with the 

developed nanomedicine. 

• Assess the combinatorial therapy's impact on AML cell viability, apoptosis, and 

therapeutic efficacy compared to individual treatments. 

Objective 7: Examination of biological potential of various treatment regimes 

• Evaluation of anti-coagulant, anti-depressant and analgesic potentials in multiple 

combinations  
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2.1. Introduction 

Cancer encompasses a range of diseases characterized by uncontrolled cell growth and 

infiltration into surrounding tissues. Its complexity arises from genetic, environmental, and 

lifestyle factors triggering abnormal proliferation, leading to malignant tumors or tissue 

disruption. This research aims to uncover critical mechanisms driving cancer development, 

aiding the development of targeted treatments and prevention strategies. (Hanahan & 

Weinberg, 2011). Leukemia, a form of cancer, originates from the malignant 

transformation of bone marrow hematopoietic cells, leading to abnormal and excessive 

proliferation of white blood cells known as leukocytes (Sahu et al., 2011). Henceforth, this 

condition precipitates an augmented presence of immature white blood cells within the 

circulatory system, juxtaposed with a diminished synthesis of mature erythrocytes, The 

diagnosis of AML is confirmed clinically when hematological analysis reveals the presence 

of blast cells, accounting for 30% or more of the cell morphology (Bennett et al., 1976). 

Conventional approaches for treating AML encompass chemotherapy, radiation, surgery, 

hormone therapy, and immunotherapy.  

However, while chemotherapy aims for therapeutic effects, it can inadvertently trigger 

immunogenic cell death. Although natural compounds like paclitaxel and vincristine have 

been extensively utilized in clinical studies as anticancer agents, chemotherapy often faces 

limitations such as dose-related toxicities and the emergence of drug resistance. Nano-

delivery systems offer a promising avenue by enabling precise targeting and direct delivery 

of pharmaceuticals to malignant sites, enhancing drug permeability and intracellular 

accumulation for more effective anticancer treatments (Paul & Jindal, 2017).  

Doxorubicin, a widely recognized anti-leukemic medication, induces cell death in aberrant 

cells by intercalating with DNA bases and triggering the generation of reactive oxygen 

species (ROS) (Tacar et al., 2013).  The cytotoxic action of doxorubicin hinges on the 

formation of ROS, a crucial aspect contributing to its effectiveness in cancer therapy. 

Nevertheless, the non-specific nature of TRAIL can result in a range of undesired side 

effects, such as hair loss, fatigue, vomiting, nausea, and diarrhea (Partridge et al., 2001). 

Hence, it is vital to replace these medications with natural compounds known for their 

potent anticancer properties.  
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Caffeine exerts a robust stimulatory effect on the human central nervous system. Caffeine's 

action involves stimulating efflux through pumps regulated by the Pap1 transcription 

factor, thereby aiding detoxification processes. Although caffeine is acknowledged for its 

anticancer properties, its short half-life limits its preference as a medication (Monteiro et 

al., 2019). Studies indicate that caffeine disrupts DNA repair pathways within cancer cells, 

heightening their susceptibility to cell death. Additionally, it disrupts the cell cycle 

progression of cancer cells, inducing cell cycle arrest and impeding their uncontrolled 

division (Calvo et al., 2009). 

Nanotechnology is an increasingly promising field in therapeutics, and the integration of 

caffeine into nanoparticles shows potential as an effective approach for drug delivery 

(Sinha et al., 2006). In medicine, the utilization of nanotechnology is rapidly evolving to 

enhance drug absorption and targeted delivery, notably through mesoporous silica 

nanoparticles (MSNPs). These nanoparticles offer precise control over medication 

distribution to specific areas within the body (Monteiro et al., 2019). 

In response to the distinctive attributes of caffeine and MSNPs, we developed caffeine-

coated nanoparticles (CcNPs) as a novel nanomedicine. Our investigation aimed to assess 

the effectiveness of these CcNPs against benzene-induced AML in rat model, employing a 

comprehensive approach encompassing in silico, in vitro, and in vivo studies. These studies 

focus on evaluating various anti-cancer markers to ascertain the therapeutic potential of 

CcNPs. Throughout our analysis, we conducted hematologic profiling to gauge changes in 

blood components, examining how CcNPs influenced crucial parameters indicative of 

AML progression and treatment response. 

Moreover, our investigations delved into the underlying pathways affected by CcNPs, 

utilizing pathway analysis to elucidate the mechanisms through which these nanoparticles 

exerted their therapeutic effects against AML. The collective findings from these diverse 

analyses consistently supported the efficacy of CcNPs as a promising treatment modality 

for benzene-induced AML, showcasing their potential through multiple layers of evidence 

across in silico, in vitro, and in vivo studies.  
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2.2. Materials and Methods 

All molecular assays (in vitro and in vivo) along with synthesis of nanomedicine were 

performed under standard conditions, with optimized protocols. Various tools, materials 

and molecular biology techniques were utilized to obtain desired results. This study was 

also approved by Institutional Review Board (IRB) of Quaid-i-Azam University, 

Islamabad. 

 

Figure 2.1: Study design 

2.2.1. Synthesis of MSNPs 

Mesoporous silica nanoparticles were generated employing a chemical synthesis method 

as described earlier (Wu et al., 2013).  
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Table 2.1: Chemicals involved in synthesis, loading and coating of mesoporous silica 

nanoparticles (MSNPs). 

No. Chemical Name Chemical 
Formula 

Function 

1.  Ammonia solution (29%) NH4OH Used to maintain PH 

2.  CTAB (Cetyl trimethyl 
ammonium bromide) 

C19H42BrN Surfactant 

3.  TEOS (Tetra methyl ortho 
silicate) 

SiC8H20O4 Silica precursor 

4.  DMSO (dimethyl sulfoxide) C2H6OS Solvent 

5.  Polyethylene glycol (PEG) C2nH4n+2On+1 Polymer compound for 
coating of nanoparticles 

 

 

 

                                                        

Figure 2.2: Steps involved in the synthesis of mesoporous silica nanoparticles. 
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Deionized water (442mL) was adjusted to pH 11 using 29% ammonium hydroxide. Then, 

heated to 323.15K (50°C), 0.279 g of cetyltrimethylammonium bromide (CTAB) was 

added with continuous stirring, maintaining pH at 10.3. After cooling, 1.394mL of 

tetramethyl orthosilicate (TMOS) was added with stirring, resulting in turbidity within 2 

minutes. The solution was stirred overnight, filtered, washed with deionized water, and 

dried at 363.15K (90°C). The material was calcined at 773.15K (500°C) for 5 hours, 

producing a white product that was finely milled. To remove the CTAB template, the dry 

powder was refluxed in methanol (100mL) with strong HCl (1mL) for 24 hours at 323.15K 

(50°C).  

 

Figure 2.3: a) Turbid solution b) Filtered MSNPs c) Overnight drying of MSNPs d) 

Calcination e) Calcined MSNPs f) Final ground form of mesoporous silica nanoparticles 

2.2.2. Characterization techniques 

Multiple characterization techniques were utilized to examine size and nature of 

nanomedicine including SEM, FTIR, XRD, UV/Vis spectroscopy and DLS using already 

published protocols. 
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Figure 2.4: Techniques used for characterization of nanoparticles. 

2.2.3. Loading of caffeine over MSNPs 

For this purpose, caffeine (0.583g) was dissolved in normal saline (35mL) followed by 

sonication upto 3 hours, and addition of MSNPs (145.75mg) with overnight stirring. A 

modified approach based on the aforementioned method was employed to determine the 

percentage of medication loaded into the nanocarrier (J. Wang et al., 2015). 1mL sample 

underwent centrifugation at 10,000 rpm for 10 minutes. Subsequently, UV-Vis spectra 

were captured at 209 nm. 

Encapsulation efficiency = W2 - W3 / W2 × 100; Drug Loading = W1/W2  ×  100. 

The composition of the weights (W1, W2, and W3) suggests that W1 represents the weight 

of caffeine in the nanomedicine, W2 represents the total weight of the nanomedicine, and 

W3 represents the weight of the extract that remained in the supernatant after 

centrifugation.  

To increase the bioavailability of the nanomedicine, a polymer solution was created by 

blending 0.006g of Polyethylene glycol (PEG) with 4mL of DMSO (Nakamura et al., 

2012). The procedure entailed sonication of the mixture until complete dissolution of PEG 

was attained. Moreover, the polymer solution was combined with the silica nanoparticles 

loaded with caffeine, resulting in a total volume of 35mL. The mixture was then subjected 

to continuous stirring for a duration of two hours (Vojoudi et al., 2018). 
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2.2.4. In silico analysis 

Nanomedicine (ligand) was docked into the active sites of pro-apoptotic markers (such as 

the cFLIP-DISC complex and TRAIL-DR5 complex) as well as anti-proliferative markers 

(like the NF-κB-p52/Rel B/DNA complex) using PyRx v.0.8 (https://pyrx.sourceforge.io). 

This molecular docking software facilitated the exploration of potential interactions and 

binding affinities between the nanomedicine and these specific biomolecular targets 

(Kondapuram et al., 2021) via Autodock Vina (Trott & Olson, 2010). The ligand's energy 

was minimized through Autodock, aligning the resulting protein-ligand interactions with 

the values projected by quantum chemistry simulations. This process aimed to refine and 

optimize the molecular configuration of the ligand within the protein's active sites, 

correlating the computational predictions with the actual observed interactions (Mirzaei et 

al., 2015). This study scrutinized the binding affinity values, serving as indicators of the 

interaction strength between the ligand and the targeted proteins. Furthermore, BIOVIA 

Discovery Studio was employed to visualize both two-dimensional (2D) and three-

dimensional (3D) interactions of amino acid residues. This software facilitated the 

comprehensive examination and graphical representation of how the ligand interacts with 

specific amino acids within the protein structures in both two and three dimensions (Studio, 

2015).  

2.2.5. Cytotoxicity assay 

In this experiment, brine shrimp eggs were hatched in a sea salt solution to conduct a 

dosage assessment for the medication. Table 2.2 exhibits the count of fifteen brine shrimps 

observed under a microscope and subsequently placed in various repeated dilutions for a 

duration of 24 hours. Each concentration underwent replication three times, and a control 

was maintained using distilled water. The probit approach was employed to compute the 

lethal concentration that induces a 50% mortality rate (LC50) following 24 hours of 

exposure (Rath et al., 2011).  
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Table 2.2: Brine shrimp assay  

 Drug Conc. 1 Conc. 2 Conc. 3 Conc. 4 

1.  Caffeine 33.4mg/mL 16.7mg/mL 8.35 mg/mL 4.175mg/mL 

2.  Doxorubicin 2.1mg/mL 1.05mg/mL 0.525mg/mL 0.2625mg/mL 

3.  
Caffeine + 

Doxorubicin 

16.7mg/500uL + 

1.05mg/500uL 

8.32mg/500uL + 

0.525mg/500uL 

4.18mg/500uL + 

0.26mg/500uL 

2.09mg/500uL + 

0.13mg/500uL 

 

2.2.6. In vitro bioassays 

The assessment of antioxidant potential involved the utilization of various assays, with the 

total antioxidant capacity determined specifically using phosphomolybdenum method 

(Phatak et al., 2015). Similarly, the total reducing power and DPPH assay were conducted 

according to the procedures outlined by Moein and colleagues (Moein et al., 2012). 

2.2.7. In vivo bioassays 

The evaluation of pain-relief efficacy across various treatment regimens was conducted 

using the hot plate assay (Yamamoto et al., 2002). The anti-coagulant assay, assessing the 

clotting time of blood in the absence of external substances, was also conducted 

(Samuelson et al., 2017). Each group of mice was administered an intraperitoneal dose, 

and the initial readings were taken immediately post-treatment. The mice's tails were 

sterilized with ethanol, before a 1-2 mm section of the tail tip was excised using sterile 

scissors. A drop of blood was gently squeezed from the tail onto a clean microscope slide. 

Using a toothpick, the blood was swirled in circular motions until fibrin threads formed, 

and the time taken for coagulation was measured using a stopwatch. Three hours post-

dosage, another reading was obtained, and the results were analyzed. The negative control 

utilized DMSO (0.1%), while the positive control employed aspirin (1mg/kg). 

Additionally, the assessment of antidepressant activity was conducted using the 

standardized tail suspension method established by Zhou and colleagues (Xu et al., 2014). 
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2.2.8. Experiment design and Sprague Dawley model 

This study received ethical approval from the Institutional Review Board of Quaid-i-Azam 

University, as confirmed by approval letter No. #BEC-FBS-QAU2020-221. Forty female 

Sprague Dawley rats, obtained from the National Institute of Health, were used in the study 

(Bobinihi, Osuntokun, & Onwudiwe) which were allocated into eight groups to receive 

distinct treatments: 1) control (normal saline); 2) benzene alone; 3) doxorubicin + benzene; 

4) caffeine + benzene; 5) MSNPs + benzene; 6) CcNPs + benzene; 7) caffeine + 

doxorubicin + benzene; 8) CcNPs + doxorubicin + benzene. The rats were housed at Quaid-

i-Azam University's Primate Facility, maintained on a 12-hour light/dark cycle, and 

provided ad libitum access to water and rat meal following a seven-day acclimation period. 

Benzene and normal saline were combined in a 1:3 ratio to form an injection solution. This 

benzene solution (200 µL) was injected into the tail veins of rats in groups 2-8 on alternate 

days over a 14-day period to induce leukemia, which was subsequently confirmed. 

Doxorubicin, obtained from Actavis, Italy, was prepared as a stock solution of 3.75 

mg/1.8mL. Following the 14 intravenous benzene doses, rats in groups 3, 7, and 8 received 

doxorubicin (0.625 mg/0.3mL) on alternate days for three weeks. 

A caffeine stock solution (Cat. No. C0750-5G) was created by combining caffeine (0.583g) 

with normal saline (35mL). Upon confirmation of leukemia induction, rats in groups 4 and 

7 received the caffeine stock solution (0.3mL/rat) intravenously for three consecutive 

weeks (8mg/kg). Caffeine-coated Nanoparticles (CcNPs) were administered 

intraperitoneally (0.3mL/rat) to rats in groups 6 and 8 on alternate days for three weeks. 

All compounds administered, except for MSNPs (group 5) and CcNPs (groups 6 & 8), 

were free medications, including caffeine and doxorubicin.  
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Table 2.3: Dosing and mode of administration of drugs among different groups. 

No. Groups No. of 
Rats 

Dosage Regime Mode of 
Administration 

1.  Normal/ 
Control 

3 0.9% saline (200 uL) intravenous 

2.  Benzene 3 0.2mL for 2 weeks regularly. intravenous 

3.  Caffeine 3 0.3mL for 3 weeks regularly. intravenous 

4.  Doxorubicin 3 0.3mL for 3 weeks alternatively. intravenous 

5.  MSNPs 3 0.3mL for 3 weeks regularly. intravenous 

6.  Caffeine + 
MSNPs 

3 0.3mL for 3 weeks regularly. intravenous 

7.  Caffeine + 
Doxorubicin 

3 0.3mL for 3 weeks regularly/ 
alternatively. 

intravenous 

8.  Caffeine + 
MSNPs + 
Doxorubicin 

3 0.3mL for 3 weeks regularly/ 
alternatively. 

intravenous 

Following the completion of their respective treatment schedules, all rats were euthanized 

and dissected following the protocols outlined in the Guide for the Care and Use of 

Laboratory Animals (Care & Animals, 1986).  

2.2.9. Morphological analysis 

After the dissections, blood samples were used to prepare blood smears on slides. These 

smears were air-dried and then stained with Giemsa dye by applying it drop by drop onto 

the slides. The slides were left to stain for a duration of 10 minutes. Following staining, the 

slides were rinsed with tap water to remove excess dye and air-dried once again. Finally, 

the dried slides were examined under a microscope for morphological analysis (Sathpathi 

et al., 2014).  

2.2.10. Blood profiling 

The blood complete picture (CP) was obtained via an automated Z3 hematology analyzer 

at the Islamabad Diagnostic Centre (IDC) in Islamabad, Pakistan, evaluating various 
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parameters. For biochemical studies, a Micro Lab 300 auto-analyzer (Merk) was employed. 

Biochemical analysis kits, specifically AMP diagnostic kits, facilitated the assessment of 

parameters including alkaline phosphatase (Malovichko et al.), alanine aminotransferase 

(ALT), aspartate aminotransferase (AST), and creatinine. 

