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Abstract 
 

Multiple myeloma is a genetically complex condition that affects plasma cells. 

Innovative treatment methods are rapidly emerging that improve clinical outcomes. 

Clinical success has been demonstrated with proteasome inhibitors that target the 

mechanism of cellular protein homeostasis. The Food and Drug Administration 

approved Carfilzomib (CFZ), a second-generation proteasome inhibitor, to treat 

multiple myeloma patients who have relapsed or are resistant to other treatment 

options. It inhibits the chymotrypsin-like activity of the 20S immunoproteasome from 

binding to the β5 subunits irreversibly. Proteasomes serve as important degradation 

mechanisms within the Endoplasmic reticulum (ER) that maintain cellular 

homeostasis. When the proteasome is compromised, chronic proteotoxic stress within 

the endoplasmic reticulum results, ultimately resulting in multiple myeloma cells' 

death. CFZ has a highly effective profile accompanied by low renal toxicity; despite 

this, clinical studies have linked the proteasome inhibitor to an increase in 

cardiovascular adverse events. Several studies have described cardiotoxicity caused 

by CFZ, with an endothelial component possible. However, CFZ has not yet been 

studied concerning endothelial dysfunction. This in vitro study aims to investigate the 

impact of CFZ on endothelium homeostasis in the potential adverse cardiovascular 

effects. This was accomplished by incubating human vein endothelial cells (HUVECs) 

with CFZ at a clinically relevant dose for one hour and sometimes with TNFα/IL-1β 

individually or combined following CFZ treatment. This was followed by detecting gene 

and protein expression of relevant markers of ER stress, inflammation, and 

thrombosis, and later, some functional studies were conducted at various time points 

after incubation.  The data gathered from this study showed that CFZ increased 

ubiquitin expression up to 24 hours post-CFZ treatment in both sub-confluence and 

confluence HUVECs. However, while there was increased expression of BiP, the 

principal ER stress marker in sub-confluence cells indicating induction of ER stress, 

resting HUVECs were not affected by CFZ on the expression of BiP and other ER 

stress markers, suggesting the CFZ cannot cause ER stress in resting 

HUVECs.Interestingly, although CFZ had no consequence on the expression of 

procoagulant and pro-inflammatory endothelial cells markers, it enhanced the 

expression of some of the well-known endothelial-derived anticoagulants mediators, 
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thrombomodulin (TM), endothelial nitric oxide enzyme (eNOS), phosphorylated eNOS 

(P-eNOS), tissue plasminogen activator (t-PA), and Krüppel-like factor 4 (KLF4). 

Moreover, CFZ was able to diminish TNFα mediated TF, VWF, and ICAM-1 

expression and promoted TM, eNOS, and KLF-4 upon TNFα treatment, suggesting a 

protective effect on the endothelium. Consistent with this, CFZ decreased clot 

formation and factor Xa (FXa) generation on the endothelium after TNFα treatment 

and, likewise, reduced platelet capture, leukocyte adhesion, and VWF string formation 

on HUVECs induced by TNFα. I also explored the role of eNOS in preserving ordinary 

ER statues and as an essential regulator of CFZ cytoprotective effect on HUVECs, 

while BiP did not exhibit the same role in these cells. In conclusion, the data obtained 

from this study revealed that CFZ is incapable of provoking ER stress in confluence 

resting ECs and attenuates the pro-thrombotic and pro-inflammatory effects of TNFα 

on the endothelium, thus displaying a potential cytoprotective profile on the 

endothelium.  
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1. Introduction 
 

1.1 Multiple myeloma 
 

Multiple myeloma (MM) is a heterogeneous blood cancer that affects terminally 

differentiated plasma cells creating abnormal immunoglobulins (Figure 1.1). (1) The 

disease is clinically characterized by several symptoms known collectively by the 

acronym CRAB, Calcium elevation, Renal failure, Anemia, and Bone lesions. They are 

attributable to the underlining neoplastic plasma cell clone processing. (2) In addition, 

most patients produce monoclonal immunoglobulin heavy chains (M-protein) or light 

chains, which can be detected in the patient's bloodstream or urine. (2) MM is 

characterized by the different monoclonal proteins secreted by the malignant plasma 

cells. (3) However, about 15-20 % of MM patients secrete only a monoclonal free light 

chain, and fewer than three percent of them do not secrete any monoclonal proteins. 

(3)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Multiple myeloma. Multiple myeloma cells are irregular plasma cells that accumulate in 

the bone marrow and create tumours in the bone. Normal plasma cells produce antibodies as a part of 

the immune defence mechanism against various pathogens. Malignant plasma cells produce non-

functional and harmful immunoglobulin or M-protein. This abnormal alteration of these cells’ behaviour 

leads to end-stage organ damage, resulting in various associated complications. The figure is taken  

from (Grandin, Journal of cardiac failure, 2015). (4) 
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MM accounted for approximately 2% of all cancer cases and was the 19th most 

common cancer in the UK in 2016-2018. It is considered the second most common 

blood cancer, with a five-year survival rate of 52.3%. (5) Globally, the disease 

accounts for the second-highest haematological malignancy in adults in Western 

countries such as the UK, USA, and Australia, and its occurrence rate is two to three 

times higher in black populations than in Caucasian populations. It primarily affects 

male and older populations, where the median age at diagnosis is 69–70 years. (2)  

MM typically begins as smouldering MM or monoclonal gammopathy of unknown 

significance (MGUS), where both are defined as an asymptomatic clonal plasma cell 

disorder, and both are considered multiple myeloma precursors. (6) Smouldering MM 

is distinguished from Monoclonal gammopathy of undetermined significance (MGUS) 

by a significantly increased risk of progression into the malignant phase. (6) This 

distinction is vital in providing appropriate clinical care, prognostic evaluation, 

management, and counselling. (7)  

New biomarkers have been developed to identify patients at high risk of developing 

MM from the MM precursor groups. (7) The diagnosis of MM requires evidence of the 

presence of 10% or more clonal plasma cells on bone marrow biopsy, in addition to 

one or more of the International Myeloma Working Group (IMWG) criteria myeloma 

defining events. (8) These include conventional CRAB features attributable to a 

plasma cell clonality, as well as three additional biomarkers: a serum-free light chain 

(FLC) ratio of ≥100 (providing elaborate FLC level is ≥100 mg/L), bone marrow that 

contains ≥60% plasma cells, and magnetic resonance imaging (MRI) investigation 

showing more than one focal lesion. (8) 

Molecular classification of MM is essential in providing optimal management (8) as 

molecular subgroups of MM correlate with distinctive variations in disease 

presentation and prognosis. (8) The cause of the development of MM is not yet fully 

understood. During progression from multiple myeloma precursor to multiple 

myeloma, the abnormal genetic events in MM cells (MMCs) are somatic mutations and 

chromosomal abnormalities. (9) Class-switch recombination is the most abundant 

chromosomal translocation among these abnormalities, and abnormal V (D) J 

rearrangement may also be involved in disease development. Two major 

classifications are used to identify MM patients. Primarily, most of these patients can 

be categorized into one of three sub-clusters: initial immunoglobulin heavy chain (IgH) 

translocations, trisomies (40%), or a combination of both. (10) In addition to molecular 
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sorting based on definite genetic abnormalities, patients with MM may also be 

assembled into two sub-groups according to ploidy status evaluated by karyotyping. 

These groups are the non-hypodiploid group (up to 44/45 chromosomes) and the 

hypodiploid group (more than 46/47 chromosomes). (10) These events are counted 

as the beginning or main events, suggesting that the development of myeloma can 

follow at least two distinct pathways. (11)  

However, the involvement of all these genetic abnormality events alone was not found 

to be sufficient for myeloma progression, as they have also been found to exist at the 

non-malignant-MGUS stage. (9) Both hypodiploidy and IgH translocations are found 

in 45% and 50 % of MM, respectively. (12) In contrast, almost five percent of patients 

do not express either IgH translocations or hypodiploidy. (12) In general, all these 

classifications are critical in predicting the prognostic impact, relapse of the disease 

and selecting treatment approaches (selection of drugs, the extent of therapy, 

aggressiveness of the treatment, etc.).(9) 

 

1.2 Desynchronized cytokine production in multiple 
myeloma  
 

The interplay between MMCs and the bone marrow microenvironment (hematopoietic 

and non-hematopoietic stromal cells) is essential for the progression and development 

of myeloma. (13) These cells secrete several factors that play a role in the proliferation, 

persistence and migration of MMCs and are also involved in bone damage. (14) The 

interaction between MMCs and stromal cells can be linked to a process known as cell 

adhesion mediated drug resistance (CAM-DR). (15) This process is best described as 

a survival mechanism utilized by MMCs to maintain their survival and avoid cytotoxic 

drugs' impact. Additionally, some features produced by the stromal cells are 

associated with angiogenesis, leading to a worse outcome. (16) Myeloma cells and 

the bone marrow (BM) environment encourage various mediators' as autocrine or 

paracrine release. (17) Indeed, the BM microenvironment in MM patients displays high 

levels of human growth factor (HGF), IL-6, TNF, IL-1, and cytokines stimulated by 

interferon-γ (IFN-γ). (17) Many of these cytokines support MM development and 

progression. (17)  
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The immune system also has a vital role in MM progression, tumour growth and 

produces many pro-inflammatory cytokines that are elevated in the serum of MM 

patient’s, such as IL-15, TNF-α, IL-17, IL-1, IL-18, IL-6, IL-22, IL-12, IL-23, IL-16, IL-

17, and IFN-γ.(18) Tumour growth is associated with inflammation, and an escalation 

in pro-inflammatory cytokine quantities can maintain the progression of neoplasia. (18) 

Cytokines discharged by T lymphocyte subsets, and plasma cells can generate an 

environment in the BM that promotes cancer cell development. (19) Prabhala et al. 

have also reported a significant reduction in the number of BM Treg cells. (19) These 

cells were stated as dysfunctional and unable to suppress T lymphocyte growth, which 

progressively reduced as the disease progressed. (19)  

1.3 Current treatments for multiple myeloma 
 

Although MM is a treatable disease, it is not considered curable. (15) The current 

treatments for myeloma seek to control the disease, improve survival rates, and 

enhance the quality of life. Complete remission (CR) is an important goal for patients, 

and it is possible to achieve this by combining a variety of new classes of drugs. (20) 

These include immunomodulatory agents, which are combined with traditional 

treatments such as chemotherapy, thalidomide, anthracyclines, corticosteroids, 

alkylating agents, etc. (15)  

Currently, there are two main MM treatment strategies: intensive and non-intensive 

treatment. (21) The former differs from the latter in using a higher dosage of the anti-

myeloma therapy and is frequently followed by stem cell transplantation to achieve 

final disease remission. (21) However, this is a less common approach to treating MM 

since it is only appropriate for younger patients, which does not align with the median 

age of the MM population. (21)  Early treatment of the disease in the first stage is, like 

most cancers, considered critical. (22)  

Despite extended survival rates resulting from the development of more potent MM-

targeting treatments, eventually, most patients will die from reaching the end-stage of 

their disease and some form of treatment-related complications. (22) Disease 

development and consequent relapses are defined by sub-clonal progression and 

gradually resistant disease, making successful treatment extremely challenging. (23)  

It has been widely documented that generating an optimal level of response is 

essential in achieving an MM cure and that maintaining a consistent state of remission 



24 

 

is vital. Therefore, after administering the selected drug(s), response assessment and 

monitoring of therapy in MM is required and should be conducted using the 

International Myeloma Working Group (IMWG) uniform response criteria. (20) The 

basis of monitoring involves quantifying M protein levels by serum protein 

electrophoresis (SPEP) and urine protein electrophoresis (UPEP). (24) In general, 

however, the clinical management of elderly patients with myeloma remains 

challenging since most have pre-existing comorbidities that pose challenges to the 

treatment approaches and precise evaluation of many clinical and social factors. (25) 

In the past two decades, myeloma has conventionally been correlated with poor 

patient outcomes, reflected in a median general survival rate of only three years. (20) 

Nevertheless, the median survival rate has improved across all age groups following 

the introduction of novel therapeutic agents; the proteasome inhibitors (PIs). (24) This 

group of drugs acts by directly inhibiting proteasome function in multiple myeloma cells 

(MMCs), leading to the accumulation of mis-folded proteins in the cellular cytosol, thus 

activating apoptosis. (24)  

Fundamentally, survival rate improvement has been achieved with the subsequent 

improvement of second and third generations PIs, immunomodulatory drugs, and 

recent therapy options such as monoclonal antibodies. (24) Elotuzumab (Empliciti)  is 

a monoclonal antibody that binds to the SLAMF7 protein, located on myeloma cells 

and assists the immune system in attacking the cancer cells. The use of the second-

generation PIs, carfilzomib (CFZ), has improved patient outcomes in elderly myeloma 

patients and significantly increased survival rates. (26) 

 

1.4 The ubiquitin-proteasome system (UPS). 
 

Proteasomes are protein complexes that degrade damaged or unneeded proteins by 

cleaving peptide bonds through a chemical reaction known as proteolysis(27). There 

are two primary forms of the human proteasome,  the constitutive proteosome and the 

immune-proteosome, whose expression is induced by inflammatory cytokines. (28) In 

eukaryotes, the proteasomes are located in the cytoplasm and nucleus. (29)  The 

constitutive 26S proteasome is a large, ∼2.5 MDa, multi-protein, multi-catalytic ATP-

dependent protease complex that functions as the degrading arm of the ubiquitin 

system (Figure 1.2). It functions as the main pathway for controlled degradation of the 

membrane, cytosolic and nuclear proteins in all eukaryotic organisms. (27) It is the 
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most abundant proteasome in mammals, and it is composed of two 19S regulatory 

cap subunits and one core catalytic 20S protein subunit. (29)  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: The two main components of the 26S constitutive proteasome. The proteasome 

comprises two 19S regulatory caps, where the ubiquitinated-protein recognitions and the de-

ubiquitination occur. The other part of the 26S proteasome is the 20S proteasome, where protein 

degradation occurs. The figure was taken from ( Schweitzer, Proceedings of the National Academy of 

Sciences, 2016). (30) 

 

The 20S core consists of two outer rings, each of seven α units that function as a 

docking point for the regulatory cap (Figure 3). (27) The ends of the 20S core are 

closed by the N-termini of the α-subunits, frequently defined as the ‘gate’. (31) 26S-

mediated  protein degradation is ATP-dependent, where the six ATPases present in 

the regulatory cap are the only ATP hydrolyzing proteins in the proteasome. (32) The 

19S subunits of the regulatory particles are divided between two sub-structures, the 

‘lid’ and the ‘base complexes’ (Figure 1.3). (32) The lid comprises the Rpn11 subunit 

with deubiquitinating action, and the ring of AAA-ATPases is found on the base. (33) 

The ATPases C-termini are drilled into pockets and found between the α-subunits of 

the core particle. This leads to the gate's opening by a translocation of the α tails. (34) 

The two β rings are the inner rings, each composed of seven β units (Figure 3).  There 

are three proteolytic subunits (β1, 2, and 5) with different substrate activity and 

specificity (Figure 3). (34) These substrate specificities are β5 binding to chymotrypsin-

like, β2 binding to trypsin-like and β1 binding to caspase-like substrates (Figure 3). 

(35) The binding of ATP to the 19S ATPase subunit is required to associate the  19S 

and 20S subunits, and the degradation of ubiquitin and unfolded proteins requires ATP 
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hydrolysis. (31) The ubiquitin-binding sites and multiple ATPase active binding sites 

are found in the 19S subunit, where polyubiquitinated and unfolded proteins are 

recognized. (29)  These are subsequently transferred to the inner two rings of the 20S 

subunit, where proteolysis by the proteolytic 20S occurs. (36) 

 

  

Figure 1.3: The anatomy of the 26S proteasome.  The 19S core is part of the P26 regulatory core 

and is composed of lid and base. The 20S core is formed of two outer rings, where each is composed 

of seven α units that function as a docking point for the regulatory cap. The two β rings are the inner 

rings, where each is composed of seven β units.  There are three proteolytic subunits (β1, 2, and 5) 

with different substrate activity and specificity. These substrate specificities are β5 binding to 

chymotrypsin-like, β2 binding to trypsin-like and β1 binding to caspase-like substrates. The figure was 

prepared by (Ahmed Hjazi, 2021) 

 

Cells maintain efficient and adjustable systems to discard terminally misfolded proteins 

and avoid toxic effects. (33) This practice starts with detecting a substrate in the ER 

lumen and terminates its degradation by the cytoplasmic proteasome. This process is 

termed  Endoplasmic Reticulum-Associated Degradation (ERAD). (29)  

ERAD is initiated by exporting the misfolded protein, partially unfolded through the 

Sec61 translocon, an aqueous ER membrane channel. (28) This exportation causes 
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the target protein to be targeted by ubiquitin, a small regulatory protein found in most 

tissues of eukaryotic organisms, via a process known as ubiquitination. (36) 

Ubiquitination involves three main steps; activation, conjugation, and ligation. (33) 

These are performed by ubiquitin-activating enzymes (E1s) (118 kDa), ubiquitin-

conjugating enzymes (E2s) (18.6 kDa), and ubiquitin ligases (E3s) (∼8.5 kDa), 

respectively. (36) Initially, the ubiquitin molecules are activated and transferred to the 

E2 ubiquitin-conjugating enzyme by E1. Then the substrate is identified and 

conjugated to the ubiquitin chain by E3 ubiquitin-ligase. (28)  Once a single ubiquitin 

molecule tags a protein, this promotes the ligation of the lysine residues of the protein 

substrate to the following ubiquitin molecule, which creates a polyubiquitin chain. (10) 

The last lysine-48 linked polyubiquitination chain is targeted for proteasome 

degradation of the tagged protein and flags it up to the abundantly expressed cytosolic 

ATPase, p97 (VCP). (28) With the assistance of accessory proteins such as Np14 

(NPLOC4) and Ufd1 (UFD1L), and by consuming the mechanical force that results 

from ATP hydrolysis, the protein is extracted from the Esc61 translocon into the cytosol 

by P96. (10) The polyubiquitin chain directs the targeted substrate to the 26S 

proteasome by P97 to approach ERAD. (10) De-ubiquitination phases occur between 

translocation from the ER lumen and proteasomal consumption involving the de-

ubiquitinating enzymes (DUB). (35) This enzyme plays a critical role in recycling and 

reversing the ubiquitin conjugation through the ubiquitin-proteasome pathway, 

dislocating the proteins from the ER membrane and feeding the ERAD substrate into 

the protostome. (28) The ERAD process yields fragmented peptides recycled into 

single amino acids for further protein synthesis (Figure 1.4). (10)  
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Figure 1.4: The ubiquitin-proteasome system (UPS). Misfolded protein is released from ER-

membrane channel Sec61, followed by serial recruitment of three cytosol ubiquitination enzymes. E1- 

Ubiquitin activation, E2- Ubiquitin conjugation, and E3- Ubiquitin ligase bind substrate to the Ubiquitin 

chain. The conjugated protein is then transferred to the recognition site of the 26S proteasome, the 19S 

cap, where it is transferred through the cylinder system into the 26S proteasome catalytic site, which is 

made up of the 20S core and the outer two α rings whose role is to sustain a "gate" through which 

proteins enter the barrel. The inner two rings are made up of seven β subunits that include three to 

seven protease-active positions where the protein binds to the corresponding binding site β subunits, 

caspase-like, trypsin-like, and chymotrypsin-like. This process generates protein fragments and amino 

acids that can be re-used by the cell to create new proteins. This system of ubiquitination and 

proteasomal degradation is recognized as the ubiquitin-proteasome system. The figure was taken from 

( Auner, British journal of haematology, 2015). (10) 

 

1.5 ER stress and the unfolded protein response (UPR) 
 

The ER is an essential regulator of proteostasis and provides a network of 

interconnected quality control practices in the cell that sustains the functional 

proteome. (37) Disturbance of ER homeostasis due to redox or calcium balance 

fluctuations, elevated protein synthesis, and gathering of misfolded proteins cause ER 

stress. (38) The unfolded protein response (UPR) is a collection of phylogenetically 

conserved signalling pathways that sense impairment of the ERs protein-folding 

capacity, monitor the ERs conditions, communicate the gene expression program of 

eukaryotic cells, and control the ER lumen status. (35) It is elaborately integrated with 
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other cell physiology mechanisms to maintain the cellular homeostatic balance. (38) 

This response activates intracellular signal transduction pathways when the cell 

undergoes ER stress. (35)  

 

Membrane and secreted proteins mature and fold in the ER lumen before they are 

released extracellularly, are expressed on the cell surface, or delivered to other 

endomembrane system components. (37) The accumulation of misfolded or unfolded 

proteins in the ER lumen activates the UPR. (39) It aims to resolve this stress by three 

significant actions: degrading misfolded proteins, halting protein translation, and 

increasing expression of molecular chaperones, which play a role in protein folding. 

(39)  

Three principle components of UPR branch signal transducers have been identified 

(ATF6, PERK, and IRE1)(10) (Figure 5). These are transmembrane ER-resident 

proteins that continually monitor the ER-folding conditions. (10) They use a unique 

transduction mechanism and operate in parallel. (10) Their ER luminal domains detect 

the raised level of misfolded proteins and transmit adapting downstream signals with 

their cytosolic domains. (37) These three UPR sensors depend on BiP (Binding 

immunoglobulin Protein)/GRP78, an essential ER chaperone, to detect misfolded 

proteins. (40) BiP varies between monomeric and oligomeric states. However, the 

unmodified monomeric state of BiP is exclusively for association with unfolded 

proteins. Under basal conditions, BiP binds to these sensors’ luminal domains, thus 

inhibiting their activation. (25) However, BiP dissociates from the sensors and strongly 

binds to the exposed hydrophobic domains of proteins when they accumulate in the 

ER. (25) These sensors' subsequent phosphorylation and activation initiate signalling 

pathways to establish an adaptive cellular response that allows cells to cope with 

protein misfolding (Figure 1.5). (25)  

 

Firstly, activation of Inositol requiring protein-1 alpha (IRE1) (by auto-

phosphorylation), which features endoribonuclease activity, leads to translation of a 

stable and active transcription factor, XBP1. (41) XBP1 is cleaved in the Golgi 

apparatus by protease S2P and S1P before translocation into the nucleus; thus, 

nucleus-specific transcriptional programs are activated. (41) The activation of this 

protein enhances cellular adaptation, including upregulation of genes that encode 
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proteins with diverse functions in the UPR, rising ER folding capacity, ER volume, and 

ERAD (Figure 1.5). (40)  

 

Secondly, similar to XBP1, activated Activating Transcription Factor-6 (ATF6) is 

cleaved in the Golgi before entering the nucleus. (42) The ATF6α cytosolic domain 

(ATF6f) transcriptionally upregulates genes behaving as ER-resident chaperones, 

such as BiP, P58 and protein 94 (GRP94) and ERAD components to help in the 

correction of ER stress. (43) Thus, ATF6 and IRE1 are generally involved in 

transcriptional upregulation of ERAD components and increase the cells capacity to 

degrade and fold proteins (Figure 1.5). (40) 

 

Thirdly, activated Protein kinase RNA-like ER kinase (PERK) (activated by 

dimerization and auto-phosphorylation) acts differently from the earliest UPR sensors 

through a transitional response. (43) Activated PERK phosphorylates Ser51 of 

eukaryotic transitional initiation factor alpha subunit (eIF2a), causing transitional 

protein suppression by a general inhibition of cellular mRNA transcription. (44) This 

suppression considerably reduces protein-folding demand, thus restoring ER 

homeostasis. (45) However, this inhibition does not last permanently,  as eIF2α 

phosphorylation triggers the translation of particular mRNAs to produce proteins that 

reverse the suppression mechanism. (45) These include activating transcription factor 

4 (ATF4), which triggers the production of growth-arrest and DNA damage-inducible 

protein 34 (GADD34). (45) The activation of these proteins provides a negative 

feedback loop to suppress general protein translation by dephosphorylation of eIF2α 

that restores protein production. (45) 

In addition, active ATF4 targets another transcription factor known as the C/EBP 

Homologues Protein (CHOP) that works together with ATF4 to induce protein 

biosynthesis (46). Thus, the initial phase of general protein translation inhibition is 

rapidly resumed, restoring cellular protein homeostasis (Figure 1.5). (46)  

These sensor pathways activate downstream signalling to resolve the ER stress and 

restore cellular protein homeostasis. (10) This is achieved by increasing the ER's 

clearance capacity by autophagy and ERAD, decreasing folding load, and increasing 

folding capacity. (10) Together, these serve as feedback loops that diminish ER stress, 

improve antioxidant responses, and activate amino-acid metabolism to re-establish 

homeostasis within the ER lumen (Figure 1.5). (44)  
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Figure 1.5: The Unfolded Protein Response (UPR). As a result of the accumulation of misfolded 

protein in the ER-lumen, BiP dissociates from the three ER-resident sensors (ATF6, PERK, and IRE1α) 

and binds to the misfolded protein, allowing the activation of these sensors and the initiation of upstream 

signalling to resolve the ER stress. The diagram summarizes the principal UPR signalling cascade and 

the resultant possible outcomes. The figure was taken from ( Auner, British journal of haematology, 

2015). (10) 

 

Under conditions of prolonged ER stress, the UPR goal shifts from supporting cellular 

survival to one that induces apoptosis by changing its signalling towards a "terminal 

UPR" that ultimately drives the cell into apoptosis. (Figure 6)(47) There is still 

uncertainty about whether one or multiple alternative mechanisms leads to cellular 

death by ER stress. (10) Several pieces of evidence suggest that a diverse program 

of pro-apoptotic signals activates the cell death machinery if ER stress cannot be 

resolved. (48) One possibility is that proteins downstream of the three UPR branches 

provide opposing signals and that the relative timing of their initiation alters the balance 

between apoptosis and cytoprotective effects as ER stress persists. (49) Persistent or 

unresolved ER stress beyond the restoration of protein homeostasis is correlated with 

increased pro-inflammatory and a pro-apoptotic cell status. PERK and IRE1α are the 

two principal UPR receptors involved in this process. (50) IRE1α binding to TRAF2 



32 

 

and ASK-1 leads to the activation of the inflammatory signalling molecule p38 MAPK 

and activates the pathway of JNK signalling; hence, procaspase four is enabled, 

resulting in apoptosis. (50) In addition, IRE1α enhances the activation of several pro-

death and pro-inflammatory proteins such as caspase-2. (48) CHOP induces 

apoptosis by overexpressing Bim, a pro-apoptotic molecule, and directly inhibiting Bcl-

2, an anti-apoptotic molecule. This triggers an apoptotic cascade due to the ER 

release of cytochrome C into the cytoplasm. In addition, PERK induces CHOP 

activation, which induces GADD34 upregulation that mediates the dephosphorylation 

of elf-2α. This restores protein synthesis and, as a result, the build-up of the unfolded 

and misfolded protein inside the ER lumen, leading to proteotoxicity and oxidative 

stress. (50) Ca2+ depletion of the ER store induces both Bac and Bcl2 activation, 

which initiates cellular apoptosis. (49) The limited impact of single apoptosis-

associated ER stress machinery's involvement on cell survival suggests that 

combinatorial mechanisms are involved in cellular death when the ER is irreversibly 

damaged. (49) 

 

It has also been reported that there is a correlation between the release of multiple 

pro-inflammatory factors and the activation of the UPR(Figure 6). (51) IRE-1α is the 

most prominent UPR effector shown to regulate pro-inflammatory signals 

transcriptionally, but PERK and ATF6 are involved to a lesser extent in the process. 

(50) This regulation is primarily accomplished through transcription factors Activator 

Protein-1 (AP-1) and NF-kB. (50)  The activation of NF-kB stimulates the expression 

of the effector enzymes and key pro-inflammatory cytokines of the immune response, 

such as cyclooxygenase, Il-6, and TNF-α. (52) It has been reported that when Human 

Umbilical Vein Endothelial Cells (HUVECs) show overexpression of ATF-6, this 

correlates with induction of severe ER stress. (53) HUVEC apoptosis is enhanced by 

activating caspase 3, 9 and 12, through ATF-6 overexpression. (53) In addition, ATF-

6 overexpression reduces the level of anti-apoptotic while simultaneously increasing 

the level of pro-apoptotic molecules (Bcl-2 and Bax, respectively), which leads to the 

phosphorylation of JNK and CHOP, thus inducing apoptosis of the affected cell. (53)  

Furthermore, the PERK-ATF4 pathways were reported to induce reactive oxygen 

species (ROS) production, combined with a reduction of antioxidants, which 

characterize another significant pathway of ER stress that promotes cell death. More 

recently, the role of the most ER-bound effector, IRE-1α, was also studied in 
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correlation to atherogenesis. (54) This study revealed that using an IRE-1α inhibitor 

prevented the production of mitochondrial ROS and the expression of several pro-

atherogenic genes (Figure 6). The correlation between ER stress and atherogenesis 

in glycated HDL contribution was recently examined. (55) These studies highlighted 

the vital role of ER stress in the progression of atherosclerosis through different 

actions, such as apoptosis of macrophages and vascular endothelial cells and 

activation of pro-apoptotic caspases. (52) The authors reported that macrophage 

apoptosis was prevented when PERK or CHOP was silenced or when Phenybutyric 

Acid (PBA) was used. (56) Moreover, XBP-1 expression was significantly upregulated 

in the endothelial cells (EC) isolated from atherosclerotic lesions compared to the 

normal aorta (56), suggesting an association between ER stress and atherosclerosis 

(Figure 1.6).  

Overall, there is still uncertainty about the definitively associated mechanisms 

connecting the intrinsic cellular apoptotic pathways and ER-stress-induced UPR 

signalling pathways. However, it is well established that various cells exhibit a 

discrepancy in UPR signalling pathways’ involvement in cell death. (10) Generally, the 

consequence of ER stress is determined by the cell type, duration, and extent of 

proteotoxic stress. (10) 

 

Figure 1.6: Consequences of prolonged ER stress. The ER has different pieces of machinery to 

sense the cellular proteostasis status and adapt to various cellular alterations. Among these, the UPR 

is an effective ER defence mechanism to resolve ER stress activation. However, if this mechanism fails 

to resolve ER stress, different levels of cellular damage can occur due to prolonged ER stress. The 

figure was prepared by (Ahmed Hjazi, 2021) 
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1.6 Proteasome inhibitors (PIs) 
 

The introduction of proteasome inhibitors (PIs) as a therapeutic agent for multiple 

myeloma has advanced management and survival for plasma cell cancers. (57) 

Optimization of dosing schedules and steady adaptation with toxicity profiles have 

informed the recent use of proteasome inhibitors as significant components of 

numerous treatment regimens. Mainly, the PIs target the secretory feature of multiple 

myeloma cancer cells (MMCs). (58) Cancer cells typically have greater demand for 

proteasome activity than normal cells, making them more sensitive to the pro-apoptotic 

consequences of proteasome inhibition. (58) These facts make proteasome inhibition 

a tractable therapeutic candidate in oncology. (59) Generally, proteasome inhibitors 

target ERAD in multiple myeloma cells (MMCs). (60) They inhibit the proteasome 26S 

in particular, which leads to impaired proteolysis activity. (60) Once this occurs, a 

cellular selective mechanism is activated to resolve the harmful impact of this 

inhibition, known as the unfolded protein response (UPR). (61) However, if this 

mechanism fails to achieve the aimed purpose, it will eventually trigger the cell to 

undergo apoptosis. (62)  

PIs are a therapy that enhances survival and quality of life and provides a significant 

therapeutic response, particularly in poor-prognosis multiple myeloma patients. (63) 

Currently, three proteasome inhibitors (PIs) are licenced to treat multiple myeloma. 

(63) The first-class PI, Bortezomib (BTZ), treats both newly diagnosed and 

relapsed/refractory MM (RRMM); CFZ, a second-generation PI, treats RRMM as both 

a monotherapy and in combination with other anti-myeloma agents; and the third 

generation PI Ixazomib, which is considered the first oral PI, treats RRMM (Figure 

1.7).(64) Based on their active moiety and chemical structure, PIs can be categorized 

into three clusters: boronates, salinosporamides, and epoxyketones. (63)  
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Figure 1.7: Timeline of the proteasome inhibitor approval for clinical usage. Timeline of the three 

FDA-certified proteasome inhibitors in MM showing dates of original publications and authorizations. 

RRMM, relapsed/refractory multiple myeloma NDMM, newly diagnosed multiple myeloma; Rd, 

lenalidomide, d, dexamethasone. This figure was adapted from. The figure was taken from (Gandolfi, 

Cancer and Metastasis Reviews, 2017) (57) 

 

 

1.6.1 Boronate and Salinosporamides 
 
1.6.1.1 Bortezomib (BTZ) is a dipeptidyl boronic acid-based chemical structure drug. 

It was approved by the Food and Drug Administration (FDA) for treating multiple 

myeloma in 2003. (65) The drug reversibly binds to the proteasome and targets the 

caspase-like and chymotrypsin-active sites, with marginal influence on trypsin-like 

activity. (65) Results from the phase III VISTA trial suggested an almost one-third 

reduction of risk of death amongst MM patients who were administrated BTZ plus 

melphalan and prednisone (VMP) compared with those treated with melphalan (MP) 

alone. (66) Additionally, in vitro studies have revealed that BTZ improves the sensitivity 

of MMCs to standard drugs and overwhelms those cells with chemotherapeutic agent 

resistance. (67) Usually, the drug is administered with other MM main treatments 

(cyclophosphamide and/or dexamethasone) to develop its maximum effectiveness. 

(68)  

Several mechanisms could describe the cellular toxicity effect of this drug. These 

include suppressing tumour survival pathways, obstructing tumour metastasis, and 

inhibiting tumour growth and angiogenesis. (69) BTZ directly induces apoptosis of 
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tumour cells and constrains the stimulation of NF-κB in cells and in the tumour 

microenvironment. (69) It also diminishes adherence of myeloma cells to the bone 

marrow microenvironment and inhibits the expression and intracellular signaling of IL-

6 in myeloma cells. (69) In addition, BTZ suppresses the expression of proangiogenic 

mediators and apoptotic regulators. (69)  

However, a recent meta-analysis reported by Xiao et al. revealed that the prevalence 

of all grades and high-grade BTZ-associated cardiotoxicity was 3.8% and 2.3%, 

respectively. (70) In addition, reported side effects were seen with the usage of BTZ 

in MM patients. (70) These side effects range from mild side effects, such as dizziness 

and nausea, to more serious adverse events such as neuro/nephro toxicity(71), so 

that prolonged usage of BTZ treatment is restricted by the development of BTZ 

resistance and treatment-generated peripheral neuropathy. (71) 

 

6.1.2 Iaxazomib is a natural lactone composite drug derived from the marine 

bacterium Salinospora tropica. (57) Iaxazomib is an irreversible PI that slightly disturbs 

the caspase-like activity only within the proteasome. (72) This effect provides an 

exclusive effectiveness and safety profile and does not display cross-resistance with 

other PIs.(72) The activation of caspase-8–mediated signalling pathways are mainly 

the Iaxazomib-induced apoptosis mechanism. (73) In vitro studies have proved the 

antitumour capability of this drug against multiple myeloma cells, other hematologic 

malignancies, and solid tumours. (73) 

 

1.6.2 Epoxyketones  
 
1.6.2.1 CFZ (PR-171) is an irreversible epoxyketone PI structurally and 

mechanistically similar to BTZ. (74) The FDA approved this drug to treat multiple 

myeloma in 2012. (74) According to the initial drug studies, approval was given for a 

27mg/m2 dosage of CFZ twice weekly in a two consecutive-day pattern as a 

monotherapy (75), and current guidelines now recommend human clinical drug 

dosage ranging from 20 to 75 mg/m2 and can exclusively give it intravenously. (75)  

Recently, the outcome of two landmark studies, the Aspire and Endover CFZ clinical 

trials, have led to the combined usage of CFZ with dexamethasone, or lenalidomide 

plus dexamethasone in the European Union and the USA.(76) Currently, a 56mg/m2 

CFZ dose combined with dexamethasone is the CFZ twice-weekly standard protocol 



37 

 

based on the recommendations of the ENDOVER study findings.(76) However, the 

difficulty of intravenous infusion of the drug twice weekly is a significant burden for 

healthcare providers and patients. For this purpose, recent studies have 

recommended using a more accessible once-weekly dosing standard instead. (77) 

This establishes an essential milestone for future research using 70mg/m2 of CFZ 

once weekly in clinical practice. (77) The usage of CFZ requires evidence of disease 

progression within the last two months of administering the last therapy and a clinical 

history of two previous treatments. (77) The drug is rapidly metabolized 

extrahepatically in approximately 30 to 60 minutes after IV infusion, thus providing 

advantageous minimal renal side-effects in contrast to the first-generation PIs.(78) 

Similar to BTZ, CFZ obstructs both the constitutive and immunoproteasome and has 

comparable effectiveness against the β5 and LMP7 subunits. (78) In addition, it also 

shows potent inhibition of the caspase-like activity of the β1 subunit and trypsin-like 

inhibitory activity of the β2 subunit of the 20S proteasome. (78) Studies have revealed 

robust inhibition of the β5 subunit chymotrypsin-like activity that is superior to BTZ. 

(78) The irreversible binding and the broader site selectivity interactions of CFZ 

enhance its inhibitory effect and overcome BTZ resistance. (79) Indeed, CFZ-survival 

rates in RRMM were significantly higher than in the BTZ group. (6) This could indicate 

a superior effect of CFZ among these patients. (80) Moreover, there was a significant 

enhancement of the RRMM survival rate when CFZ and dexamethasone were 

combined compared to the usage of BTZ plus dexamethasone. (81) A high dose of 

CFZ can induce sufficient β5/ β2 subunit inhibition, which is more effective than the 

B5/B1 subunit inhibition produced by BTZ.(82) 

Additionally, it was proved that the β5/β2 co-inhibition achieved by CFZ was more 

effective in treating primary cells and refractory MM cell lines than the same BTZ 

inhibition profile. (83) The randomized phase three ENDEAVOR study showed that 

CFZ-treated patients had advanced rates of more significant responses, explained by 

meaningfully extended progression-free survival than the BTZ-group. (84) According 

to Kyprolis et al. there was an almost 25% improvement of partial response (tumour 

reduction) and 48% higher overall response to therapy in the CFZ group compared to 

the BTZ group. (85) Notably, the wide dose range of CFZ can establish easy and safe 

β2 inhibition titration levels. (86) Thus, this can maximize the CFZ level tolerated level 

in the clinic. (10) Together, these advantageous features contribute to advanced 

treatment response to CFZ. 
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The specific mechanisms by which CFZ promotes cell death and its specificity for 

MMCs are only partly understood. Generally, the chronic induction of ER stress by 

CFZ in MMCs shifts the regular UPR cytoprotective function to be apoptotic. (87) 

However, there is still uncertainty about whether single or multiple alternative 

mechanisms leads to cellular death by prolonged ER stress. (88) One potential 

possibility is that proteins downstream of the three main UPR branches initiate 

apoptosis as ER stress persists. (88)  

PERK and IRE1α are two principle UPR receptors involved in this process. The 

binding of IRE1α to TRAF2 and ASK-1 activates the inflammatory signalling molecule, 

p38 MAP kinase, and activates the JNK signalling pathway. (10) This activation leads 

to the subsequent activation of the procaspase-4 pathway that results in cellular death. 

(10) PERK activation induces cellular death by different mechanisms. (10) Activation 

of PERK leads to activation of eIF2α by phosphorylation, which activates the ATF4 

transcriptional factor. Subsequently, ATF4 activates CHOP, a pro-apoptotic 

transcriptional factor, which initiates GADD34 expression. (10) GADD34 activation 

mediates the dephosphorylation of elf-2α, thus restoring protein synthesis and, as a 

result, the build-up of the unfolded and misfolded protein inside the ER lumen. (10) 

This toxic accumulation of misfolded proteins in the ER lumen leads to oxidative 

stress. (89) In addition, CHOP induces apoptosis by overexpressing the pro-apoptotic 

molecule Bim and directly inhibiting the anti-apoptotic molecule Bcl-2(10). This 

overexpression triggers the initiation of the intrinsic apoptotic reaction cascade due to 

the ER release of cytochrome C into the cytoplasm. (10) The activation of the second 

primary ER stress receptor, IRE1α, enhances pro-apoptotic proteins and pro-

inflammatory pathways such as caspase-2. (47) The suppression of NF-kB activity 

that leads to inhibition of cytokine-dependent survival pathway and cell adhesion 

disturbance could also be proposed as alternative mechanisms to induce MMCs death 

by CFFZ. (10) It was observed that CFZ activates the downstream UPR-apoptotic 

signals, caspases 9, 3 ,and 8, suggesting intrinsic and extrinsic caspase pathways. 

(90). All these mechanisms suggest the ability of CFZ to induce cancer cell death with 

the involvement of different cellular mechanisms.  
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1.7 CFZ associated cardiovascular complications 
 

Although the continued development of cancer-targeting therapies has revolutionized 

oncology, many of them are associated with significant cardio-vascular toxicity. (90)  

Cardiovascular adverse events (CVAEs) involve cardiovascular diseases, such as 

heart failure, hypertension, cardiac arrhythmias, ischemic events, and thrombosis, and 

this collection of medical complications, which are considered the most dangerous 

CFZ-associated side effects in MM (91), have been gradually increasing since the 

initial approval of the drug for the treatment of MM(92) (Figure 1.8). 

 

 

Figure 1.8: Different CFZ-cardiovascular associated events in patients with relapsed/refractory 

multiple myeloma. Three landmark studies, ASPIRE, ENDEAVOR, and FOCUS data, showed that 

CFZ was associated with an increased rate of various cardiovascular complications, including 

hypertension, cardiac failure, ischemic heart disease, and dyspnea. These outcomes were when the 

CFZ was used alone or combined with lenalidomide, or dexamethasone compared to BTZ. K: 

carfilzomib; R: lenalidomide; d: dexamethasone; V: bortezomib; CS: corticosteroids. This figure is 

adopted from. The figure was taken from (Bringhen, Haematologica, 2018).(93)  

 

A systematic review and meta-analysis showed that, among 2594 patients, 18.1% 

developed varieties of CVAEs and that CFZ–associated hypertension was significantly 

higher in MM patients than those treated with BTZ. (94) In another study, CFZ caused 

severe cardiotoxicity, with up to 7.2 % of patients developing treatment-emerging heart 

failure. (95) Waxman et al. performed a retrospective analysis of 2,594 MM patients 

and showed that 18.1% of CFZ-treated patients experienced all-grade CVAEs.(95) 
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Among 526 patients who received CFZ monotherapy, 7.2% and   22.1% demonstrated 

signs of cardiac failure and CVAEs during treatment, respectively. (96) Taken 

together, these findings suggest a higher rate of CFZ-associated cardiac side effects 

compared to BTZ.  

The CFZ dosage and infusion time are considered principal cofactors in drug-

associated CVAEs(97), and it has been proved that a higher proportion of 

cardiovascular complications occur with a higher dosage of the drug. (97) Similarly, a 

shorter drug infusion rate of 2-10 min was significantly correlated with increased risk 

of the CFZ-associated CVAEs compared to a 30-minute optimal drug infusion time. 

