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SUMMARY 
 

Metabolic disease is a combination of conditions that manifest together, 

elevating the risk for cardiovascular disease, type 2 diabetes and stroke. 

Inflammation is a major contributor in the pathophysiology of metabolic 

syndrome. Toll-like receptor (TLR) yields one of the main targets for anti-

inflammatory pharmacotherapy. As macrophages and associated cytokines are 

strongly implicated in the inflammatory component of obesity, and metabolic 

disease, we aimed to investigate the effect of supplementation with AquaminTM 

a mineral extract from red marine algae – rich in calcium (34%), in modulating 

inflammatory responses in vitro.  

Using ELISA, and RT-PCR, it was demonstrated that Aquamin significantly 

reduces the protein and RNA expression of signature inflammatory cytokines 

such as TNF-α and IL-6 in dendritic cells, human monocytes, as well as murine 

and human macrophages that were exposed to LPS which is a TLR4 ligand.  

To empower our insight concerning the anti-inflammatory effect of Aquamin, 

the protein expression of iNOS was measured by western blotting. The results 

revealed notable reduction of LPS-induced iNOS expression in murine 

macrophages by Aquamin.  

Furthermore, significant reduction of TNF-α and IL-6 of TLR3 driven 

macrophages upon Aquamin treatment was reported by ELISA by exposing the 

cells to dsRNA, while no significant alteration was observed in TLR9-stimulated 

macrophages. That finding led to the conceivable assumption that Aquamin 

exerts its anti-inflammatory effect by exhibiting a TRIF-dependent 

immunomodulary role. Murine macrophages were exposed to LPS and 

transcriptional levels of MyD88 and TICAM1 adaptor molecules were measure 

by RT-PCR. Interestingly, our results revealed that gene expression of TICAM1 

is significantly reduced by Aquamin, while no effect was seen on MyD88. These 

results further corroborate the hypothesis that Aquamin blocks TLR in a TRIF-

dependent manner. IFN regulatory factor 3 (IRF3) is a transcription factor 

downstream of TLR3 as well as TRIF (TICAM1)-dependent TLR4 signaling. 

Activation of the receptors results to nuclear translocation of IRF3 and 
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subsequent production of IFN-β. Using immunohistochemistry, the effect of 

Aquamin in the activation of IRF3 was assessed. The results demonstrate 

significant reduction of Poly(I:C)-induced nuclear translocation of IRF3 as well 

as reduction of the IFN-β gene expression which was measured by RT-PCR.  

Analysis of the macrophage transcriptome under LPS alone and NLRP3 

exposure in the presence and absence of Aquamin and simvastatin can shed 

light on the mechanisms associated with Aquamin treatment. Here, the results 

of an in vitro study of murine BMDMs transcriptome response during LPS and 

LPS with cholesterol crystals (CC) stimulation using RNA-seq are described. 

Primary macrophages were extracted from murine bone marrow and were 

treated with Aquamin and simvastatin prior to exposure to TLR4 and NLRP3 

stimulants. Initially ELISA was carried out to determine the TNF-α and IL-1β 

protein concentration. Our results highlighted that Aquamin has a more potent 

inhibitory effect than simvastatin against both cytokines in vitro. Treatment 

with Aquamin led to a significantly higher number of differentially expressed 

genes (DEGs) compared to simvastatin, both when compared to untreated 

control and in comparison, with LPS or LPS- and CC-induced samples. Functional 

analyses of these DEGs, including pathway enrichment, revealed potential 

functional roles for genes that have not been previously described. Verification 

of some relative genes was performed by RT-PCR.  

Interestingly, this study evaluated the effect of Aquamin in a clinically relevant 

model of diet-induced obesity and inflammation. The mineral extract was 

formulated into a high fat diet and fed to C57BL/6 mice over 10 weeks, where 

diet induced obesity markers are assessed. A decreasing pattern in actual and 

percentage weight gain in animals fed the mineral extract supplemented diet 

was observed compared to control high fat fed animals. No change in food and 

water intake between the animal groups is observed. Mineral supplemented 

animals also responded better to insulin and glucose tolerance tests. 