2.2.11. mRNA extraction 

mRNA extraction from liver tissue involved utilizing 10 mg of frozen tissue samples 

homogenized in 1 mL of TRIzol reagent (Sigma-Aldrich Cat No. 136426-54-5). Following 

this, the material underwent processing in accordance with the methodology outlined by 

Chomczynski and colleagues for subsequent relative expression measurement using Real-

Time PCR (Chomczynski, 2010). The extracted RNA was quantified using NanoDrop 

spectrophotometry and subsequently subjected to 1% agarose gel electrophoresis to ensure 

its quality and integrity. 

2.2.12. cDNA synthesis  

The acquired mRNAs were used to create complementary DNA (cDNA) with the Vivantis 

kit (cDSK01-050). To confirm the cDNA synthesis, traditional PCR was carried out 

following the manufacturer's protocol to assess the annealing temperatures of selected 

primers and validate cDNA quality. The target transcript was then amplified via PCR by 

combining reaction components in 200 μL PCR tubes (Axygen, USA). After PCR, the 

resulting amplified product was observed on a 2% agarose gel containing ethidium bromide 

(Stellwagen, 1998).  

2.2.13. RT PCR expression analysis 

BioMolecular Sciences (BMS) MIC qPCR was utilized to conduct relative expression 

analysis and quantify the amplified cDNA. This method employs Biotium EvaGreen® 

Master mix, a non-specific binding dye. Various genes were screened for relative gene 

expression analysis, including: 
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Table 2.4: Primers for qPCR-based RNA expression analysis 

 

No Primers 

Name 

Primer Sequence (5’ – 3’) 

1.  B-Actin  (F-CTCACGGTGTTGCCAAAATG, R-

GCCTTGATCCTTTGGTTATTCG) 

2.  STMN1 (F-TTGCCAGTGGATTGTGTAGAG, R-

TTCTTTTGATCGAGGGCTGAG) 

3.  P53 (F-GAAATGGTGAATAAGGACTTGCC, R-

TCAACTTTCCCATCAGCATC) 

4.  GAPDH (F-ACGGAGTCTGACCTGATGTAG, R-

CACCTGTCGCTCTCATGTAC) 

5.  mTOR (F-TGAAATGCCCACCTTCTACC, R-

AAGTGTCCCCTGAAAGTGAAG) 

6.  REL-A (F-ACCTGCCCTCTTCAACTTTAC, R-

CACGGTCTCCAGCATTAGTATC) 

7.  REL-B (F-CAGCCTTCTCATCTCTTCATCC, R-

GTGATTTTGTCCTCTGCTTGG) 

8.  DR5 (F-GGTGGATATGTCTGGGTTGAG, R-

AGGGAGAAAATCAAGTCGTGC) 

9.  cFLIP (F-TTTGGCTCTTCAGGGATGC, R-

CACCGCTCTTTCAGGGTATAC) 

10.  TRAIL (F-CTCGCGTTATTTGAAGCCTG, R-

TCGCAGATGAAATAGGGCTG) 

11.  Cyt c (F-TCAAGGGAGTCTGGAACATTG, R-

GCTTCCCAACTTTTGTAACCG) 
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 The fold change in gene expression of the samples was determined using the Pfaffl 

method, a widely used technique for analyzing relative gene expression in quantitative PCR 

experiments (Deshayes & Gref, 2023).  

Table 2.5: RT-PCR reagents 

For calculating relative expression in real-time PCR using the pairwise fixed reallocation 

randomization test, the Relative Expression Software Tool (REST-384, version 2) was 

utilized. 

2.2.14. Statistical analysis 

Descriptive statistics were generated using GraphPad Prism software (version 5.01), 

presenting the results as mean ± standard error of the mean (Khwaja et al.). Statistical 

significance was assessed, considering p-values below 0.05 as statistically significant, 

denoted as (*), p-values below 0.01 as (**), and those below 0.001 as (***). Group 

comparisons were performed using one-way analysis of variance (Hendrych et al., 2010). 

2.3. Results 

2.3.1. Characterization of MSNPs 

Scanning electron microscope images display spherical structures of MSNPs that are 

uniformly distributed, with an average diameter measuring 120 nanometers (figure 2.5).  

Sr. No. Reagents Quantity 

1 cDNA 5µL 

2 Forward Primer 1 µL 

3 Reverse Primer 1 µL 

4 Eva Green Master Mix 2 µL 

5 RNase free H2O 1 µL 

Total Reaction Volume 10 µL 
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Figure 2.5: The SEM images of mesoporous silica nanoparticles  

The presence and formation of MSNPs were confirmed by analyzing the X-ray diffraction 

pattern. A distinct diffraction peak was observed at 2θ = 29.18, which corresponds to 

MSNPs with a calculated diameter of 118.18 nanometers. This peak serves as evidence of 

the crystalline structure of the MSNPs, confirming their successful synthesis (figure 2.6).  

 

Figure 2.6: The X-ray diffraction analysis of MSNPs  

FTIR spectroscopy demonstrated characteristic peaks in the nanomedicine, resembling 

those of caffeine. These findings suggest the presence of caffeine coating on the 

nanomedicine, as illustrated in figure 2.7.  
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Figure 2.7: FTIR analysis of (a) caffeine (b) MSNPs and (c) nanomedicine  

The absorption patterns observed using UV-Vis spectroscopy for caffeine, nanomedicine, 

and MSNPs validate the successful attachment of caffeine onto nanoparticles. This 

attachment exhibits a loading efficiency of 28%. This technique essentially helps in 

confirming the presence and quantity of caffeine integrated into the nanoparticles, which 
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is crucial for understanding their interaction and potential applications in various fields. 

(Figure 2.8). 

 

Figure 2.8: The absorbance spectra obtained through UV/Vis Spectroscopy for a) MSNPs, b) 

caffeine, and c) nanomedicine 

2.3.2. Nanomedicine demonstrating robust affinity with the pro-apoptotic TRAIL-

DR5 complex 

The TRAIL-DR5 protein's binding site was subjected to molecular docking analysis 

employing caffeine in nanomedicine form as the ligand (PDB:1du3), depicted in figure 2.9. 

The PyRx tool computed the binding affinity of the most favorable confirmation, yielding 

a robust -6.8 kcal/mol with an RMSD of 0.00, implying a close alignment between the 

docked and experimental structures. This investigation, using BIOVIA Discovery Studio, 

unveiled several critical interactions: prominent hydrogen bonds formed between the 

ligand and the receptor's ASN228 amino acid. Moreover, four carbon-hydrogen bonds 

involving ASN228, SER229, and TYR240 were identified. Additionally, two pi-sulfur 

interactions with CYS230 were noted. 



 

65 
 

Chapter 2: Caffeine coated nanoparticles 

Hydrophobic interactions proved significant, comprising two pi-pi stacked and two pi-pi 

T-Shaped interactions with TYR240, alongside a pi-alkyl interaction with ARG227. 

Notably, Van der Waals interactions pervaded multiple amino acid residues, contributing 

substantially to the ligand-receptor stabilization and specificity. This comprehensive 

analysis aids in comprehending the molecular basis of the caffeine-TRAIL-DR5 binding 

interaction, essential in designing potent nanomedicines or pharmaceutical agents targeting 

this protein. 

 

Figure 2.9: Molecular docking between CcNPs and TRAIL-DR5 complex (PDB:1du3) 

2.3.3. Docking analysis of NF-κB p52/RelB/DNA complex 

Caffeine's binding affinity for the NF-κB p52/RelB/DNA complex protein binding site was 

assessed to be -5.6 kcal/mol, with an RMSD of 0.00, indicating a remarkable binding 

efficiency and interaction, as depicted in figure 2.10. Further investigations using BIOVIA 

Discovery Studio (version 2021) on this conformation unveiled a spectrum of interactions, 

encompassing Van der Waals forces, hydrophobic bonds, and hydrogen bonds. Notably, a 
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significant interaction was observed with the amino acid ARG:119, emphasizing its 

involvement in the binding. 

These docking experiments assert the nanomedicine's capacity to bind to both pro-

apoptotic and anti-proliferative complexes. Importantly, these findings have been 

substantiated through in vitro and in vivo validations, consolidating the nanomedicine's 

efficacy in engaging with and modulating these critical protein complexes. 

 

Figure 2.10: Molecular docking between CcNPs and NFκB-p52/RelB/DNA complex 

(pdb:3do7) 

2.3.4. Docking analysis with c-FLIP 

In figure 2.11, the ligand was precisely docked within the active site of c-FLIP (PDB: 

7dee). The computed binding affinity recorded -5.3, coupled with an RMSD of 0.00, 

indicating a strong interaction between the ligand and the protein structure. Analysis 

revealed the presence of carbon-hydrogen bonds, traditional hydrogen bonds, along with 

notable Van der Waals interactions involving specific amino acid residues within the active 

site. These interactions underscore the ligand's engagement and stabilization within the c-

FLIP protein structure. 
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Figure 2.11: Molecular docking between CcNPs and cFLIP-DISC complex (pdb:7dee) 

2.3.5. Antioxidant potential of caffeine  

Across all treatment regimens, the comprehensive assessment of reducing potential 

exhibited a substantial (p < 0.001) increase in the overall reducing action. Specifically, 

when caffeine was administered in the form of nanomedicine, there was a notable elevation 

(p < 0.05) in its reduction potential, as depicted in figure 2.12A.  

Moreover, a consistent pattern was observed in the total antioxidant capacity test. The 

administration of caffeine as nanomedicine demonstrated a considerable enhancement, 

exhibiting a 16.5% increase (p < 0.001) in antioxidant activity compared to caffeine 

administered solely as medication (Figure 2.12B).  

The findings from the DPPH assay further support this trend, revealing a significant 24.8% 

surge (p < 0.05) in caffeine's antioxidant capacity when delivered in the form of 

nanomedicine, as illustrated in Figure 2.12C. These results collectively highlight the 

pronounced improvement in antioxidant efficacy when caffeine is utilized as a 

nanomedicine formulation, suggesting its potential for enhanced therapeutic benefits. 
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Figure 2.12: Antioxidant potential analysis of different treatment groups (n=3) using A) TRP 

B) TAC and C) DPPH assays  

2.3.6. Biological efficacy of the nanomedicine  

In the brine shrimp experiment (Figure 2.13A), the combination of nanomedicine with 

chemotherapy notably diminished cytotoxicity levels (p < 0.01). Additionally, in 

comparison to doxorubicin alone, the combined treatment remarkably enhanced the 

antidepressant (15.3%), analgesic (88%), and anti-coagulation properties (16%) of the 
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nanomedicine (p < 0.001). These results underscore the substantial bio efficacy of the 

nanomedicine in Sprague Dawley rat model, as depicted in figures 2.13B-D. 

 

Figure 2.13: Evaluation of biological potential using A) brime shrimp assay B) anti-depressent 

assay C) anti-coagulant assay and D) analgesic assay in animal model (n=3) 
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2.3.7. Relative organs weight analysis 

In the benzene-treated groups (Figure 2.14A-C), there were significant increase observed 

in the weights of the liver (p < 0.05), heart (p < 0.001), and kidney (p < 0.05). Subsequent 

therapy with nanomedicine (CcNPs) led to a notable decrease (p < 0.05) in organ weights, 

effectively restoring them to levels comparable to those in the control group. Interestingly, 

other therapies also showed similar effects on organ weight reduction. 

 

Figure 2.14: Comparing the mean + SEM relative organ weights of the liver (A), heart (B), and 

kidney (C) in rat model (n=3).  
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2.3.8. Blood parameters analysis 

Morphological examination revealed that benzene-treated leukemic rats exhibit 

erythrocytosis and the appearance of leukoblasts. The nanomedicine treatment restored cell 

morphology, with treated groups displaying normalcy (Figure 2.15).  

     

Figure 2.15: The morphology of blood cells in the normal (A) leukemic (B) doxorubicin (C), 

caffeine-treated (D), caffeine + doxo (E) CcNPs + doxo treated rat tissue (n=3) samples.  

Analysis of the entire blood count in rats treated with benzene revealed a considerable 

increase in the total number of white blood cells and a notable decrease in red blood cells 
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(p<0.05). Combinational treatment seemed to be more effective than nanomedicine alone 

when it comes to WBCs, particularly when nanomedicine is combined with doxorubicin 

(Figure 2.16A). Monocytes, eosinophils, neutrophils, and lymphocytes exhibited aberrant 

proliferation in leukemic rats and were favorably modulated by nanomedicine but the 

observed effect lacked statistical significance. Red blood cell (RBC) counts, however, 

significantly rebound to their normal levels after nanomedicine treatment (Figure 2.16B). 

Hemoglobin levels were dropped in the leukemic group (p<0.05), but the treatment had no 

considerable impact on hemoglobin levels. The platelet counts decreased considerably 

(p<0.001) upon leukemia induction and significantly increased (p<0.05) among the treated 

rats with varied degrees of effectiveness (Figures 2.16C-D).  

 

Figure 2.16: Blood parameters of different experimental groups (n=3) 
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2.3.9. Serum enzymatic analysis 

Hepatic biomarkers indicated lower (p<0.001) ALP levels and raised (p<0.001) ALT and 

AST levels in benzene-treated rats, which were reverted to normal following nanomedicine 

administration. Following nanomedicine treatment, ALP levels dramatically rose 

(p<0.001), and ALT and AST levels significantly reduced (p<0.001). Other therapeutic 

regimens produced promising results with varied efficacy (Figure 2.17A-C). The treatment 

of nanomedicine effectively recovered (p<0.01) the normal creatinine levels, which were 

drastically raised (p<0.05) in benzene-treated rats. The combination therapeutic regimens 

improved renal function substantially (Figure 2.17D).   

 

Figure 2.17: Levels of hepatic and renal biomarkers among various experimental groups 

(n=3).  
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2.3.10. STMN1 expression analysis 

AML is distinguished by STMN1 overexpression, which acts as a genetic marker for the 

illness. STMN1 expression was significantly increased in the benzene-treated group 

(p<0.001), indicating AML induction. Treatment with the nanomedicine, on the other hand, 

resulted in a substantial decrease in STMN1 expression (p<0.001) (Fig 2.18A). 

 

2.3.11. Tumor suppressor gene p53 expression analysis 

The genome's guardian, p53, mainly works as a tumor suppressor gene, and its expression 

is regularly modified during the initiation of cancer. The normal genetic expression of p53 

is restored following nanomedicine treatment (p<0.001), but it was decreased after AML 

development in our leukemic rat model (Figure 2.18B). 

2.3.12. Nanomedicine regulates glycolysis in leukemic rats 

GAPDH serves as a molecular biomarker of cellular energy production, playing a pivotal 

role as an enzyme in the sixth phase of glycolysis. After benzene injections, a significant 

increase in GAPDH genetic expression was observed, indicating heightened energy 

production and cellular proliferation. Conversely, treatment with the nanomedicine led to 

a notable reduction in GAPDH expression (p<0.001). Additionally, combinations 

involving caffeine, doxorubicin, and other drugs also demonstrated beneficial effects. 

(Figure 2.18C).  

2.3.13. mTOR pathway regulation by nanomedicine 

The mTOR protein kinase, a serine/threonine kinase, plays a pivotal role in regulating 

transcription, cell growth, proliferation, and survival. Benzene induction markedly elevates 

the expression of mTOR, whereas nanomedicine delivery significantly reduces it 

(p<0.001). Additionally, as depicted in Figure 2.18D, other combinations also demonstrate 

substantial efficacy (p<0.001).   
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2.3.14. Nanomedicine inhibits the NF-kappa B pathway, resulting in anti-proliferative 

effects  

The NF-kappa B pathway is known to play a pivotal role in governing somatic cell 

proliferation, particularly in acute myeloid leukemia (AML). In experiments conducted on 

leukemic rats, a pronounced upregulation of the expression of NF-kappa B pathway genetic 

markers, namely Rel-A and Rel-B, was observed, suggesting heightened proliferation 

activity. However, when these rats were treated with nanomedicine, either as a standalone 

treatment or in conjunction with doxorubicin, a noteworthy decrease in Rel-A expression 

was observed (p<0.001). This reduction signifies a significant inhibitory effect on the 

aberrant proliferation associated with AML, highlighting the potential therapeutic efficacy 

of the nanomedicine in targeting the NF-kappa B pathway in leukemia treatment. 

Moreover, both doxorubicin and the nanomedicine, either alone or combined, led to a 

substantial decrease in Rel-B expression (p<0.001), suggesting suppression of the non-

canonical pathway (Figure 2.18E-F). 
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Figure 2.18: Genetic expression analysis of molecular markers among various experimental 

groups (n=3).  
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2.3.15. Regulation of TRAIL pathway by CcNPs 

Benzene impacts specific cellular proteins involved in controlling cell death processes 

through the extrinsic TNF-related apoptosis-inducing ligand (TRAIL) pathway. In our 

model, it reduced the expression of the death receptor 5 (DR5) and increased the presence 

of the inhibitory protein FLIP as shown in figure 2.19A-B. However, CcNPs effectively 

countered these effects caused by benzene exposure. CcNPs not only restored the 

expression of DR5 significantly but also synergistically amplified its levels when combined 

with classical chemotherapy (Figure 2.19C).  