(97)  

Research has recognized that risk factors, such as age and obesity among MM 

patients, are linked to cardiovascular disease. (98) However, clinical studies argue that 

patient-related risks, such as lifestyle and age, and disease-related risks, such as 

amyloidosis, renal impairment, and anemia, also need to be considered before making 

conclusions about drug safety. (98). In agreement, some studies found that MM 

patients have higher comorbidities at baseline, leading to higher CVAE rates. (99) 

Indeed, according to Bringhen et al., there were raised events of cardiovascular 

complications of MM patients at reference point compared to non-MM patients. (98) 

This correlation suggests that multiple myeloma patients are considered an increased-

risk population for cardiovascular diseases. Among 32,193 MM patients in a 

retrospective study, almost 66 percent suffered cardiac events during baseline. (99) 

Thus, making a judgment about cardiac drug toxicity is extremely challenging in the 

presence of all these contrasting facts.  

 

1.8 The potential impact of CFZ on the endothelium 
 

Various mechanisms could be proposed to link endothelial dysfunction (ED) to CFZ 

exposure. These include cellular inflammation, apoptosis, induction of pro-thrombotic 

factors, and oxidative stress resulting from diminished Nitric Oxide (NO) production 

and a decrease in NO bioavailability. (6) Current findings have determined that CFZ 

activates MM cell apoptosis by enhancing ER stress. (78) Therefore, it is assumed 

that CFZ unfavourably affects ECs via a comparable pathway. (78)  ER stress in 
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endothelial cells ultimately leads to endothelial damage. This results in an increased 

risk of pro-inflammatory and pro-thrombotic activation of the endothelium. (78)  

 

Several adhesive and signalling inflammatory mediators are involved in all stages of 

atherosclerosis, the foundation of several cardiovascular diseases, including 

activation of vascular endothelium, early lesion formation, lesion progression, and 

plaque rupture. (100) The expression of cytokines, growth factors, and tissue factors 

also contributes to the inflammatory response of the endothelium (100), and there are 

documented links between these pro-inflammatory alterations and the activation of the 

UPR. For instance, the most prominent UPR effector, IRE-1α, stimulates pro-

inflammatory signalling through NF-kB. (101) Mitochondrial ROS production, 

atherogenic chemokines, and cytokine upregulation are prevented using an IRE-1α 

inhibitor. (102)  

NO's role has also been examined in ER stressed endothelium, where endothelial 

nitric oxide (eNOS) mRNA and protein expression was significantly diminished. (103) 

The expression and activity of eNOS were also reduced in coronary artery 

endothelium when ER stress was induced by tunicamycin. (104) Furthermore, it has 

been shown that increasing ROS in the vasculature causes endothelium dysfunction. 

(105) This is caused by reducing NO bioavailability that ultimately leads to oxidative 

stress. (105) Viewed collectively, these mechanisms could explain the proposed 

damage impact of CFZ on the endothelium. Primarily, the potential ER stress 

activation in the endothelium by CFZ could lead to the failure of the UPR to resolve 

the stress. Thus, the endothelium could potentially be activated, causing oxidative 

stress, pro-inflammatory cytokine production and pro-thrombotic factor recruitment, 

which in turn results in endothelium damage. This potential damage could be 

translated into a variety of CFZ-associated cardiovascular side effects. 

 

1.9 The endothelium & endothelial dysfunction 
 

1.9.1 Physiological endothelium 
 

The vascular endothelium is advantageously located on the inner lining of the 

vasculature known as the intima. (106) It possesses diverse metabolic, immunologic, 

and secretory roles (107) and responds to several hormones, vasoactive factors, and 
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neurotransmitters. (106) This interaction significantly contributes to controlling 

vasomotion, inflammation, thrombosis, and platelet aggregation, maintaining the blood 

vessel's steady state and functionality. (108) The endothelium releases numerous 

vasoactive factors to maintain fine vascular tone(109), and regular blood flow is 

maintained by controlling various endothelium-derived substances' release and 

expression. (110) Primarily, these can be vasoconstrictive factors such as 

thromboxane A2 (TXA2) and endothelin-1 (ET-1), or vasodilatory factors such as nitric 

oxide (NO), which is essential for protecting blood vessels from injury and maintaining 

normal haemostasis (110), prostacyclin (PGI2), and endothelium-derived 

hyperpolarising factor (EDHF). (109) 

 

1.9.1.1 Prostacyclin and Thromboxane A2 
 

Thromboxane A2 and prostacyclin, also called prostaglandin I2 are endothelium-

derived prostanoids, and their synergistic actions regulate vascular function. (109) 

Cyclooxygenase (COX) enzymes stimulate their production, of which there are two 

isoforms COX-1 and COX-2. (111) ECs constitutively express COX-1, whereas they 

express COX-2 when the endothelium is impaired and exposed to inflammatory 

cytokines. (112) PGI2 receptors are found on both platelets and vascular smooth 

muscle cells (113), and PGI2 binding activates the IP receptor in both cell types. (113) 

This activation results in the inhibition of platelet aggregation and smooth muscle 

relaxation. (114) It was reported that residual vessel dilation was caused by increased 

PGI2 synthesis when nitric oxide (NO) was blocked. (115) This suggests that PGI2 has 

a compensatory action in the dilation of the vessel apart from NO vasodilation action. 

(115) 

On the other hand, TXA2 causes vasoconstriction and platelet aggregation, in contrast 

to the PGI2 function. (116) Similarly to prostacyclin, thromboxane receptors are found 

in platelets and smooth muscle. (116, 117) The binding between thromboxane and 

thromboxane-prostanoid (TP) receptors in the platelet trigger platelet aggregation. 

(116) Similar binding in the smooth muscle leads to increase intracellular Ca2+ levels 

that result in vasoconstriction. Altogether, the equilibrium activity of TXA2 and 

PGI2 aids to sustain homeostasis in the healthy vessel. (117)  
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1.9.1.2 Endothelin-1 
 

Endothelin-1 (ET-1) is a very effective vasoconstrictor factor secreted by the 

endothelium. (109) Three endothelin-1 isoforms, ET-1, ET-2, and ET-3, are found in 

the human body. (109) However, the endothelium only releases the first isoform ET-

1.(109)  The endothelium release and production of this hormone is stimulated by 

inflammatory signals such as interleukins and TNF-α and is reduced by PGI2 and NO. 

(118) ET-1 receptors have been described in endothelial cells (ET-B1) and smooth 

muscle cells (ETA and ET-B2). (119) In common with thromboxane, endothelin-1, 

causes vasoconstriction by increasing the intracellular Ca2+ concentration. (119) The 

endothelium ET-B1 receptor activation then triggers vasodilatation by prompting the 

release of NO and PGI2.(120)  

It has been shown that under endothelial dysfunction (ED) conditions, there is an 

upregulation of endothelium ET-B2 receptors and smooth muscle receptors, thus 

enhancing vasoconstriction. (121) The influence of each receptor on the vasculature 

has been studied in healthy participants and patients with heart disease. (121) 

Notably, there was vasodilation induction in ED participants when the ETA receptors 

were blocked. (121) While in healthy applicants blocking ETB receptors cause 

vasoconstriction. (121) 

Apart from its vasoactive consequences, ET-1 also triggers smooth muscle cell 

proliferation and initiation of inflammation in the vessel. (122) Attachment of ET-1 to 

ETA receptors stimulates macrophages, enhances neutrophil-vessel wall 

connections, and promotes free radical concentrations, all of which lead to 

endothelium dysfunction. (122) In addition, a correlation between ETA receptor 

inhibition in diseased vessels and the reduction of reducing atherosclerosis has been 

described, suggesting that ETA receptors function during ED. (123) ET-1, therefore, 

contributes to the pathogenic processes in the cardiovascular system by possessing 

both proliferative and inflammatory effects. (124) It reverses NO's effect at a different 

molecular level. (109) It reduces NO's release by inhibiting eNOS, producing 

superoxide anions (O2), a potent free radical that further reduces NO bioavailability. 

(109) It also increases reactive oxygen species (ROS) production by activating 

NADPH oxidase. (109)  
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1.9.1.3 Endothelium-Derived Hyperpolarizing Factor (EDHF) 
 

(EDHF) is a still-unknown vasodilator substance that hyperpolarises smooth muscle 

by creating a negative charge on the cell membrane. (125) The agonist's stimulation 

triggers EDHF release by the endothelium. NO, and PGI2 is also involved in vessel 

dilation by hypopolizration. (126) However, inhibition of these substances was 

insufficient to achieve the complete absence of vessel hypopolizration, suggesting a 

third factor in this process. (127) Three factors describe membrane hyperpolarisation, 

stimulation of endothelial receptors, and the subsequent rise in Ca2+ levels triggers 

K+ efflux from the cell. (128)  This causes the smooth muscle to release K+, causing 

hyperpolarisation. (128) The smooth muscle cell membrane potential modification 

decreases intracellular Ca2+ levels, causing smooth muscle relaxation. (128) 

 

1.9.1.4 Nitric Oxide (NO) 

NO is the most crucial endothelium-derived substance that acts as a vasodilator on 

the smooth muscle. (109) It is also considered a critical regulator of endothelial 

oxidative stress resulting from reactive oxygen species (ROS) and inflammation. (109) 

The enzyme nitric oxide synthase (NOS) stimulates NO production by converting L-

arginine into NO. (109) Three isoforms of NOS exist, the macrophage or inducible 

isoform (iNOS), the neuronal isoform (nNOS), and the endothelial isoform (eNOS), 

which yields nitric oxide in the vasculature. (109)  

NO production begins when inactive eNOS is connected to the protein caveol, found 

in the caveola, a small invagination in the cell membrane. (129) When Ca2+intracellular 

levels increase, eNOS disconnects from caveolin and activates. (129) The ER release 

of Ca2+ that triggers the detachment of eNOS from caveolin is caused by NO agonists. 

(130) These include acetylcholine (ACh), adenosine diphosphate (ADP), bradykinin 

(BK), substance P, thrombin, and adenosine triphosphate (ATP). (131) Once 

intracellular Ca2+ stocks decrease, a signal is sent to the membrane receptors to open 

Ca2+ channels permitting extracellular Ca2+ into the cell. (132) Lastly, Ca2+ molecules 

that enter the cell bind to the protein calmodulin located in the cellular cytosol. (132) 

This binding initiates the structural change of calmodulin, which allows it to bind to 

eNOS.(133) Finally, eNOS converts L-arginine into NO, released from the endothelium 

as a gas or accompanying other molecules. (133) The phosphorylation of eNOS is 
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another mechanism the cell employs to regulate NO production. (134) This occurs via 

protein kinases such as cyclic guanosine-3', 5-monophosphate (cGMP) protein 

kinase-dependent Ligand protein kinase (Figure 1.9). (134) eNOS phosphorylation at 

some specific phosphorylation sites, including Ser-116, regulates the basal secretion 

of NO from endothelial cells. (135) Moreover, eNOS phosphorylation improves eNOS 

interaction with caveolin-1 and diminishes the vascular responsiveness of intact aortic 

rings, controlling vascular tone. (136) In general, increased eNOS phosphorylation 

correlates with improved endothelial NO release.   

 

Figure 1.9: Nitric oxide production in the endothelium, and its influence on the vascular smooth 

muscle cell. ATP= adenosine triphosphate; ACh=acetylcholine; SP= substance P; BK= bradykinin; 

ADP= adenosine diphosphate; NO= nitric oxide; SOCa2+= store-operated Ca2+ channel; sGC= soluble 

guanylyl cyclase; cGMP= cyclic guanosine-3’, 5-monophosphate; ER= endoplasmic reticulum; MLCK= 

myosin light chain kinase. *The Ca2+ stores depletion of the endoplasmic reticulum a signal is directed 

to SOCa2+ channel which permits extracellular Ca2+ into the endothelial cell. The figure was taken 

from (Danial, British Journal of Haematology, 2015). (124) 
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Once created, NO diffuses into the bordering smooth muscle through the endothelial 

cell. (137) This reduces smooth muscle tension by recruiting soluble guanylyl cyclase 

enzyme (sGC). (137) Further, it also aids to rebuild Ca2+ stores in the sarcoplasmic 

reticulum, which reduces smooth muscle cell contraction. (138) These mechanisms 

constantly operate and maintain the basal vasodilator tone achieved by NO.(138). It 

was reported that a dose-dependent escalation in blood pressure was observed due 

to the vessels constricting, which was inverted when NO was administered. (138) 

These outcomes indicate NO's significance in maintaining resting vasodilator tone.  

Apart from vasodilatation, NO downregulates platelet adherence and aggregation to 

the endothelium and plays a significant role in anti-inflammatory and anti-thrombotic 

functions. (139) In addition, it prevents the adhesion of leucocytes and blocks mRNA 

translation of a variety of adhesion molecules such as intercellular adhesion molecule 

(ICAM-1), P-selectin, and vascular cell adhesion molecule (VCAM-1). (140) Thus, this 

prevents leukocyte attachment to the endothelium and further activation of 

inflammatory response. (141) It had been reported that there was significant induction 

of P-selectin when NO was inhibited. (142) NO can also inhibit the production of 

various immuno-modulatory cytokines (e.g., IL-1, L-12) by macrophages. (143) Nitric 

oxide production by the endothelium is also physiologically significant in maintaining 

basal systemic and coronary tone, particularly at the base of the arterioles (resistance 

vessels) in the vascular circulation. (144) In the average coronary circulation, NO 

maintains both arteriolar dilator and basal epicardial tone. (144)  

The endothelium functions as a barrier to limit the transportation of components 

between the lumen of blood vessels and the interstitium. (144) The penetrability of this 

barrier, which is vital for homeostatic balance, is also regulated by NO.(144) Lastly, it 

has been reported that NO has a remarkable anti-oxidative effect. (145) This was 

demonstrated by the amplification of the antioxidant ability of plasma by the 

administration of NO donors. (145) In addition, the ability of NO to eliminate O2- has 

been recognized both in vitro and in vivo. (146) These facts significantly highlight the 

broad spectrum of NO activities in the endothelium.  
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1.9.2 Endothelium Dysfunction (ED) 
 

The endothelium forms a vital segment of the vasculature and supports an athero-

protective environment via the function of endothelial cell-derived vasoactive factors. 

(147) Altered vascular homeostasis is known as endothelial dysfunction (ED)(147) and 

occurs when the endothelium fails to maintain normal function. This phenomenon, in 

turn, occurs during the initial and late stages of different cardiovascular events. (148) 

ED is mainly characterized by the four following features. Firstly, a reduction in NO 

bioavailability resulting from decreased NO production and increased generation of 

reactive oxygen species (ROS). (149) Secondly, failure to mediate vasodilation(149). 

Thirdly, overproduction of adhesion molecules, growth factors, inflammatory 

molecules (e.g., cytokines), ROS, chemokines, and altered (excessive or impaired) 

angiogenesis(149). Lastly, enhanced thrombosis and disrupted fibrinolysis. (107) The 

activated endothelium facilitates the formation of the inflammatory microenvironment 

by enhancing monocyte adhesion, rolling and diapedesis across the vessel wall via 

interaction with adhesion molecules. (149) Leukocyte infiltration to the site of infection 

or injury is a notable feature of inflammation, which NO can strongly influence. (109) 

Inhibition of NO production results in a noticeable rise in leukocyte adherence to the 

endothelium and subsequent atherosclerosis and may cause various cardiovascular 

diseases to develop. (150) The activated endothelium itself also releases inflammatory 

cytokines such as interleukin-6 and TNFα , which amplify the inflammatory response. 

(151) In general severe ED leads to the elimination of NO release, which modifies the 

agonists' function from vasodilation stimulator to vasoconstriction influencer. (152) All 

these effects of endothelial dysfunction are essential in developing a variety of ED-

associated disorders. (153) These include systemic hypertension, pulmonary 

hypertension, congestive heart failure, etc., all of which are associated with diminished 

endothelium functions. (153) 

1.10 Coagulation and Haemostasis 
 

1.10.1 Introduction to the coagulation system 
 

The coagulation system is a complex, connected system that primarily maintains the 

fluidity of blood in the cardiovascular system while permitting the rapid development 
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of blood clots to avoid haemorrhaging following vessel damage. (154) Thrombus 

development is the end goal of a sequence of enzymatic reactions and protein 

interactions, commonly referred to as the Coagulation Cascade. (154) The system's 

main elements are platelets, coagulation factors, inhibitors, the vessel wall, and the 

fibrinolytic system. (154) The initial activation of the coagulation system occurs when 

the vessels are damaged, and the endothelium lining the blood vessel is exposed to 

the bloodstream, thus stimulating the activation of the coagulation process. (155) This 

primarily involves two broad and central haemostatic systems: the primary and the 

secondary coagulation pathway. (155) Prior to creating fibrin inside a clot, primary 

haemostasis, arising from the activity of platelets, occurs, yielding a platelet plug. (155) 

Secondary haemostasis describes the creation of a fibrin scaffold, which is essential 

to steady the platelet plug created by the proteolytic coagulation cascade at the injury 

site.  In vivo, two routes eventually end in thrombin development, and hence the 

cleavage of fibrinogen to fibrin as a part of the secondary haemostasis. (155) The 

‘Extrinsic pathway’ or the ‘Tissue Factor pathway’ is the primary pathway for inducing 

blood clotting. (155) Stimulation of this pathway produces a ‘thrombin burst’, which 

eventually leads to platelet aggregation, fibrin development and stabilisation, and the 

prevention of fibrinolysis. (156) The second pathway is the  ‘Intrinsic pathway’ or 

‘Contact Activation’, which initiates with the establishment of a core complex of 

collagen via high molecular weight kininogen (HMWK), Factor XII (FXII) and 

prekallikrein. (156)  

 

1.10.2 Primary haemostasis  
 

             1.10.2.1 Introduction to Primary haemostasis  
 

Primary haemostasis is the phrase used for the instant plug development upon 

damage of the vessel wall, which is accomplished by vasoconstriction, platelet 

adhesion, and aggregation (Figure 1.10). Generally, primary haemostasis contains 

two main components: vasculature (VWF and other coagulation regulators) and 

platelets. (157) The blood vessel wall has an essential capacity to constrict when 

damaged, causing reduced blood flow to the injured area. (157) This is physiologically 

valuable in that it both reduces blood flow to a wounded area and permits blood to be 

“rerouted”. (158) Thus, the body can continue to deliver blood supply to the tissue. 
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(159) The fibrin construction is not compulsory for haemostasis at this step. (159) 

Primary haemostasis is, however, only temporarily efficient. (159); haemorrhage may 

begin without secondary haemostasis supporting the platelet plug by creating a stable 

fibrin clot. (159)  

 

 

Figure 1.10: Graphic sketch of platelet adhesion to the injured vessel wall. The adhesion of 

platelets is essential following vascular injury. It is usually described as the first step by which single 

platelets bind to the cellular and extracellular matrix components of vessel walls such as VWF and 

tissues through specific membrane receptors, initially in the exposed sub-endothelium, interaction 

between GP Ib-IX-V complex and subendothelial VWF A1 domain. This process leads to platelet 

reduction, firm adhesion to sub-endothelium, change in the shape of platelets, and platelet recruitment 

(platelet-to-platelet adhesion, or aggregation). As a result, thrombus forms, stopping haemorrhages and 

allowing wounds to heal. The figure was taken from (Versteeg, New fundamentals in haemostasis. 

Physiological reviews, 2013) (160).  

 

           1.10.2.2 The sequence of events of primary haemostasis  

As platelets circulate, they can interact with endothelial cells, which form a barrier to 

the underlying sub-endothelial matrix. (161) Under normal conditions, endothelial cells 

secrete nitric oxide (NO), and prostacyclins function as effective negative controllers 

of platelet adhesion and activation by delivering repressing signals to guarantee that 

platelets stay in a latent state. (161) Upon vessel injury, the endothelial barrier is 

disturbed, revealing pro-thrombotic surfaces that contain the Tissue Factor (TF), Von 

Willebrand factor (VWF), and collagen. (161) As blood is revealed to hydrophilic injury 
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surfaces, accumulation of plasma-borne VWF and fibrinogen on the extracellular 

matrix delivers other sites of interaction. (162) The initial adhesion of platelets to the 

place of the wound is chiefly facilitated by collaborations between the platelet surface 

glycoprotein GPIbα and immobilized VWF, with additional binding locations for VWF 

on platelets offered by αIIbβIII. (162) Consecutive reinforcement of the connections 

between collagen, VWF, GPIbα and αIIbβIII obstructs the original rolling movement of 

platelets on pro-thrombotic surfaces and permits other collagen receptors to bind such 

as GPVI and α2β1. (163)The functional significance of VWF-GpIbα connections for 

haemostasis is demonstrated by the severe bleeding phenotype shown in people with 

von Willebrand disease type 3 and Bernard Soulier syndrome, which is linked to the 

lack of VWF and GpIb, respectively. (163) Three central receptors facilitate platelet 

adhesion; the integrin receptors (GPVI and α2β1) bind directly to collagen, and the 

hetero-tetrameric receptor (GPIb-IX-V) binds to VWF. (159) The third receptor is 

fundamentally expressed on platelets and is observed as a complex of two 

glycoproteins (GPIb and GPIX). (164) The VWF interaction with platelet is described 

in detail below in (Section 1.12).  

According to existing models, platelets are involved in this process in several steps. 

(165) These include releasing a mixture of bio-active elements created de novo or 

stored in intracellular granules, mechanically engaging other platelets to the thrombus, 

accelerating and focussing the coagulation response, and shaping the overall 

thrombus environment to establish distinctive zones with heterogeneous arrangement 

and function. (166) The primary stimulatory sign provoking these reactions in single 

platelets adhering to the injured vessel wall is believed to be facilitated by collagen 

receptors, of which GPVI is commonly found to be the most important. (166) With the 

continuing collection of a three-dimensional thrombus, various G protein-coupled 

receptors on the platelet surface are stimulated in response to diffusible platelet 

agonists inside and across the thrombus, thereby motivating further platelet enrolment 

and thrombus progression (Figure 11). (166) 
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Figure 1.11. Graphic illustration demonstrating the heterogenic construction of a haemostatic 

plug. In the deepest levels of the thrombus, platelets obtain several powerful signals from collagen via 

receptors α2 β1 and GPVI, from thrombin via receptors PAR4 and PAR1 and from paracrine agonists 

via TPα and P2Y12. A section of platelets (coloured red) creates a connection with collagen turning 

procoagulant, fixing coagulation factors and hastening thrombin production, while most turn effectively 

pro-aggregatory by initiating αIIbβ3 to combine fibrinogen and fibrin. The two latter activities diminish 

thrombus permeability, restricting the distribution of thrombin to the external surface of the thrombus. 

In the thrombus skeleton, platelets are subjected to minimal intensities of small-scale sized agonists 

such as ADP and thromboxane A2 and rapid amounts of thrombin. These inadequate inducements are 

appropriate to deliver fractional initiation of αIIbβ3 but insufficient to stimulate granule excretion or P-

selectin exposure. The figure was taken from (Versteeg, New fundamentals in haemostasis. 

Physiological reviews, 2013) (160).  
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Simultaneously, accumulating of negative feedback loop inhibitory signals' avoid 

extreme thrombus creation. (166) With the creation of a monolayer of platelets that 

covers the pro-thrombotic external surface of an injured vessel wall, collagen-triggered 

signalling via the integrin α2β1 and glycoprotein GPVI occur, thus causing activation 

of phospholipase Cγ (PLCγ) 2 initiating an extended surge in intracellular calcium 

levels. (159) Consequently, platelets undergo a distinctive shape modification with 

pseudopodia creation, increasing their surface area and robust aggregatory action. 

(167) Synchronized stimulation by thrombin is acknowledged to enhance the 

procoagulant platelets interaction on collagen surfaces, perhaps related to amplified 

intracellular calcium mobilization. (167) The platelet granules discharge and the 

enhanced development of thrombin on procoagulant platelet membranes causes 

prompt stimulation of adjacent platelets and enrolment by gathering platelets into the 

thrombus through the interaction of αIIbβIII and to a minor level GPIbα with fibrinogen. 

(168)  

Platelets store various substances in granular stores named α-granules (alpha 

granules), δ-granules (dense granules) and lysosomal granules, enclosing diverse 

sets of hemostatically active elements that are secreted upon stimulation by a calcium-

dependent exocytotic mechanism. (168) In response to platelet activation, α-granules 

release additional pro-haemostatic proteins such as VWF, Factor XI, Factor V and 

prothrombin, enhancing platelet adhesion and clotting at the site of the wound. (168) 

Merging of α-granules with the platelet membrane through exocytosis additionally 

reloads platelets with other membrane proteins, improving their pro-haemostatic and 

pro-inflammatory action. (169) α-granule exocytosis also delivers proteins essential in 

platelet-neutrophil interactions such as CD40L and P-selectin to the platelet surface. 

(169) Other α-granule derived proteins include growth factors such as PDGF, anti-

angiogenic factors such as angiostatin and platelet factor IV, proteases such as MMP-

2, angiogenic factors such as VEGF, and cytokines such as TNF-α. (169)  

Dense granules are rich in serotonin and ADP, molecules classified as platelet 

agonists. (170) They, therefore, function as additional platelet activators and 

recruiters. (170) Dense granules also contain calcium required for platelet activation 

and secondary haemostasis. (171) Current studies have revealed that dense granules 

also function as a store for short-chain polyphosphate. (171) Polyphosphates have 
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been proved to have numerous functions in haemostasis. (172) They also exhibit 

procoagulant ability by stimulating Factor V activity in the common pathway(171).  

Consequent to the release of the granules, platelet membrane phospholipids 

(phosphatidylcholine) is hydrolyzed by active phospholipase A2, yielding arachidonic 

acid. (173) This is the primary substrate for subsequent reactions involving numerous 

enzymes (e.g., COX-1, cyclo-oxygenase,) which generate eicosanoids, specifically 

thromboxane A2, which are potent platelet agonists. (174) Upon activation, platelets 

adhere dynamically to the internal membrane leaflet and expose the 

phosphatidylserine. (175) Exposed phosphatidylserine provides the surface where the 

coagulation cascade occurs. (176) It is the binding site for coagulation factors and 

expands their action, thus encouraging fibrin formation. (177) Platelet membrane PS 

is reversed to the outside when platelets are triggered, permitting coagulation factors 

to attach to the activated platelet. (177) Activated platelets also release microparticles 

supplemented with PS from their membrane surfaces. (178) These microparticles 

expand the platelet surface area, thus delivering a bigger surface where the fibrin 

development can proceed. (178) 

Activated platelet-derived agonists (ADP, thromboxane A2) and active coagulation 

factors (thrombin) trigger further platelet recruitment to the site of vessel damage. 

(179)  This happens by a mechanism known as “outside-in signalling”, which 

stimulates other platelets. (179) This mechanism requires facilitator molecules, such 

as guanine exchange factors (GEF) and G proteins. Two key platelet receptors for 

agonists are involved in the process as well. (179) These are Protease-activated 

receptors (PAR) which binds to several agonists, such as thrombin, and P2Y12, a 

receptor for ADP.(180) Integrin, GPIIb/IIIa, also known as αIIbβ3 or CD41/61, is the 

fibrinogen receptor on platelets. (181) It is usually present on platelet surfaces but 

binds only fibrinogen on stimulated platelets. (181) Once platelets are stimulated, 

intracellular signalling triggers a conformational change of the fibrinogen receptor 

outside the platelet. (182) This structural change in the fibrin receptor allows other 

platelets to bind to fibrin, forming platelet aggregates. (182) This is collectively known 

as Inside-out signalling (stimulation of the fibrinogen receptor). (183) At the very end 

of this process, platelet aggregation occurs, where it is facilitated primarily by 

fibrinogen, which attaches to stimulated platelets' fibrinogen receptor (GPIIb/IIIa). 

(184) This adheres the platelets together, thus constructing the primary plug 

(Figure12). (184) This adherence stimulates them to release substances that lead to 



54 

 

the activation and aggregation of more platelets. (185) They also release components 

that inhibit activation of the anticoagulant system. (185) Assembly of coagulation factor 

complexes on the platelet surface significantly intensifies fibrin formation (the 

propagation stage of secondary haemostasis). (186) The platelet plug is adequate to 

prevent bleeding from nearly all small blood vessels in response to daily events such 

as minor trauma. (184) However, this plug must be stabilized and enhanced to stop 

haemorrhage in larger vessels or after more severe injury(184), which is achieved 

through secondary haemostasis. 

Figure 1.12: The primary platelet plug. Endothelial damage reveals subendothelial matrix proteins 

Von Willebrand factor (VWF) and collagen to circulating platelets. Platelets stick to VWF via surface 

receptors or collagen and become stimulated via intracellular signalling. Once stimulated, platelets alter 

shape and experience phospholipid metabolism, generating platelet agonists such as thromboxane A2 

(TXA2) and producing platelet agonists such as ADP. These initiate and engage naive circulating 

platelets. The fibrinogen receptor (GPαIIbβ3 or GPIIb/IIIa) is triggered by inside-out signalling. Once 

activated, it connects fibrinogen, which joints with additional platelets, creating a platelet plug. This is 

adequate to prevent haemorrhage in tiny blood vessels (e.g., mucosal vessels) but is inadequate in 

bigger vessels or with a severe wound. The figure was taken from (Versteeg, New fundamentals in 

haemostasis. Physiological reviews, 2013) (160).  
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1.10.3 Secondary haemostasis 
 

          1.10.3.1 Introduction to secondary haemostasis  

The intricacy of the coagulation system is defined by the presence of two controverting 

natural selection requirements: (1) to guarantee substantial production of thrombin 

when required to prevent bleeding; and (2) to remove excessive coagulation to avoid 

thrombosis and sustain sufficient perfusion of tissues. (168) The complicated 

equilibrium between these two functions has led to the development of numerous 

intensification stages on the one hand, in which sequential proteolytic reactions result 

in an exponential growth in thrombin production and to a multitude of controlling 

machinery and negative feedback loops on the other, to boundary and restrict clot 

formation to the location of vascular damage. (168) Secondary haemostasis is an 

enzymatic cascade that ultimately results in fibrin generation from thrombin cleavage 

of fibrinogen. (187) Fibrin monomers are subsequently cross-linked to form a stable 

fibrin clot that stabilises the primary platelet plug. (187)  Conventionally, this process 

has been classified into three individual pathways: intrinsic (contact activation 

pathway), extrinsic (tissue factor derived pathway), and common pathway. (188) 

           1.10.3.2 The Tissue factor pathway (the extrinsic pathway) 

Theoretically, tissue factor-driven coagulation can be grouped into three individual 

stages: initiation, amplification and propagation. (189) In the initiation phase, 

subendothelial cell-expressed TF is stimulated and interacts with blood procoagulant 

components, creating a complex with FVII, which is activated to its functioning from 

FVIIa. The TF-FVIIa complex stimulates FX and FIX (Figure 13). (190) While this 

complex is still bound to the membranes of TF-expressing cells, FXa next attaches to 

and triggers FV to generate the prothrombinase complex, causing the transformation 

of minor quantities of prothrombin to thrombin (FIIa). (191) The trace quantity of 

thrombin generated during the initiation phase leads to the release of FVIII from VWF 

and activates it to FVIIIa. (192) Factor VIIa interacts with FIXa on the platelet exterior. 

In the presence of calcium, this complex activates other FX to FXa. (190) FVIIIa-FIXa 

alongside calcium is referred to as the ‘tenase’ complex, which is crucial for the 

intensification and propagation of thrombin production. (192) The TF-VIIa complex can 

also activate FIX directly, known as “the alternate” pathway. FIXa can contribute to the 

amplification stage of thrombin production (Figure 1.13). (192) 



56 

 

 

Figure 1.13: Regulation of TF activity. A: stimulated introduction of phosphatidylserine (PS). In 

relaxing situations, TF-exposing cells sustain a non-symmetrical membrane structure, causing minimal 

PS subjects in the external membrane circular and high contents in the internal leaflet. This irregularity 

is sustained in ATP-supported internal transfer of PS by flippase and external transfer of non-PS by 

floppies. In response to stimulus, calcium transients will prevent flippase and promote the non-

discriminating lipid carrier scramblase, causing PS to reveal and the formation of a negatively charged 

exterior that operates to attach coagulation factors. B: TF disulphide control. TF is reserved on the cell 

exterior in an inoperative situation in the course of PDI- and/or nitric oxide (NO)-determined diminution 

of the TF allosteric disulphide. C: circulatory cells, such as stimulated monocytes, PDI-dependently 

discarded TF-positive MPs. D: MPs or TF on the cellular exterior may synergize with ordinarily cleaved 

TF to enrich TF procoagulant action. The figure was taken from (Versteeg, New fundamentals in 

haemostasis. Physiological reviews, 2013) (160).  
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The development of the ‘tenase’ complex leads to substantial production of FXa, which 

attaches to FVa, most of which is secreted from the α-granules of procoagulant 

platelets to produce the prothrombinase complex. (191) In the presence of calcium, 

the prothrombinase complex generates a ‘Thrombin Burst’, which results in a high 

localised concentration of thrombin resulting in rapid generation of fibrin. (191) The 

thrombin generated in the propagation stage persists in initiating platelets, FV, FVIII 

and FXI, leading to further thrombin production. (193) Additionally, thrombin initiates 

FXI, which through the initiation of FIX additional influences to thrombin production. 

(194)  

The enormous quantities of thrombin produced via propagation and amplification yield 

the fibrin clot and concurrently inhibit its dissolution (inhibition of fibrinolysis). (195) 

Two stages are involved in fibrin formation; firstly, the construction of a soluble fibrin 

network by polymerising fibrin monomers. (195) Secondly, Factor XIII stabilization of 

the fibrin network via crosslinking (195). The duplex structure of α, β, and γ chains 

form the backbone structure of fibrinogen. (196) Each group of chains is connected at 

one end, creating a molecule comprising two-terminal ends: a primary (linked) E 

domain and (D domains). (196)  Initially, thrombin cleaves fibrinogen at the E domain 

to create soluble fibrin. (196) This cleavage results in releasing small peptides from 

the terminal end of the β and α chains of fibrinogen, named fibrinopeptide A.(196) This 

cleavage (particularly fibrinopeptide A) leads to covalent links between each fibrin 

monomer's terminal (D) ends. (197) Thus, resulting in long fibrils (fibrin polymer) 

formation by the spontaneous association of soluble fibrin. (197) Each polymer is also 

linked lightly with bordering polymers. (197) Following this, thrombin activate the 

enzyme FXIII, which stabilises the fibrin polymer network. (197) The neo-epitope D-

dimer is formed when the γ chains of each fibrin monomer's terminal (D) ends are 

crosslinked with the help of factor XIIIa. (197) These crosslinks connect to the following 

fibrin polymers across their α chains, creating a three-dimensional crosslinked system. 

(198) Meanwhile, this process triggers a fibrinolysis inhibitor, named thrombin-

activatable fibrinolytic inhibitor (TAFI). (198) Thus, while the fibrin clot is forming, 

fibrinolysis is constrained, inhibiting the breakdown of the clot. (198)  Fibrin-stabilizes 

and integrates the primary platelet plug, which is crucial for the platelet plug interaction 

with the damaged blood vessel. (198)  

At different phases in this process, initiated coagulation factors suspended in plasma 

or bound to endothelial cells are continuously inactivated by circulatory antithrombotic 
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substances such as antithrombin (inhibits thrombin and FXa)(199), tissue factor 

pathway inhibitor (TFPI) (constrains FXa). (200) In an advanced phase, activated 

protein C (APC) (inhibits FVa, FVIIIa); however, association into building complex 

attach to the platelet membrane presents defence from these inhibitors. (201) 

Moreover, the “bursts” of thrombin production accomplished in the locality of 

procoagulant platelets with efficient prothrombinase and tenase complexes cause the 

initiation of factor XIII and TAFI, shielding the emerging fibrin fibbers from deactivation 

by plasmin. (202) All these mechanisms are discussed in detail below (Section 10.4)  

In conclusion, the coagulation system defined above displays that thrombin is created 

in two diverse stages of coagulation, primary in minutes response with minor effects 

for fibrin development and following in the propagation stages in a powerful burst of 

action in which all accessible fibrinogen is hastily polymerized.  

           1.10.3.3 The contact pathway (the intrinsic pathway) 
 

Similar to the former pathway, the intrinsic pathway is triggered by damage inside the 

vascular system and is initiated by exposed endothelium content, platelets, collagen, 

or other negatively charged elements. (203) It involves factors XII, XI, IX, and VIII; the 

Hageman factor or factor XII (FXII) can activate blood clotting through a cascade of 

proteolytic reactions known as  the intrinsic pathway of coagulation. (203) Upon its 

exposure to the endothelium matrix leading to the autocatalysis of a small volume of 

FXII into FXIIa, thus forming the intrinsic Xase. Next, FXIIa cleaves plasma kallikrein 

(PK), which communally convert other FXII into FXIIa.(204)  In a prototypical cascade 

of proteolytic effects, FXIIa progresses to activate FXI to be FXIa, which in turn 

activates FIXa, thus leading to the development of the tenase complex after 

connection with FVIIIa.(205) In this chain of actions, the intrinsic coagulation pathway 

eventually congregates with the extrinsic coagulation pathway in the development of 

the prothrombinase complex (the common pathway). (205) The prothrombinase 

complex catalyzes the photolytic cleavage of prothrombin (FII) to thrombin (FIIa). (205) 

Thrombin, as the terminal coagulation protease, stimulate the creation of insoluble 

fibrin via the cleavage of soluble fibrinogen monomers and initiation of the 

transglutaminase FXIII as described earlier. The intrinsic pathway can besides be 

stimulated by factors of the extrinsic and common pathways. (205) Cross-activation is 

considered to be significant for the constant initiation of coagulation as an action of the 
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TF; FVIIa complex is constrained by tissue factor pathway inhibitor. (206) According 

to Josso et al. defined the capability of the TF, FVIIa complex to activate FIX 

competently. (205) (Figure 1.14). In summary, activation of both the tissue factor or 

the contact pathways, thus the coagulation cascade is preserved in a pro-thrombotic 

situation by until it is inhibited by the fibrinolysis pathways or by the exogenous 

anticoagulants 

 

 

Figure 1.14: The coagulation cascade. In the cell-based model, fibrin creation and thrombin 

production progress on cell surfaces. In the induction stage of thrombin production, plasma FVII 

connects to the subendothelial fibroblasts tissue factor (TF). This binding autoactivates FVII and the 

TF-FVII complex creating the “extrinsic pathway”, which triggers FX on fibroblast membranes. The 

extrinsic pathway is rapidly reversed by tissue factor pathway inhibitors and yields only a minor quantity 

of thrombin. The small quantity of thrombin produced by the extrinsic pathway later intensifies its 

creation on phosphatidylserine (PS)-rich surfaces of stimulated platelets by triggering FXI, FV of the 

intrinsic pathway and FVIII, the common pathway cofactor. FXIa subsequently triggers FIX, making a 

vigorous “intrinsic pathway” complex with FVIIIa on the platelet surface. The activated PS-enriched 

platelet surface propagates thrombin, creating a “thrombin burst”. It is crucial for creating crosslinked 

fibrin from fibrinogen by cleaving fibrinogen to soluble fibrin, activating factor XIII, which crosslinks fibrin 

while constraining fibrinolysis. The created fibrin strictly intercalates and connects to the platelet plug, 

founding a steady fibrin clot. The figure was taken from (Villiers, British Small Animal Veterinary 

Association, 2016) (207). 
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1.10.4 The coagulation inhibitors 

substantial works have been made in the latest years to establish the suppressor tools 

of the coagulation process. (208) Primary, circulating protease inhibitors, such as 

heparin cofactor II, anti-thrombin, C1 inhibitor, and tissue factor protease inhibitor 

(TFPI), defaecate stimulated coagulation factors by confronting their active sites. (208) 

The second anticoagulant approach is delivered by the enzyme-based protein 

C/protein S pathway. (209) Remarkably, the latter is involved in endothelial-based 

routes of coagulation deactivation (Figure 1.15). (209)  

 

Figure 1.15: Negative regulation of the coagulation cascade. TFPI attaches to the TF-FVIIa-FXa 

complex or FXa to constrain the coagulation act. Protein S could also combine with TFPIa to additional 

prevent FXa action. Produced thrombin at adequate quantities attaches to thrombomodulin and is 

introduced to protein C in a building complex with EPCR, later which protein C is initiated (APC). APC 

in compound with its cofactor protein S later disables FVIIIa and FVa. Antithrombin (AT) creates an 

additional management level as it obstructs the function of thrombin, FX and FIXa. This figure was 

adapted from.The figure was taken from (Versteeg, New fundamentals in haemostasis. Physiological 

reviews, 2013). (160) 
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              1.10.4.1 The protein C/protein S pathway  

Since the 1980s, it has been well-known that activated protein C (APC) in a compound 

with protein S creates proteolytic deactivation of FVIIIa and FVa, hence suppressing 

prothrombinase and tenase actions. (210) Protein C is a 420-amino acid anticoagulant 

mediator with a remarkable homology to the vitamin K-dependent procoagulant 

factors. (211) Its complete activation requires protein C cleavage to activated protein 

C (APC) and interaction with its cofactor, protein S, a vitamin K-dependent protein 

(635 amino acids). (211) It contains a thrombin-sensitive region, NH2-terminal 

phospholipid-binding Gla domain, two laminin G-type domains which synergistically 

with FV target FVIIIa, and four EGF-like domains that are essential for protein S 

attachment. (211) As a result of thrombin concentration upregulation during the 

coagulation process, it attaches to the endothelial transmembrane protein, 

thrombomodulin. (212) Once this complex forms, thrombin proteolytically cleaves and 

triggers protein C attachment to adjacent endothelial protein C receptor (EPCR). (212) 

Protein C activates after cleavage at Arg169, thus eliminating the activation peptide. 

(212) 

There is a suggestion that attachment of thrombomodulin to thrombin is not firmly 

requisite for protein C stimulation, though its cleavage is exceptionally slow in the lack 

of thrombomodulin. (86) Due to the substantial endothelial surface area in capillary 

beds, the initiation of protein C in these tiny vessels is reasonably practical. (213) 

However, protein C attachment and presenting it to the thrombin-thrombomodulin 

complex require supplementary Endothelial cell protein C receptor (EPCR) in larger 

vessels, where the endothelial surface area-blood volume ratio is low. (213)  According 

to in vitro study, the existence of EPCR improves APC formation by 6-fold. (213) This 

is consistent with the hypothesis that the attachment and stimulation of protein C are 

endothelial cell membrane-dependent processes. (210) On the endothelial cell 

membrane, APC-protein S complex proteolytically cleaves FVa and FVIIIa, which are 

ordinarily membrane-bound as well. The structural requirements for this cofactor 

inactivation have been studied in detail. (214) Both FV and FVIII are characterized by 

an A1-A2-B-A3-C1-C2 domain structure. (215) The A domains shape into a globular 

structure with the B domain. The B domain of both factors is eliminated during the 

initiation of the cofactors by FXa or thrombin. (215) While the A domains cooperate 

with FIXa and FXa, respectively, the inactivation complex of protein S with APC 



62 

 

cleaves FVa at, Arg679, Arg506 and Arg306 are leading to broad downregulation of 

prothrombinase action. (216)  Protein S moreover exhibits anticoagulant action in the 

lack of APC by numerous mechanisms, i.e., by challenging with prothrombin for direct 

attachment to FVa, by constraining FXa, or by encouraging the FXa-TFPI interaction 

(111, 119, 120). Thus, this pathway is considered as one of the key endothelia cells 

natural anticoagulant systems.  