Collectively, the data generated in this thesis suggests that Aquamin’s anti-

inflammatory effects under TLR4 and TLR3 stimulation might be a result of TRIF 

dependent signaling mechanism. In summary the natural marine mineral 

extract may be beneficial in ameliorating diet induced obesity and modulates 

the associated inflammation in a TRIF-dependent manner. 
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1. GENERAL INTRODUCTION 
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1.1 Metabolic disease 

1.1.1  Definition, pathophysiology and risk 

factors 
 

Metabolic disease is one of the major causes of morbidity 

and mortality worldwide (1). Over the past century, there has 

been a dramatic increase in the prevalence of type II diabetes 

as well as obesity which is increasingly recognized as a serious 

worldwide public health concern. Obesity, in combination with 

abnormal cholesterol and triglyceride levels, increased blood 

sugar and high blood pressure is collectively known as the 

metabolic syndrome (MetS). The MetS is recognised as a major 

risk and contributor to heart disease, insulin resistance, glucose 

intolerance, type 2 diabetes and stroke (2-4). Metabolic 

syndrome is characterized as a chronic pro-inflammatory and 

prothrombotic state in which the visceral fat component of 

adipose tissue is centrally associated with the disease 

pathophysiology (5, 6).  

Free fatty acids (FFAs) released from adipose tissue sites 

contribute to lipoprotein abnormalities and hyperinsulinemia 

(Fig. 1.1). The accumulation of lipids for example in liver and 

muscle tissue leads to worsening over time of insulin resistance 

and dyslipidemias. Insulin resistance leads to impairment of 

lipolysis which is carried out by insulin under normal conditions 

and thus results to further increase circulating FFAs (7). The 

release of FFAs also harms pancreatic β-cells leading to reduced 

insulin secretion (8). Adipocytes may also cause endocrine 

alterations and elevate the risk for cardiovascular events (9). 

Adipose tissue releases an adipokine known as leptin which is 

responsible for controlling energy homeostasis and triggers the 

activation of type 1 T helper (Th1) cells, a subset of T 
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lymphocytes, a  pathway which is associated with increased 

cardiovascular risk associated with  obesity and diabetes (10). 

On the other hand, high adipose tissue mass contributes to the 

reduction of adiponectin which is involved in insulin 

sensitization as well as having anti-inflammatory effects. This 

anti-inflammatory adipokine exerts protective mechanisms 

against the development of cardiometabolic diseases by 

enhancing atherosclerotic plaque stability and lowering smooth 

cell proliferation as well as muscular reactivity (11-13).  

Insulin resistance can result to MetS simply by exhibiting a 

negative correlation with blood pressure causing hypertension  

due to reduced vasodilation as a result of impaired insulin, as 

well as increased vasoconstriction from FFA due to elevated 

levels of ROS (14). Insulin resistance yields one of the most 

predominant features of MetS and thus detecting insulin 

resistance may assist in the diagnosis of MetS. Previous 

evidence have demonstrated technics which are cost effective 

and less invasive in order to predict insulin resistance (15-17). 

As per previous research by Hrebicek et al. as well as Singh and 

Saxena, calculating homeostatic model assessment–insulin 

resistance (HOMA-IR) index and quantitative insulin sensitivity 

check index (QUICKI) can yield a useful tool in the evaluation of 

insulin resistance.  

The development of MetS can also be attributed to 

Angiotensin II (Ang II) a product of the renin–angiotensin–

aldosterone system (RAAS) that regulates blood pressure. 