Moreover, CcNPs potentially inhibited apoptosis by reducing the levels of the anti-

apoptotic protein cFLIP. Benzene induced an increase in the TRAIL ligand expression, 

which was normalized back to original levels when treated with the nanomedicine. 

Benzene exposure led to elevated levels of cytochrome c in leukemic cells. Different 

medication protocols, including the use of nanomedicine, effectively restored these levels 

as shown in figure 2.19D.  

The nanomedicine did not alter much the expression patterns of caspases 3, 7, 8, and 9, 

which are pro-apoptotic proteins of the extrinsic pathway.  
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Figure 2.19: Relative gene expression of TRAIL pathway components in different 

experimental groups (n=3). 

2.4. Discussion 

Nanoparticles are extensively utilized for drug delivery due to their ability to mitigate 

unintended side effects by effectively traversing both blood-brain and cell membrane 

barriers. This capability enables them to overcome the main challenge of delivering drugs 

to specific sites within the body (Zhang et al., 2010).  

Scanning electron microscopy (SEM) corroborated the hollow spherical morphology of 

mesoporous silica nanoparticles (MSNP), providing additional insights into particle size. 
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Additionally, X-ray diffraction (XRD) data corroborated the findings, confirming both the 

size and shape of the particles, which aligns with previously published data (Ferreira et al., 

2015). The observed peaks in the MSNP spectra corroborated the existence of SiO2 (silicon 

dioxide), providing further support that aligns with previous findings reported in studies 

(Jiao et al., 2012). The results obtained from both FTIR (Fourier-transform infrared) and 

UV analyses were consistent, indicating the successful deposition or coating of caffeine 

onto the surface of the MSNPs. This congruence in outcomes from these analyses serves 

as confirmation of the caffeine coating on the nanoparticles (Nandiyanto et al., 2009).   

Through in silico simulations, the investigation focused on understanding how 

nanomedicine interacts with the active sites of specific proteins or complexes. This 

exploration was prompted by the detection of caffeine on the outer surface of the 

nanomedicine particles in the FTIR results. In the study, the interactions between caffeine 

(identified on the surface of the nanomedicine) and active site residues were examined, 

utilizing caffeine as a substrate. Prior studies have asserted that quinacrine (QC), a known 

substrate, induces cellular death by modifying both the TRAIL-DR5 complex and the 

intrinsic mitochondrial route (Das et al., 2017). QC and caffeine were compared in terms 

of their binding affinity and interactions. The binding affinity values were measured at -

6.5 for QC and -6.8 for caffeine, indicating slightly higher affinity for caffeine. Caffeine 

displayed multiple hydrogen bonds with the active site of the target complex, surpassing 

the number observed for QC interactions (Das et al., 2017). 

Furthermore, it was observed that QC attached to the edge of the protein complex, forming 

the QC-TRAIL-DR5 complex. Concurrently, caffeine also became integrated into the 

protein complex, resulting in the caffeine-TRAIL-DR5 complex. Caffeine exhibited robust 

hydrogen bonds with the TRAIL-DR5 complex, facilitated by its exposed hydrophilic ends. 

Additionally, Van der Waals contacts were observed due to caffeine's exposed non-polar 

ends (alkyl groups), while the ligand's aromatic rings induced pi-pi stacking and pi-pi T-

shaped interactions. The extensive hydrogen bonding interactions suggested that caffeine 

serves as a promoter of the TRAIL-DR5 complex. The plethora of interactions between 

caffeine and proteins supports the proposition that the CcNP-TRAIL-DR5 complex is 

notably more stable than the QC-TRAIL-DR5 complex (Safa et al., 2008).  
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The p52:RelB:kB DNA complex identifies the DNA backbone as asymmetrical, primarily 

due to its direct interaction with the protein via ARG 125. Previous in vitro binding 

experiments and cell-based reporter assays have demonstrated that the presence of 

Arginine 125 within the p52:RelB complex is essential for binding and the subsequent 

activation of transcription at certain κB sites, although this requirement is not universal 

across all such sites (Fusco et al., 2009). 

According to our docking studies, ARG 119 and ARG 125 display interactions with 

caffeine, leading to steric incompatibility with the DNA at the ligand's binding site. This 

interaction ultimately causes a hindrance that interferes with the binding of the DNA to the 

complex. Consequently, caffeine, when administered as nanomedicine, behaves as a 

competitive inhibitor, affirming the inhibitory action of the ligand. This inhibition 

effectively prevents the formation of the complex.  

c-FLIP functions as a crucial regulator of apoptosis triggered by death ligands. This 

procaspase-8-like molecule plays a pivotal role by binding to FADD (Fas-associated death 

domain) and/or caspase-8 or -10, depending on the presence of specific ligands. By doing 

so, it effectively suppresses apoptosis initiated by various death-inducing factors such as 

TNF-alpha, Fas ligand (Fas-L), and TRAIL. This suppression halts the formation of the 

death-inducing signaling complex (Studio), consequently preventing the activation of the 

apoptotic cascade (Safa et al., 2008). Recent studies have indicated that dapagliflozin 

induces apoptosis by decreasing the expression of cFLIP-L (cellular FLICE-like inhibitory 

protein - long isoform) and enhancing the instability of cFLIP-S (short isoform of cFLIP) 

in human kidney cancer. This study suggests that targeting of FLIP is crucial for countering 

evasion of apoptosis in human cancers  (Jang et al., 2022).  

In our study, we conducted docking simulations of caffeine and dapagliflozin within the 

structure of c-FLIP, building upon the previous discovery. Despite dapagliflozin 

demonstrating a lower binding affinity (-6.5) compared to caffeine, the nature of 

interactions differed. Dapagliflozin engaged in Van der Waals' and pi-alkyl interactions, 

while caffeine established not only Van der Waals' interactions but also hydrogen bonds. 

Interestingly, caffeine's interaction pattern resembled that of procaspase-8, indicating its 

potential as an effective competitor of cFLIP. Subsequent relative expression analysis 
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confirmed caffeine's ability to down-regulate cFLIP, corroborating the anticipated impact 

based on its interactions within the c-FLIP structure. 

The observed rise in organ weights documented in in vivo experiments could potentially 

be linked to the impact of benzene metabolites. These metabolites have a direct effect on 

these organs, leading to the generation of free radicals associated with hypertrophy, which 

might explain the observed increase (Rana & Verma, 2005). Nevertheless, the swift 

restoration of organ weights across all treatment protocols presents compelling evidence 

supporting the protective influence of nanomedicine against benzene-induced hypertrophy. 

This suggests that the use of nanomedicine significantly mitigates the effects caused by 

benzene on organ sizes. 

Benzene metabolites, including phenol, catechol, and hydroquinone, are linked to the 

development of acute myeloid leukemia. Morphological examinations reveal that benzene 

induces erythrocytosis through these cytotoxic metabolites, leading to a reduction in the 

overall red blood cell count. Additionally, other abnormalities such as elevated levels of 

eosinophils and leukocytes are observed due to the effects of benzene metabolites (Smith 

et al., 2011). Likewise, benzene induces various abnormalities in bone marrow cells, 

disrupting the normal development of leukocytes. This disruption leads to an overall 

increase in the white blood cell (WBC) count, resulting in higher levels of immature 

leukoblasts present in the blood of individuals affected by leukemia caused by benzene 

exposure (Greenwood et al., 2006). In our investigation, consistent findings were observed.  

Various medication regimens were successful in restoring a normal blood profile in 

leukemic rats by counteracting erythrocytosis, eosinophilia, and leukocytosis. These 

treatments effectively reversed the abnormal blood cell counts and restored them to typical 

levels (Smith et al., 2011) . Caffeine has the capability to trigger G2/M arrest, a phase 

within the cell cycle where the cells are halted before entering the mitotic phase. 

Additionally, caffeine has been reported to induce apoptosis, which is programmed cell 

death, specifically in leukemic cells (Ito et al., 2003). The decrease in platelet levels 

observed in our study is likely a result of the harmful impact on bone marrow cells induced 

by the administration of benzene. However, notably, the use of nanomedicine as a 
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treatment significantly increased platelet counts by mitigating or reversing 

thrombocytopenia, the condition characterized by low platelet levels (Olsson et al., 2005).  

Benzene has been observed to disrupt the normal levels of ALP, ALT, and AST due to the 

production of reactive oxygen species (ROS) by its secondary metabolites. The liver, being 

one of the organs specifically affected by benzene toxicity, experiences alterations in these 

enzyme levels as a consequence of oxidative stress induced by benzene metabolites (Ito et 

al., 2003) In benzene-induced leukemic rats, the observed decrease in ALP levels was 

attributed to the absence of detectable leukocyte alkaline phosphatase (LAP) mRNA, 

which is a characteristic finding in AML. This absence of LAP mRNA contributes to the 

reduction in ALP levels. 

On the other hand, the rise in ALT levels in leukemic rats was potentially linked to the 

abnormal proliferation of liver cells. This abnormal proliferation might result in increased 

alanine transaminase activity, leading to elevated ALT levels in the blood (Farrow et al., 

1997). Similarly, the increase in AST concentration in the blood serum reflects 

hepatocytotoxicity and the damage caused to liver cells due to benzene exposure. Elevated 

AST levels often indicate liver injury induced by benzene. 

Furthermore, the administration of benzene resulted in increased serum creatinine levels, 

which can serve as a predictor of acute kidney injury in leukemic rats. This elevation in 

creatinine levels suggests potential kidney damage caused by benzene exposure in these 

rats (Lahoti et al., 2010). However, the abnormal levels of these hepatic enzymes (ALP, 

ALT, AST) and creatinine, indicative of liver and kidney damage, were notably restored 

to normal levels following treatment with our nanomedicine. This restoration could likely 

be attributed to reduced cytotoxicity and an increase in antioxidant potential conferred by 

the nanomedicine, effectively mitigating the detrimental effects induced by benzene 

exposure on the liver and kidneys. 

Genetic expression analysis was conducted by homogenizing liver cells, considering the 

liver's significant role as the primary site for metabolizing various xenobiotic substances, 

such as benzene. In this analysis, STMN1, known for its notable overexpression in AML, 

exhibited elevated expression levels in leukemic rats exposed to benzene. This heightened 

expression of STMN1 serves as confirmation at the genetic level of the induction of 
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leukemia caused by benzene administration in these rats (Handschuh et al., 2018). 

Treatment with CcNPs appeared to mitigate the impact of benzene by reducing STMN1 

expression. This reduction in STMN1 expression potentially influences the function of 

actin and the dynamics of microtubules within cells. By decreasing STMN1 levels, CcNPs 

treatment likely contributes to altering the cellular dynamics regulated by these structural 

proteins, consequently minimizing the effects induced by benzene exposure (Wu et al., 

2014). 

The loss of P53, a common tumor suppressor, is a frequent genetic alteration observed in 

various malignancies. In AML, increased P53 expression is often observed due to 

mutations and DNA damage induced by reactive oxygen species (ROS). Remarkably, our 

nanomedicine was able to restore aberrant P53 levels in leukemic rats. This correction is 

likely attributed to the nanomedicine's abilities, acting as both a pro-apoptotic agent and an 

antioxidant. Additionally, caffeine's known capability to inhibit lipid peroxidation caused 

by ROS might have contributed to this repair process (Devasagayam et al., 1996). 

The observed overexpression of GAPDH in the benzene-treated group could potentially be 

linked to an increase in glycolysis. Enhanced glycolysis is recognized as a hallmark of 

cancer, and increased expression of GAPDH might be associated with this metabolic shift, 

reflecting the altered energy metabolism characteristic of cancer cells (Hanahan & 

Weinberg, 2011; Ward & Thompson, 2012) . However, the administration of our 

nanomedicine, along with other treatment regimens, resulted in the restoration of normal 

GAPDH expression levels. This normalization was likely achieved by restoring cellular 

energetics and restraining the excessive proliferation observed in transformed cells. The 

intervention of these treatments seems to have effectively counteracted the aberrant 

GAPDH expression, thereby contributing to the normalization of cellular metabolism and 

proliferation (Jiang et al., 2011) 

mTOR (mechanistic target of rapamycin), a pivotal signal transducer both within cells and 

in the extracellular environment, was found to be heightened in the benzene-treated groups. 

This protein plays a central role in governing several fundamental cellular processes 

including growth, proliferation, and cell survival. Additionally, mTOR is involved in 

regulating the growth of leukemic cells, facilitating tumor-associated angiogenesis, and 
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controlling the expression of vascular endothelial growth factor (Fruchon et al., 2012). The 

heightened activity of the mTOR protein observed in this context may also link to its 

recognized capacity to recruit microRNAs, which subsequently silence apoptotic genes. 

This process contributes to the development or progression of leukemogenesis, as it 

suppresses the expression of genes involved in programmed cell death (Martelli et al., 

2011). The administration of our nanomedicine notably reduced the levels of mTOR, which 

might be attributed to its pro-apoptotic capabilities. This reduction in mTOR levels 

suggests that the nanomedicine likely influences cellular pathways associated with 

apoptosis.  

Rel A and Rel B, both components of the NF-kappa B pathway, are known to support cell 

survival in AML. This is evidenced by the observed increase in their mRNA transcripts 

during leukemogenesis. Their heightened expression indicates their role in promoting cell 

survival within AML, suggesting their involvement in sustaining the disease by 

contributing to the survival and proliferation of leukemic cells (Xu et al., 2014). 

Doxorubicin, known for its ability to induce apoptosis primarily through the production of 

reactive oxygen species, led to a reduction in Rel B levels. This decrease in Rel B 

expression could be linked to doxorubicin's apoptotic effects, indicating that the drug's 

mechanism of action involves the suppression or downregulation of Rel B within the NF-

kappa B pathway (Tapia et al., 2007). In the case of Rel A, doxorubicin-induced DNA 

damage activated the conventional NF-kappa B pathway, potentially contributing to 

doxorubicin resistance in leukemic cells. This might explain the observed high levels of 

Rel A expression in rats treated with doxorubicin. 

However, our nanomedicine exhibited the ability to downregulate indicators of the NF-

kappa B pathway, including Rel A and Rel B, both individually and in combination. This 

suggests that the nanomedicine possesses anti-proliferative and anti-tumor potential in 

leukemic rats. This effect is likely due to the properties of caffeine, which has demonstrated 

anti-survival and inhibitory effects against Rel A and Rel B. In the form of nanomedicine, 

these properties might be enhanced, as the mesoporous silica nanoparticles improve the 

bioavailability, stability, and half-life of the coated caffeine, as previously described  

(Szatkowska et al., 2013). 
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In studying the role of apoptosis, the TRAIL pathway has been extensively investigated. 

The observed increase in the expression of the TRAIL ligand in benzene-treated rats is not 

unexpected, considering that numerous benzene derivatives are recognized for their 

involvement in TRAIL-mediated cell death. This elevation in TRAIL ligand expression 

aligns with the well-established association between benzene derivatives and the initiation 

of cell death through the TRAIL pathway (Ahn et al., 2018). The overexpression of cFLIP 

functions to inhibit the activity of TRAIL in leukemic rats. This heightened expression of 

cFLIP serves to counteract or block the activity of TRAIL-induced apoptosis, effectively 

suppressing the cell death signals triggered by the TRAIL pathway in these leukemic rats 

(Sayers et al., 2003).  

FLIP shares homology with procaspase 8 and competes for binding with death-effector-

domain of FADD molecule. High FLIP expression renders binding of procaspase 8 

unlikely and thereby blocks the downstream activation of caspases and consequently 

inhibits apoptosis (Mérino et al., 2006).  

It seems that our nanomedicine acts as a potent regulator of the TRAIL pathway and an 

inducer of apoptosis. This is suggested by the considerable increase in the expression of 

the TRAIL ligand and the simultaneous decrease in cFLIP levels upon nanomedicine 

treatment. Furthermore, there was an enhancement observed in the expression of DR5, 

which supports the effectiveness of the nanomedicine in modulating the TRAIL pathway. 

Notably, when the nanomedicine was used in combination with chemotherapy, there was 

an even greater elevation observed in DR5 expression levels. This indicates a potential 

mechanism of interaction between the nanomedicine and chemotherapy, suggesting a 

synergistic effect in enhancing DR5 expression, possibly through a cross-linking 

mechanism (Mérino et al., 2006).  