             1.10.4.2 Coagulation protease inhibitors  

Anti-thrombin and TFPI are the most widely studied among numerous plasma proteins 

that apply negative regulatory control on the coagulation process. (217)  Antithrombin 

is a serpin inhibitor (an acronym for serine protease inhibitor), while TFPI is a Kunitz-

class protease inhibitor that restricts coagulation induction. (218) TFPI is present on 

the microvascular endothelium and platelets, where it remains linked to the cell 

surface. (219) Only 20% of the circulatory TFPI is lipid-free, while the remaining is 

associated with lipoproteins. (219) In human plasma, three TFPI isoforms, developing 

from unconventional splicing, have been recognised, TFPI, TFPI, and TFPI.(220) 

Two different manners are used by TFPI to inhibit the coagulation process: interaction 

with the temporary TF/FVIIa/FXa complex and direct inhibition of free FXa.(220) The 

second domain of TFPI blocks FXa action, while the first domain of TFPI inactivates 

TF/FVIIa complex. (221) Lately, protein S has been recognized as a significant 

cofactor for TFPI-dependent inhibition of FXa by intensifying the attraction of TFPI for 

FXa in a procoagulant phospholipid-dependent means, however not TF/FVIIa, at low 

procoagulant stimuli. (222) However, it is notable that the TFPI/protein S does not 

inhibit thrombin production in the existence of elevated TF concentrations, except 

adequate APC at subsequent points in coagulation is created to slow down thrombin 

production. (223)  

 Antithrombin (earlier antithrombin III) is considered one of the greatest significant 

inhibitors of thrombin creation and function. (160) This is demonstrated by its great 

affinity concerning three main coagulation proteases, i.e., thrombin, FXa, and FIXa. In 

clinical practice, the heterozygous deficit in antithrombin presents a 10-fold advanced 

risk of venous thrombosis; however, absolute homozygous absence has undoubtedly 

not been detected in humans, perhaps since it is fatal. (224) Antithrombin-deficient 
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mice likewise die in utero, supporting the concept that broad antithrombin deficiency 

is contrary to life. (225) 

 Serpins (serine protease inhibitors) similar to antithrombin belong to a kind of 

protease inhibitors separate from Kunitz-type inhibitors. (226) They show a classic 

extended reactive centre loop (RCL) dependent on protease attack. (226) 

Subsequently to cleavage, the protease covalently associates to the cleaved RCL, 

and the RCL joins into the core body of the serpin. (227) The direct impact of these 

actions, the serpin implements a hyper stable configuration, the protease catalytic 

domain is distorted, and the protease assembly is disordered, implementing a 

zymogen-like state. (228) The anti-thrombin's biological deactivation of coagulation 

proteases is intensely enriched by heparin. (226) Long-chain heparins role interacts 

with antithrombin and thrombin or protease FXa, FIXa, thus delivering these factors 

organized in intimate proximity. (229) In summary, all these coagulation regulation 

mediators and others coagulation regulator provide a negative regulation of the 

coagulation cascade, thus maintaining a normal coagulation response  

1.11 Fibrinolysis and the control of blood coagulation 
 

1.11.1 The fibrinolysis system 
 

In general, a series of cascading reactions involving cell surfaces (platelets and 

endothelial cells), enzymes, and coagulation proteins, function collectively to make 

thrombin the principal enzyme in coagulation and the dominant factor in the generation 

of a fibrin clot. (154)  The fibrinolytic system works in parallel and ensures that this 

physiological clot will be resolved at a particular time point. (155) Taken together, the 

structures and the balance between the coagulation and the fibrinolysis systems 

maintain the efficiency of the haemostatic system. (155) Once the injured blood vessel 

starts to heal, the generated thrombus is broken down by plasmin action. (230) In this 

process, the zymogen plasminogen is converted into active plasmin on the cell 

surfaces or the surface of the fibrin clot. (230) Proteolysis of fibrin generates soluble 

fibrin degradation products (FDPs), some of which have chemotactic and 

immunomodulatory functions. (230) Fibrin plays a critical part in haemostasis as the 

end-product of both the coagulation cascade and the fibrinolysis. (231) Many factors 
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greatly influence fibrinolysis efficiency, including the rate of thrombin generation, clot 

structure, the overall biochemical environment, fibrinogen isoforms and 

polymorphisms, and thrombus-associated cell reactivity. (230) Similar to the 

coagulation system, controlling the fibrinolytic system involves a wide range of 

cofactors, inhibitors, and receptors (Figure 1.16). (230) Fibrinolytic action can be 

created either on the cells that demonstrate profibrinolytic receptors or on the surface 

of a fibrin-comprising thrombus. (230) The coagulation and fibrinolytic systems are 

well controlled and integrated, thus assuring balanced haemostasis. (230) 

 

 

Figure 1.16: Fibrinolysis. Both urokinase-type plasminogen activator (u-PA) and tissue plasminogen 

activator (t-PA) convert Plasminogen to plasmin. Plasmin is the crucial enzyme accountable for the lysis 

of the fibrin clot. Direct plasmin inhibition via alpha-2-antiplasmin (α2AP) or indirect inhibition via 

thrombin activatable fibrinolysis inhibitor (TAFI) and plasminogen activator inhibitor-1 (PAI-1) are 

controlling the fibrinolysis system in vivo. The figure was taken from (Quinsey, The international journal 

of biochemistry & cell biology, 2004). (218)  
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1.11.2 Clot structure and fibrin formation 
 

Fibrinogen is a soluble protein of 340-kDa size, found in the circulation at 2–4 mg/mL 

concentrations. (192) It consists of three different disulphide-linked polypeptide chains 

(Aα, Bβ, and γ) composing of two-protein sets. (192) Fibrin monomers are created 

from fibrinogen by the action of Thrombin. (192) A disulphide-linked trinocular protein 

defines the developing monomer whose C- and N-termini join at the D - and E nodules, 

respectively. (192) 

In a stepwise fashion, the assembly of fibrin fibres is processed latterly. Factor XIIIa is 

responsible for the formation of fibrillar aggregates by cross-linking Fibrin at lysine 

residues. (192) This formation is combined with red blood cells, and platelets deliver 

structural integrity to the developing thrombus. (192) Circulatory flow and turbidity 

assist protofibril assembly and fibrin polymerization by adjusting the fibres as the rising 

thrombus forms. (232)  

Several factors impact clot stability, including platelet numbers, pH, and local calcium 

concentration. Stability is also somewhat dependent on the geometry of the fibrin 

network and fibrin fibre diameter. (192) The concentration of local thrombin also 

influences clot structure, as elevated thrombin concentrations create more stable clots. 

(192) Soft clots are more vulnerable to fibrinolysis and bleeding, whereas solid clots 

are more tolerant but may encourage thrombosis. (192)  

Thrombus development is based on the isoform structure of the fibrinogen pool rather 

than the total fibrinogen concentration. (233) Clot structure, thus, indicates the 

complex interaction of many elements varying from the efficiency of thrombin 

generation to polymorphisms in fibrinogen itself, the responsiveness of cells, such as 

platelets, and the biochemical environment. (233) These factors describe fibrin clot 

construction, which is also a critical factor in the effectiveness of clot lysis. (233)  

 

1.11.3 Regulation of fibrinolysis 
 

Plasmin is the initial fibrinolysin initiated from plasminogen by any of the two main 

serine proteases, urokinase-type plasminogen activator (u-PA) and tissue 

plasminogen activator (t-PA). (233) Whereas t-PA is produced and secreted by 

endothelial cells, u-PA is generated by macrophages, urinary epithelium, and 
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monocytes. (233) These proteases have extremely short half-lives in the blood 

circulation (4–8 minutes) because of elevated concentrations of specialized inhibitors. 

(233), which are crucial to avoid extra unregulated plasminogen or plasmin activator 

activity. (234) Examples of the coagulation inhibitors, three fibrinolysis crucial serpins; 

plasminogen activator inhibitor-2 (PAI-2), plasminogen activator inhibitor-1 (PAI-1) 

and α2-antiplasmin (A2AP)(234). When plasmin is attached to fibrin, it is protected 

from A2AP inhibition, allowing fibrinolysis to progress. (235) Correspondingly, the 

plasminogen activators u-PA and t-PA are quickly constrained by PAI-1, which is 

distributed into the circulation from platelets, endothelial cells, and other cells. (235) 

The non-serpin fibrinolysis inhibitor Thrombin activated fibrinolysis inhibitor (TAFI) is 

stimulated by thrombomodulin-associated thrombin. (236) TAFI is classified as a 

carboxypeptidase that deletes arginine residues and C-terminal lysines on fibrin, thus 

reducing the number of accessible plasminogen attachment sites, slowing plasmin 

production, and steadying clots. (236)  

 

1.11.4 Clot-based fibrinolysis 
 

Fibrinolysis occurs on fibrin surfaces (key activation sites for fibrinolysis) by modulating 

the binding of plasmin and plasminogen. (237) Upon binding of plasmin to fibrin, A2AP 

protects plasmin from inhibition, allowing the activation of fibrinolysis, while initially, 

fibrin bind A2AP to prevent the clot fibrinolysis. (238) Because both fibrinogen and 

fibrin encourage the transformation of plasminogen to plasmin, they enable their 

destruction. (239) Alterations in fibrin clot formation correlate with differences in 

fibrinolysis rates so that denser clots with lesser pores and other tightly loaded fibres 

lyse more slowly than clots with more significant pores and more lightly loaded fibres. 

The interruption in fibrinolysis volume in densely bursting clots with thinner fibres is 

probably due to a mixture of mechanisms, counting diminished in the infiltration of the 

fibrinolytic enzymes into the core of the clot, as well as the decreased attachment of t-

PA and plasminogen to densely loaded, thin fibres. Fibrin removal is additionally 

accelerated by delivering new binding sites for plasminogen, as C-terminal lysine 

residues become unprotected at an expanding rate during fibrinolysis. (239) 
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1.11.5 Cell surface fibrinolysis 
 

The surfaces of the fibrin thrombus and the endothelial cells offer a protected, safe 

place for maintaining u-PA, plasmin, and t-PA, from soluble circulating inhibitors. 

Numerous cell surfaces involving a u-PA receptor (uPAR), plasminogen receptors, 

and the annexin A2 complex connect plasminogen and its activators on monocytes, 

endothelial cells, and several other cell types. (237) Some receptors, such as the 

transmembrane plasminogen receptor (PlgR-KT) and uPAR, could regulate other non-

fibrinolytic acts, such as catecholamine release and cell-matrix adhesion. (240)  

Annexin A2, an essential element of cell-based fibrinolysis, is a part of the calcium-

binding protein annexin family that plays various physiologic roles. (241) On the 

surface of monocytes and endothelial cells, annexin A2 creates a heterotetrameric 

structure with additional proteins. Additionally, plasminogen and t-PA bind to the 

profibrinolytic p11 receptor (S100A10). (242) The (annexin A22-S100A10) complex 

substantially supports the t-PA-dependent initiation of plasmin separately from fibrin. 

(243) Therefore, the annexin A2 complex inhibition function could increase thrombosis 

risk by damaging fibrinolysis (Figure 1.17). (243)  

 

1.11.6 Fibrin degradation products 
 

Plasmin thrombus degradation generates fibrin degradation products (FDPs). (244) 

Several FDPs, including fibrin degradation dimers, monomers, and fibrinopeptide B, 

are released due to this process. (244) The level of D-dimer indicates the degree of 

plasmin and thrombosis fibrin polymers cleaving activity. (244)   

A few FDPs demonstrate thrombus regulatory capacity, such as artificial peptides 

delivered from degradation product fibrin B knob, which has been proved to diminish 

the fibrinolysis. (245) The mechanism behind this is not yet clear, but according to 

previous studies, it is improbable that FDPs apply any amplification of target-specific 

feedback inhibition. (246) 
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Figure 1.17: Overview of fibrinolysis. PAI-1, plasminogen activator inhibitor type 1; t-PA, tissue-type 

plasminogen activator; α2-AP, α2-antiplasmin; u-PA, urokinase-type plasminogen activator; TAFI, 

thrombin-activatable fibrinolysis inhibitor. The figure was taken from ( Kanji, International Journal of 

Molecular Sciences, 2021) (247). 

 

 

1.12 VWF and the endothelium 
 

1.12.1 Introduction to VWF 
 

Mature VWF is a multimeric protein composed of matching subunits linked by 

disulphide bonds forming dimers of almost 500kD. (248) These dimers are linked 

together to create multimers of several sizes that may be  up to 1μm in length. (248) 

VWF is encoded by a gene located on the short arm of chromosome 12 and includes 

52 exons and 180kb. (248) Only megakaryocytes and endothelial cells produce and 

store VWF, respectively, which stabilises FVIII in the blood circulation. (248) This 

activity is achieved by developing a non-covalently bound VWF-FVIII complex which 

locates FVIII to a platelet plug and consequent clot formation. (248)  

VWF and its platelet counterparts, integrin αIIbβ3 and the receptors glycoprotein Ibα 

(GPIbα), are considered the main elements in primary haemostasis. (249) The GPIbα 

receptor is located on the platelet surface in an active form that does not require 

stimulation to bind VWF. (249) The GPIbα–VWF interaction leads to immediate 

platelet arrest. Thus, intracellular signalling arises, and the platelets become 

stimulated. (250) This causes structural rearrangement and the employment of other 
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receptors, which ends up in primary haemostasis followed by secondary haemostasis 

and robust clot formation (sections 1.9 and 1.10). (250) The natural role of VWF is 

exceptional in its capacity to encourage platelet–platelet and platelet–surface 

interactions under the most adverse environments of high velocity/high shear flow. 

(251) 

 

1.12.2 The potential correlation between VWF and endothelium 
dysfunction 
 

VWF release from the endothelium results in platelet adhesion and aggregation, part 

of the physiological haemostasis. However, this activity can extend beyond controlling 

wound healing and develop various vascular-associated pathological events. Several 

experimental and clinical reports propose that a high level of VWF reflects endothelium 

injury or endothelial dysfunction. (252) A high level of VWF may be a valuable indirect 

marker of atherosclerosis and/or thrombosis. (252) The association between 

ischaemic heart disease and VWF levels is well known, indicating the involvement of 

endothelial dysfunction in the pathogenesis of coronary artery disorders. (253) For 

example, amplified VWF concentrations are observed in patients with earlier 

myocardial infarction. (254) There is also a correlation between the clinical severity of 

angina and VWF level. (254) According to Bridges et al. a substantial upregulation in 

VWF levels was confirmed in patients who were re-perfused at 90 minutes after 

thrombolytic treatment. (255) Therefore, endothelial dysfunction could result from re-

perfusion in acute myocardial infarction. (255) There was a significant reduction of 

VWF level following 24 hours post-thrombolysis therapy (t-PA). (256) According to 

Progetto et al. the VWF level was an essential indicator for atherothrombotic incidents 

in patients with angina pectoris. (257) Similarly, 3043 patients with angina pectoris in 

a prospective multicentre study showed that VWF, tissue plasminogen activator, and 

fibrinogen levels were independent indicators of acute coronary syndromes after two 

years of follow-up. (258) Experimental and clinical data proposes a connection 

between acute arterial thrombosis and upregulated VWF levels as well. (259) For 

example, amplified VWF level is a vital independent indicator to recognize diabetes 

mellitus risk factors in patients with myocardial infarction. (260) Furthermore, the origin 

and progress of atherosclerotic plaques itself may be promoted by enriched secretion 

of VWF in response to inflammation, thus causing local recruitment of platelets. 
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(261) Diabetes, a well-established atherosclerosis risk factor, has a robust connection 

with VWF levels, and several reports have stated a positive correlation between 

diabetes and VWF. (262) The increased levels of VWF may be accredited to 

endothelial cell destruction following the release of VWF into the blood circulation or, 

instead, to raised insulin levels, which have a significant positive association with 

VWF.(262) The level of VWF was three times higher than the standard value in 

patients with visible angiographic intracoronary thrombosis. (263) In a prospective 

analysis of myocardial infarction survivors, a raised concentration of VWF was 

observed as well. (264) The precise means by which VWF raises the cardiovascular 

risk in patients with post-myocardial infraction or angina is unknown. Amplified 

endothelial damage in coronary artery disease could be due to greater levels of VWF 

and amplified thrombin generation. (265) The augmented levels of VWF may intensify 

the risk of thrombogenesis in patients with pre-existing vascular comorbidities. (265)  

 

Amplified VWF levels have also been confirmed in patients with inflammatory vascular 

disease, including vasculitis, giant cell arteritis Sjogren’s syndrome, polyarteritis 

nodosa, and Felty’s syndrome. (266) For example, it was demonstrated that increased 

VWF levels in all patients with Raynaud’s phenomenon involved patients with and 

without connective tissue disease or atherosclerosis. (267) Patients with Raynaud’s 

phenomenon and systemic sclerosis also have amplified VWF, mainly if the diffuse 

disease was present. (268) Among 74 rheumatoid arthritis patients in the Wallberg-

Jonsson study, there was a significant increase in VWF after two years of monitoring. 

(269) It should be noted that the VWF level was found to be amplified in multiple 

myeloma patients. (270) All these facts indicate a clear association between VWF and 

endothelium damage with the potential involvement of pro-thrombotic and pro-

inflammatory processes and others (Figure 1.18). 
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Figure 1.18: The “solar system” of vascular inflammation mediated by VWF.  VWF is considered 

the centre of the vascular inflammation “solar system”. It is also the principal among various 

inflammatory pathways circles in its “gravitational field.” VWF enhances platelet and leukocyte 

enrolment in inflamed tissue, alters vascular penetrability and develops oedema. This encourages 

inflammation and atherosclerotic plaque formation and delivers a stimulating surface for complement 

initiation and NETosis. These processes may result in organ failure, tissue injury, and thrombo-

inflammatory disorders. The figure was taken from (Mannucci, New England Journal of Medicine, 2004). 

(271) 

 

 

1.12.3 Synthesis, storage, and secretion of VWF 
 

Weibel–Palade bodies store VWF, rod-shaped organelles originating from the Golgi 

apparatus. (272) Endothelial cells manufacture VWF as -pro-VWF, i.e., the pro-

peptide, a signal peptide, and the mature VWF subunit. (272) Following 

multimerization and dimerization of pro-VWF, it is transferred to the storage granules 

and, later, undergoes signal peptide removal. (273) Two forms of VWF are secreted 

by the endothelium:1) molecules secreted directly upon creation, or 2) through a 

controlled route in which stored mature VWF molecules are discharged after 

encouragement by secretagogues. (273) The VWF secretion can either be luminal or 

apical into the basolateral compartment or the circulating blood or abluminal into the 

subendothelial environment. (274) 

It is commonly anticipated that VWF stored within Weibel–Palade bodies are 

collections of the giant multimeric species, i.e., ultra-large VWF, which typically is not 

detected in a healthy individual’s blood. (275) Their organized discharge at damage 
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locations would provide the maximum thrombogenic forms of VWF directly where 

required. (276)  Ultra-large VWF is cleaved by the metalloproteinase ADAMTS-13 to 

eliminate them from circulation. (276) In response to numerous agonists of biological 

relevance, such as oestrogens, histamine, fibrin and thrombin, endothelial cells 

release their VWF stock. (276) This secretion from Weibel–Palade bodies possibly 

occurs whenever the haemostatic mechanism is triggered. (276)  

 

  

1.12.4 Platelet α-granules contain VWF 
 

The additional storage location for VWF is inside the platelet α-granules, including 

20% of the absolute VWF existing in the blood. (277) Numerous additional significant 

particles are found in the platelet α-granules, including fibrinogen, fibronectin, and 

thrombospondin (Section. 9.3.2.2). (278) The platelet α-granules VWF content 

typically also comprises the ultra-large VWF multimers. (277) Once platelets are 

stimulated by agonists such as adenosine diphosphate (ADP), thrombin and collagen, 

they secrete their granule contents; this ensures the availability of ultra-large VWF 

multimer at sites of vascular damage. (279) The equivalent discharge of ultra-large 

VWF multimers from bordering endothelial cells guarantees the existence of the most 

haemostatically operative multimers at the vessel wall in the vascular lesion. (280) It 

is unlikely that VWF released from storage stock is bound to factor VIII. (280) Whilst 

the primary attachment of FVIII to circulating VWF may assist in locating it at a site of 

vascular injury, its subsequent detachment from VWF may be a requirement for its 

stimulation and role as a clotting factor. (280)  

 

1.12.5 Interactions of VWF with coagulation proteins 
 

The larger VWF multimers seem to bind favourably to fibrin, irrespective of whether 

the latter is cross-linked or not. (281) This binding is followed by covalent cross-linking 

of fibrin α-chain with the VWF multimers. (281) Moreover, VWF seems to enhance 

platelet adhesion to fibrin clot and platelet incorporation into polymerizing fibrin. (282) 

Aside from VWF, αIIbβ3 and GPIbα are involve in the platelet adhesion to fibrin in 

flowing blood. (283) Once the coagulation mechanism is activated, VWF functions as 

a cofactor accelerating the light chain cleavage by FVIII. (284) This event leads to 
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FVIII/VWF complex dissociation. (285) The VWF protects FVIII from the inhibitory 

activity of protein C when they form a complex. (285) Thus, the balance of 

anticoagulant and pro-coagulant factors is preserved. 

 

1.12.6 VWF-mediated primary haemostasis  
 

VWF has an essential function in primary haemostasis where it facilitates platelet 

adhesion to injured vascular subendothelium and consequently platelet aggregation 

(Figure 1.19). After vascular damage, VWF domains A1 and A3 connect precisely to 

fibrillar collagen type I and III. (286) This binding prompts signals that involve platelet 

activation. (286) These signals activate protein kinase C and tyrosine kinases and 

promote cytosolic Ca2+ influx. (161) They can be seen under static conditions and are 

also related to platelet activation under high shear stress conditions. (161) 

Once VWF is restrained in subendothelial connective tissue, it primarily facilitates 

platelet adhesive interactions exposed to rapid blood flow. (159) Two separate platelet 

receptors are located on the platelet membrane for VWF, the integrin αIIbβ3 (GPIIb-

IIIa complex) and the glycoprotein GPIbα in the GPIb-IX-V complex. (159) Binding 

between platelet GpIb receptor and the A1 domain of restrained VWF ends in initial 

adhesion, characterized by a constant surface translocation of the platelets. (251) This 

practise eventually results in stable platelet adhesion by collaborating with the platelet 

collagen receptors GpIa/IIa38 and GpVI.(287) Thus, stimulation of the platelet αIIbβ3 

receptor complex and conclusively platelet aggregation. (287)  
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Figure 1.19: VWF mediated primary haemostasis. (A). The primary reaction of coagulation proteins 

to vessel damage. VWF is stretched by expansion shear force in the vessel and attaches to platelets, 

FVIII and collagen (B). Platelet plug development is accomplished once a sufficient amount of platelets, 

VWF and related coagulation proteins attach to cover the vessel wall (C), the end product of the platelet 

clot formation. The figure was taken from (Mannucci, New England Journal of Medicine, 2004). (271).   
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1.13 Hemostatic abnormalities in MM patients 
 

MM patients have a raised risk of arterial and venous thrombosis (162) and have 

various haemostatic defects, including both thrombosis and abnormal bleeding. (163) 

Among 157 MM patients and 34 MGUS patients, 25% of them showed an abnormal 

prolonged prothrombin test (PT), time indicating hypo-coagulation tendency. (164) 

The upregulation of D-dimer and the development of autoantibodies such as lupus 

anticoagulant (LA) and anti-prothrombin antibodies in MM patients were correlated 

with the hyper-coagulation pattern of this disease. (165,166) Generally, it is widely 

accepted that multiple myeloma is linked to an increased risk of venous 

thromboembolism (VTE). This can occur in deep veins of the arm, leg, groin, and 

others, which can travel through the circulation to develop deadly pulmonary 

embolism. (162)  

There are at least four potential causes for hypercoagulability in MM patients: 

procoagulant autoantibody production, inflammatory cytokines impact on the 

endothelium, interference of immunoglobulins on fibrin structure, and developed 

resistance against activated protein C (APC). (167) Furthermore, endothelium injury, 

either by chemotherapy or tumour cells, may prompt thrombosis. (167) This damage 

could cause upregulation of adhesion molecules, thus permitting adhesion to cellular 

blood elements (platelets, neutrophils, lymphocytes, and tumour cells). (167) 

However, other non-MM-related comorbidities could also be involved in this adverse 

situation. (162) and the roots behind thrombotic complications in MM patients are still 

not fully addressed in the majority of cases. (167) Chemotherapy may be considered 

the chief inducer of thrombotic abnormalities rather than a specific abnormality. (168) 

This is because thrombotic events become more prevalent after treatment. (168) 

Patients are particularly at risk to develop thrombosis when using immunomodulatory 

treatments such as Thalidomide. (169) Almost 30 % of these patients may acquire 

venous thrombosis if not provided with suitable prophylaxis. (162)  

 

Interestingly, even with the considerable adverse events reported with the usage of 

BTZ in MM therapy, treatment with BTZ showed some protective effects, such as 

diminished thrombotic risk (288). However, the molecular foundation for this finding 

remains unknown. It was widely accepted to be associated with a protective effect on 
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the endothelium. (289) Cell-based experiments revealed that BTZ enhances 

expression of the transcription factor Kruppel-like factor 2 (KLF2) in several cell types, 

including HUVECs, which may explain the mechanism behind the anti-thrombotic 

effect of BTZ. (290) Moreover, experiments in GL-K2-KO mice demonstrated a 

chondroprotective effect associated with BTZ usage. (290) Can et al. claimed that the 

usage of BTZ was associated with a significant protective influence on the uterus of 

ovariectomized rats via the suppression of NF-κB activity. (291) An animal study also 

showed that BTZ had a neuroprotective effect in retinal ischemia-reperfusion damage 

via the inhibition of NF-κB related inflammatory pathways. (292) Considering all these 

observations indicate that BTZ has a significant protective effect at several levels.  

The administration of CFZ in clinical practice has shown a remarkable enhancement 

of MM therapy. (293) However, numerous publications have reported that its use has 

been associated with severe adverse events, including various cardiovascular 

complications. (294) CFZ usage in MM was associated with an increased risk of 

thrombotic microangiopathy (TMA). (170) In addition, the use of this drug was 

correlated to the development of Venous Thromboembolism VTE. (171) Overall, 

haemostatic abnormalities in these patients are correlated to an unfavourable 

prognosis. As most patients with thrombotic complications are asymptomatic, their 

early diagnosis and treatment will enhance their prognosis. Similarly, there have been 

growing reports of CFZ-associated cardiovascular adverse events (CAVEs), involving 

heart failure, ischemic events, cardiac arrest, cardiac arrhythmias, and severe 

hypertension.(94, 295) However, the root behind these adverse events is still poorly 

understood. There is now a clear need to study the impact of CFZ on the endothelium 

in order to understand the basis of the CFZ-associated adverse events, which is 

investigated in this study. 
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2. Research hypothesis and aims 
 

The introduction of CFZ as a treatment option for multiple myeloma has significantly 

enhanced the survival rate of RRMM. It is well established that CFZ induces MMC 

death by proteasome inhibition, resulting in persistent ER stress and activation of the 

terminal UPR. (3) However, the association of CFZ treatment with increased 

cardiovascular side effects suggests that CFZ may be causing endothelial cell 

damage. (296) Although comprehensive studies have been performed to investigate 

this issue, there is still uncertainty about the role of CFZ in endothelium damage. 

Therefore, this study aims to investigate the potential off-target impact of CFZ to 

establish whether CFZ-mediated proteasomal inhibition in endothelial cells results in 

endothelial damage. This damage could increase the risk of thrombus formation, 

oxidative stress, and the release of inflammatory cytokines from the damaged 

endothelium, which could explain the mechanism behind these complications. There 

are no approaches to avoid CFZ-associated cardiovascular complications in patients. 

However, based on the European Myeloma Network recommendations, it is crucial to 

estimate and attempt to decrease the cardiovascular risk at baseline before 

administering the drug to MM patients. (297) The study of the effect of CFZ on 

endothelial cells is fundamental to understanding the pathways responsible for 

cardiovascular complication development and their prevention. 

 

This project aims to study the hypothesis that CFZ cardiovascular complications result 

from endothelial cell (EC) dysfunction and is due to the impact of CFZ on proteasome 

function in ECs so that CFZ induces EC inflammation, apoptosis, impaired 

homeostasis, and impairs production and bioavailability of NO resulting in the 

induction of oxidative stress. 
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2. Materials and Methods 
 

          2.1 Cell culture and passage 
 

All tissue culture work was performed using aseptic techniques in accordance with 

good laboratory practice under a Class II Laminar Flow Hood, and all cells were 

cultured at 37oC with 5% CO2 in a LEEC Culture Safe CO2 Precision 50 Incubator 

(LEEC, UK). 

Human umbilical vein endothelial cells (HUVECs, Lonza, Basel, Switzerland) acquired 

from pooled donors were selected as the endothelial cell standard model to examine 

the effect of CFZ on the endothelium. HUVECs were grown and maintained in Lonza 

Endothelial Cell Basal Medium-2 (EBM™-2, Lonza, Basel, Switzerland) supplemented 

with 5ml of 500μg/ml penicillin/streptomycin, 50ml of Fetal Bovine Serum (FBS, Sigma 

Aldrich, UK) and Endothelial Cell Growth Medium supplemented according to 

manufacture instructions (EGM™ -2 SingleQuots™, Lonza, Basel, Switzerland). The 

EGM™-2 supplements contain Fibroblast Growth factor, Recombinant analogue 3-

Insulin-like growth factor, Hydrocortisone, Endothelial Growth Factor, Gentamycin 

sulphate/Amphotericin-1000, Vascular Endothelial Growth factor, Ascorbic acid, and 

Heparin. The addition of these supplements denotes EBM-2 becoming EGM-2. In all 

experiments, HUVECs were cultured on surfaces that had been coated with 

attachment factor (AF) (Gibco, UK) for at least 20mins at 37oC. To revive frozen 

HUVECs, cells were rapidly thawed, and the entire vial was transferred to a T75 flask 

with 11ml of EGM-2 media and incubated overnight. The next day, media was 

changed daily until the cells reached 100% confluency. To split the cells, media was 

removed from the confluence monolayer cells, and the attached cells were washed 

twice with 1x sterile phosphate-buffered saline (PBS) (8 mM Na2HPO4,2.7 mM 

KCl,137 mM NaCl, and 2mM KH2PO4) (ThermoFisher Scientific, UK). Cells were 

detached from the flask by incubation with 1ml of 1x TrypLE™ Express Enzyme 

(ThermoFisher Scientific, UK) for 1 minute at 37oC. Once cell detachment was 

confirmed by microscopic examination, trypsin was neutralised with 3ml of EGM™-2 

media. Cells were then collected in a 15ml falcon tube (Thermo Scientific™, UK), 

centrifuged at 1400 rpm for 5 minutes at room temperature. The supernatant was 

discarded, and the cell pellet was resuspended in EGM™-2 media. Cells were re-
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seeded into the planned cell culture plates and cultured under the conditions described 

above.  

2.2 Treatment of HUVECs with CFZ  
 
CFZ was purchased from Stratetch (Cambridge, UK) and resuspended with 1ml of 

sterile Dimethyl sulfoxide (DMSO, Sigma Aldrich, Missouri, UK), yielding a 2µM final 

stock concentration. 10μl aliquots were stored according to the manufacture’s 

recommendation at -20oC. HUVECS were cultured in either 6 or 48-well plates and 

were stimulated with designated concentrations of CFZ and, in some experiments, 

20ng/ml of stated cytokines for denoted times. In all experiments, HUVECs were 

cultured until they reached 100% confluence. The medium was changed on the day 

of drug stimulation, and the cells were re-incubated for 1 hour at 37oC. Afterwards, the 

cells were treated with 750nM CFZ (or in some experiments as noted varying 

concentrations of CFZ) for 60mins. As a control, some cells were non-drug stimulated, 

and some cells were incubated with an equivalent concentration of the DMSO vehicle. 

Following the 60mins incubation, the medium was discarded, and cells were washed 

twice with sterilised 1x PBS buffer and added 2ml of fresh EBM-2 media. The cells 

were left to recover for designated time periods up to 48 hours and were imaged using 

light microscopy. Subsequently, the cells were harvested with either protein lysis or 

RNA lysis buffer as described below (section 2.3.1 and 2.4.1, respectively), using a 

cell scraper (Carl Roth, Karlsruhe, Germany) and transferred into Eppendorf tubes and 

stored at -80oC until further investigations were conducted.  

 

              2.2.2 Treatment of HUVECs with multiple doses of CFZ 
 

To assess the impact of multiple CFZ doses on HUVECs, cells were initially treated 

with CFZ for 1 hour as described, and the following removal of the drug was allowed 

to recover for 24 hours. Subsequently, the same process was repeated to administer 

a second drug dose. After the 24-hour recovery time, the media was removed from 

the cells and incubated with fresh EGM-2 media for 1 hour. 750nM CFZ was added 

for 1 hour, then the cells were washed twice with PBS and then incubated with fresh 

EGM-2.  
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2.2.3 Stimulation of HUVECs with inflammatory cytokines 
 

The cytokines TNF and IL-1 were purchased from Abcam (Cambridge, UK) and 

were obtained as liquids, both with a stock concentration of 20µg/ml. To investigate 

how CFZ could enhance or decrease the effects of inflammatory stimuli on HUVECS, 

cells were cultured and treated with CFZ as described. Following CFZ treatment, some 

cells were treated with either 20ng/ml TNF or 20ng/ml IL-1 or a combination of both 

cytokines for designated time points. 

 

2.2.4 CFZ treatment of Human embryonic kidney 293 (HEK 293) and 
multiple myeloma (OPM-2) cells  

 
HEK293 cells were routinely grown in our laboratory and were available for use. OPM-

2 cells were kindly supplied by Dr Wayne Mitchell. HEK293 cells were maintained in 

Minimum Essential Media (MEM) (Gibco, UK). OPM-2 cells were maintained in RPMI-

1640 media (Gibco, UK). Both cell culture mediums were supplemented with 1000 

U/mL penicillin, 10mg/ml streptomycin (Sigma-Aldrich, UK), 10ml L-L-glutamine 

(Sigma-Aldrich, UK), and 10% heat-inactivated FBS (Sigma Aldrich, Missouri, UK). 

2x105 of each cell line were cultured in a 6-well plate in a humidified incubator at 37°C, 

5% CO2 and maintained until they reached 100% confluency. Afterwards, CFZ was 

added as described in (Section 2.2.1); the media cells were harvested; the protein and 

genomic RNA content were collected and stored at -80°C for further investigations to 

be conducted. 

 

2.3. Western blotting 
 

       2.3.1 Cell harvesting and extraction of total protein 
 
Total cellular protein was extracted from cells using cold Radio- Immunoprecipitation 

Assay (RIPA) lysis buffer (150 mM NaCl, 1.0 mM EDTA, 0.1% (w/v) SDS and 0.01% 

(w/v) sodium azide, 50 mM Tris HCl, 1.0% (v/v) NP-40, 0.5% (w/v) Sodium 

Deoxycholate, pH 7.4) (Thermo Scientific™, UK) supplemented with one tablet of 

Pierce Protease Inhibitor Tablets (Thermo Scientific™, UK). The lysate was left on ice 

for 30 minutes, with vortexing and pipetting to assist the lysis. The tubes containing 

the protein lysate were centrifuged (13000 rpm, 15 minutes, 4°C), the pellet was 
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discarded, and the supernatant containing proteins was stored at -80°C until further 

investigations were conducted. 

              2.3.2 Measuring total protein concentration  

Cellular protein lysate vials were retrieved from the -80°C freezer and defrosted at 

room temperature. According to the manufacturer's instructions, the Pierce 

Bicinchoninic acid assay (BCA) Protein Assay (Thermo Fisher Scientific, UK) was 

used to quantify the total protein concentration in the samples. The assay principle is 

based on creating a robust, purple-coloured copper /BCA complex. The protein 

concentration was calculated using the absorbance readout of the samples against a 

standard curve employing the linearity equation obtained from the standard curve plot 

(y=ax+b). The standard curve was prepared in a two-fold dilution, using 2mg/ml 

Albumin diluted with distilled water (dH2O). 2μl of the standard curve, blank (dH2O), 

and samples were loaded in a 96-well microplate (Thermo Fisher Scientific, UK) in 

duplicate. Subsequently, 200μl of (A+B) reagents mixture was prepared using 1:50 B: 

A ratio and added to each well. This step was followed by 30 minutes of incubation at 

37°C in a shaking incubator (Thermo Fisher Scientific, UK). The absorbance was 

measured at 562nm using a Quant Biotek microplate spectrophotometer and Gen51 

11 software (Quant Biotek, UK). The data were extracted from the machine, analysed 

by Excel (Microsoft Office, 2019), and presented as μg/ml.  

              2.3.3 SDS-page gel electrophoresis and Western Blotting 
 

                2.3.3.1 SDS-page gel electrophoresis   

20μg of protein lysate was diluted with a variable amount of dH2O to a final volume of 

30μl and 4x LDS loading buffer (6% sodium dodecyl sulphate (SDS), 200mM Tris-HCl 

pH 6.8, 7.5%v/v 2-mercaptoethanol, 2 mM EDTA, 0.02 % bromophenol blue, 10 % 

glycerol) (Invitrogen NovexNuPAGE, UK).  Proteins were denatured at 75°C for 

15 minutes using a dry bath system heating block (STAR LAB, UK) and then left to 

cool before loading them into the running system. Protein fractionation was completed 

by loading 20μl of the denatured protein mixtures and 5µl of CozyHi™ Prestained 

Protein Hyper ladder (highQu, Kraichtal, Germany) onto their corresponding wells 4-

12% precast polyacrylamide gel (ThermoFisher, UK). The SDS-PAGE gels were 

loaded into a life technology electrophoresis tank filled with 1X Bolt™ MES SDS 
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Running Buffer (25 mM Tris base, 250 mM glycine, 0.1 % (w/v) SDS) (ThermoFisher, 

UK). Protein electrophoresis was conducted by connecting the tank to the ENDURO 

Power supply (GeneseeScintific, USA) programmed for 35 minutes at 200V. 

Subsequently, the Trans-Blot  Turbo  Transfer System RTA Transfer Kit (Bio-Rad, 

UK) was used at 25 V for 15 minutes to transfer the proteins onto nitrocellulose 

membranes with 0.45μm pore size in transfer buffer (24 mM Tris base, 193 mM 

glycine, 20 % (v/v) methanol).  

            2.3.3.2 Western Blotting 

When the protein transfer was completed, the membrane containing proteins 

was blocked using 5% (w/v) bovine serum albumin (BSA) (ThermoFisher, UK) in 

0.1% Tris Buffered Saline Tween buffer (0.1% TBS-Tween) (900ml of dH2O, 

100ml of 10x TBS, 1ml of TWEEN™20) (TWEEN™20, Sigma Aldrich, UK) at 

room temperature (RT) for 1hr on a tube shaker (Benchtop Centrifuge Tube 

Shaker, Green BioResearch, UK). Next, the blocked nitrocellulose membranes 

were sliced based on the molecular size of the interested protein. The 

nitrocellulose membrane pieces were incubated with the corresponding primary 

antibodies diluted in a 5% BSA-TBST mixture overnight at 4°C on a tube shaker. 

Primary antibodies, the molecular size of each protein, animal source, company, 

catalogue number, and respective dilutions used are detailed in (Table. 2.1). 
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 Table 2.1: Western Blotting Primary antibodies. 

Subsequently, the membranes were washed at room temperature five times for 5 

minutes in 100ml 0.05% TBS-Tween Buffer pH 7.5 (900ml of dH2O, 100ml of 10x TBS, 

0.05 % (v/v) Tween 20). The membranes were then incubated at room temperature 

for 1 hour with their animal-sourced matched horseradish peroxidase-conjugated anti-

Immunoglobulin G antibodies (HRP-conjugated) (Table. 2.2). Afterwards, the 

membranes were washed as described earlier to remove excess secondary 

antibodies. Finally, Supersignal ™ West Pico Plus Chemiluminescent Substrate kit 

(ThermoFisher Scientific, UK) was used to develop the membrane, using the BIO-RAD 

ChemiDoc MP Imaging System (BIO-RAD, UK). The protein volumes were obtained 

using Image Lab Software (Bio-Rad, UK). All proteins were normalised against the 

Antibody Source The molecular 
size of the target 

protein 

Antibody 
Dilution 

Antibody 
stock 

Concentration 

Company Cat. 
Number 

GAPDH Mouse 37 kDa 1/1000 2mg/ml Abcam ab105430 

p-IRE1 Rabbit 130 kDa 1/1000 100g/ml Cell 
Signaling 

Technologies 
(CST) 

3294 

CHOP Mouse 32 kDa 1/1000 100g/ml CST 2895 

Ubiquitin Rabbit 8 kDa 1/1000 100g/ml CST 3933 

BiP Rabbit 75 kDa 1/1000 200g/ml CST 3183 

PERK Rabbit 125 kDa 1/1000 100g/ml CST 3129 

p-eLF2α Rabbit 37 kDa 1/1000 200g/ml CST 3398 

ATF4 Rabbit 49 kDa 1/1000 100g/ml CST 11815 

P58 Rabbit 58 kDa 1/1000 100g/ml CST 2940 

TM Rabbit 75 kDa 1/1000 100g/ml Abcam Ab109189 

ICAM1 Mouse 74 kDa 1/1000 100g/ml Abcam Ab2213 

TF Rabbit 80 kDa 1/1000 100g/ml Abcam Ab211016 

VWF/HRP Rabbit 230 kDa 1/1000 100g/ml Dako P0226 
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housekeeping protein Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to 

calculate the fold change difference of each protein.      

Antibody Source Dilution Concentration Company Cat. Number 

 Anti-Mouse 
IgG 

Goat 1/2000 1mg/ml Dako P0448 

Anti-Rabbit IgG 
 

Goat 1/2000 1mg/ml Dako P0447 

Table 2.2: Horseradish peroxidase (HRP)-conjugated secondary antibodies. 

 
 

2.4. Quantitative Real-Time Polymerase Chain Reaction 
(qRT-PCR)  

 

        2.4.1 Harvesting Cellular RNA lysate 

Total cellular RNA content was harvested using BL+TG buffer (1% 1-Thioglycerol, 4M 

Guanidine thiocyanate, 0.01M Tris pH 7.5) obtained from the ReliaPrepTM RNA Cell 

Miniprep System (Promega, USA). The volume of BL+TG buffer was used as follows: 

if the cells were harvested from 6-or 48-well plates, 500μl and 100μl of the buffer were 

used, respectively. The lysate was transferred into the corresponding labelled 

Eppendorf tubes. The lysate was left on ice for 30 minutes and vortexed every five 

minutes. Finally, the lysate was stored at -80oC until further processing and 

investigation. 

       2.4.2 Extracting total Cellular RNA and sscDNA synthesis 

Cellular RNA lysate vials were retrieved from the -80oC freezer and defrosted on ice. 

The total cellular RNA lysate was extracted using ReliaPrepTM RNA Cell Miniprep 

System (Promega, USA). 100% Isopropanol has added to the RNA lysate if the cells 

were harvested from 6-, 48-well plates, 170μl and 35μl of 100 % Isopropanol were 

used, respectively. The solutions in each tube were vortexed for 5 seconds, and the 

content of each tube was transferred into the corresponding labelled ReliaPrepTM 

Minicolumn inserted into collection tubes. Subsequently, the tubes were centrifuged 

at 13,000×g, 20°–25°C for 30 seconds. This centrifugation setting was applied to all 

the steps of the total RNA extraction apart from the spinning time required. The liquid 

in the collection tubes was discarded, and 500μl of RNA wash solution diluted with 95 

% ethanol was added to the minicolumn, followed by centrifugation for 30 seconds. 
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The liquid in the collection tubes was discarded, and 30μl of freshly prepared DNase 

I incubation mix (24μl of Yellow Core Buffer + 3μl 0.09M MnCl2 +3μl of DNase I 

enzyme) was applied directly to the membrane inside the column to each tube. The 

tubes were incubated at room temperature for 15 minutes, followed by washing them 

with 200μl of column wash solution re-suspended with 95% ethanol and centrifuged 

for 15 seconds. The liquid in the collection tubes was discarded, and 500μl of RNA 

wash solution was added to the minicolumn and centrifuged for 30 seconds. 