Increased adiposity increases angiotensin converting enzyme 

activation and the formation of Ang II (18). Ang II produces 

reactive oxygen species (ROS) which are linked to a series of 

events such as platelet aggregation, oxidation of low density 

lipoprotein (LDL), as well as activation of nuclear factor kappa B 

(NF-kB) transcription factor which promotes inflammation (19, 
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20). Overall a state of accumulating pro-inflammatory [tumour 

necrosis factor-a (TNF-a) and interleukin-6 (IL-6) ] and pro-

thrombotic [plasminogen activator inhibitor-1 (PAI-1)] 

mediators result following the excessive release of FFAs, as 

summarized in Fig. 1.1 (21, 22). 
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Figure 1.1 Pathophysiology of metabolic syndrome.  

Schematic shows the pathogenic effects and multisystemic effects 

associated with increased visceral adiposity accompanied by production 

of pro-inflammatory mediators which in turn leads to pathological events 

that constitute the metabolic syndrome. Adapted from “Metabolic 

Syndrome” by Samson SL, Garber AJ.  Endocrinology and Metabolism 

Clinics. 2014;43(1):1-23. (23) 
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The research to date has not fully elucidated the mechanisms that 

result in the worsening of the medical conditions associated with 

MetS. There is ample support to the claim that most people 

suffering from the condition are obese and they live a sedentary 

lifestyle. On the other hand, people can feature insulin resistance 

despite having normal weight and hence be prone to develop MetS. 

Even though Stress is not as major of a determinant as obesity and 

diabetes, it can yield an additional risk factor to the development 

of MetS according to previous evidence. Chronic stress could impair 

hypothalamic-pituitary-adrenal axis (HPA-axis) balance (24). 

Elevated cortisol levels are positively correlated with insulin 

resistance as well as glucose intolerance. Dyslipidemia and high 

blood pressure could also be attributed to dysregulated cortisol 

levels (25), indicating that stress could be a key player to the 

pathophysiology of cardiometabolic disease which is supported by 

previous research that had discovered a linkage between 

dysregulated HPA-axis and heart disease (26). 

 

1.1.2 MetS biomarkers in more detail 
As mentioned earlier, high leptin levels are known to be positively 

correlated to elevated body fat levels and hence metabolic events 

(27).  Leptin is responsible for regulation of insulin sensitivity and 

glucose homeostasis (28). However, loss of sensitivity to leptin also 

know as leptin resistance can lead to impairment of the above 

functions leading to metabolic imbalance (29). Since elevated leptin 

is associated with cardiovascular events as well as inflammation, it 

exhibits an influential marker that links cardiovascular and 

metabolic disease. 

In opposition to the role of leptin, adiponectin can yield a protective 

effect in cardiovascular and metabolic diseases such as 

atherosclerosis and diabetes (30, 31). As briefly stated previously, 
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adiponectin can be beneficiary to insulin sensitivity (32) and can 

function as a stabilizer of atheromatous plaque (33). Proper 

adiponectin levels are linked with protection against hypertension 

and insulin resistance. Previous research had established that 

individuals that feature low levels of  adiponectin have higher 

predisposition to MetS (34). 

Existing evidence has identified another biomarker of MetS which 

is generated from adipocytes and associated with glucose 

regulation, inflammation and adipogenesis in vivo and in vitro (35).  

Individuals that display MetS manifestation also demonstrate high 

levels of circulating chemerin which is a chemoattractant (36-38). 

Despite the fact that previous studies had shown that a high 

chemerin/adiponectin ration could serve as a diagnostic tool for 

MetS (39), further research needs to be conducted to validate its 

reliability. 

Several publications have documented the link of Toll-like to MetS. 

Mice that were exposed to high fat diet to develop a MetS 

phenotype have demonstrated high expression of TLR4 (40). Along 

similar lines, murine models with TLR2 deficiency have presented 

low insulin resistance and diminished expression of pro-

inflammatory cytokines as well as macrophage infiltration as 

opposed to TLR2 controls (41).  