An increase in DR5 levels in response to treatment represents a crucial step towards 

TRAIL-induced apoptosis through extrinsic mechanisms. However, merely elevating the 

death receptors is insufficient to trigger apoptosis; their functional activation by forming 

trimers is also essential for inducing cell death. As we did not observe an increase in 

initiator or effector caspases, we suggest exploring the use of agonistic antibodies in future 



 

86 
 

 

studies to enhance the functional efficiency of death receptors in triggering apoptosis (El-

Gazzar et al., 2010). 

Furthermore, the heightened cytochrome-c levels in leukemic rats indicate rapid 

production and release from mitochondria due to mitochondrial membrane breakdown and 

subsequent cell death. Nevertheless, treatment with various pharmacological regimens 

restored cytochrome-c levels to normal values, presumably attributed to their antioxidant 

and other protective properties, helping to mitigate the consequences of mitochondrial 

damage. 
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Chapter 3: CuET nanoparticles 

In silico, in vitro, and in vivo analysis of copper-diethyldithiocarbamate 

nanoparticles and doxorubicin: a novel combination strategy against 

AML 
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3.1. Introduction 

Leukemia is a group of clinical disorders characterized by the unregulated expansion of 

pluripotent bone marrow stem cells, which results in aberrant cellular proliferation and 

neoplasms (Ramdass et al., 2013). Acute myeloid leukemia (AML) is the most common 

kind, resulting from the malignant transformation of early progenitor or hematopoietic 

stem cells (Khwaja et al., 2016). Extrinsic factors that contribute to the formation of AML 

include infectious agents such as viruses, tobacco smoke, radiation, and chemicals such as 

benzene and polychlorinated biphenyls (Bhatia & Das, 2020). Benzene stands as the most 

prevalent causative agent for AML (McHale et al., 2012). The primary metabolism of 

benzene occurs in the liver, where it is transformed into a variety of phenolic and opened-

ring compounds, as well as various conjugates. All of these metabolites are harmful to bone 

marrow and hematopoietic stem cells (HSCs), where they cause redox reactions by creating 

reactive oxygen species, resulting in cellular genotoxicity. This eventually results in the 

creation of protein adducts, which change cellular progression and impair cellular 

processes, leading to the development of AML (Ross, 1996).  

Several traditional chemotherapeutic drugs, including doxorubicin, are used to treat and 

manage AML. Doxorubicin, an anthracycline antibiotic, has been used for over three 

decades to treat a variety of malignancies, including both haematological and solid tumors 

(Chen et al., 2013). So far, several modes of action for doxorubicin's cytostatic and 

cytotoxic properties have been hypothesized. These include 1) intercalating with DNA 

bases to inhibit macromolecule synthesis, 2) production of ROS, which leads to the 

initiation of DNA damage, 3) peroxidation of lipids, 4) disruption of strand separation of 

DNA and helicase activity, and 5) causing direct damage to DNA by inhibiting 

topoisomerase II. All of these ways of action eventually result in apoptotic cell death. 

However, doxorubicin  not only targets cancer cells but also affects the body's normal 

developing cells, resulting in inevitable side effects such as double stranded DNA breaks 

and death in normal cells  (Lu et al., 2007). 

This non-specific targeting of conventional therapy underlines the need for innovative 

therapeutic molecules with lower toxicity and greater efficacy than currently available 

conventional chemotherapeutic medicines (Castro et al., 2019). To address this issue, the 
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use of targeted nanoparticles to administer chemotherapeutic agents in cancer therapy 

provides several benefits in terms of improving drug delivery and overcoming many of the 

issues associated with traditional chemotherapy (Nguyen, 2011). Nanoparticles have a 

unique ability to boost the intracellular accumulation of medicines or genes selectively 

within cancer cells, whether through passive or active targeting methods. This targeted 

delivery reduces toxicity in normal cells, providing a dual benefit of increased therapeutic 

efficacy in tumors while protecting the health of surrounding healthy tissues. 

 

Organometallic compounds in the form of nanoparticles are useful in the creation of site-

specific drug delivery systems in this respect (Bajracharya et al., 2023). Copper-

diethyldithiocarbamate (CuET) is an organometallic complex composed of copper as the 

core metal atom, coupled with amine-1-carbodithionic acid (a dithiocarbamate derivative) 

(Paun et al., 2022). The capacity of the complex to chelate copper and its lipophilic 

characteristics are of importance in cancer treatment. Copper plays important functions in 

biological activities on its own, but when coupled to certain chemicals such as 

diethyldithiocarbamate, it can have deadly effects on cancer cells. This happens through a 

variety of ways, including the production of reactive oxygen species (ROS), which cause 

oxidative stress, cellular damage and apoptosis  (Dumut et al., 2021). Moreover, copper is 

involved in angiogenesis (the formation of new blood vessels), a critical process in tumor 

growth and metastasis. Chelation of copper by compounds like diethyldithiocarbamate can 

hinder angiogenesis, thereby impeding tumor progression (Ji et al., 2023). Additionally, 

these complexes might interfere with specific signaling pathways crucial for cancer cell 

survival and proliferation (Huang et al., 2021).  

This study aimed to look at the anti-leukemic effectiveness of CuET in combination with 

doxorubicin, as well as the expression levels of biomarkers linked with the HIF-1α and 

Wnt pathways in AML rat model.  
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3.2. Materials & Methods                                     

3.2.1. Materials 

Methanol, HCl , dimethyl sulfoxide (DMSO) , benzene , doxorubicin, TRIzol, cDNA 

synthesis Vivantis kit, EvaGreen®   Master mix. 

3.2.2. Characterization of CuET using XRD, SEM and EDX analysis                     

CuET nanoparticles were characterized using XRD, SEM and EDX analysis using already 

published protocols respectively (Merroun et al., 2003; Parmar et al., 2012; Hua & Yu, 

2019).  

3.2.3 Molecular docking studies 

The docking of hyaluronic acid (ligand) present on the surface of coated CuET to the active 

site of CD33 AML marker was conducted with the help of PyRx (v.0.8; Kitware, Inc., NY, 

USA)(Kondapuram et al., 2021) and Autodock (Vina v.1.2.5) (Trott & Olson, 2010). The 

findings of the protein-ligand interactions were consistent with the values predicted by 

quantum chemistry simulations, and Autodock was used to lower the ligand's energy 

(Mirzaei et al., 2015). The binding affinity values were then analysed to assess various 

interactions.  

3.2.4. Cytotoxicity Assay 

To ascertain the most effective dosage of CuET, brine shrimp assay was performed. In a 

sea salt solution, brine shrimp eggs were hatched. Following that, fifteen brine shrimp were 

methodically counted under a microscope and treated to several levels of dilution for 24 

hours. Each concentration was reproduced three times using distilled water as a control to 

verify accuracy. Using the probit approach, the lethal concentration necessary to generate 

a 50% death rate (LC50) was estimated after 24 hours of exposure (Banti & Hadjikakou, 

2021). 

3.2.5. In Vitro Bioassays 

The evaluation of antioxidant capacity involved three different assays. The determination 

of total antioxidant capacity was carried out using the phosphomolybdenum method 

(Jamuna, Ramesh, Srinivasa, & Raghu, 2011), with minor adjustments to the procedure. 
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Similarly, the assessment of total reducing power and the DPPH assay were performed as 

per protocols previously outlined by Moein and colleagues (Moein et al., 2008). 

3.2.6. In Vivo Bioassays 

The assessment of the analgesic efficacy of various treatment regimes was assessed 

through the hot plate assay (Tita et al., 2001). Likewise, the evaluation of anticoagulant 

activity, which determines the coagulation time of blood in the absence of any foreign 

substance, was carried out using already reported protocol (Samuelson et al., 2017). 

Furthermore, the assessment of antidepressant activity was carried out using the 

conventional tail suspension method, as delineated by Zhou and colleagues (Zhou et al., 

2010). 

3.2.7. Development of AML model and Experimental Strategy 

A cohort of twenty-five Sprague Dawley rats, aged five weeks and weighing between 150 

to 180 grams, was sourced from the National Institute of Health in Islamabad. Ethical 

clearance for all experimental procedures was obtained from the Quaid-i-Azam University 

Institutional Review Board under letter No. #BEC-FBS-QAU2020-221. The rats were 

housed in pairs within laboratory cages constructed from polypropylene material, complete 

with stainless-steel lids, to ensure proper containment and ventilation throughout the 

duration of the study Rats were fed standard rodent chow and water ad libitum at the Quaid-

i-Azam University Primate Facility, which had identical photoperiods of 12 hours of light 

and 12 hours of darkness daily, an ambient temperature of 298.15K (25°C)+2, and 

humidity of 42+5%. 

All rats (n = 25) were divided into five equal groups of five rats each. The animals were 

allowed to acclimate for seven days. 100 µL of intravenous benzene was given to rats in 

groups 2, 3, 4, and 5 on alternate days for three weeks. Group 1 (Normal/control) received 

normal saline intravenously while all other groups were treated with benzene, as explained 

earlier, for the induction of AML. After AML induction, Group 2 (Benz) received no 

additional treatment. Rats in Group 3 (Benz + Doxo) received a normal dosage of 

doxorubicin (300 µL of 0.625mg/mL) intravenously on alternate days for three weeks. 

Similarly, 100 µL of CuET (0.1 mg/mL in 0.1% DMSO) was given intravenously to rats in 

Group 4 (Benz + CuET). Group 5 (Benz + CuET + Doxo) received both CuET and 
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doxorubicin intravenously on alternate days for three weeks after leukemia confirmation. 

All rats were dissected after their individual dosages were completed in accordance with 

the parameters outlined in the Guide for the Care and Use of Laboratory Animals  (Care & 

Animals, 1986). 

3.2.8. Morphological evaluation and tissue histology  

After dissection, blood and bone marrow smears were produced on glass slides and stained 

with Giemsa dye (10X) for morphological examinations. The glass slides containing 

streaks were air-dried for this purpose, and the dye was applied dropwise, allowing it to 

stain for 10 minutes. Before microscopy, the dyed slides were rinsed with tap water and 

air-dried again (Houwen, 2002). For tissue histology, liver, kidney, and heart tissue 

samples were removed and stored in 10% formalin for histological examination using Chan 

and colleagues' haematoxylin and eosin staining procedure (Chan, 2014).  

3.2.9. Blood profiling and biochemical studies  

The blood complete picture (CP) was determined at RIUT, Islamabad, Pakistan, to assess 

total blood cell count along with other vital parameters. Biochemical diagnostic kits (LTA 

and AMP diagnostic kits) were used to assess alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), and alkaline phosphatase (Malovichko et al., 2004). 

Thermofisher Scientific's Amplex® Red Uric acid/ Uricase Assay kit was used to calculate 

uric acid levels. The lipid profile and lactate dehydrogenase levels were estimated using a 

Merk Micro Lab 300 auto-analyzer (Darmstadt, Germany). 

3.2.10. Real time PCR analysis        

TRIzol reagent RNA extraction method was used to extract mRNA from bone marrow 

cells using protocol published by Chomczynski and co-workers (Chomczynski et al., 

2010). Nanodrop quantification on a NanoDropTM 2000/2000c Spectrophotometer (Cat. 

No: ND-2000; MN, USA) and 1% agarose gel electrophoresis were conducted for quality 

assurance.  
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Table 3.1:  Materials for RNA extraction 

 

The acquired mRNAs were then used to generate cDNA using a Vivantis kit (cDSK01-

050, Malaysia). Conventional PCR was used to validate the cDNA synthesis according to 

the manufacturer's recommendations. The required transcript was amplified by PCR by 

adding the reaction mixture's chemicals to 200L PCR tubes (Axygen, USA).  

 

Table 3.2: Reagents required for cDNA synthesis mixture 
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Table 3.3: Conventional PCR reagents 

 

Bio Molecular Sciences (BMS) employed MIC qPCR for real-time PCR analysis of 

relative gene expression. The PCR reactions were conducted in a final volume of 10 µL. 

This volume comprised 2 µL of Syber green master mix, 1 µL each of reverse and forward 

primers, 5 µL of cDNA, and 1 µL of nuclease-free water. The amplification process began 

with an initial heat denaturation stage at 368.15K (95°C) for 15 minutes, followed by 40 

cycles of denaturation at 368.15K (95°C) for 30 seconds, annealing at 333.15K (60°C) for 

30 seconds, and extension at 345.15K (72°C) for 30 seconds. 

 

Upon completion of the cycling program, a melting curve analysis was conducted. The 

melting curve was programmed to incrementally increase the temperature from 345.15K 

(72°C) to 368.15K (95°C), with each step raising the temperature by 273.15K (1°C). The 

software was configured to allow 118 seconds of pre-melt conditioning during the first step 

and 5 seconds for each subsequent step. This analysis aids in determining the specificity of 

the PCR products and identifying any nonspecific amplification or primer dimers. The 

housekeeping gene beta-actin was employed for relative genetic expression analysis. The 

following primer sequences were used for tested genes: 
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Table 3.4: List of primers 

 
The fold change in gene expression of the samples was determined using the Pfaffl 

technique, a widely used method for analyzing quantitative real-time PCR data. This 

No Primers 
Name 

Primer Sequence (5’ – 3’) 

1.  B-Actin  (F-CTCACGGTGTTGCCAAAATG, R-
GCCTTGATCCTTTGGTTATTCG) 

2.  STMN1 (F-TTGCCAGTGGATTGTGTAGAG, R-
TTCTTTTGATCGAGGGCTGAG) 

3.  S1009A (F-GAAATGGTGAATAAGGACTTGCC, R-
TCAACTTTCCCATCAGCATC) 

4.  Wnt (F-ACGGAGTCTGACCTGATGTAG, R-
CACCTGTCGCTCTCATGTAC) 

5.  LRP6 (F-TGAAATGCCCACCTTCTACC, R-
AAGTGTCCCCTGAAAGTGAAG) 

6.  GSK3β (F-ACCTGCCCTCTTCAACTTTAC, R-
CACGGTCTCCAGCATTAGTATC) 

7.  AXIN (F-CAGCCTTCTCATCTCTTCATCC, R-
GTGATTTTGTCCTCTGCTTGG) 

8.  HIF1α (F-GGTGGATATGTCTGGGTTGAG, R-
AGGGAGAAAATCAAGTCGTGC) 

9.  VHL (F-TTTGGCTCTTCAGGGATGC, R-
CACCGCTCTTTCAGGGTATAC) 

10.  C-myc (F-CTCGCGTTATTTGAAGCCTG, R-
TCGCAGATGAAATAGGGCTG) 

11.  Cox 2 (F-TCAAGGGAGTCTGGAACATTG, R-
GCTTCCCAACTTTTGTAACCG) 

12.  VEGF (F-AAAGCCAGCACATAGGAGAG, R-
ATTTAAACCGGGATTTCTTGCG) 

13.  PTEN (F-CCACAAACAGAACAAGATGCTC, R-
CAAAGACTTCCATTTTCCAC) 
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technique takes into account the efficiency of amplification of the target gene and reference 

gene, allowing for accurate calculation of relative expression levels. 

 

To calculate the relative expression in real-time PCR, the pair wise fixed reallocation 

randomization test was employed, utilizing the Relative Expression Software Tool (REST-

384, version 2). This statistical approach enables robust comparison of gene expression 

levels between different experimental conditions while considering experimental variation 

and efficiency differences between PCR runs. 

 

Following the analysis, a melt curve analysis was conducted to identify any non-specific 

amplification products. qPCR products exhibiting a single peak on the melt curve graph 

indicate the absence of primer dimers or non-specific amplification, confirming the 

specificity of the PCR reaction. This step ensures the reliability of the gene expression data 

obtained from the real-time PCR experiments.  

 

Table 3.5: The reagents used for qRT-PCR 
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3.2.11. Flow cytometry for apoptosis measurement 

Cold Bio Legends Cell Staining Buffer was used to wash the sample cells twice. Annexin 

V binding buffer was used to re-suspend the cells at a concentration of 0.25-1 107 cells/mL 

for the apoptosis experiment. A cell suspension of 100uL was transferred to a 5mL test 

tube. It received 5uL of FITC Annexin V. The solution was then treated with 10uL of 

propidium iodide. The cells were gently vortexed at 298.15K (25°C) before being 

incubated in the dark for 15 minutes. Then 400uL of Annexin V binding buffer was added 

to each tube before being examined on the flow cytometer.  

3.2.12 Statistical analysis          

GraphPad Prism software (version 5.01) was used to construct descriptive statistics, which 

were presented as + standard error of the mean (+SEM). Statistical significance was 

assessed using a p-value threshold of < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). For 

inter-group comparisons, one-way analysis of variance (Hendrych et al.) was used, 

followed by Tukey's post hoc test. 