Subsequently, the minicolumns were transferred into new collection tubes, and 300μl 

of RNA wash solution was added to the minicolumn and centrifuged for 2 minutes. 

Lastly, the minicolumns were moved into a 1.5ml elution tube, 30μl of Nuclease-Free 

Water was added to the membrane of each minicolumn tubes and centrifuged for 

1minute. The minicolumns were discarded, and the elution tubes containing the 

purified RNA were stored at –80°C until further processing. The RNA concentration 

(ng/µl) was determined using NANODROP 1000 (Thermo Scientific, UK) at 260 nm 

absorbance, and the degree of protein and reagent contamination was determined 

using the 260/280 and 260/230 ratio, respectively. According to the manufacturer's 

protocol, cDNA was prepared using the iScriptTM cDNA synthesis kit (iScript™ cDNA 

Synthesis Kit Bio-Rad, UK). An equivalent amount to 1000ng of RNA was aliquoted in 

a 20μl final volume reaction mix as indicated in (Table. 2.3). The cDNA synthesis 

reaction was conducted on MultiGene OPTIMAX Thermal cycler (Applied Biosystem, 

UK) and programmed as detailed in (Table. 2.4).  

 

 

 

 

Table 2.3: cDNA synthesis reaction mix components. 

 

Reaction step Time 

Priming 5 minutes at 25°C 

Component Volume per reaction, μl 

5x iScript Reaction Mix 4 

iScript Reverse Transcriptase 1 

Nuclease-free water Variable 

RNA templet (1000 ng of total RNA) Variable 

Total volume 20 
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Reverse transcription 20 minutes at 46°C 

RT inactivation 1 minute at 95°C 

Optional step Hold at 4°C 

Table 2.4: cDNA synthesis reaction mix protocol.  

        2.4.3 Real-time Quantitative PCR (RTq-PCR) 

RTq-PCR was performed to analyse a panel of genes using primers purchased from 

(Eurofins Genomics, France) with a 20nM concentration of both forward and reverse 

primers per reaction. All primer sequences were taken from previous publications, 

listed in (Table. 2.5).  The prepared cDNA was diluted in 1:10 with RNase free water 

yielding a 100ng final sample concentration before preparing the standard curve. The 

standard curve was prepared by pooling an equal volume of cDNA from each test 

sample, and then a five-point, 1:4 serial dilutions with RNase free water were 

prepared, including a blank. The RTq-PCR reaction mix for each sample was prepared 

as follows: 5μl of PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, UK) 

was added to 2μl of the primers cocktail along with 0.5μl of free nuclease water. Two 

μl of each cDNA sample were loaded in MicroAmp Fast 96-Well Reaction Plate 0.1mL 

(Applied Biosystems, USA) followed by adding 9μl of the reaction mix. No template 

controls were run by adding 2ul of ddH20 followed by 9ul of the reaction mix. The cDNA 

amplification was conducted in the Applied Biosystems StepOnePlues machine 

(Applied Biosystems, USA). The thermocycler machine's cycling was programmed as 

follows: denaturation at 95°C for 10 minutes followed by 40 annealing/extension cycles 

at 95°C for 3 seconds, and 60°C for 30 seconds. Three technical repeats were loaded 

for each sample, and gene expression was quantified following the standard curve 

method. Primer dimer development was identified by analysis of melt curves. Wells 

were omitted from the experiment if either no peaks were identified beyond the 

threshold or several peaks above the threshold were observed at different 

temperatures. GAPDH was used as a housekeeping gene for normalisation test 

samples against untreated/DMSO control cells. Fold Change of mRNA expression 

was calculated using the RQ values described in (298) GAPDH expression was 

established to be stable in the numerous stress conditions examined, with slight 

changes in the gene quantity values that were not correlated a particular experimental 

condition. The data were analysed with GraphPad Prism (V 9.1.2) and Excel (Microsoft 

Office, 2019). 
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Table 2.5: Primer sequences for qRT-PCR. Forward primer sequences (5’-3') and reverse 

primer sequences (5’-3') are shown for primer sets, which amplify the cDNA of the indicated proteins. 

 

2.5 Enzyme-Linked Immunosorbent Assay (ELISA) 
 

                   2.5.1 VWF ELISA 
 

An “In house” ELISA was used to measure the soluble VWF protein concentration. 

Initially, a VWF capture antibody solution was prepared using polyclonal rabbit anti-

human VWF (Dako, UK) diluted 1:1000 in carbonate-bicarbonate coating buffer (1 

Litter of distilled water, 0.64 g Sodium Carbonate (Na2 CO3), 3.7 g Sodium Bicarbonate 

Primer sequences for RT-qPCR 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

(298)GAPDH  TCTGCTCCTCCTGTTCGACA AAAGCAGCCCTGGTGACC 

(299) PCHO  AGCAGAGGTCACAAGCACCT TTCATGCTTGGTGCAGATTC 

PERK (300) GATCCGGTTCCTTGGTGTCA CCATGCTTTCACGGTCTTGG 

eLF2α (301) AGCAGAGGTCACAAGCACCT TTCATGCTTGGTGCAGATTC 

(302)ATF4  AGATGACCTGGAAACCATGC AGGGATCATGGCAACGTAAG 

BiP (303) GCCGTCCTATGTCGCCTTC TGGCGTCAAAGACCGTGTTC 

IRE1α (304) 
CGGGAATTCGGCCGAGTCCTCGCCA

TG 
CAAGCGGCCGCCTTTCCCAACTATCACCACGCT 

TF (305) GCCAGGAGAAAGGGGAAT CAGTGCAATATAGCATTTGCAGTAGC- 

TM (306) CCCAACACCCAGGCTAGCT GATGTCCGTGCAGATGAAACC 

VWF (307) GCAGTGGAGAACAGTGGTG GTGGCAGCGGGCAAAC 

tPA (308) TGGTGTGGGATCTGCGTACA CCTCCACTCCATACAGGGTCA 

EPCR (309) CAACTTCAGGATGTTGACAA CTACAGCCACACCAGCAAT 

TFPI (310) 
CAATGGGACTATGATGGCCCTTCA 

 
AATCATAGTGAAAACACCTTATAG 

 

eNOS (311) 
TGGACCTGGATACCCGGAC 

 
TGGTGACTTTGGCTAGCTGGT 

 

PS26 (312) 
CGTTCACTCCAGACTGGGAAAG 

 
CGGTCGTGAATAGGTGTCAGCT 
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(NaHCO3)) to give a final concentration of 3 µg/ml. Subsequently, 100µl of the capture 

antibody was loaded to each well of a Greiner Bio One™ 96 Well ELISA plate (96-well 

plate) (Star Lab, UK). The plates were incubated for 60-90 minutes at room 

temperature or overnight at 4°C. Plates were washed three times with 0.1% PBS-T 

buffer. After, wells were blocked using 2% (w/v) BSA in PBS-T buffer for 90 minutes 

at room temperature. A seven-point standard curve was prepared to dilute normal 

human control plasma (Technoclone, UK) from 1:40 serially. Samples were diluted 

accordingly. Following washing, 100µl of each sample was loaded in duplicate and 

plates were incubated either at room temperature for 90 minutes or at 4°C overnight. 

Subsequently, the washing procedures were repeated. Afterwards, 100 µl of 

polyclonal rabbit anti-human VWF-HRP conjugated antibody diluted 1 in 2000 (final 

concentration 1µg/ml) diluted in PBS-T was added to each well and incubated for 

45mins at room temperature. The washing steps were repeated, and sigma colourfast 

reagent was prepared by mixing SIGMAFAST™ OPD tablets (Sigma-Aldrich, UK) with 

ddH2O. The substrate was loaded into the 96-well plates, and once sufficient colour 

changes were observed (typically 2mins), the reaction was stopped using 50µl of 2M 

Sulfuric Acid (H2SO4, Sigma-Aldrich, UK). Finally, the plate was read at 492 nm in the 

microplate reader. The standard curve was plotted in Excel, and the equation for 

straight line; y = mx+b, was used to calculate the concentrations of the analysed 

samples.  

 

             2.5.2 ICAM-1 and Ang2 ELISA 
 
Levels of soluble ICAM-1 and Ang2 were measured using the human ICAM-1/CD54 

DuoSet ELISA kit and the Ang2 DuoSet ELISA kit, both from R&D Systems, UK). Both 

ELISA’s were performed exactly as specified by the manufacturer. 

 
 

2.6 Immunofluorescence staining  
 

          2.6.1 Immunofluorescence staining for Actin and VWF 
 
Cells were cultured essentially as described in (Section 2.1) except a 13mm glass 

coverslip was placed in each well and coated with attachment factor before cells were 

seeded in the wells. Following the experiment, media was removed, and cells were 

washed twice with PBS. Cells were fixed in the dark for 20 minutes at room temperature 
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with 1ml of 4% paraformaldehyde (PFA) (40g PFA powder, 0.5% Triton X-100, 1000ml 

1X PBS, PH 6.9 - 7.4) (Sigma Aldrich, UK).  PFA was discarded, and the cells were 

washed three times with PBS and incubated with 20mM NH4Cl for 20mins. Following 

washing twice with PBS, HUVECs were then permeabilised by incubating with 1ml of 

0.1% Triton-X (Sigma Aldrich, UK) at room temperature for 4 minutes and then washed 

twice with PBS. For actin fibres, cells were stained with Alexa Fluor™ 584 Phalloidin 

(Abcam, UK) diluted 1 in 1000, and for VWF cells were stained with anti-VWF-FITC 

antibodies (Abcam, UK). Both were diluted in PBS with 1%(w/v) BSA and incubated 

for 60mins at room temperature in the dark, then moved into the fridge overnight. The 

Fluoroshield Mounting Medium with DAPI (Abcam, UK) was used to mount the stained 

cells under a glass coverslip. Cells were visualised and imaged using an EVOS M5000 

microscope (Invitrogen, UK). 

 

2.7 Flow cytometry  
 

             2.7.1 ICAM-1 flow cytometry  
 

The cells were cultured as described in (Section 2.2.1); adherent cells were washed 

twice with PBS and detached using the trypsin enzyme. The light microscope was 

used to confirm the detachment of the cells by examining cell forms under the light 

microscope. The trypsin was neutralised with EBM-2 media, and the detached cells 

were transferred into labelled Eppendorf tubes centrifuged for 5 minutes at 1500 rpm, 

4°C. Supernatants were discarded, and cells were resuspended as following: 1) test 

samples were resuspended in a solution composed of 1:40 FITC-conjugated anti-

human CD54 antibody (BioLegend, California, USA) diluted in 39µl of 0.5% BSA-PBS 

solution (0.25g BSA to 50mL 1 x PBS (sterile); 2) unstained negative control cells were 

resuspended in a solution composed of 39 µl of 0.5% BSA-PBS solution only.   

The cells were then transferred to 96 well polypropylene plate, 8mm round-U base 

(ThermoFisher Scientific, UK). The plate was foiled with aluminium and incubated for 

20 minutes in the cold room. Later, the plate was spun down at 1500 rpm, 4°C, for 5 

minutes, using Thermo Scientific M-20 Microplate Swinging Rotor (Cole-Parmer, UK). 

The supernatant was discarded, and 100µL of 0.5% BSA:1xPBS was used to 

resuspend cells in each well. After aliquoted cells were transferred to polypropylene 

FACS tubes (Corning, New York, USA), cells were pipetted thoroughly to ensure 

sample homogeneity. The cells were further diluted with 100μl of 0.5% BSA:1x PBS if 
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they were to be processed immediately, or with 4% PFA if they were to be processed 

the next day. The BD Accuri™ flow cytometer (BD Biosciences, California, USA) was 

used to run the cells at slow speed for 2 minutes. The gating of cells was on side light 

scatter alongside forwarding light scatter applied to eliminate unwanted debris. 

Subsequently, single cells gating was used to eliminate doublets/clusters cells; the 

threshold for positive FITC/ CD54 staining was obtained by gating unstained cells 

control.  FLOWJO software (BD Bioscience, UK) was used to analyse the raw data. 

GraphPad Prism 9.0 was used to perform statistical analysis and generate figures.   

 

2.7.2 Annexin-V and Propidium Iodide (PI) apoptotic flowcytometry 

Cell preparation and harvesting were conducted as described in (Section 2.7.1). The 

dead cells (zombie) control was prepared by incubating the cells with 20-30µl DMSO 

for 20-30 minutes. Test samples and zombie samples were resuspended in a solution 

composed of 39µl 1x binding buffer (Abcam, UK) and   5μl Annexin V-FITC, 5μl PI and 

1μl SYTOX Green dye (Abcam, UK). The unstained negative control cells were 

resuspended in a solution composed of 39µl 1x binding buffer only.  After the cells 

were transferred to polypropylene FACS tubes and incubated in the dark for 5 minutes 

at room temperature. Stained cells were analysed by flow cytometry, and raw data 

were analysed as described in (Section 2.7.1).  

2.8 Small interfering (si) RNA transfection 
 

All siRNAs (BiP, eNOS, and scrambled control) were purchased from Santa Cruz 

(California, USA) and prepared according to manufacturer instructions. HUVECs were 

seeded in AF coated plates, and siRNA transfection was performed once the cells 

were 80% confluence. RNAiMAX transfection agent was used according to 

manufactures instructions. Initially, preliminary experiments were performed to 

determine the optimal concentration of siRNA. After optimisation, 20nM was selected 

as a standard concentration for all the transfection procedures. A transfection complex 

was prepared for each well of a 6-well plate: in tube A, 15µl of Lipofectamine™ 

RNAiMAX (Thermo Fisher Scientific, UK) was diluted with 150µl of Opti-MEM® 

Medium (Gibco, UK). In tube B, 8 µl of each siRNA stock (20nM) were diluted with 

150µl Opti-MEM® Medium. For each well of the 48-well plate, a transfection complex 

was prepared as follows: in the tube, A 1.35µl of Lipofectamine™ RNAiMAX was 
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diluted with 22.5µl of Opti-MEM® Medium. In tube B, 0.6µl of each siRNA stock 

(20nM) was diluted with 22.5µl Opti-MEM® Medium.  Both tubes were mixed gently 

by inverting them a few times, and the mixture from tube B was transferred to tube A. 

The solution was mixed gently and incubated at room temperature for 5 minutes. 250 

µl of the siRNA transfection reagent was then transferred into each well of the 6-well 

plate. According to the planned experiment, the plates were then re-incubated for 24-

48 hours, and then cells were stimulated with DMSO, CFZ or CFZ plus cytokines. 

Once the experiment finished, the media and cells were harvested, the protein and 

genomic content were collected and stored at -80°C for further investigations.   

 

2.9 Functional studies on HUVECS 
 

         2.9.1Turbidity assay  
 

Turbidity assays were performed to study the formation of fibrin clots on the 

endothelium following drug and cytokine treatment. The method utilizes a 

spectrometer to measure the absorbance of light through a growing fibrin clot, where 

absorbance increases as the clot become denser. The time between the assay starting 

and the formation of the first fibrin aggregates is known as the lag time; therefore, the 

lower the lag time, the more pro-thrombotic active the cells are.  HUVECs were 

cultured in a 48-well plate as described in (Section 2.2.5) and were either non-treated 

or treated with DMSO, CFZ, TNF or both CFZ and TNF. Each well was loaded with 

100µl plasma for each reaction, then the reaction started by adding 100l 

HEPES/NaCl buffer pH7.5 supplemented with 20mM CaCl2 to give a final CaCl2 

concentration of 10mM in each well. The 48-well plate was immediately read using the 

microplate reader at 405nm for 30-minutes/30-second measurement interval (Figure 

2.1). The data were extracted from the machine, analysed by Excel, and presented as 

absorbance curve and lag time using GraphPad Prism 9.0. 
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Figure 2.1: Schematic illustration of the turbidity assay. The figure was prepared by (Ahmed Hjazi, 

2021) 

 

2.9.2 Factor X activation assay 

The principle of this assay is to measure the activation of Factor X on the HUVECs 

surface. The assays utilise purified proteins and eliminate the need for plasma. In brief, 

following treatment of the cells with drug, cytokine or both, cells are incubated with 

FVIIa, which complex with cell surface tissue factor to convert FX to FXa. Therefore, 

if the cells express more TF on their surface, it will bind more FVIIa and activate more 

factor X. The generation of Xa can then be monitored by the cleavage of a fluorogenic 

factor Xa specific peptide substrate. The cells were cultured and treated in 48-well 

plates as described in (Section 2.2.5). HUVECs were washed once with 1x PBS, and 

the cells in each well were then incubated with 2.5nM FVIIa diluted in reaction buffer 

(50mM HEPES, 122mM NaCl, 5mM CaCl2, pH 7.4) yielding a final volume of 100μl 

and incubated at 37°C for 60mins. Following this, cells were washed three times in 

washing buffer (50mM HEPES, 122mM NaCl, pH 7.4) and then incubated with 175nM 

human factor X (Enzyme Research Laboratories, Swansea) diluted in reaction buffer 

in a final volume of 100l and re-incubated at 37°C for 20 minutes. After 20mins 90μl 

of the reaction was removed and added to a 96 well plate. Finally, 40μl of the substrate 

solution was added to each well (0.2mM S-2765 chromogenic substrate diluted in 

50mM HEPES, 122mM NaCl pH7.4), and the plate was immediately read at 405nm 
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for 30 minutes/30-second measurement interval. The data were analysed as 

described in (Section 2.9.2) (Figure 2.3).  

 

Figure 2.2: Schematic illustration of Factor X Human Chromogenic Activity Assay. The figure 

was prepared by (Ahmed Hjazi, 2021) 

 

 

2.9.3 Activated Protein C (APC) generation Assay 
 

 
In its activated state, Protein C is important as an anticoagulant, which is derived from 

zymogen protein C. It is activated when it interacts with the thrombomodulin-thrombin 

complex, thus generating APC. The generation of APC can then be monitored by the 

cleavage of a fluorogenic APC specific peptide substrate. The cell was cultured in a 

48-well plate as described in (Section 2.2.5). Cells were washed once with 1x 

HEPES/NaCl buffer. After, 100μl of reaction buffer (0.9μl of protein C, 10μl of 1:10 

thrombin diluted in HEPES/NaCl, and 90μl of 1X HEPES/NaCl buffer) was added to 

each well apart from the blank wells. 100μl of 1x HEPES/NaCl buffer were added to 

the blank wells.  The plates were incubated for 60 minutes at 37°C. Another 96-well 

plate was prepared for the next step by adding 4μl of Hirudin (thrombin inhibitor) 

(Sigma Aldrich, UK) to each well. Once the incubation finished, 90μl of cells 
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supernatant from the 48-well plate was transferred to the correspondent labelled wells 

of the 96-well plate. The 96-well plate was incubated for 10 minutes at 37°C. Once the 

incubation finished, 10μl of S-2360 substrate (Chromogenix, Sweden) was added to 

each well. The absorbance of the plates was read using the Microplate reader at 

405nm for 60 minutes/30-second measurement interval (Figure 2.4). The data were 

analysed as described in (Section 2.9.2) and presented as absorbance curve and 

endpoint absorbance figure par.  

 

 

Figure 2.3: Schematic illustration of Activated Protein C (APC) generation Assay. The figure was 

prepared by (Ahmed Hjazi, 2021) 

 

 

2.9.4 Microfluidic perfusion assays 
 

           2.9.4.1 Cell culture 
 

Microfluidic flow assays were performed to assess the effect of CFZ on 

endothelial function under physiological conditions of shear stress. Von 

Willebrand factor (VWF) is a major endothelial-derived glycoprotein involved in 
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haemostasia. The release of VWF by endothelial cells occurs following 

endothelial damage or activation, which allows interactions with circulating 

platelets. In this assay, the formation of VWF-strings on endothelial cells is 

measured in a physiologically relevant environment. HUVECs were trypsinised 

from a 100% confluence T-75 flask using 1ml of trypsin enzyme, then neutralized 

with 4ml of EBM-2 medium. Cells were collected in a sterile 15ml tube (Thermo 

Fisher Scientific, UK), centrifuged at 1500rpm, at room temperature for 5 minutes 

and resuspended with 1ml of EBM-2 medium. From this, 100μl of cells was 

added to Ibidi single-channel I0.4 Ibidi coated flow chambers. From a typical 

confluence T75, this equates to approximately 100,000 cells. The Ibidi slides 

comprise a single channel of 400μm high coated with an undisclosed adherent 

surface. The cells were left to attach for 1 hour at 37°C, 5% CO2. Following this, 

each reservoir on either side of the channel was topped up with 60μl of EBM-2 

medium and incubated overnight. Typically, within 24-48 hours, the cells had 

formed a monolayer and were ready for use. On the day of the experiment, the 

cells were washed once with PBS and then incubated with fresh EGM-2 for 1 

hour. Following this, the cells were incubated with either DMSO or 750nM CFZ 

for 1 hour. The cells were washed and incubated with fresh EGM-2 with or 

without 20ng/ml TNFα (overnight) after the drug incubation. After the overnight 

incubation, the slides were assembled under a fluorescent microscope and 

perfused with washed red blood cells and labelled platelets as described in the 

following sections.  

 

 

        2.9.4.2 Preparation of washed platelets and red blood cells 
 

Solutions required for this section were prepared in advance and listed in (Table 2.6).   
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Table 2.6: Flow assay solutions 

 

Solution Components 
Final 

Concentration 
Company Storage 

Platelet wash buffer 

1mM MgCl2, 

100mM NaCl, 

36mM Citric acid, 

5mM KCl, 5mM 

glucose,  2mM 

CaCl2, pH 6.5 

(with NaOH 

pellets) 

 

N/A 
Prepared in 

the lab 
4°C 

Ethylenediaminetetraacet
ic acid (EDTA) 

 
Stock solution 

(500 mM, pH 8.0) 
 

Cayman 
Chemicals, 

USA 
 

4°C 

Acid Citrate Dextrose 
(ACD) 

 

71 mM citric acid, 

111 mM glucose, 

85 mM sodium 

citrate, pH 4.5 

 

N/A 
Prepared in 

the lab 
4°C 

HEPES-Tryrodes buffer 

10mM HEPES, 

2.68mM KCl, 

11.9mM NaHCO3, 

137mM NaCl, 

0.42mM NaH2PO4 

,1.7mM MgCl2, 

5mM glucose, 

pH7.4 

 

N/A 
Prepared in 

the lab 
4°C 

saline solution 

450mg NaCl in 

50ml H2O 

 

0.9% (w/v) 
Prepared in 

the lab 
Room 

temperature 

Dihexyloxacarbocyanine 

Iodide (DiOC) 
Stock solution 

5µM 

 

Bio Legend, 
USA 

-20°C 

Prostaglandin E1 (PGE1) Stock solution 
100µM 

 

Sigma Aldrich, 
UK 

-20°C 

Apyrase Stock solution 
1mg/ml Sigma Aldrich, 

UK 
-20°C 
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HEPES-Tyrodes buffer, ACD, and platelet wash buffer were pre-warmed to room 

temperature before use. Blood was collected from a healthy donor into a 50ml tube 

containing 10% v/v ACD. Blood was centrifuged for 15 minutes at 120g, with no break at 

20-25°C. The resulting platelet-rich plasma (PRP) was transferred carefully dropwise 

using a plastic pasture pipette to a fresh 15ml tube, and the RBCs were kept in the original 

50ml tube. 100nM PGE1, 100mU Apyrase, and 10%v/v ACD were added to the PRP tube, 

and an equal volume of 0.9% saline was added to the RBCs tube, and this was gently 

inverted 2-3 times to mix. Both tubes were centrifuged for 15 mins at 1200g, with no brake. 

Once the centrifugation finished, the top layer of the PRP tube containing platelet-poor 

plasma was transferred into another 15ml tube and stored at -20°C for future use. The 

platelet pellet was carefully and slowly resuspended in 14ml of a solution containing 

platelet wash buffer, 3.5mg/ml BSA, 100nM Prostaglandin E1, 0.7µl DiOC and 100mU 

Apyrase. The supernatant was discarded from the RBCs tube, and the RBCs were 

carefully mixed with an equal volume of 0.9% saline. Both tubes were centrifuged for 12 

min at 1200g, with no brake.  Following this, the supernatant of the platelet tube was 

discarded, and the pellet was carefully resuspended with 1ml of HEPES/Tryodes buffer. 

The RBCs supernatant was discarded and washed a final time with 0.9% saline. Following 

the last RBC wash, the supernatant was discarded, and the washed RBCs were 

resuspended to the original starting volume of blood with HEPES/Tryodes buffer, and the 

1ml washed and labelled platelet solution was added to the resuspended RBCs.  

 

              2.9.4.3 Perfusion over HUVECS 
 

The washed RBCs and platelet mixture prepared in (Section 2.9.5.1) were drawn into 

a 10ml BD PlastiPak™ Syringe (BD Emerald™, UK) and mounted onto a Harvard 

syringe pump (World Precision Instruments, UK). An inlet tube was connected to the 

syringe and placed into one side of the Ibidi slide. A waste tube was connected to the 

other side of the slide. The RBC/platelet mix was then perfused through the channel 

at a defined volumetric flow rate of 800µl/min to give an approximate wall shear rate 

of 100s-1. Platelet capture to VWF was visualized in real-time using an OLYMPUS 

CKX41 microscope connected to a Lumen 200 Fluorescence Illumination System. Live 

images were captured after 3mins perfusion using QCapture Pro software. The VWF 

string bodies were counted manually using the ImageJ particle counter, and GraphPad 

Prism 9.0 was used to perform statical analysis and create the figures. 
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2.9.5 Leukocyte adhesion assay 
 

The interaction between endothelium and leukocytes is essential for the inflammatory 

response. In this assay, the adhesion between endothelial cells and leukocytes is 

measured under shear stress conditions. As described earlier, cells were cultured and 

treated in Ibidi single channel I0.4 Ibidi coated flow chambers. The perfusion assays 

were performed similar to described above, except whole blood drawn into 10% v/v 

ACD was directly treated with DiOC to label platelets and white blood cells. Whole 

blood was perfused at 100s-1 through endothelial cells, and leukocyte adhesion was 

recorded in real-time. The relative difference in size between leukocytes and platelets 

allowed for easy differentiation between the two. 

 

 

2.10 Statistical analysis 

GraphPad Prism Version 9.0 (GraphPad Software, La Jolla, CA, USA) was used to 

analyse all the data. Data was compared to untreated or vehicle (DMSO) control and 

presented as a mean ± standard error of the mean (SEM). Three or more independent 

experiments (n≥3) with three technical repeats for each experiment were conducted, 

unless stated in the result. The multiple comparisons and the p-values of the data 

involving two independent variables were analysed by One-way or Two-way ANOVA 

followed by Tukey's multiple comparisons post hoc test. P values of less than 0.05 

were considered as a significant difference between groups. p values are indicated in 

figure legends, *p < 0.05, **p < 0.01 and ***p < 0.001 and ****p < 0.0001. 
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3. Results 
 

3.1 CFZ did not induce ER stress in HUVECs 
 

3.1.1 Introduction 
 

Multiple myeloma (MM) is the malignant transformation of plasma cells that collect in 

the bone marrow, leading to marrow failure and bone destruction. (313) The disease 

is more frequent in older people and found twice as frequently in black people than 

white people. (104) The mean age of patients with MM is 61 years for women (79% > 

70 years) and 62 years for men (75% > 70 years). The root causes of this disease are 

not yet fully understood, and its extent, clinical course, sensitivity to drugs and 

complications differ widely among patients. (104) Treatment of MM has notably 

improved during the past decade. The expansion in the number of active drugs has 

created several potential drug combinations that can be used as first-line drugs and in 

relapsed settings. (314) In addition, a greater understanding of the cellular disease 

mechanisms have emerged as a foundation for new combinations of treatments and 

drug development. (56) According to the Surveillance Epidemiology and End Results 

database, there was a significant increase in the five-year survival rate between 1975 

(25%) – 2005 (34%) due to the administration of advanced and more effective 

treatment regimens. (315) Even though MM is usually sensitive to numerous cytotoxic 

treatments, both as a primary treatment and in the management of relapsed disease, 

responses to the drugs are transient; therefore, the cure of MM is hugely challenging 

with existing approaches. (315) The current drawbacks of MM treatment approaches 

can lead to disease relapse and are refractory to all available treatments. Therefore, 

developing a new, more effective, and a well-tolerated class of MM drugs is essential. 

(316) 

The 26S proteasome plays a vital function in cellular homeostasis in ubiquitin-

dependent protein turnover involving misfolded targets and obsolete proteins, stress 

response, apoptosis, cell-cycle progression and DNA repair. (10) Thus, the 

proteasome has emerged as a vital tool for cancer treatment with the authorisation of 

bortezomib (BTZ), a first-class reversible proteasome inhibitor (PIs) for (RRMM). (316) 

Nevertheless, BTZ has been found to be ineffective among some MM patients and 
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others who developed drug resistance, which became an essential trigger to establish 

other PIs with superior activity.  

CFZ is a novel, evaluated, irreversible epoxomicin-related second-generation PI. This 

agent effectively binds and exclusively inhibits the 26S chymotrypsin-like β-subunit of 

the immunoproteasome and proteasome activities. (317) This inhibition leads to an 

accumulation of ubiquitinated substrates within the cellular cytosol, resulting in ER 

stress and the activation of the unfolded protein response system. (317) Prolonged 

activation of this system and failure of the cells to restore normal protein production 

ultimately leads to apoptosis. Programmed cell death was associated with 

mitochondrial membrane depolarization, the activation of both intrinsic and extrinsic 

caspase pathways, the activation of c-Jun-N-terminal kinase, and the release of 

cytochrome c. (317) CFZ has significantly advanced the management of relapsed 

and/or refractory MM patients, involving those intolerants to bortezomib. (318) 

Significantly increased response rates have been confirmed with CFZ as a single 

treatment or combined with corticosteroids, immunomodulators and alkylating agents, 

including in patients who have failed various prior treatments. (318)  CFZ also 

demonstrates substantial potential as a frontline MM treatment, supporting response 

and survival rates. (318) Importantly, CFZ has presented improved effectiveness than 

bortezomib and shown effectiveness against bortezomib-resistance in the clinic and 

bortezomib-resistant MM cell lines. (319) CFZ also has overwhelming resistance to 

other standard treatments and has operated synergistically with dexamethasone to 

increase cancer cell death. (319) However, the usage of CFZ in MM has been 

associated with an increased risk of serious adverse events. Various cardiovascular 

complications were reported among such events, including hypertension, myocardial 

infarction, ischemic heart disease, and angina. (320) Among 60 MM patients treated 

with CFZ, 12% (95% confidence interval, 3.8%-20%) were diagnosed with 

cardiovascular risk complications. (321) They experienced ≥20% reversible left 

ventricular ejection fraction (LVEF), which is a principal indicator of cardiac 

dysfunction. The incidence of LVEF reduction was 5% at three months, 8% at six 

months, 10% at 12 months and 12% at 15 months. (321)  

In this results chapter, I hypothesised that the cytotoxic effect of CFZ against MM 

cancer cells could be an off-target effect against the human vascular endothelium. 

Therefore, I investigated the potential ability of CFZ to inhibit proteasome function 

within endothelial cells, thus causing the activation of ER stress in the endothelium. 
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3.1.2 Results 
 

3.1.2.1 Carfilzomib causes a distinct morphological change in 
HUVECS and induces protein ubiquitination. 
 

In order to investigate the initial hypothesis that CFZ alters and damages endothelium 

function similarly to its ER stress effect against MMCs, HUVECs were cultured under 

static conditions and exposed to CFZ in concentrations equivalent to those found in 

the plasma of patients undergoing anti-MM treatment 500-2000 nM (750 nM of CFZ 

was selected as standard dosage for one hour), and the pharmacokinetic half-life of 

the drug was 1 hour. Initially, light microscopy revealed a progressive morphological 

change. Cells appeared 'stretched' in CFZ treated cells in the 24 hour recovery period 

after drug treatment (Figure 3.1.1 D), suggesting structural rearrangement of F-actin 

stress fibres and possible activation of the endothelium; while after a 48-hour recovery 

period, the cells had almost returned to a similar appearance as that of untreated and 

DMSO treated cells; a normal 'cobblestone' cell morphology, indicating cell recovery 

(Figure 3.1.1, A, B, C, E). Next, it was investigated if CFZ induces proteasome 

inhibition of endothelial cells. Ubiquitin is a protein implicated in the regulation of 

misfolded protein degradation through ERAD mechanisms. (322) The build-up of 

ubiquitinated chains triggers the ERAD by the proteasome. HUVECs were treated with 

750nM of CFZ for 1 hour, followed by removal of the drug and replacement with fresh 

media. Cell lysates were harvested at selected time-points (0hr, 24hr and 48hr). 

Western blotting was used to compare the ubiquitination levels of CFZ treated cells 

compared to non-treated and DMSO controls. The immunoblotting results obtained 

across three biological repetitions indicated that ubiquitination was significantly up-

regulated in CFZ-treated cells after 24 hours compared to the controls, which is 

consistent with the role of the drug as a proteasome inhibitor (Figure 3.1.2 A&B). 

Taking all these observations together, CFZ demonstrated an evident potent ability to 

inhibit proteasome function in HUVECs; however, this was a transient effect, since the 

ubiquitination level and the cell morphology almost returned to a comparable level and 

appearance as the control cells after 48 hours of recovery. 
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Figure 3.1.1: CFZ induces a morphological change in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with 

PBS and replacing them in fresh EBM-2 medium. Morphological observation using a light microscope (10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. 
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Figure 3.1.2: CFZ induced proteasome inhibition in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with 

PBS and replacing them in fresh EBM-2 medium. Cells were then harvested to extract protein after 0hr, 24hr and 48hr. Western blot was used to determine the extent of 

ubiquitination. A) Western blot analysis of ubiquitin-protein level expression. B) Density quantification of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three 

technical repeats were performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented 

the average of three independent experiments. The expression trends of ubiquitin between CFZ and DMSO cells were compared using one-way ANOVA. Significant: *P < 0.05, 

**P < 0.01, ***P < 0.001.
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3.1.2.2 Carfilzomib did not induce ER stress in HUVECs  
 
Since CFZ resulted in changes in HUVEC morphology and ubiquitination, the ability 

of CFZ to indue ER stress was investigated. HUVECS were treated with CFZ for one 

hour as described (Methods 2.2.1). Cells were left to recover for 24hr, and 48hr and 

then cells were collected for gene and protein expression analysis using a panel of 

known ER stress markers (BIP, PERK, IRE1α, ATF6, CHOP, and ATF4) using qPCR 

(Figure 3.1.3) and immunoblotting (Figure 3.1.4), respectively. Interestingly, the data 

obtained showed that CFZ did not induce ER stress in HUVECS at any tested time 

points. This was revealed by a relative expression of all tested ER stress markers 

between CFZ treated cells compared to the untreated and the vector-DMSO controls. 

These data show that despite the induction of ubiquitination, at least at this dose of 

CFZ, ER stress is not induced in HUVECs. Thus, the morphological alteration 

observed in HUVECs could be sourced from an off-target effect of CFZ on HUVECs, 

leading to endothelial activation or cellular structural rearrangements.  
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Figure 3.1.3: CFZ did not induce ER stress in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and 

replacing them in a fresh EBM-2 medium. Cells were harvested to extract RNA at 0hr, 24hr and 48hr. cDNA was prepared from RNA to quantify mRNA expression using q-PCR. 

The expression level of mRNA of principal ER stress markers (BIP, PERK, eLF2α, ATF4, CHOP, and IRE1α) in CFZ treated HUVECs and controls. DMSO, Dimethyl sulfoxide; 

CFZ, carfilzomib. Three technical repeats were performed in each experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± 

SEM. The data represent the average of four independent experiments. The expression trends of mRNA between CFZ and DMSO cells were compared using one-way ANOVA. 

Significance: ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 3.1.4: ER stress protein expression of CFZ treated HUVECs compared to controls. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, 

followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Cells were harvested to extract protein at 0hr, 24hr and 48hr. Western blot was used to 

determine the protein level. Western blot bands of BiP (75 kDa), CHOP (32 kDa), elF2α-p (37 kDa), IRE1α-p (130 kDa) and GAPDH (37kDa) and Density quantification of 

Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were performed in each experiment, and the quantification of data was normalised to GAPDH 

levels and presented as the mean ± SEM. The data represents the average of three independent experiments. The expression trends of protein species between CFZ and DMSO 

cells were compared using one-way ANOVA. Significance: ns, non-significant; *P < 0.05; **P < 0.01; ***P < 0.001.



107 

 

3.1.2.3 Tunicamycin induced ER stress in HUVECs  

 
Since the data obtained showed that CFZ could not induce ER stress in HUVECS, 

experiments were repeated alongside tunicamycin (TM), a known inducer of ER stress 

in endothelial cells. (313) TM is a naturally occurring antibiotic that stimulates ER 

stress in cells by preventing the biosynthesis of N-linked glycans, which results in the 

accumulation of misfolded proteins in the ER, thereby inducing ER stress. (104) To 

confirm that TM could induce ER stress in endothelial cells, HUVECs were treated 

with 10µg/ml of tunicamycin for 24 hours, followed by the removal of the drug and 

replacement with fresh media; some cells were treated with 750nM of CFZ and DMSO 

as described earlier. At selected time-points (0hr, 24hr and 48hr) during recovery, the 

cells were harvested, and cell lysates were collected. Gene expression analysis of a 

panel of known ER stress markers (BIP, PERK, IRE1α, ATF6, CHOP, and ATF4) were 

monitored using qPCR and some of them were confirmed using immunoblotting. 

As expected, tunicamycin induced ER stress in HUVECs at all the tested time points. 

In addition, there was an apparent morphological change in TM treated cells, with cells 

appearing more "stretched" and elongated and clear patches lacking cells were visible, 

indicating a potential correlation between ER stress and morphological alteration in 

HUVECs (Figure 3.1.5). qPCR data demonstrated a significant increase in the ER 

stress gene expression profiles for all genes tested on tunicamycin-treated HUVECs 

compared to untreated, DMSO-treated controls and CFZ-treated HUVECs (Figure 

3.1.6). This finding was further confirmed by a Western blot analysis (Figure 3.1.7). 

This data shows tunicamycin induced ER stress on HUVECs, but CFZ did not achieve 

this throughout the investigated experimental conditions.
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Figure 3.1.5: Tunicamycin treatment induces a morphological change in HUVECs. HUVECs were treated with 750nM of CFZ, DMSO for 1 hour and 10µg/ml 

tunicamycin for 24 hours, followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. The morphological observation was conducted using a light 

microscope (10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib; TM, tunicamycin   
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Figure 3.1.6: Tunicamycin treatment induces ER stress in HUVECs. HUVECs were treated with 750nM of CFZ, DMSO for 1 hour and 10µg/ml tunicamycin for 24 

hours, followed by washing the cells with PBS and resuspending them in a fresh EBM-2 medium. Cells were harvested to extract RNA at 0hr, 24hr and 48hr. cDNA was prepared 

from RNA to quantify mRNA expression. q-PCR, the expression level of some of the principal's ER stress mRNA markers (BIP, PERK, eLF2α, ATF4, CHOP, and IRE1α) in 

tunicamycin, treated HUVECs. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib; TM, tunicamycin. Three technical repeats were performed in one experiment, and the quantification 

of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three independent experiments. The expression trends of 

mRNA between CFZ and DMSO cells were compared using one-way ANOVA. Significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 3.1.7: ER stress protein expression of tunicamycin treated HUVECs compared to CFZ treated HUVECs and controls. HUVECs were treated with 750nM 

of CFZ and DMSO for 1 hour and 10 µg/ml tunicamycin for 24 hours, followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Cells were harvested to 

extract protein at 0hr, 24hr and 48hr. Western blot was used to determine the protein level. Western blot bands of BIP (75 kDa), ATF4 (49 kDa), eLF2α-p (37 kDa), IRE1α-p (130 kDa), 

and GAPDH (37 kDa) and Density quantification of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib; TM; tunicamycin. Three technical repeats were performed in one 

experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three independent experiments. 

The expression trends of protein species between tunicamycin and CFZ cells were compared using one-way ANOVA. Significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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3.1.2.4 Repeated dosing of Carfilzomib did not induce ER stress in 
HUVECS 
 

In clinical practice, CFZ is administered intravenously over a 28-day treatment cycle over two 

consecutive days each week. (314) Since treating HUVECS with one dose of CFZ did not induce 

ER stress, it was investigated if two consecutive days of HUVECs stimulation with CFZ could 

induce ER stress. The cells were stimulated twice with 750nM of CFZ for 1hr treatment over two 

consecutive days, followed by 24 hr recovery after each CFZ treatment (Methods 2.2.2). 

Interestingly, whereas a single dose of CFZ resulted in increased ubiquitin expression 24 hours 

post-recovery but a return to normal levels after 48 hours, the second dose of CFZ maintained 

increased ubiquitination after 48 hours (Figure 3.1.8A). This finding indicates that stimulating 

HUVECs with CFZ in similar conditions to the clinical setting enhances the proteasome inhibition 

ability of CFZ in the endothelium. However, this accumulation of proteasome inhibition in the 

endothelium was not adequate to trigger the induction of ER stress. The expression of the 

principal ER stress marker, BiP, was comparable to both non treated and vehicle (DMSO) 

control cells either after a single pulse or double pulses with CFZ (Figure 3.1.8B). Hence, these 

data indicate that even though two consecutive days of stimulation with CFZ increased ubiquitin 

expression in endothelial cells, it did not induce ER stress activation in HUVECs, implying the 

potential ability of HUVECs to escape the pathological impact of CFZ under the presented 

experimental conditions.  

 

BiP is an essential ER chaperone to detect misfolded proteins(323). Under basal conditions, 

BiP binds to the three ER stress sensors' luminal domains (IRE1, ATF6, and PERK), which 

inhibits their activation. (324) However, BiP dissociates from the sensors and strongly binds to 

the exposed hydrophobic domains of the proteins when they accumulate in the ER. (325) The 

phosphorylation and activation of these sensors initiate pathways signals to establish an 

adaptive cellular response, which resolves ER stress and restores cellular protein homeostasis. 