 

1.2 Inflammation 

Inflammation is the mechanism which the body aims to retain its 

integrity with, upon tissue injury. When the body senses danger 

signals such as physical injury, infection, and trauma, inflammation 

is initiated (42). Exposure to pathogenic stimuli leads to activation 

of immune cells which leads to the release of pro-inflammatory 

cytokines and inhibition of anti-inflammatory cytokines (43). Again, 

the inflammatory response is driven by generation of chemokines 
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and cytokines as a result of transcription factor signaling such as NF-

κB, AP-1 as well as type I interferons. Among the most popular 

cytokines and chemokines used are TNF-α, IL-1 and CCL2 

respectively (44).  

Symptomatology of inflammation includes pain, swelling and 

redness mainly (45). The clinical manifestation of inflammation is 

facilitated by histamine which permits the migration of phagocytes 

(46). Bradykinin yields another inflammatory mediator which 

increases the sensitivity of peripheral neurons that detect pain 

signals known as nociceptors and lead to loss of function as a 

response to pain (47, 48). Inflammation is aided by TNF-α, IL-6 and 

IL-1. On the contrary it is blocked by factors such as TGF-β and IL-

10, while other cytokines like IL-4 are known to both aid 

inflammation in allergies but inhibit it in tumorigenesis exerting 

dual function (42). 

The majority of acute and chronic diseases are characterized by 

inflammation which leads to excessive immune cell activity. 

Impairment of anti-inflammatory mechanisms leads to increased 

expression of cytokines and hence activation of NF-κB (49-51). 

Autoimmune diseases, asthma, as well as cardiovascular diseases 

such as arrhythmia and coronary artery disease all result from 

inflammation (42). 

 

1.3 Obesity and associated diseases 

Obesity is characterized by excess central abdominal fat which is an 

issue that has dominated the interest of the scientific community 

for many years. The disproportionate enlargement of the adipose 

tissue occurs due to immune cell infiltration and adipocyte 

hypertrophy (52, 53). Nowadays the increased accessibility of 

energy-dense foods in combination with the low need for physical 

activity has contributed to the development of obesity. Other key 
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factors which increases the risk for obesity is genetic predisposition 

since an increasing number of individuals displays susceptibility to 

develop obesity and related health problems due to heritability (54, 

55). Maternal nutrition can play a crucial role in the development 

of obesity as nutrient exposure during pregnancy can cause 

epigenetic modifications in certain genes elevating the risk of 

obesity and diabetes later in life (56). 

Obesity can lead to a range of health conditions such as Type II 

diabetes, heart disease, cancer risk, liver disease, mood as well as 

reproductive disorders (57, 58). Increased adipogenesis can also 

cause harmful effects in a variety of organs such as pancreas, liver, 

kidney, brain, heart, testis and muscles as well as causing sleep 

disturbances (59). Previous literature has shown that increased 

adipokine synthesis is linked with a high risk for diabetes (60). 

Increased adiposity can have detrimental effects in the liver by 

leading to nonalcoholic fatty liver disease (NAFLD) and subsequent 

liver cirrhosis (61, 62). Prior research has also emphasized that 

increased adiposity can escalate chronic kidney disease (CKD). 

However the deterioration of CKD is likely to be mediated by the 

obesity-induced diabetes and hypertension rather than directly 

(63). Another organ that is affected by obesity is the brain. 

Furthermore, excessive intake of nutrients that promote obesity 

such as carbohydrates and fats may also impair cerebral glucose 

metabolism by affecting insulin secretion and hence brain function 

(64). As has been previously reported in the literature, an obese 

state could negatively impact the blood supply to the brain, which 

might result in memory impairment and long term dementia (65, 

66).Overall a diverse range of pathogenic effects across numerous 

body systems associate with the obese state which characterize the 

metabolic syndrome. As stated previously, chronic inflammation in 

the adipose tissue contributes to the development of insulin 

resistance and type 2 diabetes (67).  
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A growing body of literature has examined the significance 

of inflammation as an evolving mechanism in the development of a 

broad spectrum of disorders. When the immune system detects 

pathogens and other harmful stimuli, the removal of toxic 

molecules as well as the tissue repair process are initiated (68, 69). 