3.3. Results 

3.3.1 Synthesis of CuET NPs 

For this purpose, a mixture of diethyldithiocarbamate (DTC) and CuCl2 solutions was used. 

To synthesize CuET NPs, a 2mL (2mM) solution of CuCl2 was dropwise added to a 4mL 

(2 mM) solution of DTC (containing 0.4% PVP) and mixed for 5 minutes to prevent 

particles from clumping together. Then, the precipitate was collected by centrifugation 

(16,000 rpm for 15 min) and washed twice with water. The synthesized  CuET were 

modified by adding an equivalent volume of HA (0.6 mg/mL), and stirring for 6 hours 

(Peng et al., 2020) 

3.3.2. Characterization of CuET using XRD, SEM and EDX analysis 

The dynamic size of CuET Nps was observed as ~ 275.2 nm with population density index 

(PdI) ~0.907, while the surface charge expressed was -17.6 mV due to surface coating of 

hyaluronic acid as in figure 3.1 
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Figure 3.1:  The dynamic light spectrum analysis confirming size of CuET  

 

Figure 3.2 shows an XRD diffraction pattern with three major peaks at 29°, 34°, 48°, and 

67° showing a square-planar structure of CuET crystal with overall pseudo-octahedral 

coordination geometry and particle size 280 nm. 

 

Figure 3.2:  The XRD pattern of CuET 
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SEM images clearly showed complex formation of metal atom with diethyldithiocarbamate 

complex as in figure 3.3.  

Figure 3.3: Scanning electron microscopy of CuET  

 

Whereas, energy-dispersive X-ray (EDX) analysis exhibited 6.7% copper, 14.4% sulphur, 

5.1% oxygen, 7% nitrogen, and 66.9% carbon by weight as shown in figure 3.4 and table 

3.6. 

 

Figure 3.4: Energy dispersive spectroscopic image of copper diethyldithiocarbamate  
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Table 3.6: Individual elements and their percentages by weight and atomic size in 

composition of CuET 

 

 

 

 

 

 

 

 

 

 

3.3.3 CD33 shows strong interaction with hyaluronic acid indicating enhanced CuET 

uptake by leukemic cells 

The CD33 protein's binding site was docked with hyaluronic acid coated CuET, as 

illustrated in figure 3.5. Using PyRx, the binding affinity of the lowest value confirmation 

was determined to be -6.0, with an RMSD of 0.00. Further examination using BIOVIA 

Discovery Studio revealed the existence of hydrogen bonds and van der Waals interactions. 

Interestingly, typical hydrogen bond interactions are identified between the ligand and the 

receptor amino acid GLY A:69, showing improved absorption of CuET by CD33+ 

leukemic cells. 

Element Weight% Atomic % 

C  66.9 80.3 

N  7.0 7.2 

O  5.1 4.6 

S  14.4 3.4 

Cu  6.7 1.5 
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Figure 3.5: CD33 protein's binding site docked with the hyaluronic acid coated over CuET 

through receptor amino acid GLY A:69 via hydrogen bonds 

 

3.3.4. Relative organs weight analysis 

The relative organ weights of the essential organs liver, heart, and kidney were 

considerably raised in leukemic rats; however, following treatment, groups exhibited a fall 

in the weight of liver (p<0.05), heart (p<0.01), and kidney (p<0.001). Doxorubicin was 

shown to be more successful in restoring liver weight than CuET and combination 

regimens, however, for heart and kidney, combination therapy seemed to be extremely 

beneficial, demonstrating synergistic potential (figure 3.6). 
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Figure 3.6: Restoration of mean relative A) liver, B) heart and C) kidney weights after various 

treatments (n=3). 

3.3.5. Restoration of normal morphology and hematological profile 

Morphological investigations of benzene-treated leukemic blood and bone marrow 

indicated erythrocytosis and the presence of leukoblasts. CuET therapy improved cell 

shape, resulting in intact red blood cells and a normal nucleus-to-cytoplasm ratio. 

Similarly, as shown by the arrows in figure 3.7, the abnormal morphology of leukoblasts 

in bone marrow samples was normalized following CuET injection.  
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Figure 3.7: Morphological analysis of (A) blood and bone marrow cells using giemsa staining 

dye (10X) and (B) liver, kidney and heart tissue samples using hematoxylin and eosin staining. 

In the benzene-treated rats, whole blood count analysis revealed an abnormal rise in total 

WBCs and neutrophils, as well as a significant decrease in RBCs, lymphocytes, 

hemoglobin, and platelets (p<0.05). This abnormal cell count was substantially recovered 

in leukemic rats after administration of CuET as free drug and in combination with 

doxorubicin. The combination therapy was more effective in recovering RBCs (p<0.001), 

lymphocytes (p<0.01), heamoglobin (p<0.001), and platelets count (p<0.001), however, 

standalone CuET treatment showed better reduction in WBCs (p<0.001) and neutrophils 

count (p<0.001) only as shown in figure 3.8A-F.  
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Figure 3.8: Evaluation of blood parameters of different experimental groups (n=3).  
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3.3.6. Notable antioxidant potential of CuET confirmed via DPPH, TRP and TAC 

assays 

The DPPH assay exhibited significant (p<0.001) antioxidant potential of CuET at multiple 

concentrations, however, substantial increase was observed at 1mg/mL dilution (Figure 

3.9A). Likewise, the total reducing potential assay exhibited significant (p < 0.001) 

reducing activity at all dilutions. It was observed that the reducing potential of CuET 

increased substantially when administered at 1mg/mL concentration as shown in Figure 

3.9B. The total antioxidant capacity assay also exhibited a similar pattern (Figure 3.9C).  

 

Figure 3.9: Antioxidant potential analysis of different treatment groups (n=3) using A) DPPH 

B) TRP and C) TAC assays 

3.3.7. Enhanced biological potential of CuET  

The results presented in Figure 3.10 highlight the significant impact of combining CuET 

with chemotherapy in various aspects of therapeutic efficacy. Firstly, the brine shrimp 

assay revealed a substantial reduction in cytotoxicity when CuET was administered 
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alongside chemotherapy, indicating a potentially safer and more tolerable treatment 

regimen. Furthermore, the combination therapy showed remarkable improvements in 

antidepressant, analgesic, and anti-coagulation effects compared to chemotherapy alone. 

This suggests that CuET may enhance the overall therapeutic outcomes of chemotherapy 

by providing additional benefits beyond its cytotoxic effects. These findings underscore 

the potential synergistic interactions between CuET and chemotherapy in mitigating 

depressive symptoms, alleviating pain, and preventing blood clot formation. 

Moreover, the use of fluoxetine, aspirin, and diclofenac acid as positive controls in the 

respective assays adds validity to the observed effects of CuET. By comparing CuET's 

efficacy with established pharmaceutical agents known to exert similar therapeutic effects, 

the study demonstrates the potential of CuET as a promising adjunct therapy in cancer 

treatment. 

 

Figure 3.10: Evaluation of biological potential using A) brime shrimp assay B) anti-depressent 

assay C) anti-coagulant assay and D) analgesic assay in animal model (n=3).  
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3.3.8. Recovery of hepatic enzymes and serum uric acid levels  

Hepatic biomarkers including ALT, AST and ALP showed significant (p<0.001) increase 

in their serum levels upon benzene treatment. However, both CuET and combination 

therapy expressed remarkable reduction (p<0.001) in serum levels of all three hepatic 

markers as shown in figure 3.11A-C. Likewise, significant increase in serum uric acid 

levels (p<0.01) was observed in leukemic rats which were reduced back to normal by CuET 

(p<0.05) and combination therapy (p<0.01) as indicated in figure 3.11D.  

 

Figure 3.11: Levels of hepatic and renal biomarkers in different experimental groups (n=3). 
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3.3.9. Dysregulation in STMN1 and S1009A genetic expression confirms AML 

induction  

Significant increase (p<0.05) in STMN1 while decrease (p<0.01) in S1009A expression in 

benzene treatment group confirmed AML induction. Doxorubicin alone did not exhibit any 

noticeable recovery of STMN1 in leukemic rats however, CuET treatment significantly 

reduced (p<0.001) STMN1 and elevated (p<0.001) S1009A expressions. Combination 

regimen remained most effective in decreasing STMN1 expression (p<0.001) indicating 

the synergy as shown in figure 3.12A, B. 

3.3.10. Upregulation of negative regulators in canonical Wnt signaling pathway  

The expression of Wnt significantly enhanced (p<0.001) in benzene treated group, while 

its negative regulators, GSK3β (p<0.001) and AXIN (p<0.05), reduced significantly in 

leukemic rats indicating stimulation of Wnt pathway which gives growth advantage to 

cancerous cells (Figure 3.12C-F). Combination of CuET and doxorubicin synergistically 

reduced the genetic expression of Wnt along with increasing GSK3β expression levels 

(p<0.001). However, individual drug treatment proved to be most effective in enhancing 

the expression of AXIN gene (p<0.001) depicting anti-proliferative potential of individual 

drugs. 
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Figure 3.12: Gene expression analysis of AML genetic markers and Wnt Pathway components 

in different experimental groups (n=3).  
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3.3.11. Downregulation of HIF-1α pathway pro-survival signaling markers 

Combination therapy significantly reduced expression of HIF-1α (p<0.001) and VEGF 

(p<0.001) however, standalone CuET treatment was more effective in increasing VHL 

(p<0.001) and PTEN expression (p<0.001) indicating promising effects of individual drug 

treatment in restoring expression of tumor suppressor genes. Cox-2 and c-Myc expression 

significantly increased (p<0.001) in benzene treated leukemic rats, however, both 

individual drug treatment and combination therapy significantly reduced expression of 

cox-2 (p<0.001) and c-myc expression (p<0.001) to various degrees as shown in figure 

3.13A-F. 
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Figure 3.13: Gene expression analysis of HIF 1α pathway markers in different experimental 

groups (n=3) 
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3.3.12. The AnnexinV/PI apoptosis assay demonstrated a powerful synergy in 

combination therapy 

Flow cytometry analysis utilizing annexin V and propidium iodide dyes was employed to 

evaluate the apoptotic potential of the treatment regimes. The normal/control group 

displayed a basal apoptotic cell population of 2.47%, contrasted by a significant increase 

in leukemic rats i.e. 7.68% due to benzene-induced cell death (figure 3.14A, B). 

Doxorubicin treatment increased the apoptotic population to 14.45%, while CuET as a free 

drug induced 23.58% apoptosis in leukemic cells (figure 3.14C, D). However, the 

combination therapy exhibited a substantial enhancement in apoptotic cell population, 

escalating it to 66.82% in leukemic rats (as shown in figure 3.14E). This remarkable surge 

in apoptotic cells underscores the synergistic potential of the combined CuET and 

doxorubicin treatment regimen, presenting a compelling therapeutic advantage. 

 

Figure 3.14: FACS analysis using propidium iodide and annexin V dye in (A) normal (B) 

benzene (C) doxorubicin (D) CuET and (E) CuET along with doxorubicin treated groups 

(n=3). 

3.3.13. CD4 viability assay exhibited optimum cell viability in combination treatment  

Flow cytometry analysis using CD4 antibody demonstrated the immunomodulatory impact 

of combination therapy. The control group exhibited 30.95% CD4+ cells population, which 
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significantly reduced to 7.67% in benzene-induced leukemic rats. However, doxorubicin 

increased CD4+ population to 24.25%, whereas 18.89% CD4+ population was observed 

in CuET treated group. Notably, the combination therapy effectively restored CD4+ 

population to 32.85%, demonstrating its superior efficacy in reinstating viable cells 

population in leukemic rats (Figure 3.15A-E). 

 

Figure 3.15: FACS analysis using CD4 antibody in (A) normal (B) benzene (C) doxorubicin 

(D) CuET and (E) CuET along with doxorubicin treated groups (n=3). 

3.4. Discussion 

Because of their ability to cross blood-brain and cell membranes, nanoparticles serve as 

very effective medication carriers, decreasing off-target adverse effects and enabling 

accurate, site-specific administration. (Luo et al., 2020). The synthesis of CuET 

nanoparticles (NPs) involved a straightforward process facilitated by the coordination 

between dithiocarbamate (DTC) ligands and Cu2+ ions under moderate conditions. The 

self-assembly of CuET NPs occurred spontaneously when the DTC/Cu2+ molar ratio was 

maintained at 2:1, as each copper ion binds two DTC molecules to form the CuET complex. 

This specific stoichiometry ensured the efficient formation of stable nanoparticles with 

well-defined properties. The reported zeta potential of CuET NPs was found to be slightly 

positive, measured at approximately +1.73 mV. This positive charge can be attributed to 

the presence of Cu2+ ions on the surface of the nanoparticles. The electrostatic interaction 
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between the positively charged Cu2+ ions and the surrounding solvent molecules or 

counter ions results in the overall positive zeta potential of the CuET NPs (Peng et al., 

2020). Such a positively charged surface enabled for the electrostatic binding of negative 

hyaluronic acid (HA) to generate modified CuET NPs, which gave the NPs target ability 

against leukemic cells that overexpressed CD33. This CuET coordination polymer can 

dissolve in the presence of acidic endo/lysosomes and intracellular GSH, resulting in fast 

drug release and anti-tumor activity. The CuET NPs demonstrated extremely robust and 

selective leukemic cell damage in flow cytometry due to their unique anti-tumor 

mechanism and surface HA alteration (Peng et al., 2020). After intravenous administration, 

the nanoparticles can passively aggregate in bone marrow cells, inhibiting 

AML development at a medication dosage as low as 0.1 mg/kg. This concentration is 

justified as it is low enough to minimize systemic toxicity and adverse effects, while still 

being effective in targeting and delivering the therapeutic payload directly to the leukemia 

cells. The relevance of this dosage to clinical endpoints is significant, as achieving 

therapeutic efficacy at lower doses reduces the risk of side effects and improves the overall 

safety profile of the treatment. Scanning electron microscopy confirmed the pseudo-

octahedral coordination geometry of CuET (Jin et al., 2022). The EDX peaks confirmed 

the presence of Cu in CuET nanoparticles. Scanning electron microscopy was used in this 

investigation to validate the pseudo-octahedral coordination geometry of CuET. XRD 

measurements confirmed the particle size and shape, which corresponded to previously 

reported data  (Peng et al., 2020). The presence of Cu in CuET nanoparticles was verified 

by the EDX peaks.  

The docking studies show that GLY A:69 is one of the key residues of CD33 that interacts 

with HA coated over CuET in AML cells. CD33 forms a conventional hydrogen bond with 

the HA, as well as carbon-hydrogen bonds and van der Waals interactions. This interaction 

leads to uptake of CuET and can affect the activation and differentiation of macrophages, 

monocytes, and dendritic cells, as well as the production of inflammatory cytokines such 

as IL-6 and IL-8 (Jin et al., 2022). HA-CD33 interaction also have implications for the 

treatment of AML (Walter, 2020; Donelan et al., 2022). 

The observed increase in organ weight in our in-vivo trials is most likely due to benzene 

metabolites directly targeting these organs, causing free radical production and consequent 
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hypertrophy (Rana & Verma, 2005). The rapid recovery in organ weights by combination 

therapy, on the other hand, provides considerable evidence of CuET's preventive impact 

against benzene-induced hypertrophy. 

Through its metabolites phenol, catechol, and hydroquinone, benzene causes acute myeloid 

leukemia. Morphological examination shows that benzene and its cytotoxic metabolites 

cause erythrocytosis, which contributes to a drop in total red blood cell count as well as 

other abnormalities such eosinophilia and leukocytosis (Hallenbeck & Cunningham 1985;  

Smith et al., 2011). Similarly, benzene-induced bone marrow cell mutations disturb normal 

leukocyte development, leading to an increase in total white blood cell count and an 

increase in the number of immature leukoblasts in the leukemic circulation (Greenwood et 

al., 2006). The same conclusions were reached in this investigation. CuET alone and in 

combination considerably improved the blood profile of leukemic rats by decreasing 

erythrocytosis (Hallenbeck & Cunningham, 1985). The decline in platelet levels seen in 

our study is most likely owing to benzene's negative influence on bone marrow cells. 

Interestingly, the combo therapy significantly increased platelet counts by reducing 

thrombocytopenia, providing a possible option for combating this decrease (Olsson et al., 

2005). CuET works within tumor cells by strongly binding to nuclear protein localization-

4 (NPL4), causing it to clump together. This interaction impairs the critical p97-NPL4-

UFD1 pathway, causing ubiquitinated proteins to accumulate and preventing waste protein 

degradation. As a result, this chain of events leads to cell apoptosis (Peng et al., 2020).  