From this point onwards, BiP was selected as the main marker to demonstrate ER stress unless 

indicated in the text.  
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Figure 3.1.8: Carfilzomib did not induce an accumulative effect on the endothelium. HUVECs were treated twice 

with 750nM of CFZ and DMSO for 1 hour for two consecutive days, followed by washing the cells with PBS and replacing them 

in a fresh EBM-2 medium and left to recover for 24 hours after each CFZ treatment. Cells were harvested to extract protein at 

0hr, 24hr after the 1st and 2nd DMSO or CFZ treatment. Western blot was used to determine the protein level. A) Western blot 

analysis of ubiquitin-protein level expression and Density quantification of Western blots. B) Western blot bands of BIP (75 kDa) 

and GAPDH (37 kDa) and density quantification of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical 

repeats were performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as 

the mean ± SEM. The data represented the average of three independent experiments. The ubiquitin and BiP protein expression 

trends between 0hr, DMSO and CFZ cells were compared using one-way ANOVA. Significant: *P < 0.05; **P < 0.01; 

***P < 0.001; ****P < 0.0001. 
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3.1.2.5 Increasing concentrations of CFZ did not induce ER stress in the 
endothelium 
 

Since there was no induction of ER stress in the endothelium either with a single or double 

dosage of 750nM CFZ, it was hypothesised that higher doses might be required to induce ER 

stress in HUVECS. For this purpose, cells were treated with three different concentrations of 

CFZ; 750nM, 1500nM and 3000nM for 1hr, followed by a 24hr recovery. While 1500nM 

represents the higher end of the predicted available plasma concentration of CFZ when injected, 

3000nM represents a very high plasma dosage. Interestingly, there was no induction of ER 

stress in the endothelium among all the concentrations applied to the cells (Figure 3.1.9). This 

was revealed by comparable BiP protein expression in the CFZ treated cells compared to non-

treated, and DMSO controls. This finding indicates that CFZ cannot trigger the activation of ER 

stress in the endothelium, even with the usage of a higher concentration of the drug.  

Figure 3.1.9: Higher concentration of CFZ did not induce stress in the endothelium. HUVECs were treated with 

750nM, 1500nM and 3000nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and resuspending them in 

a fresh EBM-2 medium. Cells were harvested to extract protein at 0hr, 24hr and Western blot was used to determine the extent 

of ER stress. Western blot analysis of BiP protein level expression and density quantification of the Western blot was conducted. 

DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were performed in one experiment, and the quantification 

of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three 

independent experiments. The expression trends of BiP protein expression between 0hr, DMSO and CFZ cells were compared 

using one-way ANOVA. Significant: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 

N=3 
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3.1.2.6 Carfilzomib potentially induced ER stress in HUVECs at earlier 
recovery time points  
 

Since none of the earlier experiments showed that CFZ could induce ER stress, and since there 

was an apparent morphological alteration of HUVECs at 24hr post CFZ treatment, it was 

hypothesised that CFZ might be inducing ER stress that was resolved 24 hours post-treatment 

and therefore not detectable in the previous experiments. To investigate this, the cells were 

treated with 750 nM of CFZ for 1 hour, washed with PBS and resuspended in fresh EBM-2 

medium for nine selected recovery time points (1hr, 2hr, 4hr, 6hr, 8hr, 10hr, 12 hr, 24hr, and 

48hr, respectively). The light microscope observation showed a progressive morphological 

change in CFZ treated cells. The morphological alteration of HUVECs started after 1-hour 

recovery and lasted up to the 24hr recovery point. These morphological abnormalities were 

recorded as the cells became elongated and 'stretched', more apparent than at the 10hr and 

12hr HUVECs recovery time points (Figure 13.1.0, E&F). However, this morphological change 

became less pronounced at 24 hours and almost returned to normal at 48 hours (Figure 3.1.10, 

H&I). In general, the control cells appeared to form a typical 'cobblestone' pattern, while the CFZ 

treated cells appeared more elongated and 'stretched' throughout the assay, indicating a 

potential cytoskeleton rearrangement/activation of the endothelium that progressed through the 

assay. Concerning the ubiquitin expression, there was a gradual upregulation of the ubiquitin 

expression in the CFZ treated HUVECs, which started from 1-hour recovery and reached the 

peak at the 8-hour recovery time point, followed by the gradual reduction of ubiquitination 

expression until the cells reached complete recovery at 48 hours (Figure 3.1.11). Equivalently, 

an increase of the BiP gene was observed within 24 hours in the CFZ treated HUVECs. There 

was a significant induction of the BiP gene between 2hr-10hr post-treatment recovery (Figure 

3.1.12, A). However, in stark contrast to the previous observations, the Western blot analysis of 

BiP protein expression showed that there was a significant upregulation of this protein in the 

CFZ treated HUVECs that started from the 2-hour recovery point and persisted for at least 48 

hours, indicating sustained ER stress activation in the endothelium (Figure 3.1.12, B). It was 

clear that the BiP protein expression in this experiment was majorly opposed to the earlier finds, 

thus indicating conflicting data, which was resolved later in this chapter.  
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Figure 3.1.10: CFZ induced morphological change at early recovery time points in HUVECs.  HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed 

by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Cells were harvested to extract protein at 0hr, 24hr and 48hr. Morphological observation using a light 

microscope (10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. 
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Figure 3.1.11: CFZ induced ubiquitin expression at early recovery time points in HUVECs.  HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed 

by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Cells were harvested to extract protein at 0hr, 24hr and 48hr. Western blot analysis of ubiquitin-protein 

level expression and Density quantification of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were performed in one experiment, and the 

quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three independent experiments. The expression trends 

of ubiquitin between CFZ and DMSO cells were compared using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.00
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Figure 3.1.12: Emerged conflicting BiP protein expression in CFZ treated HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing 

the cells with PBS and replacing them in a fresh EBM-2 medium. Cells were harvested to extract protein at 0hr, 24hr and 48hr. qPCR and Western blot were used to determine the 

extent of BiP expression. A) The expression level of mRNA of BIP in CFZ treated HUVECs and controls. B) Western Blots analysis of BiP protein expression and density quantification 

of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were performed in one experiment, and the quantification of data was normalised to GAPDH 

levels and presented as the mean ± SEM. The data represented the average of three independent experiments. The expression trends of BiP protein and gene expression between 

CFZ and DMSO cells were compared using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.001.
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3.1.2.7 CFZ mediated BiP expression was dependent on the confluence of 
HUVECs.  
 

Previously obtained data showed a conflict in BiP protein expression. Earlier findings showed 

no induction of BiP protein expression at either 24hr or 48hr recovery; however, later 

experiments showed significant induction of BiP at these time points. To explain the potential 

cause of this conflicting data, two possibilities were identified. Initially, it was hypothesised that 

the differences were due to different batches of drugs being used for experiments. Therefore, I 

conducted an experiment where HUVECs were treated in parallel for 1 hour using "new" and 

"old" batches of CFZ. The cells then were re-suspended in a fresh EBM-2 medium and left to 

recover for 24 hours. However, there was no remarkable morphological diversity in the pattern 

of the CFZ effect in morphology among both batches of the drug. Both batches showed the 

same appearance of HUVECs alteration where the cells were stretched and elongated, 

indicating cytoskeleton rearrangement or activation of HUVECs (Figure 3.1.13A). In agreement, 

the Western blot analysis showed that there was no induction of BiP expression in both 'the old' 

and 'the new' batches of the drug (Figure 3.1.13B), indicating that both batches of drug used in 

this study were similar, and this did not account for the observed conflicting data.  
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 Figure 3.1.13: The "new" and "old" batches of CFZ did not induce BiP expression in HUVECs. HUVECs were 

treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a fresh EBM-2 

medium. Cells were harvested to extract protein at 0hr, 24hr and 48hr. A) Morphological observation using a light microscope 

(10X objective). B) Western blot analysis of BiP-protein level expression and density quantification of Western blots. DMSO, 

Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were performed in one experiment, and the quantification of data 

was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three independent 

experiments. The expression trends of BiP between CFZ and DMSO cells were compared using one-way ANOVA. Significance: 

*P < 0.05, **P < 0.01, ***P < 0.001  
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To further investigate the cause of the conflicting data, the starting morphology of the HUVECS 

was re-analysed. Therefore, it was hypothesised that sub-confluent cells were more rapidly 

growing with increased protein demands that render them susceptible to proteasome inhibition. 

To investigate this further, a direct comparison between the effect of CFZ on (70-80%) and 100% 

confluent cells was performed. As before, cells were treated with 750nM CFZ for 1 hour, 

resuspended in fresh EBM-2 medium and then left to recover for 24 hours.  

Considerably, it was noted that when the starting confluency of the cells was below 100% (70-

80%), this correlated with a substantially more significant morphological change and elongation 

(Figure 3.1.14). In addition, there was more intense ubiquitination expression in the 80% 

confluent cells, indicating higher ubiquitination of cytosolic proteins, thus demonstrating more 

protein-producing demand (Figure 3.1.15A). Equally, there was a significant upregulation of BiP 

expression in the 80% confluent HUVECs only (Figure 3.1.15B). Conversely, I found that the 

cells were 100% confluent in all experiments when BiP was not up-regulated. Together, these 

observations indicate that in sub-confluent HUVECS, CFZ can induce ER stress; however, CFZ 

has limited effects in confluent cells. This data also resolves the conflicting data that was seen 

in previous experiments.  
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Figure 3.1.14: CFZ induces more morphological alterations in 80% confluence HUVECs. HUVECs were cultured in two different confluences, 80% and 100%; then, cells 

were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Morphological observation using a light 

microscope (10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib 
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Figure 3.1.15: CFZ induced BiP upregulation in 80% confluence HUVECs, but not 100% confluence HUVECs. HUVECs were cultured in two different confluences, 

80% and 100%; then, cells were treated with 750nM of CFZ and DMSO for 1 hour, then washed with PBS and replaced in a fresh EBM-2 medium. Cells were harvested to extract protein 

at 0hr and 24hr. A) Western blot analysis of ubiquitin-protein level expression and density quantification of Western blots. B) Western blot analysis of BiP protein level expression and 

density quantification of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were performed in one experiment, and the quantification of data was 

normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three independent experiments. The ubiquitin and BiP protein expression trends 

between CFZ and DMSO cells were compared using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.001
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3.1.2.8 CFZ did not induce apoptosis in either 80% or 100% confluent 
HUVECs 
 

Even though our findings showed the lack of CFZ ability to induce ER stress in fully confluent 

HUVECs, a considerable morphological alteration was seen during the experiments. Therefore, 

I inquired if other mechanisms could cause endothelium damage by CFZ, such as cellular 

apoptosis. For this purpose, the expression of well-known apoptotic markers (Annexin-V and PI) 

were investigated using flow cytometry. The cells and the experiments were conducted as 

described in (Methods 2.7.2). As a positive control, some cells were treated with 20-30µl of 

DMSO for 20-30 minutes to prepare “zombie” cells. Interestingly, flow cytometry revealed that 

the percentage of each apoptotic or combined marker was similar in CFZ treated HUVECs 

compared to untreated and DMSO controls regardless of the starting confluency of the cells 

(Figure 3.1.16,17). However, as expected, the “zombie” cells showed significant expression of 

both apoptotic markers than CFZ treated cells (Figure 3.1.16,17). These findings indicated the 

absence of apoptosis triggered by CFZ in the endothelium. Taken together, these findings show 

that CFZ did not induce apoptosis of HUVECS in these experiments.  
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Figure 3.1.16: CFZ did not trigger apoptosis in 80% confluence HUVECs. HUVECs were cultured to 80% confluence; then, cells were treated with 750nM of CFZ and 

DMSO for 1 hour, washed with PBS and replaced in a fresh EBM-2 medium for 24hr. Annexin-V and PI flow cytometry analysis for 80% confluence cells. DMSO, Dimethyl sulfoxide; 

CFZ, carfilzomib. The data represented the average of three independent experiments. The expression trends of Annexin-V/PI between CFZ and DMSO cells were compared using 

one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.00

N=3 
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Figure 3.1.17: CFZ did not trigger apoptosis in 100% confluence HUVECs.  HUVECs were cultured in 100% confluences; then, cells were treated with 750nM of CFZ and 

DMSO for 1 hour, washed with PBS and replaced in a fresh EBM-2 medium for 24hr. Annexin-V and PI flow cytometry analysis for 100% confluence cells. DMSO, Dimethyl sulfoxide; 

CFZ, carfilzomib. The data represented the average of three independent experiments. The expression trends of Annexin-V/PI between CFZ and DMSO cells were compared using 

one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.001

N=3 
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3.1.2.9 CFZ did not induce ER stress in human embryonic kidney 293 
(HEK293) cells but did induce ER stress in multiple myeloma cells (OPM-2) 
 

According to the data obtained in this chapter, I have found no evidence to support the 

hypothesis that CFZ induces ER stress in HUVECs. Therefore, I hypothesised that CFZ could 

induce ER stress in cancer cells since they overgrow with more protein-demanding cells (10) 

but not in non-malignant cells. It is widely accepted that CFZ induces ER stress in multiple 

myeloma cancer cells in vitro, including the OPM-2 cell line. (317) Therefore, to validate and to 

compare the drug been used in my assays; the HEK293 cell line, one of the most popular and 

easy to grow cell cultures, was selected as a non-malignant negative control cell and the OPM-

2 cell line, which originated from the malignant cells of a multiple myeloma patient, as a positive 

control to check the ability of the drug to induce ER stress.  

For this purpose, the cells from each cell line were treated with 750nM CFZ/ DMSO for 1 hour, 

washed and re-suspended in a fresh medium and left to recover for 24 hours (Methods 2.2.4). 

Consistent with my HUVECs findings, the data obtained showed that CFZ remarkably altered 

the HEK293 cell morphology, similarly indicating a cytoskeleton rearrangement (Figure 3.1.19). 

However, in agreement with my previous findings, there was no induction of BiP expression in 

HEK293 cells after a 24-hour recovery (Figure 3.1.20). In contrast, there was a significant 

induction of ER stress in the OPM-2 cells, which is consistent with the literature (Figure 3.1.20). 

(320) 

 

Taken together, these data suggest that CFZ induced ER stress in high protein-demanding cells, 

such as sub-confluence HUVECs and cancer cells such as OPM-2 cells, but not in non-

malignant cells that have a regular protein turnover, such as fully confluence HUVECs and 

HEK293 cells.
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Figure 3.1.19: CFZ induced morphological change in HEK293 cells. HEK293 cells were cultured up to 100% confluency; then, cells were treated with 750nM of CFZ and 

DMSO for 1 hour, washed with PBS and replaced in a fresh medium. Morphological observation of HEK293 cells using a light microscope (10X objective). DMSO, Dimethyl sulfoxide; 

CFZ, carfilzomib.   
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Figure 3.1.20: CFZ did not induce ER stress in HUVECs or HEK293 cells but induced ER stress in OPM-2 cells. HEK293 and OPM-2 cells were cultured up to 100% 

confluency; then, cells were treated with 750nM of CFZ and DMSO for 1 hour, then washed with PBS and replaced the cells in a fresh medium. Cells were harvested to extract protein 

at 0hr and 24hr. Western blot analysis of BiP protein level expression and density quantification of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats 

were performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three 

independent experiments. The expression trends of BiP protein between CFZ and DMSO cells were compared using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.00  
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3.1.2.10 CFZ did not induce de novo proteasome synthesis in HUVECs 
 
The proteasome is an integral part of the ER-associated degradation system. It is will-

established that some cells have the capacity to initiate de novo proteasome synthesis in 

response to ER stress activation or when there is the accumulation of the mis-folded proteins in 

the cellular cytosol. (321) In this process, cells produce more proteasome subunits to expand 

the proteasome expression for the misfolded proteins, thus preventing the lethal consequences 

of prolonged ER stress activation. (321) The data indicated a significant increase in 

ubiquitination expression, but CFZ induced no ER stress. Therefore, I asked if HUVECs could 

recruit a mechanism to avoid the induction of ER stress, such as a de novo proteasome 

synthesis. (321) In order to investigate this, the cells were treated as described earlier (section 

3.2.1). Both Western blot and qPCR data showed no de novo proteasome synthesis induction. 

This was revealed by the relative expression of PS20 in all treated and non-treated conditions 

(Figure 3.1.21A&B), implying that the endothelium did not utilise this mechanism to avoid the 

induction of ER stress by CFZ.
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Figure 3.1.21: CFZ did not induce de novo proteasome synthesis in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the 

cells with PBS and replacing them in a fresh EBM-2 medium. Cells were harvested to extract protein at 0hr and 24hr. A) The expression level of mRNA of PS20 in CFZ treated HUVECs 

and controls. B) A Western blot analysis of PS20-protein level expression and density quantification of Western blots. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical 

repeats were performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of 

three independent experiments. The expression trends of PS20 between CFZ and DMSO cells were compared using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.001.  
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3.1.3 Discussion 
 

Since CFZ induces ER stress in MMCs, it was initially hypothesised that similar effects would 

be seen in HUVECs, which has not yet been addressed. Endothelial cells are essential 

regulators of vascular permeability and immunity; hence, examining the effects of CFZ on the 

endothelium is of crucial importance. Therefore, this chapter aimed to investigate how CFZ may 

impact the endothelium by focusing on whether CFZ could induce ER stress in endothelial cells. 

HUVECs were used since they are considered a standard endothelial model, are relatively easy 

to grow compared to other endothelial cell types, and are also easy to obtain and economical. 

(326) In order to attempt to mimic the in vivo situation as closely as possible, HUVECs were 

treated with a single or double 750nM dose of CFZ or with different concentrations of CFZ 

(750nM, and 1500nM) for 1 hour, thus mimicking equivalent to the minimal and maximal 

concentration that is found in MM patient serum and the estimated clinical exposure of average 

drug half-life, respectively. (3) In a rat model, study data showed that CFZ was rapidly cleared 

extrahepatically, via epoxide hydrolysis and peptides cleavage, with a half-life of 30-60 minutes. 

(327)  In agreement, it is widely accepted that the CFZ is rapidly cleared from the patient serum 

after IV infusion with a half-life ≤1 h in patients.(90)  

In this chapter, two main findings were observed in CFZ treated HUVECs: 1) treating the cells 

with one or two doses of CFZ and high clinical doses of CFZ did not induce ER stress or 

apoptosis in the confluent HUVECs, though there was a visible change in the morphology of 

treated cells. 2) Treating sub-confluent HUVECs with 750nM of CFZ induced a significant 

induction of BiP expression, thus indicating ER stress. However, sub-confluent HUVECs do not 

adequately mimic the physiological state of the endothelium that forms a confluent luminal 

monolayer structure in the human vascular system.  

Initially, to investigate the hypothesis that CFZ induces ER stress in HUVECs, I first examined 

the core functional ability of CFZ to inhibit the proteasome function in my selected cell model. 

This was achieved by comparing the level of ubiquitination expression between CFZ treated and 

untreated cells and DMSO controls. Effective inhibition of the proteasome function could cause 

prolonged proteotoxic endoplasmic reticulum stress. (328) The data showed an almost three-

fold increase in the ubiquitination level in CFZ treated HUVECs compared to controls at 24 hours 

only. This increased expression of ubiquitin at 24 hours indicated the drug's ability to induce 

proteasome inhibition in HUVECs, which resulted in an accumulation of misfolded protein in the 

ER lumen. However, the decreased expression of ubiquitin at 48 hours indicated the rapid 

recovery of proteasome activity.  
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Interruption of ER homeostasis due to a build-up of misfolded proteins can lead to ER stress. 

(100) To determine if CFZ could induce ER stress in HUVECs, the expression of a panel of ER 

stress markers were investigated. We aimed to maximise the chance to identify any potential 

ER stress activation by selecting a wide range of ER stress screening markers. These included 

BIP, PERK, IRE1α, ATF6, CHOP, and ATF4, which were examined at the beginning of this 

study. Interestingly, the qPCR and western blot data showed that CFZ did not induce any of 

these ER stress markers in HUVECs at the 24hr and 48hr recovery after treatment with CFZ for 

1 hour.  

To confirm that my assays were sensitive in detecting ER stress, assays were repeated following 

the treatment of HUVECs with tunicamycin, a known ER stress inducer. (329) Tunicamycin is 

an antibiotic that inhibits the attachment of precursor sugar structures to newly synthesised 

proteins within the ER, resulting in an accumulation of misfolded proteins and ER stress. (329) 

Consistent with the literature, treatment of HUVECs with tunicamycin induced the upregulation 

of ER stress markers; however, no increase was observed with CFZ treated cells in the same 

experiments. This data indicates that under the conditions of the assays used, CFZ could not 

induce ER stress in HUVECs. (329) 

Since CFZ did not induce any of the selected ER stress markers, the key ER stress regulator 

BiP was selected as the principal ER stress marker to be investigated in the subsequent 

experiments. Indeed, this selection was consistent with several articles that considered BiP the 

key ER stress markers since it controls the activation of the three main proteins of the unfolded 

protein response (PERK, IRE1α, ATF6). This was clearly stated by Vitale et al. when they 

claimed that the alteration of BiP expression is defining the ER stress. (330) In another way, 

induction of BiP could be considered as the early signs and the regulator of the ER stress 

response; therefore, I decided to screen all my experiments for ER stress by using BiP as a 

principle marker and followed with other markers if an ER stress activation was observed.   

In clinical practice, CFZ is typically administrated over two consecutive days each week for three 

weeks, followed by a recovery week in a 28-day cycle for the treatment of MM. (331) The first 

cycle dose is 20mg/m2, but if the beginning dose is tolerated, the dosage will be amplified to 

56mg/m2 for the residual cycles. (331) Interestingly, exposure to an accumulative dosage of 

CFZ over two consecutive days showed an enhanced proteasome inhibitory effect. The 

ubiquitination expression was progressively up-regulated, reaching a peak after 48 hours, not 

found in the single dosage experiment. However, this effect was inadequate in inducing ER 

stress in the endothelium since BiP induction was not induced in the CFZ accumulative 



133 

 

experiment. Also, my data showed that increasing concentrations up to 3000nM of CFZ could 

not achieve ER stress activation in the endothelium. In summary, all these data showed that 

CFZ did not induce ER stress activation in HUVECs. 

Various hypotheses could explain the reasons behind these outcomes. Firstly, it is widely 

accepted that cancer cells have a sensitive dependence on the degradative feature of protein 

homeostasis because of their fast cell cycle, hyperactive protein synthesis, and several genomic 

mutations, which often result in defective proteins and an imbalance in protein levels. (329) 

Therefore, the high protein demand of cancerous cells, unlike normal cells (HUVECs), combined 

with the disruption of protein production that results from proteasome inhibition by CFZ, could 

result in fatal ER stress, which seems improbable in HUVECs. (16)  

Secondly, when CFZ impairs ERAD, which is considered one of the central cellular processes 

to control normal protein production and turnover; however, HUVECs could utilise and activate 

other mechanisms to degrade unwanted proteins, such as autophagy. (3) This mechanism is 

considered a complementary proteocatabolic method to compensate for proteasome 

inefficiency. (3) Terminally or misfolded non-functional cytosolic proteins that the UPS does not 

rapidly destroy can form toxic and proteolysis-refractory masses. (332) These are moved in a 

microtubule-dependent pattern towards the centrosome, forming aggresomes that are 

selectively immersed and transported to the lysosome by the autophagic machinery. (332) 

Thirdly, the load vs capacity model predicts that cells can avoid the harmful impacts of 

proteasome inhibition by attenuating the protein load in the cytosol. (333) This could be another 

mechanism utilised by the endothelium to escape from the effect of proteasome inhibition 

caused by CFZ. (333) Lastly, it could be that the experiment time exposure (1hr) was not 

adequate to induce ER stress in HUVECs. However, prolonged exposure of the cells to the 

treatment is not physiologically relevant since it is well known that the drug half-life in MM 

patients ranges between 30-60 minutes; therefore, it was not approached in my experimental 

setting. (297)   

 

Interestingly, while CFZ could not induce ER stress, it did induce a distinct morphological change 

in treated HUVECS. Under normal in vitro culture conditions, a monolayer of HUVECS assumes 

a "cobblestone" like appearance. (334) However, following CFZ treatment, the HUVECS took 

on a stretched conformation. Several studies had reported a similar morphological appearance 

when the endothelium was activated. According to Stroke et al. endothelial cells become more 

elongated and stretched in response to TNF- stimulation. (335) Activated ECs have shown a 
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structural rearrangement, including significant reorganisation of the cytoskeleton F-actin and 

aligned alongside the central axis of the cells, which is linked to enhanced cell stiffness and 

contractility. (336) Another author claimed a functional link between the cytoskeleton dynamic 

and ECs morphology during an activation response of HUVECs. (337) In general, the 

morphological change observed in this chapter indicated a noticeable effect of CFZ on HUVECs, 

such as structural rearrangement and EC activation, which is investigated in the next chapter.  

The earlier data indicated no induction of ER stress-mediated by CFZ; however, there was an 

evident morphological alteration of HUVECs after CFZ treatment, particularly at 24 hr recovery. 

Thus, I hypothesised that a potential earlier ER stress induction could occur without being 

detected by the former experiments. The data obtained from the time-course assay indicated a 

time-dependent increase of ubiquitinated proteins and a progressive morphological change 

within 24 hours after the initial CFZ treatment in HUVECs. Surprisingly, CFZ was established to 

stimulate a significant upregulation of BiP protein expression, which initiated at 2 hours and 

lasted up to 48 hours of recovery post an initial one-hour CFZ treatment in HUVECs. Thus, the 

upregulation in ubiquitinated protein levels and elevated BiP expression imply ER stress is 

achievable in HUVECs within one CFZ treatment. However, this finding flagged conflicting data; 

this related to BiP protein expression at 24 hours and 48 hours in this assay and previous 

experiments. While the former experiments indicated no induction of BiP expression after a 24 

hour and 48-hour recovery, the time course assay showed a lasting induction of ER stress in 

HUVECs after 1 hour of CFZ treatment. According to the backward investigation of all the 

conducted experiments, various factors were identified that could cause this conflicting outcome, 

which was examined by a series of experiments. The conclusion obtained from these assays 

indicated that the variety of HUVECs confluency caused the conflicting outcome at the initiation 

of my experiments. My data showed that the CFZ could not induce ER stress when cells were 

in full confluence at the beginning of the experiment. However, this was not the case with sub-

confluence cells, with significant induction of BiP, thus ER stress. However, the latter finding did 

not precisely reflect the well-known human endothelium's monolayer structure; thus, conducting 

a further investigation was not undertaken. (338) Sub-confluence and proliferating endothelial 

cells are present when the endothelium is actively proliferating in angiogenesis and wound 

healing situations. (339)  This was reported by several studies where it has been reported that 

endothelial cells were not fully confluence during the process of vascular repair and 

angiogenesis. (340) The observed difference of ER stress induction between the confluent and 

sub-confluent cells could be that the actively growing cells are more sensitive to the effect of the 

proteasome inhibitors. (341)  This could be supported by the fact that endothelial cells at the 
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growth phase require different proteins to cope with the different requirements of cellular growth. 

(341) Consistent, growing HUVECs duplicate every 1-2 days, during which they are highly active 

and proliferative (non-confluence cells). (342) On the other hand, it is widely accepted that a 

resting HUVEC monolayer has significantly less demands on protein production.  (342)  In 

general, it could be that the active growing cells are more sensitive to the effect of the 

proteasome inhibitors, which could explain the potent induction of BiP expression in the 80% 

confluence HUVECs, but not in fully confluent cells. Similar to this, Aldo et al. reported that BTZ 

induces an anti-angiogenesis effect in MM via direct and indirect impact on endothelial cells by 

inhibition of interleukin-6 (IL-6) and vascular endothelial growth factor (VEGF) secretion by the 

multiple myeloma patient-derived endothelial cells (MMECs). (343) In agreement, Politue et al. 

demonstrated that BTZ showed a significant anti-angiogenic effect in MM patients via interferes 

with the action of the endothelium VEGF autocrine and paracrine pathway; thus, altering 

angiogenesis of the malignant plasma tumour. Taken together, CFZ may exert part of its anti-

myeloma effect through anti-angiogenic mechanisms, which will be interesting to study in the 

future. (344)  

Taken all together, it could be that the induction of BiP expression in the time course assay 

occurred because the cells may have been less confluent. Working with HUVECs and judging 

the cell confluency is always widely discussed by the interested scientist. (345) Identifying the 

grading of HUVECs confluency requires some time and extensive expertise, particularly in 

higher grade confluency cells since it is very subjective. However, it the. most important that the 

source of the error has been identified and the conflicting incident was resolved in a scientific 

approach. Therefore, in summary, once the conflicted BiP expression data have been resolved, 

there was a lack of evidence supporting the hypothesis that CFZ mediate ER stress in the full 

confluence HUVECs. Therefore, potential alternative mechanisms were hypothesised later and 

examined to address the research question.  

 

Among these proposed mechanisms, since CFZ induced an apparent morphological alteration, 

I hypothesised that CFZ could mediate apoptosis in a similar pattern as multiple myeloma cancer 

cells. However, there was no induction of apoptosis in the full confluence cells, which was in line 

with the previous findings indicating the lack of ER stress activation in these cells. Even though 

there was a significant induction of BiP expression stress in the 80% confluence HUVECs, there 

was no induction of apoptosis in these cells. Prolonged disturbance of ER homeostasis leads to 

the activation of the unfolded protein response - a set of pathways that monitor the diminishing 

of the ER protein-folding function and observe the ER's condition. (346) The activation of this 
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pathway resolves ER stress and restores normal homeostasis by involving three significant 

actions (88): expanding the expression of molecular chaperones, suppressing protein 

translation, and degrading misfolded proteins. (88) These actions are consequences of 

activating three principal ER stress transducers: ATF6, PERK and IRE1, which were all 

dependent on the BiP/GRP78, an essential ER chaperone to identify misfolded proteins. (41) 

The downstream signalling of these transducers aims to re-establish cellular protein 

homeostasis and resolve ER stress. (347) This is accomplished by expanding folding capacity, 

improving the ER's clearance capacity by ERAD and autophagy, and reducing the folding load. 

(347) All these together serve as a protective cellular mechanism to defend against the harmful 

impact of ER stress. Thus, this could explain why there was no activation of the apoptosis in the 

80% confluence HUVECs when there was a significant induction of ER stress in the cells.  

 

Lastly, in this chapter, I hypothesised that a similar CFZ effect would be found in non-malignant 

cells, but not cancer cells, since they are rapidly growing cells and more suitable to the harmful 

impact of proteasome inhibition. Therefore, I stimulated a non-malignant cell (HEK293) and a 

multiple myeloma cancer cell (OPM-2) with the same single dose concentration used in the 

HUVECs experiment. Interestingly, the data obtained supported and confirmed my latest 

hypothesis. I found no induction of BiP protein in CFZ treated HEK293 cells, indicating the 

absence of ER stress activation in these cells. On the other hand, there was a significant 

induction of BiP protein expression in the OPM-2 cells, indicating an activation of ER stress in 

the cancer cells, which agreed with the published literature. Mishima et al. reported an 

accumulation of protein aggregates and ubiquitinated proteins in the cytoplasm of MMCs caused 

by CFZ, leading to significant induction of ER stress and eventually to cellular death. (348) 

Similarly, CFZ was proved to induce a permanent inhibition to the β5 subunit of the 20S 

proteasome in OPM-2 cells, which led to ER stress activation. (10) In agreement with my result 

CFZ was found to lead to an upregulation of BiP expression in OPM-2 cells which agreed with 

the well-known fact of the cytotoxicity effect of CFZ against MMCs. (349) Moreover, it supports 

the proposed hypothesis that CFZ does not induce ER stress in the non-malignant cells since 

they are less dependent on protein production and turnover.  

 

In conclusion, the results of this chapter led me to reject the initial hypothesis that CFZ induces 

ER stress activation in the endothelium. Alternative mechanisms, such as endothelium 

activation alteration of endothelium haemostasis, were then hypothesised and investigated in 

the second chapter.
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3.2 CFZ induces cytoprotective and thrombo-
protection effects in HUVECs 

 

3.2.1 Introduction 
 
Desynchronised cytokine phenomena classically demonstrate multiple myeloma (MM) 

with elevated circulating inflammatory cytokines found in MM patients(16). The 

interaction between MMCs and bone marrow stromal cells is essential for cancer cell 

survival and progression. (350) Among these, the inflammatory cells, macrophages, 

dendritic cells (DCs), and lymphocytes play a vital role in MM progression and tumour 

growth. (351) The myeloma cells and bone marrow environment triggers the autocrine 

or paracrine release of numerous mediators, which promote MM progress. (352) 

Among 79 newly diagnosed and 20 relapsed MM patients, their serum cytokine (IL-1, 

TNF, IL-6, and VEGF) concentrations were significantly higher than control subjects 

(P<0.001). (353) According to Methap et al., the serum level of IL-6, IL-21, IL-1, and 

TNF were remarkably amplified in MM patients' serum compared to healthy controls. 

(354)  

The human cardiovascular system is internally covered with a luminal mono-structural 

layer of squamous vascular endothelial cells. (355) The endothelium creates a bridge 

and barrier between circulating blood and other vessel wall and tissue 

components(355) and functions to maintain the finely tuned vascular system. (356) 

Indeed, the endothelium is considered an endocrine organ that secretes many 

mediators to maintain normal blood flow, control vascular contraction and relaxation, 

thrombosis and inflammatory activation. (357) It also strictly monitors and controls 

coagulation and the fibrinolysis system. (358) Among endothelium mediators, nitric 

oxide and prostacyclin are considered major endothelial cell-derived vasodilators, 

endothelium-derived relaxing factor (EDRF) as a relaxing factor, endothelin-1 and 

thromboxane A2 as vasoconstrictive factors.  

When the endothelium fails to maintain normal haemostasis, reduced 

creation/availability of nitric oxide is found. This is known as endothelium dysfunction 

when there is a disparity in the relative involvement of endothelium-derived contracting 

and relaxing factors. (359) This initial pathologic step is involved in the prognosis of 

various types of endothelium dysfunction associated with cardiovascular 
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complications, such as hypertension, myocardial infarction, and acute coronary 

syndromes. (360)  

Endothelial cells do not trigger platelet activation in a healthy vascular system, though 

these cells are in close contact. (361)  Platelet activation is triggered by the discharge 

of substances from an activated or damaged endothelium. (361) The release of VWF 

from an injured endothelium, exposure of ICAM-1, VCAM-1, and P-selectin on the 

plasma membrane and the expression of chemokines and platelet-activating factors, 

all together stimulate a pro-coagulator and pro-inflammatory environment. (361) The 

pathological activation of these mechanisms leads to the formation of atherosclerosis, 

which eventually leads to damage of endothelium-dependent vasodilation 

mechanisms, which is the functional feature of endothelial dysfunction. (362) 

An association between the enhanced incidence of venous thrombosis and MM has 

been reported. (363) This could be through direct damage to the endothelium by 

MMCs, alteration of physiological coagulation balance, or damage caused by the 

aggressive chemotherapies used in MM treatment. (363) In most cases, the 

mechanisms behind a thrombotic event in MM patients cannot be explained, but using 

chemotherapy in MM treatment may play a more significant role in thrombotic 

development than an individual abnormality since thrombotic events become more 

noticeable after starting treatment. (364) However, even before administering 

chemotherapy in MM patients, hypercoagulability in MM patients has been well 

documented. (365) There is evidence of damage to the fibrinolytic and anticoagulant 

pathways in MM patients. (365) An elevated/abnormal immunoglobulin, abnormal 

cytokine production, and activated protein C (APC) pathway resistance have been 

proposed as causative mechanisms of hypercoagulability in MM patients. (366) In 

addition, CFZ usage in MM has increased the risk of various thrombosis complications. 

Danhof et al. revealed that 25% of patients who received CFZ progressed with signs 

of congestive heart failure caused by thrombosis. (367)  

 

Since, as described in chapter one, CFZ did not induce ER stress in the endothelium, 

I hypothesised and investigated if stimulation of HUVECs with pro-inflammatory 

cytokines and CFZ would induce ER activation in if this would pro-inflammatory and 

pro-thrombotic activation of the endothelium.  
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3.2.2 Results 

 
3.2.2.1 Combined treatment with CFZ and cytokines induced 
morphological change and ubiquitination expression but did not 
induce ER stress in the endothelium 
 

It is well known that MM patients have a significantly amplified level of pro-

inflammatory cytokines, such as TNFα and IL-1β, in their serum. (368) Therefore, we 

hypothesised that the existing pro-inflammatory environment in MM patients could 

enhance CFZ cytotoxicity and induce ER stress or pro-thrombotic and pro-

inflammatory activation in the endothelium.  

For this purpose, I stimulated confluence HUVECs with 20ng/ml NF and/or with 

20ng/ml IL-1β combined with CFZ or alone, followed by a one-hour treatment with 

750nM CFZ. The cells were harvested after a 24hr or 48hr period following CFZ 

treatment or stimulation with the cytokines, followed by gene and protein expression 

analysis (Figure 3.2.1).  

Figure 3.2.1: A schematic illustration of the experimental timelines 

 

Tunicamycin was used as an ER stress positive control in this experiment. 

Interestingly the cytokine-stimulated (TNFα, IL-1β and TNFα + IL-1β) cells showed a 

noticeable morphological alteration; the cells were slightly “stretched” and elongated 

compared to the typical morphology found in the untreated and DMSO vehicle controls 
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(Figure 3.2.2), which was similarly observed in CFZ and CFZ+TNFα/IL-1β-treated 

HUVECs, indicating a potential activation of HUVECs in all conditions (Figure 3.2.3) 

 

In order to test the hypothesis that cytokine stimulation of cells could enhance the 

ability of CFZ to induce ER stress, I investigated the ubiquitination level among all 

treated cells. Consistent with the earlier findings, CFZ showed an evident ability to 

inhibit proteasome function and revealed a significant two-fold increase of ubiquitin-

protein expression in CFZ treated cells compared to the untreated control (Figure 

3.2.4). This upregulation was also found in TNF alone treated cells, suggesting an 

effect of TNF on proteasome function (Figure 3.2.4). In contrast, tunicamycin and IL-

1 did not induce ubiquitin expression, suggesting that neither can modulate 

proteasome activity. (Figure 3.2.4). This finding indicates that TNF could enhance 

the ability of CFZ to inhibit the proteasome function of the endothelium.   
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Figure 3.2.2: TNF and IL-1β stimulation-induced morphological change in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed 

by washing the cells with PBS and replacing them in fresh EBM-2 medium. Some cells were stimulated for 24 hr with 20 ng/ml of TNF and/or 20 ng/ml IL-1 after 1hr treatment 

with 750nM CFZ. The morphological observation was conducted using a light microscope (10X objective). 
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Figure 3.2.3: CFZ alone or combined with TNF and IL-1β stimulation-induced morphological change in HUVECs. HUVECs were treated with 750nM of 

CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated for 24 hr with 20 ng/ml of TNF 

and/or 20 ng/ml IL-1 after 1hr treatment with 750nM CFZ. The morphological observation was conducted using a light microscope (10X objective). 



 143 

Figure 3.2.4: TNF stimulation of HUVECs enhanced CFZ proteasome inhibition. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by 

washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated for 24 hr with 20 ng/ml of TNF and/or 20 ng/ml IL-1 after 1hr treatment 

with 750nM CFZ. Cells were harvested to extract protein at 0hr and 24hr. Western blot was used to determine the extent of ubiquitination. Western blot analysis of ubiquitin-

protein level expression and density quantification of Western blot. DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TM, Tunicamycin; TNF, Tumour Necrosis Factor; IL-1, 

Interleukin-1 ; T+I, TNF+IL-1. Three technical repeats were performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as 

the mean ± SEM. The data represents the average of three independent experiments. The expression trends of ubiquitin of all treated cells were compared using one-way 

ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.00.
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To investigate if cytokine stimulation of HUVECs could enhance CFZ ability to induce 

ER stress in HUVECs, Western blot and qPCR were used to analyse the expression 

of protein and gene expression of the principal ER stress marker (BiP). In common 

with my previous findings, CFZ alone did not induce ER stress in HUVECs, while TM 

significantly induced ER stress (Figure 3.2.5 A, B). This was revealed by the significant 

induction of both gene and protein expression of BiP in the TM treated cells, while this 

was absent in the CFZ treated cells.  

Interestingly, although TNF alone showed an ability to enhance CFZ proteasome 

inhibition, it was insufficient to induce ER stress in the endothelium. This was revealed 

by a similar expression of the BiP gene, and protein in CFZ treated cells compared to 

CFZ+TNF. These findings suggest that the cells can avoid the activation of ER stress 

even where there is significant inhibition of proteasome function (Figure 3.2.5 A, B). 

All these findings suggest that stimulation of the endothelium with cytokines does not 

trigger the activation of ER stress in the endothelium.  
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Figure 3.2.5: TNF and IL-1β stimulation did not enhance CFZ to cause ER stress in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, 

followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated for 24 hr with 20 ng/ml of TNF and/or 20 ng/ml IL-1 after 

1hr treatment with 750nM CFZ. Cells were harvested to extract protein at 0hr and 24hr. A) qPCR analysis of BiP gene-level expression. B) Western blot analysis of BiP protein 

level expression and density quantification of Western blot. DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TM, Tunicamycin; TNF, Tumour Necrosis Factor ; IL-1, Interleukin-

1 ; T+I, TNF+IL-1. Three technical repeats were performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± 

SEM. The data represents the average of three independent experiments. The expression trends of BiP of all treated cells were compared using one-way ANOVA. Significance: 

*P < 0.05, **P < 0.01, ***P < 0.001
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3.2.2.2 Prolonged stimulation with TNFα did not induce ER stress in 
HUVECs 
 

There was a significant upregulation of ubiquitin expression and significant 

morphological changes in the CFZ combined with the TNFα-treated HUVECs. 

However, the previous experiment showed that a combination of CFZ and TNF did 

not induce BiP expression. Therefore, I hypothesised that prolonged exposure of the 

endothelium to TNF may trigger these cells beyond their protection mechanisms, 

thus inducing ER stress. For this purpose, cells were treated for 24-48 hours with 20 

ng/ml TNF. The cells were harvested, and the proteins and mRNA were collected at 

selected TNF stimulation time points (24hr and 48hr) and after 1 hour of treatment 

with 750nM of CFZ.  

Consistent with my previous findings (Chapter 1 and Figure 3.2.4), CFZ treatment 

induced a significant induction of ubiquitination at 24 hours, but this was not seen at 

48h (Figure 3.2.6). A combination of CFZ and TNFα also showed significantly 

enhanced induction of ubiquitination compared to the controls and the CFZ treated 

cells at 24 hours only (Figure 3.2.6). This indicates that TNF stimulation of the cells 

after a one-hour treatment with 750nM CFZ enhanced the CFZ proteasome inhibition. 

However, in common with data showed in chapter one, this effect was not permanent; 

in CFZ treated cells, ubiquitination expression almost returned to the baseline after 48 

hours recovery, and interestingly, prolonged stimulation with TNFα did not induce 

ubiquitination, indicating the cells’ ability to recover from the effect of TNFα stimulation 

(Figure 3.2.6). 
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Figure 3.2.6: Prolonged TNF stimulation of HUVECs did not enhance CFZ proteasome inhibition. HUVECs were treated with 750nM of CFZ and DMSO for 1 

hour, followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated 24/48 hr with 20 ng/ml of TNF after 1hr treatment with 

750nM CFZ. Cells were harvested to extract protein at 0hr, 24hr, and 48 hr. Western blot was used to determine the extent of ubiquitination. Western blot analysis of ubiquitin-

protein level expression and density quantification of Western blot. DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TNF, Tumour Necrosis Factor . Three technical repeats were 

performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represents the average of three 

independent experiments. All treated cells' expression trends of ubiquitin were compared using one-way ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.001 



 148 

In keeping with my previous findings, the qPCR and Western blot analysis revealed 

that there was no upregulation of BiP at either gene or protein level at 24 hours 

recovery of CFZ treatment or after 24 hours stimulation with TNF alone or in 

combination with CFZ treatment (Figure 3.2.7 A, B). Similarly, there was no induction 

of ER stress in the endothelium even with the prolonged 48-hour exposure of HUVECs 

with TNF after 1 hour of treatment with CFZ. This was demonstrated by a similar BIP 

mRNA expression and protein expression in cells treated for 48hr with /CFZ+TNF 

compared to both untreated and DMSO controls (Figure 3.2.7 A, B). Taken together, 

this indicates that the combination of TNFα and CFZ showed significant ubiquitination 

induction but did not induce ER stress in HUVECs.  