Hence inflammation is a defense mechanism which is crucial for 

health and homeostasis (70). Tissue injury triggers acute 

inflammatory response to attenuate the potential infection at the 

site of injury. It is well-established that acute inflammation if 

dysregulated can cause chronic inflammation, leading to 

inflammatory diseases (71). Highly prevalent diseases are driven by 

inflammation and the dysregulation of the immune system. 

Examples of inflammation-based diseases are heart disease, stroke, 

diabetes mellitus and autoimmune diseases (72). Adipose tissue is 

central to the inflammatory pathophysiology associated with the 

cardiometabolic syndrome. Increase in dietary fat intake triggers 

adipocyte hyperplasia (73). Consequently, the increase in adipose 

tissue mass can outgrow its own blood supply. A state of adipose 

tissue hypoxia can occur inducing cell necrosis, macrophage 

infiltration and the production of pro-inflammatory mediators such 

as IL-6 and TNF-alpha (74, 75).  

A state of low-grade inflammation as a result from the 

release of the pro-inflammatory cytokines can maximize the risk of 

obesity-related co-morbidities. The inflammatory response which is 

facilitated by macrophages is a key factor of obesity-related tissue 

inflammation and insulin resistance. As explained below, there are 

many different types of infiltrating macrophages known to exist and 

associated with tissue inflammatory pathologies. Simplified here is 

the inflammatory, classical, or M1 macrophages, and the 

reparative, alternative, or M2 macrophages. Analysis of cell 

populations isolated from adipose tissue in both human and animal 

models of obesity has demonstrated that adipose tissue 
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macrophages are responsible for almost all adipose tissue TNF-

alpha expression and significant amounts of IL-6 expression (76).  

Epidemiology studies have pointed out IL-6 and TNF-alpha 

as inflammatory cytokines both linked to insulin resistance, type II 

diabetes and aggravation of cardiovascular events (77). In rodent 

models, it has been highlighted that infusion of human 

recombinant IL-6 could induce gluconeogenesis and a 

hyperglycemic state (78). A similar metabolic response to glucose 

regulation is manifested in humans after administration of 

subcutaneous recombinant IL-6 (79). The role of TNF-α in insulin 

resistance is less clear. In animal models of diet induced obesity 

blocking TNF-α signaling is beneficial against development of the 

metabolic syndrome (80). In human studies, neutralization of TNF-

α also improves insulin sensitivity in patients suffering from a 

chronic inflammatory disease (81). However, TNF-α neutralization 

in type II diabetic patients has failed to show an improvement in 

insulin sensitivity (82).  

The differences in the blocking effects seen with TNF-α may 

relate to the overall underlying inflammation across the patient 

cohorts studied. Perhaps a closer look at disease staging and timing 

of interventions with anti-inflammatory therapeutic strategies may 

provide better outcomes. Despite these difference in targeting TNF-

α, inflammation overall is seen as a key component in driving the 

metabolic syndrome. Microbial pathogens induce inflammation 

which yields a fundamental mechanism of innate immunity (83).  

 

1.4 Innate immune system overview 

Immune cells identify tissue injury or infection, and they 

initiate an inflammatory response. The immune system of 

vertebrates is composed of innate and acquired immunity. 

Excessive dietary intake can lead to the activation of innate and 
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adaptive immune system. While innate immune system responds 

rapidly to foreign substances producing a nonspecific immune 

response, acquired immune system is associated with elimination 

of pathogen molecules in the latter phase of infection and the 

production of immunological memory (84, 85). Initially, during the 

first encounter with a pathogen, the adaptive immune response is 

slow. However, at the next encounter with the same pathogen the 

adaptive immune system acts rapidly with precision. 