Benzene disrupts the normal levels of ALP, ALT, and AST by inducing reactive oxygen 

species (ROS) production through its secondary metabolites. Given that the liver is a 

primary target of benzene toxicity, this dysregulation occurs as a consequence of its impact 

on hepatic functions (Ito et al., 2003). The increased levels of ALP and ALT were possibly 

a result of abnormal liver cell proliferation, subsequently leading to elevated alanine 

phosphatase and transaminase levels in leukemic rats (Farrow et al., 1997; Islam et al., 

2020). Similarly, the elevation in blood serum AST concentration serves as an indicator of 

hepatocytotoxicity, reflecting the damage inflicted upon liver cells by benzene exposure. 

Benzene administration also led to increased serum creatinine levels, indicating an 

impending acute kidney injury in leukemic rats. Remarkably, our combination therapy 
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reversed these abnormal levels of hepatic enzymes and creatinine, owing to its reduced 

cytotoxicity and an enhanced antioxidant potential (Lahoti et al., 2010).  

Genetic expression analysis was performed by homogenizing bone marrow cells since 

AML originates in myeloid stems cells and CuET is reported to accumulate in bone marrow 

of leukemia patients. The increased expression of STMN1, one of the most prominently 

over-expressed genes in AML, was observed in benzene-administered leukemic rats. This 

elevation confirms leukemia induction, marking a genetic manifestation of the disease. 

(Handschuh et al., 2018). Likewise, The decrease in S1009A expression in AML affirms 

its role in disease induction, signifying its crucial involvement in leukemia development 

and progression (Laouedj et al., 2017). Treatment with CuET minimized the benzene effect 

by decreasing STMN1 and enhancing S1009A expression thereby potentially altering the 

actin function and microtubule dynamics of cells (Wu et al., 2014). 

In benzene induced AML rats, aberrant signaling leads to the upregulation of LRP6, 

possibly due to enhanced Wnt ligand expression. This upregulation activates Wnt 

signaling. Conversely, GSK3β and Axin, key components in the destruction complex that 

usually inhibit Wnt signaling, are downregulated which might result from various 

mechanisms, including mutations or altered expression patterns, disrupting the inhibitory 

function of the destruction complex (Zhan et al., 2017). However, CuET synergistically 

reverses dysregulated Wnt signaling in leukemic cells by targeting key components of the 

pathway, when administered with doxorubicin. It intervenes by inhibiting the overactive 

LRP6 receptor and promoting the restoration of GSK3β and Axin expression. CuET's 

action inhibits aberrant Wnt signaling, thereby restoring the balance and mitigating the 

abnormal cell proliferation and survival observed in leukemic cells (Hendrych et al., 2022).  

Hypoxic environment in AML triggers the stabilization and increased expression of HIF-

1α, promoting its transcriptional activity. Conversely, the downregulation of VHL (Von 

Hippel-Lindau) in AML contributes to HIF-1α upregulation as VHL is responsible for 

targeting HIF-1α for degradation under normal oxygen levels. The reduced expression or 

function of VHL leads to the accumulation of HIF-1α, fostering an environment conducive 

to leukemic cell survival, proliferation, and angiogenesis within the hypoxic niche of the 

bone marrow in AML (Magliulo & Bernardi, 2018). Whereas, CuET as combination 

regime counteracts hypoxia-driven HIF-1α upregulation by possibly inhibiting its 
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stabilization, promoting VHL-mediated degradation. This restoration of balanced HIF-1α 

and VHL expression levels helps regulate the hypoxic responses, impeding aberrant 

survival and proliferation pathways in AML cells. Likewise, benzene exposure induces 

genetic mutations and epigenetic changes that promote the overexpression of c-myc, a 

critical regulator of cell proliferation. In contrast to this, CuET's action likely involves 

inhibiting factors, restoring a more balanced and controlled expression of this oncogene 

within AML cells (Tang et al., 2021). Additionally, COX-2, an enzyme involved in 

inflammation and cell signaling, is upregulated, likely due to benzene-induced 

inflammatory responses (Carter et al., 2019). CuET in combination with doxorubicin may 

exert its synergy on upstream regulators or signaling cascades influencing COX-2 

expression, contributing to its restoration within AML cells. PTEN, a tumor suppressor 

gene, shows increased expression, potentially as a compensatory response to the 

heightened proliferation signaling induced by benzene exposure (Chen et al., 2010). 

In AnnexinV/PI assay, benzene exposure led to increased apoptosis, indicated by higher 

levels of Annexin V (marking early apoptosis) and Propidium Iodide (highlighting late 

apoptosis) as in earlier studies (Malovichko et al., 2021). Doxorubicin intercalates into 

DNA, inhibiting topoisomerase II and leads to DNA damage. This DNA damage triggers 

cellular stress responses, activating apoptotic pathways resulting in enhanced apoptosis as 

observed in AV/PI assay (Fujiwara et al., 2006). CuET also induces apoptosis in leukemic 

population probably by hindering survival pathways, but when combined with 

doxorubicin, the two compounds act synergistically. CuET's ability to sensitize the cells 

amplifies doxorubicin's apoptotic effect, leading to a greater induction of programmed cell 

death than both standalone treatments. The same synergy is observed in CD4 viability 

assay as when CuET treatment is applied, it potentially targets leukemic cells, allowing the 

combination therapy to spare normal/ healthy cells (Huang et al., 2021). This selective 

targeting, coupled with the enhanced apoptotic potential of the combination, may result in 

a higher proportion of viable non-leukemic cells within the leukemic population compared 

to standalone treatments. 
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4.1. Introduction 

Leukemia is a group of clinical disorders characterized by the unregulated expansion of 

pluripotent bone marrow stem cells, which results in aberrant cellular proliferation and 

neoplasms (Ramdass et al., 2013). Among its many varieties, acute myeloid leukemia 

(AML) ranks as the prominent one, that develops from the malignant transformation of 

early progenitor or hematopoietic stem cells (Khwaja et al., 2016). AML is caused by a 

variety of factors, including extrinsic ones such as infectious agents like viruses, tobacco 

smoke, radiations, and chemicals like benzene and polychlorinated biphenyls (Bhatia & 

Das, 2020). Among these, benzene is the most common causative factor for AML (McHale 

et al., 2012). The liver is responsible for the primary metabolism of benzene, which is 

transformed into a variety of phenolic and opened-ring compounds, as well as various 

conjugates. All of these compounds are harmful to bone marrow and hematopoietic stem 

cells (HSCs), inducing redox reactions that produce reactive oxygen species, resulting in 

cellular genotoxicity. This eventually leads to the creation of protein adducts, which change 

cellular progression and impair cellular processes, resulting in the development of AML 

(Ross, 1996).  

Several traditional chemotherapeutic drugs are employed, including doxorubicin, which is 

especially useful in treating and managing AML. Doxorubicin, classed under the 

anthracycline category of antibiotics, has been a cornerstone in treating numerous 

malignancies, encompassing both haematological and solid tumors, for over 30 years 

(Chen et al., 2013). So far, numerous potential modes of action have been hypothesized for 

the cytostatic and cytotoxic properties of doxorubicin. These include 1) inhibiting 

macromolecule synthesis by intercalating with DNA bases, 2) producing ROS, which leads 

to the initiation of DNA damage, 3) lipid peroxidation, 4) disrupting DNA strand separation 

and helicase activity, and 5) causing direct DNA damage by inhibiting topoisomerase II. 

All of these ways of action eventually cause apoptotic cell death. Doxorubicin, however, 

not only targets cancer cells but also affects normal developing cells of the body, resulting 

in inevitable side effects such as double-stranded DNA breaks and death in normal cells 

(Lu et al., 2007). 
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This non-specific targeting of conventional treatment stresses the necessity for the study 

and development of innovative therapeutic molecules that must display lower toxicity and 

greater effectiveness than presently available conventional chemotherapeutic medicines 

(Castro et al., 2019). To address this issue, the use of targeted nanoparticles to deliver 

chemotherapeutic drugs in cancer treatment provides various benefits to increase drug 

delivery and overcome many issues associated with traditional chemotherapy (Nguyen, 

2011). Nanoparticles, whether via passive or active targeting techniques, have a remarkable 

ability to boost the intracellular accumulation of medicines or genes, particularly inside 

cancer cells. This targeted delivery reduces toxicity in normal cells, providing a dual 

benefit of increased therapeutic effectiveness in tumors while protecting the health of 

surrounding healthy tissues (Suri et al., 2007). 

Organometallic compounds in the form of nanoparticles play an important role in the 

creation of site-specific drug delivery systems (Bajracharya et al., 2023). Nickel-

diethyldithiocarbamate (NiET) is an organometallic complex that consists of Nickel as a 

core metal atom, coupled with amine-1-carbodithionic acid (a derivative of 

dithiocarbamate) (Bobinihi et al., 2018). The complex's capacity to chelate nickel, as well 

as its lipophilic character, are both interesting in cancer treatment.  

Nickel serves important functions in biological activities, however, when combined with 

particular substances such as diethyldithiocarbamate, it may have lethal effects on cancer 

cells. This happens via several methods, including the formation of reactive oxygen species 

(ROS), which generate oxidative stress, resulting in cell damage and death. Compounds 

such as diethyldithiocarbamate (DTC) may attach to nickel ions via a process known as 

chelation (Huang et al., 2021). This indicates that DTC may trap or bind to nickel ions, 

thereby lowering the amount of free nickel in the body.  

When nickel ions are chelated by chemicals such as DTC, they may disrupt the process of 

angiogenesis. These substances inhibit the body's capacity to produce new blood vessels, 

hindering tumor development and spread by lowering nickel availability. This interference 

with angiogenesis is one manner in which nickel chelation by chemicals such as DTC may 

delay or prevent tumor growth (Cvek et al., 2008). Additionally, these complexes might 

interfere with specific signalling pathways crucial for cancer cell survival and proliferation 

(Huang et al., 2021).  
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The present study aims to evaluate the effectiveness of NiET in combination with 

doxorubicin against leukemia, as well as their impact on the relative expression of 

biomarkers related to the HIF-1α and Wnt pathways in AML rat model.  

4.2. Materials & Methods                                     

4.2.1 Materials 

Methanol, HCl, dimethyl sulfoxide (DMSO), benzene , doxorubicin, TRIzol, cDNA 

synthesis Vivantis kit, EvaGreen®   Master mix. 

 

4.2.2 Synthesis of NiET NPs 

Nickel-diethydithiocarbamate complex was prepared by using synthesis protocol already 

published by Hogarth and coworkers (Hogarth, 2012). The synthesized  NiET were then 

modified by adding an equivalent volume of hyaluronic acid (0.6 mg/mL), and stirring for 

6 hours (Peng et al., 2020). 

 

4.2.3 Characterization of NiET NPs 

The characterization of NiET NPs involved several analytical techniques. Firstly, the 

particle diameter, zeta potential, and polydispersity index were determined using dynamic 

light scattering with a Zetasizer Nano ZS90 instrument manufactured by Malvern 

Instruments in the UK. This technique allows for the measurement of particle size and 

distribution in a liquid suspension based on the analysis of scattered light. Additionally, X-

ray Diffraction Analysis was conducted using an X-ray spectrophotometer (Bucker D8 

Advance, Karlsruhe, Germany) equipped with Cu-Kα radiation (λ = 1.54˚A), operating at 

40 KV and 30 mA. This analysis provides valuable information about the crystalline 

structure of the nanoparticles. 

 

To further confirm the size of the nanoparticles, the full width at half maximum (FWHM) 

obtained from the X-ray diffraction data was utilized in the Debye-Scherrer equation (D = 

0.9λ/βCosθ). This equation allows for the calculation of particle size based on the 

diffraction pattern observed. (Parmar et al., 2012).  
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For morphological analysis, a small portion of NiET powder was securely attached to the 

stage of a scanning electron microscope (SEM) model LEO SUPRA 55 manufactured by 

Carl Zeiss AG in Oberkochen, Germany, using carbon tape. Images of the sample were 

then captured at an operating voltage of 12 keV, allowing for detailed examination of the 

surface morphology and structure of the NiET powder particles. (Hua & Yu, 2019).  

Energy-dispersive X-ray (EDX) analysis was conducted to ascertain the elemental 

composition of the synthesized NiET. This analytical technique provides valuable insights 

into the presence and distribution of different elements within the sample. By measuring 

the characteristic X-rays emitted when the sample is bombarded with high-energy 

electrons, EDX enables the identification and quantification of elements present in the 

material. (Merroun et al., 2003).  

4.2.4 Cytotoxicity Assay 

To ascertain the most effective dosage of NiET, brine shrimp assay was performed (Sarah 

et al., 2017). Brine shrimp eggs were hatched in a sea salt solution. Following that, fifteen 

brine shrimp were methodically counted under a microscope and exposed to different 

degrees of dilution for 24 hours. To assure accuracy, each concentration was reproduced 

three times using pure water as a control. The probit method was used to compute the lethal 

concentration necessary to cause a 50% death rate (LC50) after 24 hours of exposure (Banti 

& Hadjikakou, 2021). 

 

Table 4.1: Prerequisites for brine shrimp assay 

No. Materials Quantity Company name 

1. Brine shrimp eggs As required Ocean Star International, Inc 

2. Sea Salt 17g - 

3. Distilled water 500mL - 
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4.2.5 In vitro bioassays 

The evaluation of antioxidant capacity involved three different assays. The determination 

of total antioxidant capacity was carried out using the phosphomolybdenum method 

(Jamuna et al., 2011), with minor adjustments to the procedure.  

 

Table 4.2: Requirements for total antioxidant capacity assay 

 

Similarly, the assessment of total reducing power and the DPPH assay were conducted in 

accordance with the protocols previously outlined by Moein and colleagues (Moein et al., 

2008). 

Table 4.3: Requirements for DPPH assay 

 

4.2.6. In vivo bioassays 

The assessment of the analgesic efficacy of various treatment regimes was assessed 

through the hot plate assay (Tita et al., 2001). Likewise, the evaluation of anticoagulant 

activity, which determines the coagulation time of blood in the absence of any foreign 

substance, was carried out using already reported protocol (Samuelson et al., 2017). 

Furthermore, the assessment of antidepressant activity was carried out using the 

No. Chemicals Quantity 

1. (NH4)2MoO4 0.247g 

2. NaH2PO4 1.679g 

3. H2SO4 1.63mL 

No. Chemicals Quantity 

1. DPPH 96mg DPPH in 1000mL methanol 

2. Ascorbic acid 1mg/mL 
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conventional tail suspension method, as delineated by Zhou and colleagues (Zhou et al., 

2010). 

 

4.2.7. Development of AML model and experimental strategy 

The experimental setup involved the procurement of Sprague Dawley rats from the 

National Institute of Health in Islamabad. These rats were specifically selected for their 

suitability for experimental purposes and were of a standardized age range of five weeks, 

with weights ranging from 150 to 180 grams. The authorization for conducting all 

experimental procedures was obtained from the Institutional Review Board of Quaid-i-

Azam University, as evidenced by letter No. #BEC-FBS-QAU2020-221. 

 

Upon arrival, the rats were housed in pairs to ensure social interaction and minimize stress, 

utilizing laboratory cages constructed from polypropylene material with stainless-steel 

covers. This housing setup provided a controlled environment conducive to the well-being 

of the animals. The rats were provided with standard rodent chow and water ad libitum, 

ensuring their nutritional needs were met adequately. This provision of food and water was 

carried out at the Primate Facility of Quaid-i-Azam University, which adhered to 

standardized protocols for animal care and welfare. The rats were subjected to a consistent 

photoperiod consisting of 12 hours of light and 12 hours of darkness each day, maintaining 

a stable ambient temperature of 298K(25°C)±2. Additionally, the humidity levels were 

regulated to remain within the range of 42±5%, further optimizing the environmental 

conditions for the rats' health and comfort. 

 

All rats (n = 25) were split into five equal groups (5 rats/ group). Animals were allowed to 

acclimate for a period of seven days. 100µL of intravenous benzene was administered to 

rats group 2, 3, 4 & 5 at alternate days for three weeks. Group 1 (Normal) was given normal 

saline intravenously. Group 2 (Benz) was not treated further following onset of acute 

myeloid leukemia. After leukemia confirmation, standard dosage of doxorubicin (300µL 

of 0.625mg/mL) was intravenously administered to rats in Group 3 (Benz + Doxo) for three 

weeks on alternate days. Likewise, 100µL of NiET (0.1 mg/mL in 0.1% DMSO) was 

delivered intravenously to Group 4 (Benz + NiET) rats. Whereas, both NiET and 
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doxorubicin were co-administered intravenously to Group 5 (Benz + NiET + Doxo) on 

alternate days for three weeks following leukemia confirmation. After finishing respective 

dosages, all rats were dissected according to the standards outlined in the Guide for the 

Care and Use of Laboratory Animals (Care & Animals, 1986). 