Figure 3.2.7: Prolonged TNF stimulation did not induce ER stress in HUVECs. HUVECs were 

treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a 

fresh EBM-2 medium. Some cells were stimulated 24/48 hr with 20 ng/ml of TNF after 1hr treatment with 750nM 

CFZ. qPCR analysis of BiP-protein level expression. DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TNF, Tumour 

Necrosis Factor . Three technical repeats were performed in one experiment, and the quantification of data was 

normalised to GAPDH levels and presented as the mean ± SEM. The data represents the average of three 

independent experiments. The expression trends of BiP of all treated cells were compared using one-way ANOVA. 

Significance: *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.2.2.3 CFZ induces structural rearrangement of the endothelium 
 

The above data shows no evidence supporting the hypothesis that CFZ could induce 

ER stress in the endothelium, even when combined with TNFα and/ or IL-1β. However, 

we observed an apparent morphological alteration in the CFZ treated cells among all 

conducted experiments. Therefore, I hypothesised that this alteration of endothelial 

cell morphology could activate the endothelium by affecting the HUVEC cytoskeletal 

architecture. To investigate this hypothesis, I treated the cells with DMSO, or 750nM 

CFZ alone for 1 hour or combined them with 20ng/ml of TNF for 24 hours. 

Subsequently, I stained the cells with F-actin phalloidin-iFluor 594 stains (Methods 

2.6.2) to identify potential structural changes of the endothelium cytoskeleton.  

 

In control HUVECs, I observed that mature stress fibres were assembled in parallel 

groups alongside the basal surface of the cells (Figure 3.2.8). It is well established that 

TNF-α affects EC morphology; the cells become more elongated, more prominent with 

a significant reorganisation of F-actin that aligns alongside the cell's central axis. (369) 

All of these morphological events commonly correlated to enhanced cell stiffness and 

contractility. (369) In agreement, my findings show that stimulation of HUVECs with 

TNF-α triggered considerable shifts in the F-actin arrangement of ECs. The F-actin of 

most cells was assembled in parallel to the central (long) axis of cells after a 24-hour 

stimulation with TNF-α (Figure 3.2.8), indicating an alteration of the cytoskeleton 

structure of cells. The CFZ treatment of the cells showed a similar morphological effect 

to that seen in the TNFα stimulated cells; however, this was to a lesser extent (Figure 

3.2.8). Taken together, the alteration of the endothelium morphology induced by CFZ 

treatment could be an indicator of the inflammatory process or an adaption process to 

enhance the endothelium functional ability and stiffness.  
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Figure 3.2.8: CFZ induces morphological alteration and F-actin rearrangement in the endothelium. HUVECs were treated with 750nM of CFZ and DMSO for 

1 hour, followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNF after CFZ treatment for 24 

hours. Cells were stained with phalloidin-iFluor 594 to visualise the actin filament arrangement within the endothelium. Cells were visualised and pictured using an EVOS M5000 

microscope (20 x objective).  
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3.2.2.4 CFZ treatment did not induce endothelial ICAM-1 expression 
 

Intercellular adhesion molecule (ICAM-1) is a cell surface glycoprotein that binds to 

CD11/CD18 integrins of targeted cells. (370) It is continuously expressed in low 

concentration in the membrane of both leukocyte and endothelial cells. (371) However, 

when endothelial cells undergo pro-inflammatory and cytokine stimulation, this protein 

expression is significantly upregulated and interacts with Lymphocyte function-

associated antigen 1 (LFA-1) found on the leukocyte surface. (371) This interaction 

allows leukocyte attachment and transmigration to the endothelium, thus initiating the 

pro-inflammatory response. (372)  

In order to further investigate the effect of CFZ on HUVECs, I performed a flow 

cytometry study to investigate the effect of CFZ treatment on the expression of ICAM-

1 protein on the surface of the endothelial cells. Cells were treated and prepared as 

described (Methods 2.7.1). In agreement with previously published data, the treatment 

of HUVECs with TNFα resulted in increased surface ICAM-1 expression. (373) In 

contrast, CFZ did not induce ICAM-1 expression (Figure 3.2.9 A). Interestingly, when 

the cells were treated with CFZ and then subsequently with TNF, the TNF-induced 

ICAM-1 expression was significantly reduced, indicating that CFZ may have a 

protective effect on the endothelium (Figure 3.2.9, A). 

Similarly, findings were observed for the release of soluble ICAM-1(sICAM-1), which 

matched the flow cytometry findings (Figure 3.2.9, B), indicating that CFZ had a 

protective effect in the endothelium against the pro-inflammatory impact of TNF.  

Supporting the previous investigation tools, the Western blot analysis revealed that 

CFZ suppressed the well-known TNFα ability to induce ICAM-1 expression on the 

endothelium. This was demonstrated by a significant reduction of ICAM-1 expression 

when CFZ treatment combined with TNFα stimulation was compared with the TNFα 

stimulation alone (Figure 3.2.9, C). Western blot data also revealed no induction of 

ICAM-1 expression in CFZ treated HUVECs compared to the controls (Figure 3.2.9, 

C). However, the Western blot analysis was conducted using the data of two biological 

repeats only; thus, further repetition should be performed before establishing a 

conclusion from the assay.  
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Figure 3.2.9: CFZ did not induce endothelial cell ICAM-1 expression from HUVECs. HUVECs were 

treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a 

fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNF after 1hr 750nM CFZ treatment A) Flow 

cytometry analysis for ICAM-1 expression. B) ELISA analysis for soluble ICAM-1 expression in the collected 

medium. C) Western blot analysis for ICAM-1 expression DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TNF, 

Tumour Necrosis Factor α. Three technical repeats were performed in one experiment, and the quantification of 

data was normalised to GAPDH levels and presented as the mean ± SEM. The data represents the average of 

three independent experiments. The expression trends of ICAM-1 of all treated cells were compared using one-

way ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2.2.5 CFZ induced an anti-thrombotic and cytoprotective effect on 
the endothelium 
 

As CFZ did not demonstrate an ability to induce ER stress in the confluence HUVECs, 

I suggested that CFZ mediated pro-thrombotic and pro-inflammatory effects on the 

endothelium might provide an alternative to addressing the hypothesis CFZ effect on 

the endothelium. For this aim, I examined some of the well-known pro-thrombotic and 

pro-inflammatory markers after 1hr of 750nM CFZ and 20ng/ml TNFα for 4hr/24hr 

treatment individually/combination. Shorter stimulation with TNFα (4hr) was newly 

examined in this experimental setting to identify any potential earlier CFZ and TNFα 

combined induction of either a pro-thrombotic or pro-inflammatory effect in the 

endothelium.  

 

There was no noticeable change after 4hr of TNFα stimulation or CFZ treatment and 

4hr recovery of mRNA levels for some of the well-known anti-thrombotic marker 

genes, thrombomodulin (TM), endothelial nitric oxide synthase (eNOS), and Kruppel 

Like Factor 4(KLF-4). Even though CFZ treated cells slightly reduced these genes 

compared to the vehicle-DMSO control, it was not statistically significant (Figure 

3.2.10). These data indicate that CFZ did not induce these markers during the early 

recovery period of the cells.  

 

In contrast to the findings at 4h, the qPCR analysis at 24hr showed significant induction 

of mRNA for TM and KLF-4 among all CFZ treated cells (Figure 10). Similarly, the 

Western blot analysis showed there was a significant upregulation of eNOS, p-eNOS, 

and TM proteins among the same groups of cells (Figure 11). These data suggest that 

CFZ is directly involved in the induction of thrombo-protective activity in HUVECs.  

 

In the same trend of thrombo-protective derived activity by CFZ, the qPCR and 

Western blot studies showed that CFZ reduced the extent of TNFα mediated TF 

expression after 4hr and 24h TNFα stimulation. This was illustrated by a significant 

reduction in TF mRNA in CFZ+TNFα treated cells compared to CFZ treated cells alone 

at both 4hr and 24 hr TNFα stimulation (Figure 3.2.12 A). This was confirmed by 

protein expression, where there was a significant reduction in TF expression after CFZ 

treatment indicating a potential protective effect of CFZ against the TNFα mediated 
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expression of TF from HUVECs at the same indicated time points. (Figure 3.2.12 B) 

Taken together, these data indicate that CFZ has a potential anti-thrombotic effect on 

HUVECs. 

 

VWF and angiopoietin-2 (Ang-2) are major endothelium-derived pro-thrombotic and 

pro-inflammatory proteins, respectively. There was a comparable secretion of VWF 

and Ang-2 in CFZ treated cells compared to those untreated and the DMSO control, 

indicating the absence of pro-thrombotic and pro-inflammatory activation in these 

groups of cells (Figure 3.2.13). Interestingly, while TNFα treatment of HUVECs 

induced VWF and Ang-2 expression, CFZ significantly reduced both marker's release 

levels when combined with the cytokine (Figure 3.2.13). These findings suggest that 

instead of CFZ rendering the cells pro-thrombotic/pro-inflammatory active, it showed 

a cytoprotective effect in confluence HUVECs.  
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Figure 3.2.10: CFZ induced the genes of some of the anti-thrombotic markers in HUVECS. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, 

followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNF after 1hr 750nM CFZ treatment. qPCR 

analysis of eNOS, TM, and KLF-4. DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TNF, Tumour Necrosis Factor α; TM, thrombomodulin, KLF-4, Kruppel Like Factor 4. Three 

technical repeats were performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represents 

the average of three independent experiments. The expression trends of all these genes of all treated cells were compared using one-way ANOVA. Significance: *P < 0.05, **P 

< 0.01, ***P < 0.001. 
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Figure 3.2.11: CFZ induced the proteins of some of the anti-thrombotic markers in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, 

followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNF after 1hr 750nM CFZ treatment. Western 

blot analysis of eNOS, p-eNOS, and TM. DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TNF, Tumour Necrosis Factor α; TM, thrombomodulin. Three technical repeats were 

performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represents the average of three 

independent experiments. The expression trends of all these proteins of all treated cells were compared using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.001. 
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 Figure 3.2.12: CFZ reduced TNFα mediated TF expression in HUVECS. HUVECs were treated with 

750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a fresh EBM-

2 medium. Some cells were stimulated with 20 ng/ml of TNF after 1hr 750nM CFZ treatment. A) qPCR analysis 

of TF mRNA level. B) Western blot analysis of TF protein expression. Dimethyl sulfoxide; CFZ, Carfilzomib; TNF, 

Tumour Necrosis Factor α; TF, tissue factor. Three technical repeats were performed in one experiment, and the 

quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represents 

the average of three independent experiments. The expression trends of TF of all treated cells were compared 

using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 3.2.13: CFZ reduced TNFα mediated VWF and Ang-2 expression in HUVECS. HUVECs were 

treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a 

fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNF after 1hr 750nM CFZ treatment. ELISA 

analysis of soluble VWF and Ang-2 in the culture medium. Dimethyl sulfoxide; CFZ, Carfilzomib; TNF, Tumour 

Necrosis Factor α; Ang-2, Angiopiotien-2. Three technical repeats were performed in one experiment, and the 

quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represents 

the average of three independent experiments. The expression trends of VWF and Ang-2 of all treated cells were 

compared using one-way ANOVA. Significant: *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.2.3 Discussion 
 

The previous chapter demonstrated that CFZ did not induce ER stress in the 

endothelium, even with the maximum clinically relevant or accumulative dosage of 

CFZ. It is well-established that MM patients have an upregulation of some pro-

inflammatory cytokines, including TNFα and Il-1β. (16) To mimic the clinical exposer 

of the endothelium in MM patients to these cytokines and CFZ treatment, cells were 

treated with 750nM of CFZ, and then stimulated with 20 ng/ml of either TNFα and/or 

Il-1β for 24 hours or 48 hours, as described (Methods 2.2.3). This could prime the 

endothelium to be activated, hence causing ER stress.  

 

Interestingly, the data obtained showed no significant induction of ER stress, though 

TNFα enhanced the extent of the ubiquitination caused by CFZ in the endothelium at 

24 hours. However, consistent with my earlier findings, the ubiquitination in these cells 

returned to the baseline after 48 hours, indicating ECs recovery. Furthermore, the 

expression of all ER stress markers investigated was almost comparable between 

CFZ treated cells alone or cells treated with CFZ combined with cytokines compared 

to the untreated and DMSO controls.  

It is widely accepted that ER stress activation leads to the initiation of inflammation in 

the endothelium (374); however, this was not the case, as CFZ failed to induce ER 

stress in HUVECs. This led me to accept the null hypothesis about the potential 

induction of ER stress in the endothelium if cells were stimulated after CFZ treatment 

with cytokines. Thus, under my experimental settings, according to my data, the pro-

inflammatory environment of MM patients does not provide a suitable explanation for 

the ER stress activation that CFZ could cause in the endothelium. This could be 

because cytokine stimulation of the endothelium does not directly affect the 

endothelium's proteasome function and does not induce ER stress. Alternatively, this 

could be because of the endothelium's mechanisms to avoid the induction of ER 

stress, as described earlier in the discussion of the first chapter (Discussion 3.1.3). 

Nevertheless, there was a consistent morphological change among all CFZ treated 

ECs, similarly to those observed in the first chapter. All CFZ treated cells showed 

consistent elongation and a similar spindle appearance of ECs. The new observations 

reported in this chapter indicated that the effect of TNFα on EC morphology displayed 

similar morphological manifestations that were observed in the CFZ treated cells, 
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indicating a potential activation of the endothelium in both groups. Therefore, F-actin 

staining of HUVECs cell membranes was conducted to evaluate the effects of CFZ on 

the HUVECs cytoskeletal architecture. My data showed that TNF stimulated ECs 

showed a structural rearrangement of ECs, including remarkable reorganisation of the 

F-actin cytoskeleton along the central axis of the cells, cell elongation and stress fibre 

reorganisation. This was observed similarly, but to a lesser extent, in the CFZ treated 

ECs, and could be linked to the initiation of the inflammatory response by the 

endothelium in both groups of cells. (336) However, in the untreated control cells, 

mature stress fibres were created, organised in parallel groups alongside the basal 

surface of the cells. The organisation of cytoskeletal fibres is vital for functional EC 

signal transduction-associated proteins, permeability regulation, shear stress 

response, and gene expression. (375) In agreement with my findings, other groups 

have reported that TNF can induce alterations in the morphology of confluence 

endothelial cells where they become more elongated and enlarged. It also alters EC 

cytoskeletal dynamics, biomechanics, cellular volume, and endothelium migration. 

(376) According to Dick et al. HUVECs stimulated with TNF showed a remarkable 

rearrangement of F-actin filaments and ligands within the EC cytoskeleton. (377) 

Similarly, a study investigating the effect of BTZ in HUVECs demonstrated that it 

substantially expanded the cell membrane and permeability of HUVECs via vascular 

endothelial growth factor receptor (VEGFR)-independent mechanism. The standard 

cobblestone-like morphology of HUVECs was shifted to be elongated and with a 

spindle-like shape when HUVECs were treated with BTZ, similar to my observations 

with CFZ. (376) The authors reported that this alteration in cell morphology was due 

to the disruption of VE-cadherin adherent junctions and a rearrangement of actin 

filaments within the EC cytoskeleton, which was influential in expanding vasculature 

permeability. (376) In addition, Mariana et al. demonstrated the ability of BTZ to alter 

the cytoskeletal formation and the morphology of HUVECs, inducing F-actin re-

distribution within the endothelial cells. (378) This was linked to the expression of 

urokinase plasminogen activator (u-PA) and its receptor (uPAR), a modulation of 

matrix metalloproteinases (MMPs) and the suppression of plasmin activity in the 

endothelium. All these effects suggest a functional link between EC morphology and 

endothelium function during an inflammatory response, which helps maintain the 

rigidity and stiffness of the cell.(379, 380) However, unfortunately, there are limited 
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studies exploring the CFZ effect on endothelium morphology to compare my findings. 

Therefore, since both CFZ and BTZ shared the exact mechanism of action and 

expressed a similar morphological alteration of the endothelium, I proposed that CFZ 

could induce HUVEC cytoskeleton reorganisation in a similar mechanism to BTZ. 

However, it should be noted that my F-actin staining of CFZ-treated HUVEC's was 

accomplished with fixed cells; hence the data corresponds to one snapshot in time. It 

would be noteworthy to perform an experiment using live cells under shear stress to 

realise the true complexity of the system, as recommended by Doggett and Breslin. 

(375)  

 

The null hypothesis indicated that CFZ induced significant ER stress in the endothelial 

cells, which was not rejected according to my earlier data. Therefore, it was 

hypothesised that CFZ might render the cells more pro-inflammatory or 

thrombotic, which was next investigated in this chapter. Subsequent to the F-

actin analysis, endothelial ICAM-1 expression analysis was conducted using flow 

cytometry, ELISA and Western blot. ICAM-1 is considered a significant endothelial cell 

activation marker that mediates the early inflammation process through its interaction 

with several leukocyte ligands allowing them to adhere to the site of inflammation.  

TNF-α is a member of a group of cytokines that induce ICAM-1 expression in vascular 

ECs, thus enabling leukocyte adhesion and transmigration into the interstitial space. 

(381) Remarkably, while treatment of HUVECs with TNF resulted in a significant 

increase in EC surface ICAM-1 expression, which agreed with the literature (382, 383), 

CFZ did not induce ICAM-1 expression. Moreover, CFZ showed a significant capacity 

to attenuate the pro-inflammatory effect of TNFα to induce ICAM-1, indicating a 

possible cytoprotective effect of CFZ on the endothelium. In agreement with my 

findings, BTZ has also been reported to reduce the expression of some inflammatory 

mediators, including ICAM-1, in a rat model of ischemia-reperfusion injury in a dose-

dependent manner. (292) This suppression was achieved by inhibiting the NOX4-

dependent IKKβ/NF-κB inflammatory pathway. (384) Chen et al. reported that pre-

treatment with a high dose of BTZ considerably diminished the inflammatory response, 

including reducing ICAM-1 expression in endotoxin-induced uveitis (EIU). (385) 

Considering all these facts, CFZ could suppress ICAM-1 expression in a similar 

pattern to BTZ. In general, it was clear from the ICAM-1 results that CFZ did not induce 
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inflammation in the endothelium; interestingly, moreover, it showed a potential to 

conduct an anti-inflammatory effect. 

To investigate the potential ability of CFZ to induce pro-thrombotic activation in the 

endothelium, some well-known pro-inflammatory markers were examined using 

several techniques. Surprisingly, CFZ appeared to exert a potential thrombo-protective 

effect on the endothelium. qPCR data corresponded with published articles, 

demonstrating that TNF and Il-1 cytokines increase the gene expression of 

procoagulant factors.(16, 386, 387) Tissue factor (TF) is a major initiator of the 

coagulation cascade by binding to factor VIIa to convert factor X to factor Xa. TF is 

expressed mainly from the damaged endothelium to initiate the coagulation process. 

(388) There was significant upregulation of TF gene and protein expression in TNFɑ-

stimulated cells at 4 and 24 hours compared to CFZ and CFZ+TNFɑ-treated cells, 

suggesting that CFZ stimulated cells to have a diminished coagulation potential. In 

contrast, TNFɑ decreased some well-known anticoagulants' gene and protein 

expression, primarily TM, consistent with several studies. (387, 389) On the other 

hand, CFZ enhanced the genes and protein expression of TM, eNOS, and KLF-4, 

which are key anti-thrombotic regulators. Although some controversy exists regarding 

the overall protective effect of increased eNOS expression(390), a significant number 

of studies (144, 391) indicate that eNOS plays a critical role in maintaining a healthy 

endothelium.  Wang et al. reported that stimulation of the endothelium with TNFα 

caused upregulation of TF, while this influence was abrogated by overexpression of 

eNOS via gene transfection, indicating that increased expression of eNOS reduces 

TF, thus implying an anti-thrombotic effect. (392) It was also reported that BTZ 

increased nitric oxide production, eNOS and phosphorylated eNOS and that all were 

involved in the cytoprotective effect of BTZ on the endothelium. (393) Several other 

studies have reported that BTZ encourages eNOS expression and reduces secondary 

thrombotic complications and inflammatory responses. (394) An evaluation of eNOS 

expression from ECs isolated from brain tissue after treatment with BTZ on a rat model 

of embolic stroke showed a significant upregulation of this protein and blocked NF-κB 

activation. (394)  Taken together, these data suggest that BTZ induces eNOS-

dependent vascular protection and diminishes NF-κB dependent vascular disturbance 

to provide cytoprotective mechanisms. The BTZ-eNOS findings indicate that a CFZ 

cytoprotective effect could also occur in an eNOS dependent manner since I found 



 163 

that CFZ mediated significant induction of protein expression and phosphorylation of 

eNOS.  

Thrombomodulin is a crucial anticoagulant protein present on the endothelial cell 

surface that combines with thrombin to enhance the activation of protein C by 

thrombin. (290) It is widely accepted that Kruppel-like factors (KLF) 2 & 4 upregulate 

thrombomodulin expression in endothelial cells. (290) Interestingly, my data showed 

that CFZ upregulated the expression of KLF4, providing a possible mechanism behind 

the increased thrombomodulin expression. Also, heat shock factor 1 (HSF1) has been 

shown to upregulate thrombomodulin at a transcriptional level. (24) Interestingly, BTZ 

has been shown to enhance HSF1 expression, which may promote, among other 

effects, thrombomodulin expression. (25) Indeed, in multiple myeloma cells, 

expression of HSF1 confers resistance to BTZ and studies have suggested inhibiting 

HSF1 to sensitise cells to BTZ. (25) Future work is required to see if this is similar for 

CFZ. Additionally, proteasome inhibition is thought to inhibit activation of NF-kB (26), 

suggesting a role for the NF-kB pathway, and proteasome inhibition by the general 

proteasome inhibitor MG132 has resulted in the upregulation of eNOS in aortic 

endothelial cells. (27) It was reported that diminished production of both TM and eNOS 

was associated with systemic microvasculitis. (389) While CFZ is significantly more 

potent and demonstrates irreversible binding to the proteasome, my data are in 

keeping with this notion, but future work will need to determine how proteasome 

inhibition leads to upregulated eNOS expression. 

The anti-thrombotic trend of CFZ treated cells data were consistent with the outcome 

of my extracellular VWF-expression ELISA study. VWF is an adhesive glycoprotein of 

a multidomain structure that binds to platelet glycoprotein, ultimately stimulating 

platelets and introducing platelet aggregation. (395) My data showed that TNFɑ 

increased the concentration of VWF, which was consistent with the well-established 

TNFα pro-thrombotic effect (396), while CFZ reduced its release from HUVECs. 

Interestingly, the drug showed a remarkable resistance to the pro-thrombotic activity 

of TNFα, where there was a significant reduction of the EC's VWF release in the 

CFZ+TNFα cells compared to TNFα stimulated alone. Several studies have reported 

a regulatory correlation between nitric oxide and VWF release from the endothelium. 

According to Nakayama et al. a lack of eNOS resulted in the release of endothelium 

VWF, suggesting that NO could at least partially regulate the VWF release from the 

endothelium. (397) In addition, the exocytosis of Weibel-Palade bodies (WPBs) that 
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contains VWF and P-selectin from the endothelium is additionally well-known to be 

stimulated in the absence of nitric oxide. (398) By linking these facts to my findings 

that CFZ significantly induced the upregulation of eNOS and p-eNOS protein 

expression from HUVECs, I proposed that an eNOS dependent mechanism could 

suppress the VWF release from CFZ treated cells. However, the mechanism behind 

this effect is not yet completely understood, which could be further investigated in 

future research.  

 

Angiopoietin-2 (Ang2) is a ligand of the Tie2 receptor, which is implicated in controlling 

inflammation and vascular integrity. (399) In agreement with my observation of the 

anti-inflammatory effect of CFZ, there was no induction of Ang-2 release from the CFZ 

treated ECs. More importantly, CFZ showed a significant reduction of the well-known 

pro-inflammatory TNFα effect that triggered the endothelium to release Ang-2 (400), 

thus indicating the anti-inflammatory effect of CFZ. It has been revealed that an over-

expression of Ang-2 was found in stressed endothelium and the process of 

atherosclerosis. (401) Diminished levels of eNOS were shown to be correlated with 

the amplified level of Ang-2. (402) It is well established that Ang-2 reduces the 

phosphorylation of eNOS via the AT1R Nox/ROS/PP2A pathway (403) and Tie2-Akt-

eNOS pathway regulating Ang-2 activity. (404) BTZ was shown to hold an anti-

angiogenic agent to a remarkable extent. According to Anargyrou et al. there was a 

significant reduction of the Ang-2 patient's serum level after treating them with BTZ. 

(405) In vivo preclinical experiments on rats have also demonstrated that BTZ has an 

anti-angiogenic effect by reducing the expression of Ang-2. (406) However, the 

mechanism behind it is still not fully understood, but the involvement of the NF-kB 

pathway was proposed to be involved in this effect. (406) Therefore, taken together, I 

proposed that CFZ could recruit NO-dependent mechanism treated ECs to suppress 

the release of Ang-2 from the ECs.  

In conclusion, two primary outcomes were observed in this chapter: 1) stimulation of 

HUVECs with cytokines was not adequate to promote CFZ to induce ER stress in 

HUVECs. 2) Observations indicated the anti-thrombotic and cytoprotective effect of 

CFZ on the endothelium in a similar manner to that reported for BTZ.  
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3.3 CFZ enhances anti-thrombotic activity in 
HUVECs 

 

3.3.1 Introduction 
 

The  process that leads to bleeding cessation from the damaged blood vessel is known 

as haemostasis. (160) It is a multiple interlinked events procedure that aims to form a 

"plug" covering the injured vessel, thus controlling the bleeding. (160) Four main 

stages are involved in this mechanism: contraction of the blood vessels,   generation 

of a non-permanent "platelet plug" , stimulation of the coagulation cascade, and lastly, 

construction of the final clot "fibrin plug ". (407) This clot covers the damaged area, 

regulates and inhibits advanced bleeding while tissue restoration course occurs. (408) 

When the injury begins to resolve, the plug gradually remodels, dissolving with the 

reestablishment of normal tissue at the location of the damage. (408)  

The cytoprotective effect of the first-generation proteasome inhibitor BTZ has been 

widely studied in the last decade. Even though there are some reported findings of the 

cardiac toxicity of the drug, many studies have indicated the anti-thrombotic and 

cytoprotective effects of the drug in the endothelium. (290) Nayak et al. have reported 

that BTZ showed a significant anti-thrombotic effect in the mouse vascular 

compartment, which was dependent on the expression of KLF-2. (290) Another in vivo 

study revealed that systemic administration of BTZ enhanced endothelium 

thrombomodulin expression, which was dependent on the KLF-2 and KLF-4 pathways. 

(306) These reports of the cytoprotective effect of BTZ are similar to the cytoprotective 

effect of CFZ on the endothelium observed in my previous second result chapter. I 

found that CFZ increased the expression of some of the well-known anti-thrombotic 

markers (eNOS, KLF4 and thrombomodulin), indicating a thrombo-protective effect on 

the endothelium. Moreover, I found that it attenuates the pro-inflammatory effect of 

TNF on the endothelium by reducing the TNFα-driven expression of some of the pro-

inflammatory and pro-thrombotic markers (VWF, ICAM-1 and TF).  

 

Therefore, in this result chapter, I hypothesised and investigated at a functional 

level the hypothesis that CFZ could enhance the anti-thrombotic and anti-

inflammatory activity of the endothelium. 
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3.3.2 Results 
 

3.3.2.1 CFZ reduces TNF-mediated fibrin clot formation in HUVECs 
 

In the previous chapter, I found that CFZ apparently exerted a protective effect on 

HUVECs. In this chapter, several functional studies were conducted to investigate 

further the potential CFZ cytoprotective effect on the endothelium at the functional 

level. Initially, turbidity assays were conducted to assess the effect of CFZ on fibrin 

clot formation on the endothelium. The turbidity assay is a commonly used method to 

measure fibrin clot formation in vitro. In this assay, as fibrinogen is converted to fibrin, 

a “turbidity” curve is generated by plotting absorbance at 405nm against time. From 

the curve, three main parameters can be obtained; 1) Lag-time – which represents the 

time for the fibrin protofibrils to grow to allow lateral aggregation. 2) The slope – which 

represents the rate of aggregation. 3) Time to maximal absorbance – this is often 

dependent on fibrinogen concentration and various features of the clot structure. In 

this study, HUVECS were treated with CFZ, stimulated with TNFα for 4 or 24 hours, 

and then incubated with re-calcified plasma and absorbance measured at 405nm as 

detailed in Methods 2.9.1.  

As expected, after 4 hours of incubation with TNFα, the shape of the turbidity curve 

was altered compared to the DMSO and CFZ treated cells (Figure 3.3.1A), and TNFα 

simulated cells demonstrated a significantly shorter lag-time compared to DMSO and 

CFZ treated cells; 1.3 mins compared to ~5.5mins (Figure 3.3.1B). This is consistent 

with TNFα inducing tissue factor expression in HUVECS that can drive fibrin formation 

and demonstrates that CFZ alone does not affect either tissue factor expression of clot 

formation. Interestingly, however, cells pre-treated with CFZ before TNFα 

demonstrated a significantly increased lag-time compared to TNFα treated cells, 

indicating a reduced rate of fibrin formation and suggesting that CZF could attenuate 

the effects of TNFα (Figure 3.3.1B). 
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Figure 3.3.1: CFZ attenuated TNFα-induced fibrin formation in HUVECs at 4h. HUVECs were treated 

with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a fresh 

EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNF after CFZ treatment for 4 hr. Cells were 

incubated with the reaction mixture containing plasma 5mM CaCl2 and 50mM HEPES/NaCl buffer; the 48-well 

plate was read at 405nm for 30-minutes/30-second measurement interval. (A) The absorbance curve of a single 

representative experiment. (B) the lag time bar chart for DMSO, CFZ, TNF, and CFZ+TNF treated cells 

combined data from three separate experiments. DMSO; Dimethyl sulfoxide, CFZ; Carfilzomib, TNF, Tumor 

Necrosis Factor α. Three technical repeats were performed in one experiment, and the data were presented as the 

mean ± SEM. The data represented the average of three independent experiments. The expression trends of all 

treated cells were compared using one-way ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.001 
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In common with my previous findings, the 24hr study group showed a similar trend of 

turbidity curve of TNFα stimulated cells, compared to the DMSO and CFZ treated cells 

(Figure 3.3.2A). In agreement, TNFα simulated cells established a significantly shorter 

lag-time compared to DMSO and CFZ treated cells; 1.5 mins compared to ~9.7 mins 

(Figure 3.3.2B) and shorter time to maximal absorbance; 3 mins compared to 10.2 

mins (Figure 3.3.3C).  This indicates that CFZ alone has no effect on clot formation in 

HUVECs, while TNFα render the cells more pro-thrombotic and drives fibrin formation, 

which is consistent with the induced tissue factor expression.  Even though this time 

cells that were pre-treated with CFZ before TNFα showed a similar turbidity curve 

compared to TNFα treated cells (Figure 3.3.2A), there was a slight non-significant 

increase in the lag-time ~2.3 mins compared to 1.5 mins, and in time to maximal 

absorbance, 3.8 mins compared to 3 mins indicating a slighter reduced rate of fibrin 

formation and suggesting that CZF could attenuate the effects of TNFα, but with a 

greater extent at 4hr time point (Figure 3.3.2B). 

Overall, these findings are consistent with the earlier tissue factor mRNA findings 

(Result 3.2.2.5), where there was a greater expression of tissue factor at 4hr in TNFα 

and CFZ+ TNF  stimulated cells compared to 24 hr stimulation, which indicates that 

an earlier pro-thrombotic response of HUVECs to TNFα stimulation and earlier 

attenuating effect of TNFα mediated by CFZ in HUVECs.     
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Figure 3.3.2: CFZ did not induce fibrin formation in HUVECs at 24h. HUVECs were treated with 750nM 

of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. 

Some cells were stimulated with 20 ng/ml of TNF after CFZ treatment for 24 hr. Cells were incubated with the 

reaction mixture containing plasma (5mM) CaCl2 and 50mM HEPES/NaCl buffer, same here. The 48-well plate 

was read at 405nm for 30-minutes/30-second measurement interval. (A) The absorbance curve of a single 

representative experiment. (B) The lag time bar chart for DMSO, CFZ, TNF, and CFZ+TNF treated cells 

combined data from three separate experiments. (C) The time to maximal absorbance of the same group of cells. 

DMSO; Dimethyl sulfoxide, CFZ; Carfilzomib, TNF, Tumor Necrosis Factor α. Three technical repeats were 

performed in one experiment, and the data were presented as the mean ± SEM. The data represented the average 

of three independent experiments. The expression trends of all treated cells were compared using one-way 

ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.3.2.2 CFZ reduces TNFα-induced Factor Xa formation on HUVECs 
 

To confirm the observations that CFZ could attenuate TNFα induced fibrin clot 

formation in the turbidity assay, a Factor Xa generation assay using a purified system 

was conducted. In this system, cells are incubated with purified FVIIa and Factor X 

with the tissue factor supplied by the HUVECs. Therefore, if the cells express more TF 

on their surface, this will allow for more FVIIa binding, which will enhance the amount 

of FXa generation. The generation of Xa can then be monitored by the cleavage of a 

fluorogenic factor Xa specific peptide substrate.  

The cells were treated with 750nM of CFZ for 1hr, some cells were stimulated for 4hr 

or 24hr with TNFα, and the experiment was conducted as described in (Methods 

2.9.3). Like the turbidity assay principle, there is a positive correlation between the 

absorbance and the end-product amount of FXa.  

 

Both DMSO and CFZ treated cells did not support the generation of FXa; consistent 

with DMSO and CFZ not inducing TF expression in HUVECS (Figure 3.3.3 A, B, C, 

D). Interestingly, at both 4h and 24h, cells treated with CFZ and TNFα generated 

significantly less FXa when compared to cells treated with TNF alone (Figure 3.3.3 A, 

B, C, D). This is in keeping with CFZ reducing the extent of TNFα induced tissue factor 

expression, with this being more effective at the 4h time point than at the 24h time-

point. 

 

 



 171 

Figure 3.3.3:  CFZ reduces TNFα-induced Factor X formation in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing 

the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNF after CFZ treatment for 4hr and 24 hr. Cells were incubated 

with the reaction mixture containing plasma VIIa (FVIIa) (2.5nM), factor X (175nM) and 50mM HEPES/NaCl buffer. The 48-well plate was read at 405nm for 30 minutes/30-

second measurement intervals. (A) The absorbance curve of a single representative experiment at 4hr. (B) The endo point absorbance bar chart for DMSO, CFZ, TNF, and 

CFZ+TNF treated cells at 4hr combined data from 3 separate experiments. (C) The absorbance curve of a single representative experiment at 24hr. (D) The endo point 

absorbance bar chart for DMSO, CFZ, TNF, and CFZ+TNF treated cells at 24hr combined data from three separate experiments. DMSO; Dimethyl sulfoxide, CFZ; Carfilzomib, 

TNF, Tumor Necrotic Factor. Three technical repeats were performed in one experiment, and the data were presented as the mean ± SEM. The data represented the average 

of three independent experiments. The expression trends of all treated cells were compared using one-way ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.001
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3.3.2.3 CFZ enhanced the APC generation in HUVECs 
 

To further investigate the protective effect of CFZ on the endothelium, the ability of 

HUVECs to generate activated protein C was investigated. The activated form of 

protein C is a significant anticoagulant sourced from the zymogen protein C that is 

activated once it interacts with the thrombomodulin-thrombin complex. The data in the 

previous chapter indicated that CFZ could induce thrombomodulin expression and 

thus could lead to enhanced APC production. To investigate this, an APC generation 

assay was performed, cells were incubated with protein C and thrombin; thus, the 

more the cells are expressed thrombomodulin on the surface, the more 

thrombomodulin-thrombin complex forms, thus more generation of APC. The 

generation of APC can then be monitored by the cleavage of a fluorogenic factor APC 

specific peptide substrate (Methods 2.9.4). Similar to the principle of turbidity assay, 

there is a direct positive correlation between the absorbance and the amount of APC 

generated during the assay. This is an indirect measurement of the amount of 

thrombomodulin expressed by the endothelial cells.  

 

As expected, CFZ treated cells showed the highest absorbance curve (Figure 3.3.4 

A), indicating that this group of cells generated the maximum amount of APC. This 

was further illustrated by the expression of the highest endpoint absorbance and the 

area under the curve values 0.24 and 8.6, respectively (Figure 3.3.4 B, C). This is 

consistent with CFZ inducing thrombomodulin expression in HUVECs. In keeping with 

the TNFα attenuating effect of CFZ, cells that were pre-treated with CFZ before TNFα 

demonstrated a slight increase of the absorbance curve (Figure 3.3.4 A) and a 

significant increase in the area under the curve compared to TNFα stimulated cells; 6 

compared to 4.2 (Figure 3.3.4C). This indicates that CFZ counter the thrombomodulin 

suppression effect mediated by TNFα in the endothelium.  
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Figure 3.3.4: CFZ induces APC generation in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with PBS and 

replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNFα after CFZ treatment for 24 hr. Cells were incubated with the reac tion mixture 

containing plasma, thrombin, and 50mM HEPES/NaCl buffer. The plate was read at 405nm for 60-minutes/47-second measurement intervals. (A) The absorbance curve of a 

single representative experiment at 24hr. (B, C), the endpoint absorbance, and the area under the curve for DMSO, CFZ, TNF, and CFZ+TNF treated cells of combined data 

from three separate experiments, respectively. DMSO; Dimethyl sulfoxide, CFZ; Carfilzomib, TNF, Tumour Necrosis Factor α. Three technical repeats were performed in one 

experiment, and the data were presented as the mean ± SEM. The data represented the average of three independent experiments. The expression trends of all treated cells 

were compared using one-way ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.001
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3.3.2.4 CFZ reduced TNFα-mediation of VWF release from HUVECs 
 

As well as cytoprotective effecting TF and TM expression, it was demonstrated in the 

previous chapter that CFZ also influenced the release of VWF from HUVECs. To 

further investigate this, HUVECS treated with CFZ and/or TNFα were fixed and stained 

with anti-VWF-FITC antibodies after 4 or 24h treatment with TNFα to directly visualise 

VWF released from the endothelium (Methods 2.6.1). In agreement with my VWF-

ELISA findings (3.2.2.5), CFZ treated cells showed a similar VWF release pattern as 

the DMSO control cells at both 4hr and 24 hr recovery, with the immunofluorescent 

staining mainly located to the cell: detecting stored VWF in WPBs and the ER (Figure 

3.3.6, 7). In contrast, cells treated with TNFα had a visibly different staining pattern, 

with patchier extracellular VWF staining; this was most pronounced at 24h with clear 

areas of extracellular VWF and the presence of VWF strings that had formed over the 

cells (Figure 3.3.8, 9). Consistent with its anti-thrombotic effect, TNFα treated cells 

that had been prior incubated with CFZ demonstrated visibly less extracellular VWF 

staining and no formation of VWF strings (Figure 3.3.8, 9). 
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Figure 3.3.6: CFZ did not induce VWF release from HUVECs at 4hr recovery. HUVECs were treated with 750nM of CFZ and DMSO for 1hr, followed by 24 hr 

recovery. The cells were permeabilized with 1x triton and stained with anti-VWF-FITC antibodies. The fluorescence intensity for the stained cells was visualised using a 

fluorescence microscope (10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib.
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Figure 3.3.7: CFZ did not induce VWF release from HUVECs at 24hr recovery. HUVECs were treated with 750nM of CFZ and DMSO for 1hr, followed by 24 hr 

recovery. The cells were permeabilized with 1x triton  and stained with VWF-FITC stain. The fluorescence intensity for the stained cells was visualised using a fluorescence 

microscope (10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib.
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Figure 3.3.8: CFZ reduced TNFα-mediated VWF release from HUVECs at 4hr stimulation. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, 

followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNFα alone or after CFZ treatment for 4 hr. 

The cells were permeabilized with 1x triton  and stained with VWF-FITC stain. The fluorescence intensity for the stained cells was visualised using a fluorescence microscope 

(10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib.
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Figure 3.3.9: CFZ reduced TNFα-mediated VWF release from HUVECs at 24hr stimulation. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, 

followed by washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNFα alone or after CFZ treatment for 24 hr. 

The cells were permeabilized with 1x triton  and stained with VWF-FITC stain. The fluorescence intensity for the stained cells was visualised using a fluorescence microscope 

(10X objective). DMSO, Dimethyl sulfoxide; CFZ, carfilzomib.
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3.3.2.5 CFZ reduced TNF-induced string formation on HUVECs 
 

In addition, a platelet capture flow assay was performed to examine the VWF immuno 

staining findings in a more physiologically relevant environment. As a result of 

endothelial damage or activation, the VWF content of the endothelial cells is released, 

allowing the interaction with the platelet, thus initiating primary haemostasis. This 

assay measures the formation of platelet-binding VWF-strings on endothelial cells. 

The cells were treated with 750nM of CFZ for 1hr, and some cells were stimulated for 

4hr or 24hr stimulation only with TNFα. The experiment was conducted as described 

in (Methods 2.9.5). In keeping with my observations, when platelets were perfused 

over HUVECS pre-treated with TNF platelet strings were recorded in the flow 

direction due to VWF release and subsequent VWF mediated platelet capture (Figure 

3.3.10A, B).  

There was almost an absence of strings formed in both DMSO and CFZ treated cells, 

indicating an absence of the pro-thrombotic activation of the endothelium by either of 

these treatments alone (Figure 3.3.10A, B). Interestingly, cells treated with both CFZ 

and TNF formed significantly fewer VWF/platelet strings than those treated with 

TNF only. (25 and 12 strings, respectively) (Figure 3.3.10A, B). These observations 

agreed with the anti-thrombotic effect of CFZ observations found earlier. 

 

All these outcomes suggest that CFZ is not only not damaging the endothelium; 

moreover, it supports and maintains the endothelium's physiological haemostasis. 
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Figure 3.3.10: CFZ reduced the platelet capture mediated by TNFα in HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by 

washing the cells with PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNFα alone or after CFZ treatment for 24 hr. A) VWF 

string visualisation using the fluorescent microscope (10X objective). B) the quantification of VWF strings per field view. DMSO; Dimethyl sulfoxide, CFZ; Carfilzomib, TNF, 

Tumor Necrosis Factor α. Three technical repeats were performed in one experiment, and the data were presented as the mean ± SEM. The data represented the average of 

three independent experiments. The expression trends of all treated cells were compared using one-way ANOVA. Significance: *P < 0.05, **P < 0.01, ***P < 0.001.
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3.3.2.6 CFZ reduced TNF-mediated leukocyte adhesion to HUVECs 
 

A leukocyte adhesion assay was conducted to investigate my ICAM-1 expression 

findings in a more physiologically relevant environment as described in (Methods 

2.9.6). The leukocyte interfaces with vascular endothelium during inflammatory 

responses and establishes a strong attachment with endothelial cells via several 

adhesion molecules, such as ICAM-1, measured in this assay. In agreement with my 

ICAM-1 study, when leukocytes were perfused over HUVECs pre-treated with TNFα, 

there was a progressive increase in leukocyte attachment to the endothelium over the 

five minutes recorded in the assay (Figure 3.3.11A, B). This indicates a pro-

inflammatory activation of HUVECs in response to TNFα. In contrast, there was almost 

a complete absence of leukocyte adhesion to the endothelial cells in DMSO and CFZ 

treated cells (Figure 3.3.11A, B). This indicates that there was no inflammatory 

activation of HUVECs caused by CFZ. In agreement with CFZ cytoprotective effect, 

CFZ attenuated the well-established pro-inflammatory action of TNFα. (409) This was 

revealed by its ability to significantly reduce leukocyte adherence to the endothelial 

cells after TNFα treatment (Figure 3.3.11A, B) among all the time points observed in 

the assay. However, this assay was only conducted once; therefore, another biological 

repeat is required before deriving a conclusion about the significance of this 

experiment.  

 

In general, all the data observed in this chapter indicate that CFZ provides anti-

thrombotic and anti-proinflammatory effects on the endothelium.  
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Figure 3.3.11: CFZ did not induce the inflammation of HUVECs. HUVECs were treated with 750nM of CFZ and DMSO for 1 hour, followed by washing the cells with 

PBS and replacing them in a fresh EBM-2 medium. Some cells were stimulated with 20 ng/ml of TNFα alone or after CFZ treatment for 24 hr. A) Leukocyte adhesion visualisation 

using the fluorescent microscope (10X objective). B) The quantification of adhered leukocytes to the endothelial cells. DMSO; Dimethyl sulfoxide, CFZ; Carfilzomib, TNFα, Tumor 

Necrosis Factor. Three technical repeats were performed in one experiment. The data represented one biological repeat experiment. 
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3.3.3 Discussion  
 

My previous chapter showed that CFZ induced gene and protein expression of some 

of the well-known anti-thrombotic markers; thrombomodulin and eNOS. In addition, 

CFZ was able to significantly suppress the ability of TNF to mediate the expression 

of some of the well-known pro-thrombotic markers; TF and VWF and the pro-

inflammatory marker, ICAM-1, implying that CFZ has a potential cytoprotective effect 

on the endothelium. This chapter examined these findings further in more 

physiologically relevant conditions, employing some functional studies.  

 

Tissue factor (TF) expression is a potent activator of the coagulation cascade. While 

evidence for endothelial TF expression in vivo is controversial, it is widely accepted 

that endothelial cells expression little or no TF in resting conditions. (410) However, at 

least in vitro, it is known that TNFα can induce its expression in HUVECs and other 

endothelial cells. (411) In keeping with this, the data from this and the previous chapter 

clearly confirms this and demonstrates that TNFα treated HUVECs can support fibrin 

clot formation and FXa generation. Considerably, while CFZ treatment alone did not 

affect TF expression, CFZ was able to attenuate the effects of TNFα at a functional 

level significantly. Stimulation of TF gene expression in the human endothelium 

exposed to TNF-α is regulated at the transcriptional level. (412) It is widely accepted 

that TNFα triggers TF gene transcription via functional interactions between c-Rel–

p65 and Fos-Jun heterodimers. (413) In response to the endothelial activation by 

TNFα, this family complex dissociates from inhibitor proteins, including IκBα allowing 

transcriptional induction of TF expression. (414) Inhibition of the NF-κB pathway 

triggered by TNF has shown intensive suppression of the endothelial pro-thrombotic 

response, including suppression of TF expression. (415) A potential inhibitory 

interaction between CFZ and the NF-κB pathway could at least involve the observed 

CFZ cytoprotective effect on the TF expression. (416)  

 

Nitric oxide (NO) is created by normally operative endothelial cells as an effect of the 

act of the endothelial isoform of NO synthase (eNOS), which has been revealed to 

affect a diversity of endothelial responses including the prevention of vascular 

thrombosis. (417) Tissue-type plasminogen activator (t-PA) plays a central role in 
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blood fibrinolytic activity. (418) Upon stimulation, the endothelium releases t-PA 

rapidly, which, therefore, plays a crucial role in dissolving fibrin during the initial fibrin 

formation event, thus preventing thrombosis. (419) The interaction between NO and t-

PA has been studied extensively in the last decade. It is well-established that NO 

inhibits the plasminogen activator inhibitor-1 (PAI-1), a major physiological inhibitor of 

plasminogen activator (t-PA), via cyclic guanosine monophosphate (aGMP)- 

dependent mechanism. (420) This was further illustrated in the clinical setting by 

Chiara and his colleagues, where they found a correlation between the availability of 

tonic and stimulated NO in essential hypertension and the endothelium release of t-

PA. (421) In a similar manner, several reports have proved a direct negative 

correlation between eNOS expression and TF expression from the endothelium. (422) 

In agreement with my results, Yang et al. reported that eNOS overexpression and 

phosphorylation decreased TNFα mediated expression of TF. (423) Most recently,  

data about the thrombotic complications of COVID-19 have indicated a beneficial 

involvement of NO in suppressing the endothelial cell release of TF by involving the 

suppression of the NF-κB pathway. (424) Taken together, there is clear evidence 

about the regulatory involvement of endothelial e-NOS and the expression of TF.  

Since I observed that CFZ had significantly induced eNOS protein and 

phosphorylation of e-NOS in HUVECs, I proposed that NO may diminish thrombotic 

tendency by overwhelming TF-dependent coagulation and enhancing the expression 

of t-PA in the endothelium. This effect could be due to the suppression of the NF-κB 

pathway and (PAI-1) through CFZ induced NO overexpression dependent mechanism 

which could be an interesting target for future research focuses.  

 

Thrombomodulin (TM) is a crucial anticoagulant protein present on the endothelial cell 

surface that complexes with thrombin to enhance activation of protein C by thrombin. 

(425) In keeping with my thrombomodulin expression findings, I found that CFZ 

induced APC generation in HUVECs, and with a lower extent counter the well-known 

suppression impact of TNF on thrombomodulin expression, implying a potential 

thrombomodulin dependent antithrombotic CFZ effect. A recent study demonstrated 

that thrombomodulin expression was essential for maintaining endothelial quiescence 

(426), with thrombomodulin deficient endothelial cells being more sensitive to TNF 

and demonstrating the increased release of VWF, which in turn resulted in increased 
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leukocyte and platelet recruitment. (426) The increased thrombomodulin expression 

caused by CFZ may have the opposite effect on its knockdown and confer protection 

to the endothelium. Suppression of thrombomodulin expression by TNF has been 

described to arise through several mechanisms. (427) Among them, NF-κB 

stimulation has been linked to defects in the thrombomodulin pathway and restrains 

APC creation, demonstrating a joint inhibitory interaction between the thrombomodulin 

and NF-κB pathways. (428) Equally, it is well-known that APC generation from the 

endothelium attenuates thrombin formation, inhibits NF-κB activation, reduces the 

inflammatory cytokine release, enhances fibrinolysis, and maintains endothelial 

integrity. (429) As I demonstrated earlier, CFZ induced NO and TM expression in 

HUVECs. It is well-known that nitric oxide-dependent mechanisms partially control the 

expression of TM. (430) Similar to my CFZ findings, the BTZ cytoprotective effect 

showed a nitric oxide-dependent mechanism involving the inhibition of the NF-κB 

pathway. (431) Therefore, by taking a broader view of all my data and considering 

previously published data, I could hypothesise that NO is potentially regulating the 

CFZ antithrombotic effects through the involvement of the NF-κB pathway, which 

would be of great interest to explore in detail in future work.  

 

VWF and ICAM-1 expression from the endothelium are early signs of pro-thrombotic 

and pro-inflammatory activation of the endothelium, respectively. (432) Lastly, in this 

chapter, I found that in common with the soluble VWF and ICAM-1 findings, CFZ 

treated cells showed almost an absence of platelet capture and leukocyte adhering to 

the endothelium, implying that CFZ did not trigger pro-thrombotic or pro-inflammatory 

activities. Interestingly, CFZ caused a significant reduction of both platelets captured 

to the VWF strings and leukocytes adhered to HUVECs mediated by TNF. This was 

visually further illustrated by a remarkable reduction of the VWF-immuno staining 

fluorescence intensity when CFZ was combined with TNFα in HUVECs compared to 

TNFα alone treated cells, all implying anti-thrombotic and anti-inflammatory effects of 

CFZ. To my knowledge, this is the first known report of a proteasome inhibitor affecting 

the stimulated release of VWF from endothelial cells.  As discussed earlier, it is well-

known that NO expression by endothelial cells has a significant role in controlling the 

pro-inflammatory and pro-thrombotic activation of the endothelium. (433) NO has been 

shown to regulate the release of both ICAM-1 and VWF from the endothelium. (434) 
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According to Secco et al. NO inhibits neutrophil migration to the endothelium by 

suppressing the expression of ICAM-1. (435) Ritter et al. claimed that NO suppression 

from HUVECs was significantly correlated with increased VWF release. (436) Several 

mechanisms were proposed to describe these effects; among them, the endothelium 

expression of NO suppresses the NF-κB-dependent pathways pro-thrombotic and pro-

inflammatory activation. (437) According to Tham et al. NF-κB activation mediated 

induction of pro-inflammatory and pro-thrombotic genes, such as VWF and ICAM-1. 

(438) Taken together, a potential suppression of the NF-κB pathway dependent on the 

over expression of NO-mediated by CFZ could be the central regulator of CFZ 

cytoprotective effect in HUVECs.  

 

In summary, in this chapter, I confirmed at the functional level the observed CFZ 

cytoprotective effect in HUVECs at the cellular level.  
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3.4 Nitric oxide is an important regulator of the 
endothelium and for CFZ cytoprotective effect in the 

endothelium 
 

3.4.1 Introduction 
 

The eukaryotic central degradation system for intracellular proteins is the ubiquitin-

proteasome system. (439) This system is central to cellular mechanisms to maintain 

normal homeostasis. (440) The 26S proteasome is the most abundant human 

proteasome. (441) It is mainly composed of two subunits, the 19S regulatory cap 

where protein reorganisation occurs and the 20S core unit where protein degradation 

occurs. (442) Protein maturation and folding activities are favourably maintained and 

controlled in the eukaryotic cell. Only correctly assembled proteins can transport to the 

Golgi apparatus, while those that misfold are directed to ER-associated degradation 

(ERAD) or autophagy. (29) The accumulation of misfolded/unfolded proteins in the ER 

stimulates pathways that coordinate adaptive cellular reactions. (443) This collective 

cellular response is known as the unfolded protein response (UPR), which aims to 

maintain normal cellular homeostasis. (443) Mainly, the UPR improves ERAD of 

misfolded proteins, diminishes global protein synthesis and raises the ER protein-

folding capacity. (49) However, if this mechanism fails to restore ordinary ER 

homeostasis, the UPR initiates apoptosis, signalling the death of the defective cell. 

(444) Three transmembrane ER-resident proteins are responsible for this mechanism: 

IRE1, ATF6 and PERK. (444) The luminal domain of the individual sensor tends to 

react to the unfolded/misfolded protein in the ER. (346) These sensors are controlled 

and inactivated through binding with the major ER-resident chaperone protein, BiP. 

(346) This protein has been recognised as an essential component of ER 

translocation, protein folding and ERAD. (445) BiP is significantly responsible for 

preserving the penetrability barrier of the ER membrane and maintaining newly 

synthesised proteins in a form that is  competent for oligomerisation and folding. (446) 

It also has a vital role in defective protein translocation across the ER membrane to 

the proteasome. (447) When there is an accumulation of misfolded proteins in the 

cytosol, BiP disconnects from the ER sensors and binds to the accumulated misfolded 

proteins in the ER cytosol, leading to the activation of the ER-stress transducer 
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pathway. (448) In addition, BiP overproduction reflects an active ER stress 

environment. (449)  

 

The vascular endothelium is a monolayer sheet of cells between the smooth muscle 

vascular cells and the vessel lumen. (358) Nitric oxide (NO) is the principal 

endothelium-derived substance manufactured in the vasculature whose synthesis is 

dependent on the endothelial form of the nitric oxide synthase enzyme, eNOS. (450) 

It has a broad range of biological properties and multi-branch functions, such as the 

regulation of local cell growth, vasodilation, oxidative stress, inflammation and 

modulation of vascular tone; thus, collectively, it maintains a healthy vascular system 

with other substances. (110) An emergent list of disorders such as diabetes mellitus, 

hypertension, hypercholesterolemia, and heart failure are associated with reduced NO 

production due to diminished synthesis or excessive oxidative degradation. (144) The 

reduced formation of NO in these medical disorders triggers severe complications in 

endothelial equilibrium. (144) Additionally, reduced nitric oxide bioactivity may 

accelerate vascular inflammation that could cause foam cell formation and oxidation 

of lipoproteins, which is the foundation of the atherosclerotic plaque. (451) NO also 

has a significant role in leukocyte adhesion to the endothelial surface by regulating 

endothelium adhesion molecules, such as ICAM-1 and P-selectin. (452) The 

involvement of NO in the regulation of vascular haemostasis has been widely 

investigated. (453) It effectively inhibits platelet adhesion and aggregation to the 

endothelium under physiological conditions. (452) In addition, it has shown a potent 

ability to prevent platelet granule exocytosis, thus inhibiting platelet aggregation and 

activation. (398)  

 

In the previous chapters, I demonstrated that CFZ did not affect the ER stress status 

of HUVECs; instead, it showed a cytoprotective effect. Therefore, in this chapter, I 

investigated the hypothesis that this activity was dependent on the CFZ-

mediated induction of BIP and/or NO so that either BiP or NO knockdown in the 

endothelium could eliminate the observed cytoprotective effect of CFZ due to their vital 

roles in ER stress and haemostasis, respectively. 
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3.4.2 Results 
 

3.4.2.1 BiP knockdown did not induce ER stress or pro-thrombotic 
activation in HUVECs 
 

According to data obtained in the previous chapters, clear evidence was found to 

support the conclusion that CFZ did not induce ER stress but rather induced a 

cytoprotective effect in HUVECs. Since BiP plays a significant role in the cell's 

response to ER stress, it was hypothesized that knocking down BiP expression would 

prevent CFZ from exerting its cytoprotective effects and eliminate the ability of the 

endothelium to escape from ER stress activation that CFZ could cause. A siRNA 

sequence directed against BiP was initially titrated to obtain the concentration giving 

optimal knockdown of protein expression (Methods 2.8). All the concentrations of 

siRNA tested (5, 10, 15 and 20nM) significantly reduced BiP protein expression as 

determined by Western blot, with almost complete knockdown achieved with 20nM 

siRNA (Figure 3.4.1). 

 

  

 

 
 
 
 
 

 

Figure 3.4.1: Optimisation of BiP knockdown in HUVECs. HUVECs were treated with 5nM, 10nM, 15nM 

and 20nM of BiP/siRNA for 24 hours, then washed with PBS and replaced with a fresh EBM-2 medium. Cells were 

harvested to extract protein at 24 hours; Western blot was used to determine the extent of BiP protein expression 

at 24hr.  
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I then investigated the impact of BiP silencing on the response of HUVECs to CFZ 

treatment. The cells were transfected first with 20nM of BiP siRNA for 24 hours; then, 

the cells were supplemented with fresh EBM-2 medium and treated with 750nM of 

CFZ for 1 hour (Methods 2.8). In agreement with the previous finding, there was a 

consistent alteration of HUVEC morphology after CFZ treatment in control siRNA 

transfected cells. Interestingly, the morphological appearance of DMSO and CFZ-

treated control siRNA transfected cells was similar to that of the corresponding BiP 

siRNA transfected cells, implying that BiP silencing did not enhance the CFZ effect on 

HUVEC morphology (Figure 3.4.2).  

 

Figure 3.4.2: BiP knockdown did not enhance CFZ morphological change in HUVECs. HUVECs 

were treated with 20nM of control/BiP-siRNA for 24 hours, followed by washing the cells with PBS and 

resuspending them in a fresh EBM-2 medium. The cells were treated with 750nM of CFZ, DMSO for 1hr followed 

by 24hr recovery. The Morphological observation using a light microscope (10X objective).  
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Afterwards, it was investigated if endothelial BiP silencing could induce ER stress in 

HUVECs. First, transfected cell pellets were collected after a 24-hour recovery period 

to study the relative alteration in BiP protein expression via Western blot analysis to 

confirm that BiP knockdown was achieved in this experiment. As shown in Figure 

3.4.3A, BiP expression significantly reduced in all BiP siRNA transfected cells 

compared to their corresponding controls. Similar to my previous findings, there was 

no induction of BiP in CFZ treated cells compared to the untreated and the vector-

DMSO controls, implying the absence of ER stress (Figure 3.4.3A). 

 

Since BiP was silenced in this experiment, other ER stress markers (P58 and IRE1α) 

were selected to assess the ER stress state in the BiP knockdown cells. Interestingly, 

the Western blot analysis revealed no change in either of these markers in BiP 

knockdown-CFZ treated cells compared to the control siRNA transfected CFZ treated 

cells (Figure 3.4.3B), implying that BiP silencing in HUVECs did not contribute to 

enhancing ER stress activation in HUVECs.  
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Figure 3.4.3: BiP knockdown did not induce ER stress in HUVECs. HUVECs were treated with 20nM of control/BiP-siRNA for 24 hours, followed by washing the 

cells with PBS and replacing them with a fresh EBM-2 medium; The cells were treated with 750nM of CFZ, DMSO for 1hr followed by 24hr recovery. A) Western blot analysis of 

BiP. B) Western blot analysis and density quantification of P58 and IRE1α protein expression. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were 

performed in one experiment, and the quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three 

independent experiments. The expression trends of proteins between CFZ and DMSO cells are compared using one-way ANOVA. Significant: *P < 0.05; **P < 0.01; ***P < 0.001; 

****P < 0.0001.
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Alternatively, I hypothesised that BiP silencing in HUVECs might induce a pro-

thrombotic effect in HUVECs. For this purpose, I prepared the cells as described 

earlier and stained the cells with anti-VWF-FITC antibodies (Methods 2.6.1) to 

evaluate the release of VWF from HUVECS. Interestingly, BiP knockdown did not 

induce VWF release or observable string formation under any conditions, indicating 

that silencing BiP expression in HUVECs does not induce VWF release or cause CFZ 

treatment to induce VWF release. (Figure 3.4.4). Together these data suggest that BiP 

is not the critical regulator of the CFZ cytoprotective effect in HUVECs.  

 

Figure 3.4.4: BiP knockdown did not induce VWF release from HUVECs. HUVECs were treated with 

20nM of control/BiP-siRNA for 24 hours, followed by washing the cells with PBS and replacing them with a fresh 

EBM-2 medium. The cells were treated with 750nM of CFZ, DMSO for 1hr followed by 24hr recovery; then, the 

cells were permeabilized with 1x triton  and stained with anti-VWF-FITC stain. DMSO, Dimethyl sulfoxide; CFZ, 

carfilzomib. The fluorescence intensity for the stained cells was visualised using a fluorescence microscope (10X 

objective).
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3.4.2.2 eNOS knockdown induced ER stress in HUVECs 
 

Since BiP knockdown did not alter the response of the endothelium to CFZ, it was next 

hypothesized that eNOS could play a crucial role in mediating the response of 

HUVECs to CFZ. eNOS is the endothelial isoform enzyme responsible for producing 

endothelium nitric oxide. Nitric oxide is the primary endothelial cell-derived substance 

and modulates broad endothelium functions. (454) It is well established that nitric 

oxide is involved in regulating endothelial haemostasis and has a part in regulating the 

endothelium inflammatory response. (454) Similar to BiP, to investigate the potential 

role of eNOS as a regulator of the observed CFZ cytoprotective effects in HUVECs, 

eNOS expression was knocked down using siRNA (Methods 2.8). Initially, the optimal 

concentration of eNOS siRNA was determined. Almost complete knockdown or eNOS 

and virtually no p-eNOS was seen with 20nM siRNA at 24 and 48 hours (Figure 3.4.5).  

 

 

Figure 3.4.5: Optimisation of eNOS knockdown in HUVECs. HUVECs were treated with 5nM, 10nM, 

15nM and 20nM of control/eNOS siRNA for 24 and 48 hours, then washed with PBS and replaced with a fresh 

EBM-2 medium. Cells were harvested to extract protein at 24 and 48 hours; Western blot was used to determine 

the extent of eNOS and p-eNOS protein expression.  
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Next, the impact of eNOS silencing on the response of HUVECs to CFZ was 

investigated. The cells were transfected with 20nM control siRNA or 20nM of eNOS-

specific siRNA for 24 hours; then, media was changed for fresh EBM-2 medium and 

treated with 750nM of CFZ for 1 hour (Methods 2.8). After 24 hours recovery, 

transfected cells were imaged to evaluate any morphological modifications that the 

silencing of eNOS from HUVECs could cause; second, the cells were harvested, and 

the pellets were collected to confirm the silencing of eNOS in HUVECs using Western 

blot and to study relative alterations in BiP expression using qPCR. Each eNOS 

transfection was compared to the control transfected cells.  

As shown in Figure 3.4.6, the morphological appearance of DMSO and CFZ-treated 

control transfected cells was similar to their corresponding eNOS-specific siRNA 

transfected cells, implying that eNOS silencing did not induce any effects on HUVEC 

morphology and that lack of eNOS did not influence CFZ-mediated changes in 

morphology.  

 

Figure 3.4.6: eNOS knockdown did not enhance CFZ morphological change in HUVECs. HUVECs 

were treated with 20nM of control or eNOS/siRNA for 24 hours, followed by washing the cells with PBS and 

replacing them with a fresh EBM-2 medium. The cells were treated with 750nM of CFZ, DMSO for 1hr followed by 

24hr recovery. The Morphological observation using a light microscope (10X objective).  
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As shown in Figure 3.4.7A, there was an almost complete reduction of eNOS 

expression in all eNOS siRNA transfected cells compared to their corresponding 

controls, and there was visual induction of eNOS expression in control transfected 

CFZ treated cells compared to the untreated/DMSO controls, which was consistent 

with my earlier findings. Moreover, in agreement with my previous findings, there was 

no induction of BiP mRNA expression in control siRNA transfected CFZ treated cells 

at 24h (Figure 3.4.7B). Interestingly, however, there was a significant upregulation of 

BiP mRNA expression among all eNOS knockdown cells compared to their 

corresponding controls (Figure 3.4.7B), indicating a direct correlation between eNOS 

silencing in HUVECs the expression of BiP. However, treatment with CFZ did not alter 

the level of BIP further.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 3.4.7: eNOS knockdown induced ER stress in HUVECs. HUVECs were treated with 20nM of 

control/eNOS siRNA for 24 hours, followed by washing the cells with PBS and replacing them with a fresh EBM-2 

medium. The cells were treated with 750nM of CFZ, DMSO for 1hr followed by 24hr recovery. A) Western blot 

analysis of eNOS protein expression. B) qPCR analysis of BiP mRNA level expression. DMSO, Dimethyl sulfoxide; CFZ, 

carfilzomib. Three technical repeats were performed in one experiment, and the quantification of data was 

normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three 

independent experiments. The expression trends of proteins between CFZ and DMSO cells are compared using 

one-way ANOVA. Significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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3.4.2.3 eNOS knockdown induced thrombotic and inflammatory 
responses in HUVECs 
 

Since eNOS silencing induced ER stress activation in HUVECs, it was next 

investigated if eNOS silencing could induce a pro-thrombotic and pro-inflammatory 

response in HUVECS and how CFZ treatment would affect this. For this purpose, 

some well-known coagulation and inflammatory endothelial-derived regulators were 

investigated. Consistent with published data, Western blot analysis revealed 

significant ICAM-1 protein expression induction in all eNOS knockdown cells 

compared to their corresponding controls (Figure 3.4.8A). (23) But the level of ICAM-

1 expression was not affected by CFZ, suggesting that this is dependent on the loss 

of eNOS expression rather than the effects of CFZ. eNOS knockdown cells also 

released more soluble ICAM-1 compared to the corresponding controls. Interestingly, 

while the CFZ treatment of control cells did not induce the release of soluble ICAM-1, 

there was a small but statistically significant increase in soluble ICAM-1 released from 

eNOS knockdown cells following CFZ treatment compared to the controls (Figure 

3.4.8B). Together this data may putatively indicate that while CFZ did not alter 

membrane-bound ICAM-1, it may enhance cleavage of ICAM-1 from the endothelium; 

however, since this was observed in eNOS silenced cells and effects of CFZ are 

apparently constrained by eNOS activity in HUVECs. 
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Figure 3.4.8: eNOS knockdown induced soluble ICAM-1 expression by HUVECs. HUVECs were 

treated with 20nM of control/eNOS siRNA for 24 hours, followed by washing the cells with PBS and replacing them 

with a fresh EBM-2 medium. The cells were treated with 750nM of CFZ, DMSO for 1hr followed by 24hr recovery. 

A) Western blot analysis of ICAM-1 protein level expression. B) Soluble ICAM-1 protein level expression. DMSO, 

Dimethyl sulfoxide; CFZ, carfilzomib. Three technical repeats were performed in one experiment, and the 

quantification of data was normalised to GAPDH levels and presented as the mean ± SEM. The data represented 

the average of three independent experiments. The expression trends of ICAM-1 between CFZ and DMSO cells 

are compared using one-way ANOVA. Significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 

 
 

Next, I examined the expression of tissue factor (TF). In agreement with my previous 

findings, control cells treated with CFZ did not show any upregulation of TF gene 

expression; however, eNOS knockdown caused significant upregulation of TF under 

all conditions, indicating that eNOS may regulate TF expression (Figure 3.4.9A). 

Interestingly, in eNOS knockdown cells, CFZ slightly but significantly increased TF 

gene expression compared to DMSO treated eNOS knockdown cells (Figure 3.4.9A). 

Thus, similar to the soluble ICAM-1 findings, eNOS expression could at least partially 

regulate the anti-thrombotic and anti-inflammatory activity mediated by CFZ treatment 

in HUVECs. Interestingly, it was also observed that CFZ induced the expression of 

Tissue Plasmin Activator (t-PA) in HUVECS. T-PA is a central endothelial-derived anti-

thrombotic regulator that converts plasminogen into plasmin, thus mediating the lysis 

of fibrin clots. While eNOS silencing did not alter the expression of t-PA in control cells 

(i.e., time zero or DMSO treated), there was a significant reduction in t-PA mRNA when 
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eNOS knockdown cells were incubated with CFZ compared to non-knock down cells 

treated with CFZ, implying a potential direct correlation between eNOS expression and 

CFZ mediated t-PA expression in HUVECs (Figure 3.4.9B). Finally, the expression of 

thrombomodulin (TM) was examined. Consistent with my previous data, CFZ caused 

a significant increase in TM expression at the gene and a remarkable observable 

increase at the protein level. However, eNOS knockdown did not affect TM either in 

the absence or presence of CFZ (Figure 3.4.9 C, D). 

Figure 3.4.9: eNOS knockdown induced TF, reduced CFZ mediated t-PA and did not alter TM 

expression in HUVECs. HUVECs were treated with 20nM of control/eNOS siRNA for 24 hours, followed by 

washing the cells with PBS and replacing them with a fresh EBM-2 medium. The cells were treated with 750nM of 

CFZ, DMSO for 1hr followed by 24hr recovery. A) qPCR analysis of TF mRNA level expression B) qPCR analysis 

of t-PA mRNA level expression. C) qPCR analysis of TM level expression. D) Western blot analysis of TM level 

expression. DMSO, Dimethyl sulfoxide; CFZ, carfilzomib TF, tissue factor; t-PA, tissue plasmin activator; TM, 

thrombomodulin. Three technical repeats were performed in one experiment, and the quantification of data was 

normalised to GAPDH levels and presented as the mean ± SEM. The data represented the average of three 

independent experiments. The expression trends of mRNA and proteins between CFZ and DMSO cells are 

compared using one-way ANOVA. Significance: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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3.4.2.4 eNOS knockdown induced fibrin formation in HUVECs 
 
 
My previous results showed that eNOS knockdown induced TF expression in 

HUVECs. Therefore, turbidity assays were conducted to assess the correlation 

between the observed induced expression of TF in eNOS knocked down cells and 

fibrin clot formation. The cells were stimulated with 20 ng/ml of TNFα after a 1-hour 

treatment with 750 nM CFZ, and the cellular eNOS siRNA transfection was conducted, 

as indicated earlier.  

Consistent with my previous findings, the control siRNA transfected CFZ treated cells 

showed the lowest absorbance, the highest lag time and t-Max values (15.5 minutes 

and 18.3 minutes, respectively) (Figure 3.4.10 A, C, D), implying that these cells form 

the least fibrin clot among all other conditions. Interestingly, however, this protective 

effect was abrogated due to eNOS silencing in HUVECs. This was demonstrated by 

a remarkable increase of the absorbance and the significant reduction in a lag time 

and in t-Max of the eNOS siRNA CFZ and CFZ+TNFα treated cells only compared to 

their corresponding control transfected cells (Figure 3.4.10 B, C, D), implying that 

these cells formed more thrombin clot. These data indicate a potential contribution of 

eNOS knockdown and the elimination of the CFZ thrombo-protective effect in 

HUVECs. 

Similarly, cells that were pre-treated with CFZ before TNFα demonstrated a 

significantly increased lag-time compared to TNFα treated cells, indicating a reduced 

rate of fibrin formation, and suggesting that CZF could attenuate the effects of TNFα 

in control transfected cells. However, this protective feature of CFZ was eliminated as 

a consequence of eNOS silencing since I observed a significant reduction in both lag 

time and t-Max in the eNOS siRNA CFZ+TNFα treated cells compared to control 

transfected CFZ+TNFα treated cells (Figure 3.4.10 A, B, C, D). This was further 

illustrated when I recorded the absence of the CFZ-mediated TNFα fibrin formation 

attenuating effect in HUVECs when eNOS was knockdown. This was demonstrated 

by lower absorbance and a significant increase of lag time in CFZ+TNFα treated cells 

compared to the TNFα alone stimulated cells in the transfected control cells, while this 

was not observed when eNOS was knocked down from HUVECs. These observations 

suggest that a potential direct correlation between eNOS expression in the 

endothelium and the observed CFZ mediated thrombo-protective effect.  
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Figure 3.4.10: eNOS knockdown induced fibrin formation in HUVECs at 48 hr. HUVECs were treated 

with 20nM of control/eNOS siRNA, followed by washing the cells with PBS and replacing them with a fresh EBM-

2 medium. Some cells were stimulated with 20ng of TNFα after 1 hour with CFZ treatment. The cells were incubated 

with the reaction mixture containing plasma (5mM) CaCl2 and 50mM HEPES /NaCl buffer. The 48-well plate was 

read at 405nm for 30-minutes/30-second measurement intervals. A) The absorbance curve of control cells. B) The 

absorbance curve of eNOS siRNA cells. C) the lag time graphic par chart for DMSO, CFZ, TNFα and CFZ+TNFα 

24 hours control and eNOS/siRNA transfected cells. D) the time to maximal absorbance of the same group of cells. 

DMSO, Dimethyl sulfoxide; CFZ, Carfilzomib; TNFα, Tumour Necrotic Factor. Three technical repeats were 

performed in one experiment, and the data were presented as the mean ± SEM. The data represented the average 

of three independent experiments. The expression trends of all treated cells are compared using one-way ANOVA. 

Significant: *P < 0.05, **P < 0.01, ***P < 0.001   
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3.4.2.5 eNOS knockdown induced VWF release from HUVECs 
 
 
Since I observed that knocking down eNOS from HUVECs eliminated CFZ mediated 

cytoprotective effect, I hypothesised that it could affect the VWF release from HUVECs 

in a similar manner. For this purpose, anti-VWF-FITC immuno staining was conducted 

(Methods 2.6.1). The cells were first transfected with control siRNA or 20nM of eNOS 

siRNA for 24 hours; then, the cells were replaced with a fresh EBM-2 medium and 

treated with 750 nM CFZ for 1 hour (Methods 2.8). After 24 hours of recovery, 

transfected cells were stained with anti-VWF-FITC to visualise the extent of VWF 

expression in HUVECs (Methods 2.6.1). There was a comparable expression of VWF 

in control siRNA transfected CFZ treated cells compared to the transfected control 

DMSO cells (Figure 3.4.11). This implies that CFZ did not induce VWF release from 

HUVECs; thus, there was no pro-thrombotic activity in HUVECs. On the other hand, 

silencing of eNOS from HUVECs led to a great release and observable string 

formation of VWF in eNOS siRNA CFZ transfected cells compared to eNOS siRNA 

DMSO control cells (Figure 3.4.11). This suggests a direct correlation between nitric 

oxide expression in HUVECs and the CFZ inhibition effect of VWF release from 

HUVECs. 
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Figure 3.4.11: eNOS knockdown induced VWF release from CFZ treated HUVECs. HUVECs were treated with 20nM of control/eNOS siRNA for 24, followed by 

washing the cells with PBS and replacing them with a fresh EBM-2 medium. The cells were treated for 1-hour with 750nM CFZ or DMSO. The cells were permeabilized with 1x 

triton  and stained with anti-VWF-FITC and visualised through a fluorescent microscope (10X objective). 
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3.4.3 Discussion 
 

According to the data obtained from previous chapters, there was a lack of evidence 

to support the hypothesis that CFZ induces ER stress in HUVECs in a similar manner 

to the effect of CFZ on MM cells. Indeed, CFZ showed a cytoprotective, anti-thrombotic 

and anti-inflammatory effect in HUVECs, which was proved earlier at the cellular and 

functional level. This chapter aimed to identify the potential key regulator of these CFZ 

effects on the endothelium.  

Initially, I hypothesised that silencing BiP from HUVECs would trigger CFZ-mediated 

activation of ER stress and consequently pro-thrombotic activation in HUVECs. There 

were two main reasons why BiP was selected from all other ER stress markers to be 

studied as a critical regulator: 1) I observed that BiP overexpression was consistently 

upregulated among all experiments when ER stress was activated with tunicamycin or 

with sub-confluence cells, while other markers did not maintain the same expression 

suggesting that BiP could be the key regulator of the ER stress response in HUVECs. 

2) According to the well-known significance of BiP in the regulation of ER stress 

responses in the literature, which has identified an over-expression of BiP as the 

definition of ER stress (330, 455, 456); thus, I hypothesised that depletion of BiP could 

induce ER stress and consequently pro-thrombotic activation in HUVECs.  

 

According to Vitale et al. inadequate BiP availability was a definitive reason for 

proteostatic ER stress and UPR activation in Hela cells. (330) Moreover, Kawaguchi 

and his colleagues reported that BiP knockdown in mice led to significant induction of 

ER stress and cell death in mice. (457) However, this was not consistent with my 

findings; I found that silencing BiP expression in HUVECs did not induce ER stress or 

enhance the ability of CFZ to induce ER stress in HUVECs. This could be because the 

endothelial cells can recruit another mechanism to control healthy protein 

manufacturing and degradation when ERAD is impaired, such as autophagy. (458) 

Alternatively, the load vs capacity mechanism, where cells reduce the load of protein 

production, thus, restoring cellular homeostasis, could be another mechanism used by 

HUVECs in this manner. (333) Another explanation may be that the ubiquitination 

proteasome system can regulate protein turnover when BiP is impaired. (459) Indeed, 

this agrees with my previous observations, where I found a consistent significant 

upregulation of ubiquitin expression at 24 hours recovery after 1 hour of CFZ 
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treatment. This implies that the ubiquitin system could partially prevent ER stress 

activation in HUVECs when BiP is knocked down. Other ER chaperone proteins, such 

as calreticulin, can contribute to ER stress regulation once there is a reduction in BiP 

expression. (460, 461) This could be another mechanism involved to avoid ER stress 

activation in HUVECs when BiP expression is reduced. Thus, collectively all these 

facts could explain the absence of ER stress activation I found when BiP production 

was impaired in HUVECs.  

  

It is well-established that there is a direct correlation between ER stress and 

endothelial dysfunction. (462) Osman et al. proposed a direct interplay between the 

activation of ER stress and the release of endothelial pro-inflammatory and pro-

thrombotic particles. (374) Another study suggested that ER stress activation in 

endothelial cells was directly correlated with pro-thrombotic activation, including the 

release of VWF from the affected endothelium. (107) However, all these facts were 

reported during active ER stress in the endothelium, which was not found in my study 

when BiP was knocked down. Therefore, this could explain the absence of negative 

consequences in the normal cellular coagulator balance and the alteration of the VWF 

release profile upon the silencing of BiP from HUVECs where there was no induction 

of ER stress. Generally, according to my data, I can conclude that BiP knockdown was 

insufficient to induce ER stress in HUVECs or render the cell to induce VWF secretion.  

 

Since BiP knockdown did not explain the apparent cytoprotective effect of CFZ, 

therefore, I hypothesised that eNOS could potentially be an alternative regulator of the 

CFZ cytoprotective effect in HUVECs. Two main reasons were behind my selection of 

eNOS for this purpose: 1) It is well established that BTZ cytoprotective effect is partially 

dependent on the nitric oxide pathway. (290) 2) I observed that CFZ significantly 

induced the expression of eNOS and phosphorylation of eNOS in HUVECs; thus, I 

proposed that similar to BTZ, CFZ could induce cytoprotective effect employing eNOS 

dependent mechanism. eNOS is constitutively expressed in endothelial cells in 

response to the mechanical, humoral, or pharmacological stimulus. (463) eNOS action 

is controlled primarily by multisite phosphorylation and protein-protein interactions. 

(463) There is a direct positive correlation between the extent of eNOS 

phosphorylation and its activity. (464) Tyrosine phosphorylation of eNOS controls 

myocardial survival once an ischaemic insult happens. (465) Li and his colleagues 
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reported that reduced eNOS phosphorylation is a means of vascular dysfunction in 

diabetic vascular mice. (466) According to Mal et al. eNOS expression and eNOS 

phosphorylation are a determinant of cardioprotective effects. (467) Taken all these 

facts, the significant induction of both eNOS expression and eNOS phosphorylation 

mediated by CFZ encouraged me to hypothesise that CFZ could potentially deliver the 

observed endothelial cytoprotective effect in a similar manner.  

 

Interestingly, upregulation of BiP upon eNOS knockdown indicated a potential inverse 

correlation between NO production and ER stress. The correlation between ER stress 

and the disruption of the nitric oxide pathway has previously been documented in 

preeclampsia (PE). (468) The expression of ER stress-related markers in 

preeclampsia, including BiP, was higher when eNOS expression was depleted, 

suggesting a correlation between the induction of ER stress and diminished production 

of eNOS in the endothelium. (22) In agreement, several pieces of literature have 

reported a correlation between NO dysregulation and the induction of ER stress. 

Gotoh et al. described that endothelial NO balance disruption was associated with the 

induction of ER stress in the endothelium. (469) Heng et al. reported induction of BiP 

protein expression when endothelial NO expression was reduced (470). Moreover, a 

direct correlation was reported between the reduction of eNOS expression and 

phosphorylation and the activation of ER stress in endothelial cells. (471) Taken 

together, there is a direct correlation between the reduction of NO in the endothelium 

and ER stress activation, which could explain my findings in this regard. Furthermore, 

to my knowledge, this is the first report of eNOS silencing in HUVECs causing an 

upregulation of BiP expression.  

 

After I established the correlation between eNOS dysregulation and the activation of 

ER stress in HUVECs, I latterly investigated if a similar modification in coagulation and 

the inflammatory balance would occur. Interestingly, I found a direct negative 

correlation between eNOS and ICAM-1 expression in the endothelium. Indeed, this 

was agreed with several literatures. Jana et al. revealed a lower expression of ICAM-

1 when there was an induction of eNOS in the aorta of C3H mice. (472) Another author 

reported a direct inverse correlation between eNOS and ICAM-1 expression in 

HUVECs under oxidative conditions. (473)  In agreement, it has been reported that a 

reduced level of eNOS increases the adhesiveness of constitutive endothelial 
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membrane ICAM-1 via the Src family of protein tyrosine kinases Src-mediated 

phosphorylation. (474) Moreover, I observed an upregulation of TF, a major 

endothelial pro-thrombotic marker, upon eNOS knockdown in all eNOS siRNA 

transfected groups compared to their corresponding controls and, more importantly, 

between DMSO and CFZ eNOS knocked down cells. This implies a direct link between 

eNOS expression and the regulation of ICAM-1 and TF expression; it also indicates 

that silencing eNOS from the endothelium eliminates CFZ thrombo-protective effect 

and renders the cells to become more pro-thrombotic. This was further reflected in 

alteration of the lag-time in these cells leading to faster clot formation, probably due to 

enhanced TF expression, as shown in the turbidity study. These findings provided 

evidence of the potential correlation between eNOS expression and the induction of 

TF expression, thus activating the pro-thrombotic situation in HUVECs. In agreement 

with my findings, Wang et al. demonstrated a correlation between elevated tissue 

factor expression and lack of eNOS. (475) Similarly, data from Yang et al. found that 

increased creation of endothelium-derived nitric oxide decreased cytokine and the 

endotoxin-induced expression of tissue factor, thus, the pro-thrombotic phenotype of 

endothelial cells. (423) In keeping with this, eNOS knockdown enhanced soluble 

ICAM-1 release in CFZ treated cells. Similarly, the anti-thrombotic effect of CFZ was 

eliminated as a result of eNOS knockdown from HUVECs, where there was a 

significant release and formation of VWF strings. It is known that reduced eNOS 

expression results in VWF release from endothelial cells, and recent data suggest that 

TNF reduces eNOS expression, resulting in exocytosis of VWF from Weibel-Palade 

bodies. (476) Kang et al. demonstrated that eNOS dysregulation promoted VWF 

secretion in Fabry disease. (477) Moreover, it has been reported that there was an 

induction of endothelial VWF and soluble ICAM-1 secretion due to eNOS deficiency. 

(397) Qaian et al. proved a significant attenuation of endothelial VWF secretion when 

nitric oxide was overexpressed. (478) Taken together, treatment of cells with siRNA 

against eNOS attenuated the 'CFZ effect', suggesting that enhanced eNOS 

expression is at least partly responsible for the apparent protective effect of CFZ. 

 

I also observed a significant reduction of the CFZ-mediated t-PA mRNA expression 

upon eNOS knockdown, indicating a potential correlation between NO production and 

t-PA expression. However, this was not similarly observed with CFZ-mediated TM 



208 

 

mRNA expression, where both eNOS knockdown and the control group showed a 

similar expression of thrombomodulin. In agreement with my findings, Mark et al. 

reported an alteration of t-PA activity after endothelial nitric oxide dysregulation via 

controlling the exocytosis of t-PA stored in Weibel-Palade body granules. (479) 

Moreover, Goglia and his colleagues reported a direct correlation between induced 

eNOS expression and eNOS-Ser(1177)-phosphorylation and the induction of t-PA 

activity. (480) However, the TM expression was not altered in the eNOS knocked down 

CFZ treated cells, which could be independent of eNOS expression in the 

endothelium. Even though there is a broad agreement about the role of eNOS in 

regulating TM expression (481), on the other hand, it has been reported that KLF-4 

upregulates thrombomodulin expression in endothelial cells. (306) Interestingly, in the 

last data (Result 3.2.2.5), I found that CFZ induced the expression of KLF-4, which 

delivered a probable mechanism behind increased thrombomodulin expression, 

though in the presence of eNOS knockdown. In agreement with my findings, Nayak et 

al. reported that the BTZ-TM overexpression effect was dependent on the 

overexpression of KLF-2 and KLF-4 pathways. (290) Similarly, endothelial expression 

of KLF-4 has been seen to enhance the anti-thrombotic effect via the regulation of TM 

endothelial expression. (482, 483) Considering these facts, the endothelial cells 

privilege to maintain thrombomodulin expression is not completely dependent on the 

expression of eNOS. Generally, according to my outcomes, there is clear evidence 

indicating a correlation between eNOS dysregulation and an alteration of the 

endothelial coagulation balance. Overall, the work in this chapter has shown that the 

activities of CFZ in HUVECs fall into two groups; those that are dependent on eNOS 

(suppression of TF, induction of BiP, soluble ICAM-1, t-PA and fibrin formation) , and 

those that do NOT require eNOS (TM induction and surface ICAM-1 formation). 