4.2.8. Morphological evaluation and tissue histology  

The preparation of blood and bone marrow smears for morphological studies involved 

several steps. After dissections, smears were created on glass slides. These slides were air-

dried, and subsequently, Giemsa dye (10X) was applied drop by drop, allowing for a 10-

minute staining period. Following staining, the slides were washed with tap water to 

remove excess dye and then air-dried once more in preparation for examination under a 

microscope (Houwen, 2002). For tissue histology analysis, samples from the liver, kidney, 

and heart were extracted and preserved in a 10% formalin solution. Histological 

examination was conducted using the haematoxylin and eosin staining protocol according 

to the method described by Chan and colleagues. This staining process involves the use of 

haematoxylin, a dye that stains cell nuclei blue, and eosin, a contrasting stain that colors 

other cellular components, allowing for detailed examination of tissue structures under a 

microscope (Chan et al., 2014).  

4.2.9. Blood profiling and biochemical studies  

To assess the total blood cell count and various blood parameters, an automated Z3 

hematology analyzer from Zybio Inc. Shenzhen, China, was utilized. This instrument 

provided comprehensive information on hemoglobin (HGB), platelets (PLT), red blood 

cells (RBC), white blood cells (WBC), and other essential blood parameters. For 

biochemical assays, the Microlab 300 auto analyzer from Merk was employed. Alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase 

(Malovichko et al.) were measured using specific biochemical diagnostic kits, such as LTA 

and AMP diagnostic kits. Additionally, the Amplex® Red Uric acid/Uricase Assay kit 

from Thermofisher Scientific was used to estimate uric acid levels. Moreover, the 

estimation of lipid profile and lactate dehydrogenase levels was performed using the Micro 

Lab 300 auto-analyzer from Merk, Germany. These various diagnostic kits and instruments 
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were employed to analyze different biochemical parameters and blood components in the 

study. 

4.2.10. Real time PCR analysis        

The TRIzol reagent RNA extraction method was employed to extract messenger RNA 

(mRNA) from the bone marrow cells. This method follows the protocol established and 

published by Chomczynski and colleagues. TRIzol reagent is a commonly used reagent in 

molecular biology for isolating RNA, DNA, and proteins from various biological samples, 

and the protocol developed by Chomczynski and co-workers provides standardized 

guidelines for RNA extraction using this reagent (Chomczynski et al., 2010). For quality 

control measures, nanodrop quantification was conducted using the NanoDrop™ 

2000/2000c spectrophotometer (Cat. No: ND-2000; MN, USA) to assess the concentration 

and purity of the extracted mRNAs. Additionally, 1% agarose gel electrophoresis was 

performed to further evaluate the quality of the extracted mRNAs. 

 

Subsequently, the obtained mRNAs underwent cDNA synthesis using a Vivantis kit 

(cDSK01-050, Malaysia). To confirm the successful cDNA synthesis, a conventional PCR 

was carried out following the manufacturer's instructions. The PCR reaction mixture was 

prepared by mixing required reagents in 200µL PCR tubes (Axygen, USA). 

 

Following PCR amplification, the resulting products were visualized on a 2% agarose gel 

stained with ethidium bromide. This visualization process enabled the confirmation of 

successful amplification of the desired transcript via PCR and allowed for the assessment 

of the size and purity of the amplified DNA fragments (Gleissner et al., 2001). The size-

specific amplicons were then confirmed.  

 

For real-time PCR to determine relative gene expression, the MIC qPCR system from Bio 

Molecular Sciences (BMS) was utilized. The PCR amplification was conducted in a final 

volume of 10 μl, comprising 2 μl of Syber Green master mix, 1 μl each of reverse and 

forward primers, 5 μl of cDNA, and 1 μl of nuclease-free water. 
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The PCR (Polymerase Chain Reaction) cycling conditions were meticulously designed to 

ensure optimal amplification of the target DNA sequence. The process commenced with 

an initial heat denaturation stage at 368.15K (95°C), lasting for 15 minutes. This step 

facilitated the separation of the DNA double strands, providing single-stranded templates 

for subsequent amplification. 

 

Following the initial denaturation, the PCR machine underwent 40 cycles, each consisting 

of three distinct temperature-controlled stages. The first stage involved denaturation at 

368.15K (95°C) for 30 seconds, where the hydrogen bonds holding the DNA strands 

together were broken, allowing them to separate. Subsequently, the temperature was 

lowered to 333K (60°C) for 30 seconds, promoting the annealing of the primers to their 

complementary sequences on the target DNA. This annealing step ensured precise and 

specific binding of the primers, enabling the DNA polymerase to initiate replication. 

Finally, the temperature was raised to 345.15K (72°C) for 30 seconds, facilitating the 

extension of the primers by the DNA polymerase, resulting in the synthesis of new DNA 

strands. 

 

Upon completion of the 40 cycles, a crucial step known as the melting curve analysis was 

conducted. This analysis involved gradually increasing the temperature from 345.15K to 

368.15K, with each step incrementing by 274.15K (1°C). During this process, the DNA 

strands dissociated, and the fluorescence intensity was monitored. The melting curve 

provided valuable information about the DNA sequences present in the reaction mixture, 

enabling the detection of any nonspecific products or primer dimers. This analysis was 

crucial for ensuring the specificity and accuracy of the PCR amplification. 

 

 

For the assessment of relative genetic expression, beta-actin served as the housekeeping 

gene. The primer sequences utilized for the tested genes were as follows: 
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4.4: List of Primers 

 
Following the completion of PCR cycles, a melt curve analysis was conducted to identify 

any non-specific products. The qPCR products were  displayed as a single peak on the melt 

No Primers 
Name 

Primer Sequence (5’ – 3’) 

1.  B-Actin  (F-CTCACGGTGTTGCCAAAATG, R-
GCCTTGATCCTTTGGTTATTCG) 

2.  STMN1 (F-TTGCCAGTGGATTGTGTAGAG, R-
TTCTTTTGATCGAGGGCTGAG) 

3.  S1009A (F-GAAATGGTGAATAAGGACTTGCC, R-
TCAACTTTCCCATCAGCATC) 

4.  Wnt (F-ACGGAGTCTGACCTGATGTAG, R-
CACCTGTCGCTCTCATGTAC) 

5.  LRP6 (F-TGAAATGCCCACCTTCTACC, R-
AAGTGTCCCCTGAAAGTGAAG) 

6.  GSK3β (F-ACCTGCCCTCTTCAACTTTAC, R-
CACGGTCTCCAGCATTAGTATC) 

7.  AXIN (F-CAGCCTTCTCATCTCTTCATCC, R-
GTGATTTTGTCCTCTGCTTGG) 

8.  HIF1α (F-GGTGGATATGTCTGGGTTGAG, R-
AGGGAGAAAATCAAGTCGTGC) 

9.  VHL (F-TTTGGCTCTTCAGGGATGC, R-
CACCGCTCTTTCAGGGTATAC) 

10.  C-myc (F-CTCGCGTTATTTGAAGCCTG, R-
TCGCAGATGAAATAGGGCTG) 

11.  Cox 2 (F-TCAAGGGAGTCTGGAACATTG, R-
GCTTCCCAACTTTTGTAACCG) 

12.  VEGF (F-AAAGCCAGCACATAGGAGAG, R-
ATTTAAACCGGGATTTCTTGCG) 

13.  PTEN (F-CCACAAACAGAACAAGATGCTC, R-
CAAAGACTTCCATTTTCCAC) 
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curve graph, indicating the absence of primer dimers or non-specific products. This 

analysis is crucial for verifying the specificity of the amplification and ensuring that the 

observed changes in gene expression are accurate and not influenced by unintended 

products.  

4.2.11. Flow cytometry for apoptosis measurement 

The procedure for the apoptosis assay involved several steps. Cells were washed twice with 

cold Bio Legends Cell Staining Buffer. For the apoptosis assay, cells were re-suspended in 

Annexin V binding buffer at a concentration of 0.25-1 × 107 cells/mL. A 100µL cell 

suspension was transferred to a 5mL test tube. Then, 5 µL of FITC Annexin V was added 

to the cell suspension. Subsequently, 10 µL of propidium iodide solution was added. The 

cells were gently vortexed at 298.15K (25°C) and incubated in dark conditions for 15 

minutes. Following the incubation period, 400µL of Annexin V binding buffer was added 

to each tube. The samples were then analyzed using a flow cytometer. This assay allowed 

for the detection and quantification of apoptotic cells using fluorescent markers such as 

FITC Annexin V and propidium iodide, which bind to specific cellular components 

indicative of apoptosis. The flow cytometer was utilized to analyze and interpret the 

obtained results. 

4.2.12. Statistical analysis                       

Descriptive statistics were computed utilizing GraphPad Prism software (version 5.01), 

displaying the results in the format of ± standard error of the mean (+SEM). Statistical 

significance was assessed with a significance threshold set at p-value < 0.05 (*), p < 0.01 

(**), and p < 0.001 (***). 

 

For inter-group comparisons, one-way analysis of variance (Hendrych et al., 2004) was 

employed, followed by Tukey's post hoc test. This statistical approach allowed for 

comprehensive comparisons among multiple groups, assessing the differences between 

individual groups. 

4.3. Results 

4.3.1 Characterization of NiET using DLS, XRD, SEM and EDX analysis 
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The dynamic size of NiET Nps was observed as ~ 712.5 nm with population density index 

(PdI) ~ 0.670, while the surface charge expressed was -12.7 mV due to surface coating of 

hyaluronic acid as in figure 4.1.  

 

Figure 4.1:  The dynamic light spectrum analysis confirming size of NiET Nps ~ 712.5 nm 

with population density index (PdI) ~0.670, and surface charge -12.7 mV  

XRD diffraction pattern indicates three significant peaks at 29°, 34°, 48° and 67° indicating 

square-planar structure of NiET crystal with overall pseudo-octahedral coordination 

geometry with particle size ~715 nm as shown in figure 4.2. 
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Figure 4.2:  The XRD pattern of Nickel diethydithiocarbamate  

 

SEM images clearly showed complex formation of metal atom with diethyldithiocarbamate 

complex as in figure 4.3.  

 

 

Figure 4.3: Scanning electron microscopy of NiET with magnifications at 1000X and 2500X 

respectively 
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Whereas, energy-dispersive X-ray (EDX) analysis exhibited 12.9% nickel, 32.1% sulphur, 

1.8% oxygen, 9.4% nitrogen, and 43.8% carbon by weight as shown in figure 4.4 and table 

4.5. 

 

Figure 4.4: Energy dispersive spectroscopic image of Nickel diethyldithiocarbamate exhibiting 

individual elements in its composition via intensity under peaks. 

Table 4.5: Individual elements and their percentages by weight and atomic size in 

composition of NiET 

Element Weight % MDL  Atomic %  Error 
% 

 

 C    43.8 0.70  64.5  13.2  

N    9.4 0.94  11.9  19.8  

O    1.8 0.54  2.0  34.1  

S    32.1 0.07  17.7  3.3  

Ni   12.9 0.26  3.9  4.3  

                                 

4.3.2 Relative organ weight recovery in treatment groups 

Relative organ weights of vital organs liver, heart and kidney were significantly increased 

in leukemic rats. Doxorubicin alone was found to be more effective than NiET and 

combination regimes in restoring liver, heart and kidney weights (Figure 4.5A-C) 
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Figure 4.5: Restoration of relative A) liver, B) heart and C) kidney weights of different treated 

groups (n=3) 

4.3.3 Restoring the morphology and hematological profile  

Morphological examinations revealed erythrocytopenia and presence of myeloblasts in 

benzene-treated leukemic blood and bone marrow. The NiET treatment restored cell 

morphology, displaying intact red blood cells and a normal nucleus-to-cytoplasm ratio. 

Similarly, the aberrant shape of leukoblasts in bone marrow samples normalized after NiET 

administration, as indicated by arrows in figure 4.6.  

In the benzene-treated rats, whole blood count analysis revealed an abnormal rise in total 

WBCs and neutrophils, as well as a significant decrease in RBCs, lymphocytes, 

hemoglobin, and platelets (p<0.05). These abnormal cell counts were substantially 

recovered in leukemic rats after administration of NiET as free drug and in combination 

with doxorubicin. The combination therapy was more effective in recovering WBCs 

(p<0.001), RBCs (p<0.01), haemoglobin (p<0.01), and platelets count (p<0.001), however, 
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standalone NiET treatment showed better recovery in lymphocytes (p<0.001) and 

neutrophils count (p<0.05) only as shown in figure 4.7A-F.  

 

Figure 4.6: Morphological analysis of blood and bone marrow cells using Giemsa staining dye 

(10X) 
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Figure 4.7: Hematological profile analysis of multiple blood parameters in different 

experimental groups (n=3). 
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4.3.4 NiET's notable antioxidant potential verified by DPPH, TRP, and TAC assays 

The DPPH assay exhibited significant (p<0.001) antioxidant potential of NiET at multiple 

concentrations, however, substantial increase was observed at 0.5mg/mL dilution (Figure 

4.8A). Likewise, the total reducing potential assay exhibited significant (p< 0.001) 

reducing activity at all dilutions. It was observed that the reducing potential of NiET 

increased substantially when administered at 1mg/mL concentration as shown in figure 

4.8B. The total antioxidant capacity assay also exhibited a similar pattern (Figure 4.8C).  

 

Figure 4.8: Antioxidant potential analysis of NiET at various NiET concentrations   

4.3.5 NiET's enhanced biological potential in rat model as an analgesic, anti-

depressant, and anti-coagulant 

The concurrent administration of NiET with chemotherapy resulted in a substantial 

decrease (p<0.001) in cytotoxicity, as evidenced by the findings of the brine shrimp assay 
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(Figure 4.9A). Moreover, the combined therapy demonstrated significant improvements in 

its anti-depressant (p<0.001), analgesic (p<0.001), and anti-coagulation efficacy (p<0.001) 

compared to chemotherapy alone, particularly noticeable at a concentration of 1mg/ml 

(Figure 4.9B–D). Notably, in the assessment of antidepressant, anti-coagulant, and 

analgesic properties, fluoxetine, aspirin, and diclofenac acid were employed as positive 

controls, respectively.  

 

Figure 4.9: Biological potential analysis of NiET via multiple bioassays (n=3).  

4.3.6 Recovery of hepatic enzymes and serum uric acid levels  

Hepatic biomarkers including ALT (p<0.01), AST (p<0.001) and ALP (p<0.05) showed 

significant increase in their serum levels upon benzene treatment. However, both NiET and 

combination therapy expressed remarkable reduction (p<0.001) in serum levels of all three 

hepatic markers as shown in figure 4.10A-C. Likewise, significant increase in serum uric 
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acid levels (p<0.01) was observed in leukemic rats which were reduced back to normal by 

NiET (p<0.05) and combination therapy (p<0.01) as indicated in figure 4.10D.  

 

Figure 4.10: Hepatic and renal biomarkers analysis in multiple treatment groups (n=3).  

4.3.7 AML induction confirmation by dysregulation of STMN1 and S1009A genomic 

expression  

Significant increase (p<0.05) in STMN1 while decrease (p<0.01) in S1009A expressions 

in benzene treatment group confirmed AML induction. Doxorubicin alone did not exhibit 

any noticeable recovery in STMN1 expression, whereas substantial (p<0.001) increase was 

observed in case of S1009A. Likewise, NiET treatment significantly reduced (p<0.001) 
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STMN1 and elevated (p<0.01) S1009A expressions back to normal. Combination regimen 

remained most effective in decreasing STMN1 expression (p<0.001) indicating the 

synergy as shown in figure 4.11A, B. 

4.3.8 The canonical Wnt signaling pathway exhibited an upregulation of negative 

regulators  

The expression of Wnt significantly enhanced (p<0.001) in benzene treated group, while 

its negative regulators, GSK3β (p<0.001) and AXIN (p<0.05), reduced significantly in 

leukemic rats indicating stimulation of Wnt pathway which gives growth advantage to 

cancerous cells (Figure 4.11C-F). Doxorubicin and its combination with NiET 

synergistically reduced the genetic expression of Wnt (p<0.001) along with increased 

GSK3β expression levels (p<0.001). Individual drug treatment proved to be most effective 

in restoring expression of AXIN gene (p<0.001) depicting anti-proliferative potential of 

individual drugs. 
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Figure 4.11: Gene expression analysis of AML genetic markers including A) STMN1 and B) 

S1009A along with Wnt pathway components including c) Wnt ligand D) LRP6 E) GSK3β 
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4.3.9 Downregulation of HIF-1α pathway pro-survival signaling markers  

Benzene induced leukemic rats expressed significantly increased Wnt, Cox-2 and c-MYC 

expression (p<0.001) which was significantly (p<0.001) reduced by combination therapy. 