 

In summary, the data presented in this chapter implicates eNOS expression in 

HUVECs as a potentially important determinant of the CFZ cytoprotective effect in 

HUVECs. While the variation of BiP expression in HUVECs was not altered by this 

cytoprotective effect.  
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4. Summary, General Discussion, and Conclusion 

 

      4.1 Summary 

Multiple Myeloma (MM) is a neoplastic disorder characterized by transformed 

cancerous plasma cell growth in the bone marrow and raised monoclonal paraprotein 

amounts. (11) It is a genetically complex disease generally affecting people later in 

life, with the most significant incidence between 65 and 70 years. (13)  Cellular 

homeostasis is preserved by the capacity to remove irreversibly abnormal proteins 

with toxic impacts via an adaptable and efficient mechanism known as endoplasmic 

reticulum-associated degradation (ERAD), mainly via the 26S proteasome. (484) The 

treatment options for MM increase with the development of drugs such as proteasome 

inhibitors (PIs), with greatly enhanced clinical outcomes. (485) The new proteasome 

inhibitor of interest, CFZ, binds irreversibly to the β5 subunit of the 20S 

immunoproteasome, thus inhibiting ERAD function and ultimately leading to MM cell 

death. (486) CFZ shows enhanced efficacy and has been demonstrated effective 

against bortezomib-resistant MM cell lines. (90) However, various clinical trials have 

linked CFZ with an increased risk of cardiotoxicity and adverse vascular effects. (487) 

Even though significant research has been conducted in this area, there is almost an 

absence of research on the effects of CFZ on the endothelium.  

The endothelium is a single sheet of squamous endothelial cells (ECs) covering the 

internal surface of blood and lymphatic vessels. (488) ECs are established to be 

regulators of haemostasis, vascular tone, immunity, permeability, angiogenesis, and 

coagulation. (108) Due to the exceptional features of endothelial cells, studying the 

effects of CFZ on the endothelium is a logical step in CFZ research. Therefore, I initially 

hypothesised that CFZ could mediate ER stress damage on the endothelium, causing 

enhanced vasospasms, vascular tone, vasoconstriction, diminished reaction to 

vasodilators such as nitric oxide (NO), and induce the pro-thrombotic and pro-

inflammatory activation of the endothelium, which all could be the determinant of CFZ 

associated cardiovascular complications.  
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In my PhD project, I aimed to study the effect of CFZ on the endothelium enquiring 

about the potential induction of ER stress in endothelial cells (HUVECs). Significantly, 

CFZ induced ubiquitin expression indicating inhibition of the proteasome, although this 

effect was only transient, with ubiquitin levels restored to baseline after 48 hours. 

Interestingly, no ER stress induction was observed despite this apparent proteasomal 

inhibition, even when higher or multiple drug doses were used. The drug dose and 

exposure time were designed to closely mimic the plasma half-life and concentration 

achieved in vivo. Interestingly, other studies examining proteasome inhibitors have 

used longer incubation times and high concentrations of the inhibitor(s) being studied. 

However, these do not adequately represent the in vivo setting and are likely to 

produce results that may not reflect the physiological setting.  

Thus, while it is possible that supra-clinical doses and exposure times may have 

resulted in ER stress induction, these experiments were not deemed relevant to 

perform. It was, however, noted that CFZ did induce ER stress in sub-confluence 

(~80%) HUVECS, with significant induction of BiP expression. While the natural state 

of the endothelium is a continuous monolayer of cells, a number of physiological and 

pathological states exist where the endothelium may be actively proliferating, such as 

wound healing and angiogenesis. Why CFZ is able to induce ER stress in sub-

confluence HUVECs, but not confluence, HUVECs is not clear. However, it has been 

previously reported that broad-spectrum proteasome inhibitors such as MG132 also 

demonstrate similar contextual dependent effects on HUVECs. (489) As discussed 

(Discussion 3.1.3), the energy demands and protein synthesis status of proliferating 

endothelial cells are likely to be higher than resting cells and make them more 

susceptible to proteasome inhibition. Interestingly, inhibition of angiogenesis has been 

proposed to be an effective treatment for various carcinomas; therefore, further work 

to test CFZ as an anti-angiogenesis agent may be of interest. Moreover, various 

studies have demonstrated that tumour endothelial cells have a different phenotype 

than their non-malignant counterparts; thus, it would be interesting to determine if 

tumour ECs are more susceptible to CFZ. (490, 491) 

While the initial data obtained indicated that CFZ could not induce ER stress in 

HUVECS, it was seen that CFZ induced a clear morphological change in the cell 

structure. Microscopic observations showed CFZ treated cells to be more elongated 

and stretched, changes that are often associated with activation of the endothelium. 



211 

 

The F-actin staining of HUVECs revealed that both TNFα and CFZ induced 

rearrangement of F-actin stress fibres along the cell's central axis, implying activation 

or a functional response in HUVECs; however, with a lower extent of CFZ. (27) As 

discussed in (Discussion 3.2.3) the organisation of the cytoskeleton of the endothelial 

cell is an integral part of the response and functionality of the cell. (492) The junctions 

between endothelial cells maintain endothelial integrity and regulate vascular 

development and homeostasis. (493) In general, cell-cell junctions are shown as linear 

morphologies connecting adjacent cells and contacting cortical F-actin. (494) 

Nevertheless, the endothelium is characterized by morphologically heterogeneous 

and very dynamic cell-cell junctions. (495) Similar to my findings, Jaime and his 

colleagues reported that in response to TNFα, highly dynamic discontinuous 

adherents junctions (AJs) in endothelial cells form when cell-cell junctions connect to 

the ends of stress fibres rather than to the cortex's F-actin. (380) Another author 

proposed that TNFα mediated microtubule rearrangement (via p38 mitogen-activated 

protein kinase activation) could describe the mechanism of action rearrangement in 

activated HUVECs. (496)  

A similar elongated appearance has been observed by others in MG132 proteasome 

inhibitor-treated HUVECs, where the cells became elongated and stretched due to the 

disturbance of VE-cadherin adherent junctions and a rearrangement of actin filaments 

within the EC cytoskeleton, suggesting increased vascular permeability and 

endothelium activation in a similar manner to what I have described in CFZ-treated 

cells. (376) Even though these morphological alterations are known to be linked to the 

inflammatory response in the endothelium, equally, they describe a functional 

physiological response of the endothelial cells. (497) Taken together, CFZ mediated 

EC morphological alterations could indicate a potential alteration of endothelium 

physiology or an adaptable and functional response to maintain normal endothelium 

function.     

 

In the absence of ER stress induction, it was next hypothesized that CFZ might induce 

pro-inflammatory and pro-thrombotic triggering in HUVECs and induce ER stress if the 

cells were exposed to relevant cytokines. Indeed, MM patients often present with 

elevated pro-inflammatory cytokine levels that could act with CFZ to cause 

phenotypical changes to the endothelium. However, in stark contrast to this 

hypothesis, even after both CFZ and cytokine treatment, no induction of ER stress 
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was observed. Instead, CFZ demonstrated an apparent cytoprotective effect on the 

endothelium and was able to inhibit, to varying degrees, the pro-inflammatory and pro-

thrombotic effects of TNFα (Summarised in Table 4.1). 

 

HUVECs stimulated with 

Gene/protein CFZ TNFα CFZ+TNFα 

TF No change Increase Decrease 

ICAM-1 No change Increase Decrease 

eNOS Increase Decrease Increase 

TM Increase Decrease Increase 

KLF-4 Increase Decrease Increase 

VWF No change Increase Decrease 

Ang-2 No change Increase Decrease 

 

Table 4.1: Summary of CFZ effect on some of the pro-thrombotic and pro-
inflammatory markers 

 

In agreement with these findings, the functional analysis demonstrated that CFZ had 

a clear thrombo-protective effect on HUVECs. Thus, while TNFα induced TF 

expression and subsequent fibrin formation, CFZ was able to suppress this by 

reducing TF expression and subsequent Factor Xa generation. Moreover, CFZ 

mediated TM-upregulation was consistent with the maximum amount of APC 

generated. Equally, CFZ dramatically inhibited TNFα induced leukocyte adhesion to 

HUVECs and prevented platelet capture to VWF strings by inhibiting the release of 

VWF from WPBs. Collectively all these functional studies supported the initial CFZ 

cryoprotective findings observed at the cellular level; thus, apparently, CFZ had a 

cryoprotective effect in HUVECs.       

 

TF is present in the subendothelial tissue and is considered a principle pro-thrombotic 

inducer of the pro-coagulation activation through its binding with the naïve FVII. (22) 

TNFα induces TF expression in the endothelium through various mechanisms, 

including the interaction between TNFα and the endothelial thromboxane receptor 

(TP) receptor (411) and functional interactions between c-Rel–p65 subunits of nuclear 
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factor kappa B and  Fos-Jun heterodimers, genes known as cellular immediate-early 

genes, which they form the AP1 transcription factor that eventually triggers the 

transcription of TF, suggesting that these transcription factors play a regulatory role in 

TF transcription. (498) Indeed, studies on the regulation of TF gene expression in 

human endothelial cells have consistently shown that TNFα increases the rate of TF 

gene transcription, indicating that transcription can be a modulator of TF expression. 

(412) Thus, potential inhibitory interactions of CFZ with those signalling pathways in 

addition to those discussed earlier (Discussion 3.2.3, 3.3.3) could at least be involved 

in the regulation of the CFZ suppression effect of TNFα mediated TF expression in 

HUVECs. 

 

ICAM-1 is considered a significant endothelial cell activation marker that regulates the 

early inflammation process by its interaction with several leukocyte ligands allowing 

these cells adherence to the site of the inflammation. (370) TNFα induces soluble 

ICAM-1 release from the endothelium via the stimulation of tyrosine kinases. (499) 

The NADPH Oxidase 4 (NOX4)-dependent IKKβ/ NF-κB pathway was also found to 

be involved in the regulation of TNFα -induced ICAM-1 expression and subsequent 

monocyte adhesion to endothelial cells. (500) Freitas and his group described BTZ as 

an NF-κB pathway modulator through its inhibitory effect on IKKβ subunits; thus, a 

potential drug candidate for the control of inflammatory diseases. (501) Similarly, Yang 

et al. reported that using MG-132 had improved the inhibition of the IKKβ/NF-κB 

signalling pathway in squamous cell carcinoma. (502) Collectively, these agents seem 

to have a potent inhibitory effect on the inflammatory arm of NF-κB. Thus, a similar 

approach of CFZ, in addition to those discussed earlier (Discussion 3.2.3, 3.3.3), could 

be proposed to describe the significant suppression of TNFα mediated ICAM-1 and 

Ang-2 expression in HUVECs. A future investigation of this mechanism as a potential 

CFZ regulator of pro-inflammatory suppression would be of great interest to establish 

further approach to study the potential utilisation of CFZ as immunomodulator in 

clinical practice.  

 

Several potential mechanisms used by other proteosome inhibitors have been shown 

by other workers to affect eNOS. Nitric oxide (NO) is the most significant endothelium-

derived substance that regulates a wide range of endothelium functions, including 

regulating the vascular haemostasis balance. (503) eNOS, the enzyme responsible 
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for NO generation in endothelial cells, is regulated by several means, including post-

translational modification, phosphorylation, interactions with proteins such as Hsp90 

and caveolin, as well as transcriptional regulation. (504-506) Inhibition of the 

proteasome is suspected to be involved in regulating eNOS expression and activity, 

but there are surprisingly few data available on this topic. Similar to my findings, 

Stangle et al. found that low-doses of the MG-132 proteasome inhibitor improved 

eNOS expression, activity and enhanced endothelial function in bovine pulmonary 

artery endothelial cells (CPAE cells); besides, it improved endothelial-dependent 

vasorelaxation in rat aortic rings. (390) He suggested that the increase in eNOS 

protein levels is due to de novo protein synthesis instead of the proposed accumulation 

of eNOS following proteasome inhibition. (390) Another study has suggested that 

increased eNOS mRNA levels after MG-132 treatment of HUVECs could result from 

extended mRNA stability and/or de novo transcription. (507) Zhang and his colleagues 

observed nuclear translocation of the transcription factors specificity protein 1 (Sp1) 

and JunD, a member of the transcription factor activator protein (AP)-1 family, after 

inhibition of the proteasome, which could clarify the cellular mechanism behind MG-

132 induced eNOS expression and phosphorylation in HUVECs. (508)  Interactions 

between eNOS and regulatory and structural proteins provide another mechanism for 

controlling NO synthesis in HUVECs. (509) eNOS activity is controlled by its 

localization in caveolae in collaboration with numerous proteins. (510) Under the 

condition of proteasome inhibition, a binding of heat shock protein 90 (Hsp90) to eNOS 

increases calmodulin affinity and reduces its binding to caveolin-1, enhancing eNOS 

expression, phosphorylation and activity. (511) Additionally, Hsp90 recruits the Ak 

strain transforming (Akt) protein (serine/threonine kinase) to the Hsp90/eNOS 

complex. Akt is responsible for phosphorylating eNOS, increasing NO amount 

produced. Taken together, these mechanisms, besides those described earlier 

(Discussion 3.2.3, 3.3.3), could explain the potential cellular mechanisms recruited by 

CFZ to induce eNOS expression in HUVECs.    

 

Thrombomodulin is an endothelial cell surface integral membrane protein which 

performs an essential role in the anti-coagulant system by acting as a cofactor in the 

thrombin-induced activation of protein C. (512) As discussed earlier (Discussion 3.2.3, 

3.3.3), BTZ mediated eNOS-dependent thrombo-protective effect was linked to 

increased expression of KLF-2,4 in HUVECs. I found CFZ induced the expression of 
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both eNOS and KLF-4; thus, this could be one of the potential pathways that regulate 

CFZ induced TM expression in HUVECs.  

A study indicated that NF-κB inhibition effectively prevented cytokine-induced TM 

down-regulation in vitro and animal models through a noncanonical binding site or a 

classic consensus sequence. (513) The author suggested that  NF-κB inhibits TM 

expression via interfering between E26 transformation-specific or E-twenty-six (ETS) 

transcription factors binding to the TM promoter or inhibiting TM transcriptional activity. 

(513) Another study has revealed that by competing for limited pools of transcription 

coactivator p300/CBP, cytokine-induced NF-κB activation indirectly inhibits TM 

expression. (514)  

The suppressive effect of NO on the NF-κB pro-thrombotic pathway is also widely 

investigated. NO suppresses NF-kB activity by stabilizing and increasing the activity 

of the NF-κB inhibitor, IκB-α, by preventing its degradation from NF-κB, and by 

increasing the expression of IκB-α mRNA without affecting that of NF-κB subunits, p65 

or p50 (437)   NO has also been shown to inhibit NF-κB DNA binding by S-nitrosylating 

the cys62 residue in the p50 subunit. (515) S-nitrosylation of transcription factors by 

NO does not affect c-jun DNA binding, thus indicating that NO-mediated S-

nitrosylation of transcription factors affects gene transcription selectively.  (516)  

Thus, it could be speculated that a potential interaction between CFZ-mediated 

 eNOS expression and the inhibitory effect of NF-κB could be partially involved in 

regulating induced TM expression mediated by CFZ in HUVECs. Collectively, all these 

mechanisms, in addition to those described earlier (Discussion 3.2.3, 3.3.3), could be 

involved in the regulatory role of CFZ in the TM expression in HUVECs.  

 

VWF is a significant component synthesised and stored in the endothelium that 

majorly initiates platelet adhesion upon vascular damage (252). Several experimental 

and clinical reports indicate that elevated VWF levels reflect injury to the endothelium, 

activation, and endothelial dysfunction(252). My data showed that TNF-α stimulates 

the endothelium to release VWF, which is consistent with the well-known fact about 

the pro-thrombotic effect of TNFα on the endothelium. (252) TNFα stimulates the 

release of ultra-large and hyperreactive VWF (ULVWF) from the activated endothelium 

and inhibits ULVWF cleavage by ADAMTS13; thus, it leads to the build-up of 

hyperreactive ULVWF on the surface of endothelial cells and in the plasma. (517) 

Consequently, this stimulates platelet aggregation and adhesion on the vascular 
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endothelium. (517) The classical NFκB pathway is stimulated by TNFα, via toll-like 

receptors (TLR-2 and TLR-4), or NEMO (NFκB essential modulator) in the presence 

of heterodimer IκB kinase-α/β (IKKα/IKKβ) complex, which eventually induces VWF 

release from the endothelium. (518)  The inhibitory effect of NO on VWF and Ang-2 

release from the endothelium has been intensively investigated.  It has been reported 

that NO-mediated overexpression of the annexin A2 (AnxA2)-S100A10 complex 

meaningfully diminishes acute Weibel-Palade bodies (WPB), storage of VWF and 

Ang-2 in the endothelium (476).  Similar to my findings, Caputa et al. reported that 

MG132 strongly suppressed the VWF release from the endothelium, which depended 

on eNOS overexpression. (519) In agreement, Kenji and his group reported that 

MG132 significantly suppressed the release of VWF and ICAM-1 via the suppression 

of the NFκB pathway and histone deacetylase 3 (HDAC3) in HUVECs. (520) 

Moreover, in vitro study revealed that MG132 significantly suppressed the secretion 

of both ICAM-1 and VWF in the brain endothelial via the suppression of MAP kinases 

and (NF)-κB p65. Thus, besides those described earlier (Discussion 3.2.3, 3.3.3), all 

these mechanisms could be a potential target of the CFZ inhibitory effect on VWF in 

HUVECs. Taken together, CFZ exhibits cytoprotective effects by controlling to varying 

degrees the expression of some of the well-known pro-thrombotic and pro-

inflammatory mediators (Figure 4.1).  
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Figure 4.1:  Diagram of potential pathways involved in CFZ cytoprotective effect in HUVECs. 
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These findings raised the question about the potential regulator of CFZ cryoprotective 

effect in HUVECs. As I discussed earlier, I hypothesised that either BiP or eNOS could 

be the potential regulator of this phenomenon (Discussion 3.4.3). Therefore, I initially 

proposed that silencing BiP from HUVECs could eliminate the cellular protection 

mechanisms, thus inducing ER stress activation and, consequently, the pro-

thrombotic activation in HUVECs. To study this, BiP siRNA was used to knock down 

BiP protein expression in HUVECs. Interestingly, even though BiP is well-established 

to play a crucial role in regulating ER stress (446), I found that BiP knockdown from 

HUVECs was not sufficient to induce CFZ to mediate ER stress. Similarly, as 

expected, there was no induction of VWF expression profile and fluorescence intensity 

caused by BiP silencing from HUVECs. These data suggested that BiP was not the 

potential key regulator of the CFZ cytoprotective effect, at least under my experimental 

conditions.  

As discussed earlier (Discussion 3.4.3), several mechanisms were proposed to 

explain the absence of ER stress activation upon BiP knockdown from HUVECs. The 

autophagy, load vs capacity, and the ubiquitination proteasome system all can 

regulate protein turnover when BiP is impaired from HUVECs. In agreement, Cheng 

et al. reported that MG123 induced autophagy in HUVECs when BiP-proteasome 

function was impaired via the human, murine double minute 2 (HDM2)-dependent 

mechanism degradation of cytoplasmic p53 at 26S proteasome, thus restoring normal 

protein turn over. (458) Similarly, in vitro study revealed that inhibition of endothelial 

cells by MG123 rapidly increased the concentration of microtubule-associated proteins 

1A/1B light chain 3B (LC3B), a central cellular regulator of autophagosome biogenesis 

and autophagy substrate selection; thus, inducing the autophagy and reduced the 

accumulation of polyubiquitinated proteins. (521) The load vs capacity is an adaptive 

cellular response aimed to reduce protein generation via the suppression of 

transitional and transcriptional processes; thus, decrees the dependence of 

proteasome degradation. Holger et al. claimed that this mechanism is a potential 

cellular mechanism utilised by the affected cells when proteasome function is 

impaired. (522) Similarly, Giada and his colleague reported that adverse load vs 

capacity mechanisms render the multiple myeloma cells more vulnerable to the action 

of proteasome inhibitors, suggesting the crucial role of this mechanism when there is 

inhibition of proteasome function. (523) Collectively, all these mechanisms were 



219 

 

proposed to be supplementary mechanisms recruited by HUVECs to avoid a potential 

activation of ER stress due to BiP knockdown.     

 

Finally, an eNOS selective siRNA was used to silence the expression of this protein 

from HUVECs. Interestingly, I found that knocking down eNOS from HUVECs 

correlated with the induction of ER stress separately from the CFZ effect. As discussed 

earlier (Discussion 3.4.3), the correlation between the absence of endothelial cell 

eNOS expression and the induction of ER stress is widely accepted. Lenna et al. 

reported a significant induction of BiP, a significant ER stress regulator, up on 

suppressing eNOS expression in endothelial cells. (524) Similarly, Basha and his 

group established the correlation between impaired endothelial eNOS expression and 

the induction of ER stress. (525) In vitro study revealed that the induction of ER stress 

in HUVECs by oxidized low-density lipoprotein (ox-LDL) was essentially correlated 

with significant suppression of eNOS expression, activity and increased 

dephosphorylation of eNOS at Ser1179, implying a direct correlation between ER 

stress and alteration of eNOS expression.   However, the mechanism behind it is still 

poorly understood. Guha et al. proposed activating the mammalian target of rapamycin 

complex 1 (mTORC1) through the eNOS-RagC pathway induces ER stress induction 

in eNOS silenced HUVECs. (526)  Another study indicated that the PI3K-Akt-eNOS 

signalling pathway is the mechanism behind ER stress induced by eNOS suppression 

in endothelial cells. (527) Taken together, besides those described earlier (Discussion 

3.4.3), these mechanisms could at least explain the potential cellular ground of the 

induced ER stress upon eNOS silencing from HUVECs.  

 

I then asked if a similar effect could be caused regarding the pro-thrombotic and the 

pro-inflammatory response. As expected, silencing of eNOS from HUVECs induced 

the cells to activate pro-thrombotic and pro-inflammatory responses. This was verified 

by the significant induction of TF mRNA in all eNOS siRNA transfected cells, which 

was also mirrored with the fibrin clot formation findings. Similar to this effect, I found 

that silencing of eNOS caused the cells to become more prone to pro-inflammatory 

activation, where all eNOS siRNA transfected cells expressed significant ICAM-1 

compared to their corresponding controls. These findings indicate the importance of 

eNOS in regulating the haemostasis and inflammatory balance separate from the CFZ 

effect in HUVECs. However, I also found a significant difference in TF and soluble 
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ICAM-1 expression between CFZ-eNOS siRNA transfected cells and its 

corresponding vehicle-DMSO eNOS siRNA transfected cells. Besides, I found that 

silencing eNOS from HUVECs reduced the expression of the primary endothelial-

derived fibrinolysis regulator, t-PA, mediated by CFZ in HUVECs. However, there was 

no effect observed regarding CFZ mediated TM expression when eNOS was knocked 

down from HUVECs, where there was a continuous induction of TM in both control 

and eNOS siRNA transfected cells.  

In agreement on eNOS knockdown, more fibrin formation was observed in CFZ pre-

treated TNFα stimulated cells than its corresponding control, implying loss of CFZ 

thrombo-protective effect of CFZ. Similarly, I found a remarkable release of VWF and 

observable VWF string formation up on eNOS knockdown in HUVECs.  In summary, 

my data indicated that eNOS expression in HUVECs is a potentially important 

regulator of CFZ cytoprotective effect in HUVECs under my experimental setting. 

 

As discussed earlier (Discussion 3.4.3), the correlation between eNOS and ICAM-1, 

TF expression in HUVECs is widely investigated. Liu and his group documented the 

negative correlation between eNOS expression and eNOS phosphorylation with 

ICAM-1 expression in HUVECs, dependent on PI3K/Akt signalling activation. (528) In 

agreement, Olena and his group found that a transient reduction of eNOS expression 

in human aortic endothelial cells was associated with significant induction of ICAM-1 

expression. More importantly, in an animal study, they found that administration of 

donor nitric oxide inhibited ICAM-1 expression mediated by fructose, whereas the 

blocking of nitric oxide synthase enhanced it. (529) In a similar manner, decreased 

expression of eNOS caused by C-reactive protein in human aortic endothelial cells 

(HAECs) was associated with significantly increased expression of endothelial cell TF 

expression, suggesting a direct correlation between eNOS and TF expression. (530) 

Another study revealed that increased NFκB and mitogen-activated protein kinase 

activities caused by eNOS reduction was associated with amplified TF expression. 

(531) An increased phosphorylation of NFκB and extracellular signal-regulated 

kinases 1 and 2 (ERK1/2) was linked to the induction of TF expression. (532) In 

agreement, an animal study revealed that preventing endothelial eNOS expression 

accelerated TF expression via an NF-κB pathway-dependent mechanism. (533) NF-

κB binds to distinct regions of the TF and ICAM-1 promoters, including interaction with 

a proximal enhancer (-111 to +14 bp) containing three overlapping Egr-l/Spl binding 
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sites. (533) Thus, a potential direct interaction between CFZ and NF-κB mediated TF, 

VWF and ICAM-1 promoter may be involved in regulating CFZ cytoprotective effect in 

HUVECs. As I mentioned earlier (Discussion 3.4.3), the involvement of eNOS in the 

regulation of endothelium TM expression is well-established. However, other cellular 

regulatory elements were discovered recently. Among them the expression of KLF-4 

has showed a crucial role in the regulation of TM expression, where an increased 

expression of KLF-4 was linked to enhanced endothelium TM expression. Since I 

observed CFZ induced KLF-4 expression in HUVECs I proposed that a potential direct 

correlation between CFZ mediated KLF-4 expression and TM expression independent 

from eNOS expression in HUVECs. Collectively, it seems that eNOS expression in 

HUVECs was a potential regulator of the CFZ mediated cytoprotective effect, apart 

from TM expression which was independently regulated from eNOS expression in 

HUVECs.  

 

In summary, the data generated by this study revealed that CFZ did not induce ER 

stress, pro-thrombotic, or pro-inflammatory activation in HUVECs. Moreover, some 

evidence showed a cryoprotective effect of CFZ in HUVECs. Lastly, I demonstrated 

the potential involvement of eNOS expression in HUVECs in regulating the CFZ 

cytoprotective effect.  

 

      4.2 General discussion 
 

 Even though CFZ is claimed to be one of the most cardiotoxic drugs used in multiple 

myeloma, it is difficult to evaluate the actual incidence of drug-induced cardiovascular 

diseases(10). This is because most present data about drug-induced cardiovascular 

disorders were obtained in clinical trials, from which patients with acute cardiovascular 

comorbidities were omitted. However, in real-life clinical practice, different parameters 

could involve assessing the risk of the development of CAVEs in MM patients. MM 

patients are typically older people with a median age of > 66 years at the time of 

diagnosis, so that most of them are considered a high-risk group and present several 

comorbidities of cardiovascular disease at the time of diagnosis. (534) Arrhythmias, 

sinus node dysfunction and bradyarrhythmia are common cardiac abnormalities 

observed in MM patients, where arterial fibrillation is the most common arrhythmia 
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among these patients. (535) Rosenthal et al. demonstrated that amplified levels of B-

type natriuretic peptide (BNP) and N-terminal pro-B-type natriuretic peptide (NT-

proBNP), an indicator of heart failure, were correlated with endothelial dysfunction in 

MM patients. (487) Among 22,076 patients newly diagnosed with MM, 63% of these 

patients have reported a variety of cardiac comorbidities, including arrhythmias (14%), 

congestive heart failure (8%), and ischemic heart disease (14%). (536) In general, 

there is a clear association between MM and a wide range of endothelial dysfunction, 

implying the association of MM and various cardiovascular disorders. Moreover, MM 

patients are exposed to numerous chemotherapies, including autologous stem cell 

transplantation related medications and immunomodulatory drugs. Additional 

comorbidities such as cardiac amyloidosis, anaemia, and renal dysfunction, could be 

additional risk factors of MM associated cardiac abnormalities. (537) Cardiomyopathy 

is often reported in MM patients, with 12%-30% due to amyloidosis and deposition of 

protein chains in the myocardium. (538) A joint analysis of phase-four clinical studies 

in patients with progressive MM demonstrated that 73.6% and 70% of patients had a 

history of CAVEs and baseline cardiac risks, respectively. (539) In agreement, a 

retrospective observational cohort study among 31,193 MM patients showed that 66% 

of them had a history of severe cardiac abnormalities, including cardiac heart failure, 

arrhythmias, and ischemic heart disease. (538) Taken together, the comorbidities of 

MM should be considered in the assessing of CFZ associated CAVEs (Figure 4.2). 
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Figure 4.2: MM potential mechanisms to induce cardiovascular complications. This figure was taken 

from (Stroka, Cellular and molecular bioengineering, 2011). (535)  

 

Emerging evidence has demonstrated the crucial role of circulating endothelial 

progenitor cells (EPCs) in the neovascularization of injured blood vessels (540). 

Consequently, EPCs dysfunction is correlated with atherosclerosis, thrombotic 

complications, and other cardiovascular diseases (541), while a reduced number of 

these cells is an independent predictor of mortality and morbidity of cardiovascular 

disorders (541). It has been demonstrated that the proteasome inhibitor MG132 

suppress the function, number, proliferation, migration capacity and increases 

apoptosis of EPCs by a mechanism that involves nitric oxide synthase inhibition. (542) 

Additionally, proteasome inhibition in proliferating endothelial cells significantly 

induced the apoptosis of these cells by the involvement of caspase cascade activation. 

(542) Therefore, CFZ could also similarly impact the EPCs and inhibit endothelium 

regeneration, which could be another possible mechanism of CFZ associated CAVEs.  

 

Cardiomyocyte survival mainly depends on the ubiquitin-proteasome system (UPS) 

that primarily regulates protein synthesis, folding and turnover (6). In common with MM 

cells, proteasome activity and protein turnover are higher in the heart tissue compared 
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with other tissues, and the potential inhibition of proteasome activity in cardiac 

myocyte by CFZ could lead to intracellular accumulation of abnormal proteins that can 

combine into aggresomes, aggregates and oligomers, all of which are toxic to cellular 

function and hence promote cellular apoptosis. (543) Indeed, this has been 

demonstrated where the activation of caspase 3/7-mediated apoptosis via the 

activation of the NF-κB pathway mediated by BTZ was proposed as one of the 

mechanisms involved in BTZ myocardium toxicity. (71) An In vivo study investigated 

the effect of  CFZ on heart (myocardial) tissue, and peripheral blood mononuclear cells 

(PBMC)  revealed that CFZ reduces mouse left ventricular function by enhancing 

protein phosphatase-2 (PP2A) action and inhibiting activated protein kinase subunit ɑ 

(AMPKɑ) regulatory axes. (95) All of these could explain the mechanistic basis for the 

cardiac toxicity resulting from CFZ.  

 

Lastly, varying treatment parameters, such as dose and infusion duration-dependent 

variables, could be involved as factors of CFZ correlated CVAEs. This was 

demonstrated in clinical practice by Bringhen and his colleagues, where they found 

that amplified grades of CAVEs have been correlated to increased dosage of CFZ. 

(544) Similarly, a systemic review and meta-analysis concluded that using a higher 

dosage of CFZ was associated with a significant increase of CFZ associated 

cardiovascular adverse events. (94) The direct comparisons between two different 

clinically relevant dosages of CFZ, less than 45 mg/m2 and higher than 45 mg/m2, 

were associated with a 6.4% 11.9% rate of CAVEs, respectively (P = .02). (94) 

Similarly, an in vivo study by Brioli et al. claimed a progressively increased incident of 

CAVEs correlated with the increased concentration of CFZ in MM patients. (545) 

Similarly, the drug infusion rate was also reported as another variable determining the 

incidence of CAVEs associated with CFZ. A systemic review and meta-analysis study 

indicated that a longer infusion duration (30 minutes) exhibited a trend toward a 

greater ratio of CVAEs (11.0%) compared to shorter infusion duration (≤10 minutes), 

where this correlated with a lower trend of CAVEs (6.7%). (94) In agreement, Kyriakos 

and his colleagues reported that CFZ administration in a 30-minute IV infusion rate 

was commonly well-tolerated, remarkably active, and had lower toxicity in patients with 

MM compared to longer infusion time. (314) Thus, treatment dependent variables 

could be a highly suitable candidate to be involved in the regulation and assessment 
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of CFZ associated CAVEs. In summary, all these described variables could be 

attributed to the development of CFZ associated cardiovascular complications.  

 

It is ordinary to report any emerging adverse events mediated by any newly released 

drug, particularly in cancer therapy. There was a raised report about the 

cardiovascular adverse events associated with CFZ. (546) However, as I stated 

earlier, there was an extreme deficiency of in vitro study to examine the cellular 

mechanisms behind these events. Indeed, this was a significant challenge for me 

since comparing my findings with other studies was not approachable. Therefore, I 

found the most logical approach was to compare my findings with those published 

about the first-generation proteasome inhibitor, BTZ, since they share the same 

principle and mode of effect. Similar to my findings, there was an extreme reporting of 

the significant toxicity of BTZ at the beginning of the drug approval and administration 

process as a treatment of MM. (547) For example, Diwadkar et al. claimed that there 

is growing evidence that BTZ can lead to cardiac adverse events, including 

atrioventricular block and left ventricular dysfunction. (548) In agreement, Abdullah 

and his colleagues reported that BTZ was associated with the development of acute 

congestive heart failure in some MM patients. (549) However, recent data suggested 

that BTZ provides a cytoprotective effect and is clinically beneficial in different medical 

conditions. In this manner, Christopher et al. reported that BTZ showed significant 

effectiveness in treating severe refractory thrombotic thrombocytopenic purpura (TTP) 

cases involving excluding the autoreactive plasma cells generating anti-ADAMTS13 

antibodies. (550) In agreement, BTZ showed remarkable advantages in the treatment 

of autoimmune diseases and graft versus host disease (GVHD) in animal models by 

altering immune responses through inhibition of dendritic cells (DCs) maturation. (551) 

These suggestions were supported by Xuebin and his group, where they found that 

BTZ has a potential role in the treatment of Immune thrombocytopenia via the 

involvement in the correction of abnormal T cell immunity response. (552) In an animal 

model study, they found that BTZ is an efficient inhibitor of neuroblastoma 

angiogenesis and cell growth and interestingly recommended establishing a clinical 

study of BTZ in paediatric neuroblastoma. (553) Similarly, Angela and her colleagues 

proved the synergised effect of BTZ combined with TNFα in pre-clinical models of 

human bladder cancer via the induction of apoptosis and the inhibition of 

angiogenesis. (554) Regarding the cellular level, BTZ was reported to mediate several 
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features of the cytoprotective effect in different experimental conditions. Among them, 

it has been documented that BTZ induced the expression of heat shock protein 

A1B/B1, which has a significant role in the folding of newly translated proteins in the 

cytosol, stabilises existing cytosol proteins against aggregation, intensify the 

antioxidant protection of cells and regulation of the ubiquitin-proteasome pathway, 

thus providing a cytoprotective effect in the cells. Indeed, the latter observation is 

highly correlated to my study findings, where I found that CFZ induced the 

ubiquitination response but not ER stress, suggesting the potential involvement of 

these heat shock proteins in the regulation of the ubiquitination expression found in 

my experiment, thus involved in the regulation of CFZ cytoprotective effect. Moreover, 

an in vivo study found that administration of BTZ twice weekly for five weeks to obese 

mice enhanced insulin resistance, JNK inhibition in skeletal muscle, reduced ER stress 

marker levels, and increased AMPK phosphorylation, thus delivering a significant 

cytoprotective effect. (555) Considering all these described facts about BTZ and 

linking it with my novel finding of CFZ cytoprotective effect, it would be remarkable to 

examine CFZ cytoprotective effect in vivo studies and perhaps in clinical practice in 

the long-term future.  

 

4.2.1 Limitations of this work 
 

Several limitations were encountered in this study; initially, all the experiments were 

conducted using one cell line of human endothelial cells, the human umbilical vein 

endothelial cells (HUVECs). Due to the apparent extent of heterogeneity among 

endothelial cells from various tissues, choosing the proper type of cells are vital for a 

productive experimental setting. HUVECs may not be illustrative of the real in vivo 

situations as they originate from immune-privileged fetal tissue and might vary 

considerably from adult vascular endothelium. (79) Thus, outcomes achieved from 

these cells should be treated with caution due to the cautious relevance in adults. (79) 

Therefore, whilst HUVECs deliver a great initial model, adult endothelial cells, such as 

cells from large vessels (the aorta or saphenous vein), may be the ideal option for a 

clearer understanding of the tissue-specific dynamics. (556) These primary adult cells 

present a new point of view on the human endothelium, as they intimately characterise 

their natural environment. (556) Nevertheless, the restricted accessibility of human 

endothelial tissue represents the main restriction. However, a considerable number of 
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scientists recognise HUVECs as the backbone of vascular endothelium research, as 

they are relatively easy to culture, highly proliferative, readily available, and capable 

of migrating and invading new tissues. (557) This implies that either HUVECs or adult 

endothelial cells could be appropriate in the field of cardiovascular research.  

Another limitation observed in this study was that all the experiments were conducted 

under static conditions, which does not truly represent the natural shear stress in 

physiological conditions. Ala et al. described laminar shear stress as the most 

physiologically relevant environment in vascular endothelium studies. (558) This 

experimental setting is believed to inhibit both endothelial cell apoptosis and 

proliferation. (559) Some researchers had observed an alteration of the haemostasis 

response in endothelial cells when cultured under static conditions, which was not 

reflected in the controlled balanced haemostasis regulation found under shear stress. 

(560) Collectively, culturing the cells under shear stress provides a more accurate 

reflection about the interaction inside the human vascular system, thus delivering a 

robust conclusion.  

In clinical practice, CFZ is given after the exposure of MM to other chemotherapy and 

immunomodulatory drugs. (561) Thus, CFZ may not induce ER stress or cytotoxic 

effects on HUVECs as a mono drug but may have a potential synergistic effect if 

combined with other MM therapies, such as dexamethasone or BTZ. This was 

demonstrated in clinical practice by Zou and his colleagues, where they reported that 

CFZ combined with dexamethasone showed a significant cytotoxic effect against MM 

compared to CFZ treatment alone. (562) In agreement, a head-to-head comparison of 

CFZ with CFZ plus dexamethasone showed a more effective outcome and cytotoxic 

profile with the latter group against MM cells. (563) Taken together, it seems that the 

combination of CFZ and other anti-MM regimens could enhance the drug's 

cytotoxicity. Mimicking endothelium exposure to CFZ and other drugs in real life was 

not approached in my experimental settings. 

 

4.2.2 Future studies 
 

The work presented in this thesis uncovered some novel findings of the CFZ effect on 

the endothelium under static conditions. Since my experiments were conducted with 

a single endothelium cell line, it would be interesting to establish if other cardiovascular 

adult-derived endothelial beds, such as arterial, vein, or pulmonary endothelial cells, 
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would mimic the adult endothelial CFZ response profile. Studying the CFZ effect in 

cardiomyocytes could also address the potential CFZ impact on the cardiovascular 

system since they are known to have more protein demand and turnover. Therefore, 

these cells would depend more on the ubiquitination system, which is vulnerable to 

the CFZ potential cytotoxic effect. I also recommend investigating the effect of CFZ on 

endothelial progenitor cells isolated from the peripheral circulation of MM patients due 

to their significant involvement in vascular repair and regeneration. Studies with these 

cells could answer their potential involvement in the development of CFZ associated 

cardiovascular adverse events. 

Another thing to consider is that in my experimental setting, the cells have been 

stimulated with the cytokines after exposure to CFZ, which would not mimic the prior 

exposure of MM patient's endothelium to inflammatory cytokines before the 

administration of CFZ treatment. Thus, it will be interesting to study if a prior stimulation 

of the endothelium with inflammatory cytokines could enhance CFZ cytotoxicity effect.  

Since this study was conducted under static conditions only, it would be of great 

interest to study the potential effect of CFZ under shear stress conditions, where it will 

provide a more physiologically relevant answer about the CFZ effect on the 

endothelium. Regarding mimicking the clinical treatment approach of using different 

drugs in treating multiple myeloma, it could be interesting to combine CFZ with other 

MM treatments to identify any potential synergistic effects on the endothelium. Since I 

compared all my outcomes to the first-generation proteasome inhibitor, BTZ, it would 

be more efficient to conduct another head-to-head comparison study between CFZ 

and BTZ to directly compare these drugs' effect on the endothelium.  

The last part of my study indicated that eNOS expression in the endothelium was a 

potentially important regulator of the CFZ cytoprotective effect on HUVECs; therefore, 

conducting further experiments to dissect the potential cellular mechanism seems to 

be crucial if a future utilisation of the CFZ cytoprotective effect is aimed to be applied 

in clinical practice.  

Lastly, since my assays have been performed in vitro, it would be noteworthy to 

conduct similar experiments in vivo with an animal model such as the 5TMM 

immunocompetent mouse model (5T Radl), frequently used to mimic MM conditions. 

(543) These further investigations, alongside those defined throughout this study, 

would supply an extensive assessment of the effects of CFZ on the endothelium.  
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      4.3 Conclusion  
 

The global incidence of MM is continuously growing, and MM disease progression and 

drug resistance have become an extreme challenge for the physician in clinical 

practice. (564) However, the continuous focusing of research in this field has revealed 

a new potent, effective drug, the second-generation proteasome inhibitor CFZ. This 

drug showed a significant improvement and effectiveness in treating multiple 

myeloma, especially in those cases where other anti-MM drugs failed. (565) However, 

this advantageous outcome was not a perfect approach, and significant cardiovascular 

severe adverse events were associated with the usage of the drug in MM patients. 

(563) Therefore, this study aimed to investigate the effect of CFZ on the endothelium.  

 

The findings of this study are summarised as follows: 

 

1) CFZ temporarily inhibited proteasome function and modified the morphology of 

confluence HUVECs but did induce ER stress in these cells even when 

stimulated after CFZ treatment with well-known pro-inflammatory cytokines, 

TNF and IL-1. 

2) CFZ induced ER stress but not apoptosis in sub-confluence HUVECs 

3) CFZ did not induce apoptosis, pro-thrombotic or pro-inflammatory activation in 

confluence HUVECs 

4) At the cellular level, CFZ induced the amplification of some of the anti-

thrombotic regulators, eNOS, P-eNOS, TM, TPA and KLF-4 and attenuated the 

expression of TNF mediated TF, sICAM-1 and VWF expression in HUVECs 

5) At a functional level, CFZ did not induce fibrin clot formation or FXa generation 

but enhanced the expression of the endothelial-derived anti-coagulant protein 

APC. In agreement with cellular level findings, CFZ showed remarkable 

cytoprotective features by suppressing fibrin formation, FXa generation and 

VWF release mediated by TNF in HUVECs 

6) BiP was not required for the effects of CFZ on ER stress or CFZs cytoprotective 

effects. 

7) eNOS was identified as a suitable candidate involved in maintaining non-active 

ER stress states and is required to regulate some CFZ cytoprotective effects in 

HUVECs (TF, ICAM-1, VWF, t-PA) but not TM expression.  
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