However, standalone doxorubicin treatment was more effective in restoring VHL 

expression (p<0.001) only indicating promising effects of individual drug treatment in 

restoring expression of tumor suppressor genes. Both VEGF and PTEN expressions were 

restored significantly (p<0.001) upon combination treatment as shown in figure 4.12A-F. 



 

142 
 

Chapter 4: NiET nanoparticles 

 

Figure 4.12: Gene expression analysis of HIF 1α pathway markers including A) HIF 1 α 

ligand B) VHL C) cMYC D) COX-2 E) VEGF and F) PTEN in treatment groups (n=3) 
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 4.3.10 The AnnexinV/PI apoptosis test confirms strong synergy of combination 

treatment 

Flow cytometry analysis utilizing annexin V and propidium iodide dyes was employed to 

evaluate the apoptotic potential of the treatment regimes. The normal group displayed a 

basal apoptotic cell population of 2.47%, contrasted by a significant increase in leukemic 

rats i.e. 7.68% due to benzene-induced cell death (Figure 4.13A, B). Doxorubicin treatment 

increased the apoptotic population to 14.45%, while NiET as a free drug induced 11.53% 

apoptosis in leukemic cells (Figure 4.13C, D). However, the combination therapy exhibited 

a substantial enhancement in apoptotic cell population, escalating it to 47.79% in leukemic 

rats (as shown in figure 4.13E). This remarkable surge in apoptotic cells underscores the 

synergistic potential of the combined NiET and doxorubicin treatment regimen, presenting 

a compelling therapeutic advantage. 

 

 

Figure 4.13: FACS analysis using propidium iodide and annexin V dye in (A) Normal (B) 

Benzene (C) Doxorubicin (D) NiET and (E) NiET along with Doxorubicin treated groups 

(n=3).  
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4.3.11. The CD4 viability test  

Flow cytometry analysis using CD4 antibody demonstrated the immunomodulatory impact 

of combination therapy. The control group exhibited 30.95% CD4+ cells population, which 

significantly reduced to 7.67% in benzene-induced leukemic rats. However, doxorubicin 

increased CD4+ population to 24.25%, whereas 21.54 % CD4+ population was observed 

in NiET treated group. Notably, the combination therapy effectively restored CD4+ 

population to 27.30%, demonstrating its superior efficacy in reinstating viable cells 

population in leukemic rats (Figure 4.14A-E). 

 

Figure 4.14: FACS analysis using CD4 antibody in A) Normal B) Benzene C) Doxorubicin D) 

NiET and E) NiET along with Doxorubicin treated groups (n=3). 

4.4. Discussion 

Nanoparticles serve as highly effective drug carriers due to their capacity to cross blood-

brain barrier and cell membranes, reducing off-target side effects and enabling precise, 

site-specific delivery (Luo et al., 2020). The NiET nanoparticles were created by 

combining DTC and Ni2+ at a specific ratio. These particles had a slightly positive charge 

due to the presence of Ni2+ on their surface. This positive charge allowed them to bind with 
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hyaluronic acid, making modified NiET nanoparticles that could target and damage 

leukemic cells that express CD33. These nanoparticles could dissolve in acidic 

environments within cells, releasing drug quickly and causing anti-tumor effects. They 

were highly effective against leukemic cells in laboratory tests and, when given 

intravenously, could gather in bone marrow cells, inhibiting the development of acute 

myeloid leukemia even at very low doses (0.1 mg/kg). This low dosage is significant as it 

minimizes systemic toxicity and adverse effects while maintaining therapeutic efficacy. 

The ability to achieve clinical endpoints at such a reduced concentration highlights the 

potential for improved safety and tolerability in patients, enhancing overall treatment 

outcomes. Advanced imaging techniques confirmed the structure of these nanoparticles, 

and analysis confirmed the presence of Nickel within them. 

The increase in organ weight observed in our in vivo experiments is likely attributable to 

benzene metabolites directly affecting these organs. This leads to the generation of free 

radicals, elevated cell turnover, and consequent hypertrophy (Rana & Verma, 2005). 

Benzene, via its metabolites (phenol, catechol, and hydroquinone), triggers acute myeloid 

leukemia. Morphological analysis revealed that benzene and these cytotoxic metabolites 

cause erythrocytopenia, resulting in reduced red blood cell count and related abnormalities 

like eosinophilia and leukocytosis (Hallenbeck & Cunningham, 1985). Likewise, benzene-

induced mutations in bone marrow cells disrupt the typical development of white blood 

cells, leading to an elevated total white blood cell count and an increased presence of 

immature leukoblasts in the peripheral bloodstream (Greenwood et al., 2006). In this study, 

consistent observations were noted. Both standalone NiET and its combination treatment 

significantly restored a normal blood profile in leukemic rats. This was evidenced by the 

substantial reduction in eosinophilia and leukocytosis, along with an increase in 

erythropoiesis (Hallenbeck & Cunningham, 1985). The reduction in platelet levels 

observed in our study is likely linked to the detrimental effect of benzene exposure on bone 

marrow cells. However, intriguingly, the combination treatment significantly increased 

platelet counts by alleviating thrombocytopenia. This presents a promising approach to 

counteract the reduction in platelet levels (Olsson et al., 2005). NiET functions within 

tumor cells by binding tightly to nuclear protein localization-4 (NPL4), triggering its 

aggregation. This interaction disrupts the essential p97-NPL4-UFD1 pathway, causing an 
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accumulation of ubiquitinated proteins and impeding the degradation of cellular waste 

proteins. As a result, this series of events ultimately leads to cell apoptosis (Peng et al., 

2020).  

Benzene metabolites disrupt the normal levels of ALP, ALT, and AST by inducing reactive 

oxygen species (ROS) production through its secondary metabolites. Given that, the liver 

is a primary target of benzene toxicity, this dysregulation occurs as a consequence of its 

impact on hepatic functions (Ito et al., 2003). The increased levels of ALP and ALT were 

possibly a result of abnormal liver cell proliferation, subsequently leading to elevated 

alanine phosphatase and transaminase levels in leukemic rats (Farrow et al., 1997). 

Similarly, the elevation in blood serum AST concentration serves as an indicator of 

hepatocytotoxicity, reflecting the damage inflicted upon liver cells by benzene exposure. 

Benzene administration also led to increased serum creatinine levels, indicating an 

impending acute kidney injury in leukemic rats. Remarkably, our combination therapy 

notably reversed these abnormal levels of hepatic enzymes, owing to its reduced 

cytotoxicity and an enhanced antioxidant potential (Lahoti et al., 2010).  

Genetic expression analysis was performed by homogenizing bone marrow cells since 

AML originates in myeloid stems cells and NiET is reported to accumulate in bone marrow 

of leukemia patients. The increased expression of STMN1, one of the most prominently 

over-expressed genes in AML, was observed in benzene-administered leukemic rats. This 

elevation confirms leukemia induction, marking a genetic manifestation of the disease 

(Handschuh et al., 2018). Likewise, The decrease in S1009A expression in AML affirms 

its role in disease induction, signifying its crucial involvement in leukemia development 

and progression (Laouedj et al., 2017). The administration of NiET exhibited a mitigating 

effect on the impact of benzene exposure by downregulating STMN1 expression while 

concurrently upregulating S1009A expression. This modulation suggests a potential 

alteration in cellular actin function and microtubule dynamics (Wu et al., 2014). 

In benzene induced AML rats, aberrant signaling leads to the upregulation of LRP6, 

possibly due to enhanced Wnt ligand expression. This upregulation activates Wnt 

signaling. Conversely, GSK3β and Axin, key components in the destruction complex that 

usually inhibit Wnt signaling, are downregulated which might result from various 

mechanisms, including mutations or altered expression patterns, disrupting the inhibitory 
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function of the destruction complex (Zhan et al., 2017). However, NiET synergistically 

reversed dysregulated Wnt signaling in leukemic cells by targeting key components of the 

pathway, when administered with doxorubicin. It intervened by inhibiting the overactive 

LRP6 receptor and promoting the restoration of GSK3β and Axin expression. NiET's 

action inhibits aberrant Wnt signaling, thereby restoring the balance and mitigating the 

abnormal cell proliferation and survival observed in leukemic cells which is in line with 

previous studies (Hendrych et al., 2022).  

Hypoxic environment in AML triggers the stabilization and increased expression of HIF-

1α, promoting its transcriptional activity. Conversely, the downregulation of VHL (Von 

Hippel-Lindau) in AML contributes to HIF-1α upregulation as VHL is responsible for 

targeting HIF-1α for degradation under normal oxygen levels. The reduced expression or 

function of VHL leads to the accumulation of HIF-1α, fostering an environment conducive 

to leukemic cell survival, proliferation, and angiogenesis within the hypoxic niche of the 

bone marrow in AML (Magliulo & Bernardi, 2018). NiET as combination regime 

counteracted hypoxia-driven HIF-1α upregulation by possibly inhibiting its stabilization, 

promoting VHL-mediated degradation. This restoration of balanced HIF-1α and VHL 

expression levels potentially helps in regulating the hypoxic responses, impeding aberrant 

survival and proliferation pathways in AML cells. Likewise, benzene exposure induces 

genetic mutations and epigenetic changes that promote the overexpression of c-myc, a 

critical regulator of cell proliferation. In contrast to this, NiET's action likely involves 

inhibiting factors, restoring a more balanced and controlled expression of this oncogene 

within AML cells (Tang et al., 2021). Additionally, COX-2, an enzyme involved in 

inflammation and cell signaling, is upregulated, likely due to benzene-induced 

inflammatory responses (Carter et al., 2019). NiET in combination with doxorubicin may 

exert its synergy on upstream regulators or signaling cascades influencing COX-2 

expression, contributing to its restoration within AML cells. PTEN, a tumor suppressor 

gene, shows increased expression, potentially as a compensatory response to the 

heightened proliferation signaling induced by benzene exposure (Peng et al., 2010). 

 

In an Annexin V/PI assay, benzene exposure led to increased apoptosis, indicated by higher 

levels of Annexin V (marking early apoptosis) and Propidium Iodide (highlighting late 
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apoptosis) (Malovichko et al., 2021). Doxorubicin intercalates into DNA, inhibiting 

topoisomerase II and leads to DNA damage. This DNA damage triggers cellular stress 

responses, activating apoptotic pathways resulting in enhanced apoptosis as observed in 

Annexin V/PI assay (Fujiwara et al., 2006). NiET also induces apoptosis in leukemic 

population probably by hindering survival pathways, but when combined with 

doxorubicin, the two compounds act synergistically. NiET's ability to sensitize the cells 

amplifies doxorubicin's apoptotic effect, leading to a greater induction of programmed cell 

death than both standalone treatments. The same synergy is observed in CD4 viability 

assay as when NiET treatment is applied, it potentially targets leukemic cells, depicting 

high specificity of  the combination therapy to spare normal/ healthy cells (Huang et al., 

2021). This selective targeting, coupled with the enhanced apoptotic potential of the 

combination, may result in a higher proportion of viable non-leukemic cells within the 

leukemic population compared to standalone treatments. 
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Conclusion 
Our collective research underscores the significant therapeutic potential of CcNPs, CuET 

and NiET nanoparticles, in combination with doxorubicin as promising avenues in the 

treatment of acute myeloid leukemia. Supported by in vitro, in vivo, and in silico studies, 

these nanomedicines exhibit unique anti-leukemic properties, inducing the TRAIL-DR5 

complex and inhibiting the NF-kB p52/RelB/DNA complex. Moreover, their effectiveness 

in enhancing the anticancer potential of natural chemicals like caffeine while mitigating 

the adverse effects of traditional chemotherapy showcases their promise. Comprehensive 

methodologies, including in silico docking studies, antioxidant assays, and in vivo 

experimentation, revealed substantial improvements in hematological parameters, 

morphological features, and enzymatic markers in CuET and NiET-treated leukemic rats, 

particularly when combined with doxorubicin. Notably, both nanoparticles demonstrated a 

noteworthy impact on leukemic genetic markers (STMN1 and S1009A) and the 

normalization of aberrant Wnt and HIF-1 alpha pathway gene expression. AV/PI apoptosis 

and CD4 viability tests further underscored the potent efficacy of these combination 

therapies against leukemic cells. These findings highlight CuET and NiET nanoparticles, 

in synergy with doxorubicin, as promising therapeutic approaches for AML, meriting 

further investigation through clinical trials. Their potential to modulate specific pathways 

and enhance treatment efficacy while potentially reducing adverse effects signifies a 

compelling direction in AML therapy. 
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Future Directions 
The promising results of this study pave the way for several avenues. One crucial next step 

is to conduct clinical trials to validate the safety and efficacy of CcNPs, CuET, and NiET 

nanoparticles in combination with doxorubicin in human subjects. These trials should aim 

to optimize dosing regimens, minimize potential side effects, and assess long-term 

outcomes to confirm the therapeutic benefits observed in preclinical models. Additionally, 

further exploration of the molecular mechanisms underlying the nanoparticles' anti-

leukemic properties could provide deeper insights into their interactions with cellular 

pathways.  

Expanding the scope of research to include other types of leukemia and solid tumors could 

also reveal broader applications for these nanomedicines. Comparative studies on the 

effectiveness of different nanoparticle formulations and their combinations with other 

chemotherapeutic agents or immunotherapies may identify synergistic effects and novel 

therapeutic strategies. Moreover, advancements in nanoparticle engineering and 

functionalization techniques could lead to the development of even more targeted and 

efficient delivery systems. By incorporating responsive elements that release therapeutic 

payloads in response to specific tumor microenvironment conditions, we can further 

enhance the precision and efficacy of AML treatments. 

Finally, investigating the potential for personalized medicine approaches, where 

nanoparticle therapies are tailored based on individual patient profiles and genetic 

landscapes, could revolutionize AML treatment. This personalized strategy would aim to 

maximize therapeutic outcomes while minimizing adverse effects, offering a more 

effective and patient-centric approach to combating this aggressive disease. 
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Abstract: Backgro· .... l'.d: }\J}cu.ri:m~' •. !I:.=: Ui nanoscience have led to a profound pa radigm shift in 
the therapeutic app!ica~h:'I\; 0:' .1·,l~ii : inally important natural drugs. The goal of this research is 

to develop a nano-nar.lta.! pm:1uc~ for efficient cancer treatment. Methods and Results: For this 

purpose, mesoporous silic:a nanoparllcles (MSNPs) were formula ted, characterized, and load ed 
with caffeine to develop a targeted drug delivery system, i.e., caffeine-coated nanoparticles (Ca'rps). 
In silico docking studies were conducted to examine the binding efficiency of the CcNPs with 
different apoplotic targets followed by in vitro and in vivo bi oassays in respective animal models. 
Caffeine. administered both as a free drug and in nanomedicine form, along with doxorubicin, was 
delivered intravenously to a benzene-induced AML model. The anti-leukemic potential was assessed 
through hematolOgical profiling, enzymatic biomarker anaLysis, and RT-PCR examination of genetic 
aiterations in leukemia markers. Docking studies show strong inter-molecular interactions between 
CcNPs and apoptotic markers. In vitro analysis exhibits s tatistically significant antioxidant activity. 
whereas in vivo an.llysis exhibits normalization of the genetic expression of leukemiil biomilrkers 
STMNI and SIOO9A, accompanied by the restoration of the hema tolOgical and morphological traits 
of leukemic blood cells in nanomedicine-treated ra ts. Likewise. a substantial improvement in 

hepatic and renal biomarkers is also observed, In addition to these findings, the nanomedicine 
successfully normalizes th~ elevil ted exp ression of GAPDH and mTOR induced by exposure to 
benzene. Further. the nilnomedidne downregulates pro-survival components of the NF-kappa B 
pathway and uprcgut il ted P53 expression. Additionally. in the TRAlL pathway, it enhances the 
expression of pro-apoplotic players TRAIL and DRS and downregulates the anti-apoplotic protein 
eFlfT'. Conclusions: Our data suggest tha t MSNPs londed with cnffeine. i.e., CcNP/nanomedicine. 
can potentia lly inhibit transformed cell protiferntion and induce pro-npoptotic TRAIL machinery to 
counter benzene-induced leukemia. These results render our nanomedicine as a potentially excellent 
therapeutic agent against AML 

Keywords: acute myeloid leukemia; docking; caffeine; MSNPs; nanomedicine; doxorubicin 
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