Notwithstanding the fact that innate immune response is more 

generalized in comparison to adaptive immunity, innate immune 

response is a pivotal function of the immune system as it yields the 

first line of defense against an infection (86). The innate immune 

system is highly conserved across species providing the initial 

responses to infection and disease. Components of the innate 

immune system consists of physical barriers such as the skin and 

gastrointestinal tract, humoral responses in the form of the 

complement system and various cellular components. Cells such as 

macrophages (expanded on section 1.6), monocytes, dendritic cells 

(DCs), as well as neutrophils and mast cells identify invading 

pathogens during tissue damage by surface expressed pattern 

recognition receptors (PRRs) (87). Neutrophils possess a short life 

span and do not play a predominant regulatory role in the adaptive 

immune system (88). They rapidly act as phagocytes which occurs 

within minutes prior to phagocytosis-triggered cell death. Although 

phagocytosis is predominantly significant for engulfing of small 

pathogen molecules, the release of granules in the neutrophils is 

also induced by larger pathogens (89). To begin with, secretory 

vesicles consisting of surface receptors are put in motion before the 

release of tertiary granules consisting of matrix metalloproteases. 

Those metalloproteases aid migration through the extracellular 

matrix (90). Necrotic or damaged cells can function as sterile stimuli 

(91) and along with microbiological pathogens stimulate the 
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release of antimicrobial peptides as well as proteases that degrade 

fungi and bacteria in an efficient manner. Finally, neutrophils 

undergo apoptosis or other form of cell death upon prolonged 

interaction with microorganisms (92, 93). 

Contrary to neutrophils that serve mainly  innate immunity, 

dendritic cells yield a link between innate and adaptive immune 

response by capturing antigens and just like macrophages (94), they 

function as antigen-presenting cells to adaptive immune cells and 

hence facilitate their differentiation into effector cells (95). Based 

on the available evidence, dendritic cells are categorized to 

pasmacytoid (pDC ) and myeloid (mDC) DCs and they recognize 

PAMPs via PRRs (96, 97). Therefore, DCs trigger T-cell responses 

against antigens as well as coordinate with Natural Killer cells 

mediating the early stage of innate immunity as well as the 

consecutive adaptive immune response (98). 

Pathogen-associated molecular pattern molecules (PAMPs), 

for example, lipopolysaccharide (LPS), from  microbial species and 

damage- associated molecular patterns (DAMPs), which are 

endogenous molecules released from dying or damaged cells are 

identified by PRRs on the surface of immune cells  leading to the 

receptor activation (99). This activation can result in several 

responses and depending on the cell type involved initiate 

phagocytosis leading to destruction of the pathogen, production of 

various cytokines and activation of the immune system via antigen 

presentation. The main PRRs that are responsible for the initiation 

of innate immune responses include Toll-like receptors (TLRs), 

NOD-like receptors (NLRs), C-type lectin receptors (CLRs) and more 

(84, 100, 101).  

The identification of pathogens by PRRs causes the 

activation of transcription factors such as NF-κB and inflammasome 

activation resulting in the production of pro-inflammatory 

cytokines and chemokines as well as type I interferon antiviral 



14 
 

responses (102, 103). The innate system overall playing a vital role 

in our defense mechanisms against invading pathogens. 

 

1.5 Adaptive immune response 

In comparison to innate immune response, adaptive immunity 

exhibits immunological memory and hence yields the capacity to 

identify the same pathogen should a second invasion occur (104). 

The innate immune system complements that adaptive immune 

response which is vital when innate immunity is inadequate. 

Notwithstanding the development of immunological memory, 

adaptive immune system is responsible for classifying antigens to 

“self” and “non-self” antigens (105).  

One of the major targets for therapy in immune-associated diseases 

are T-cells which are originated from bone marrow and their 

maturation occurs in thymus (106). Every single T- cell expresses a 

T-cell receptor (TCR) and need the assistance of antigen presenting 

cells (APCs) to identify a specific antigen (107). 

Upon cellular infection with bacteria or viruses, proteins known as 

the major histocompatibility complex (MHC) existing on the surface 

of APCs, present fragments of the corresponding antigens. Those 

antigens are then recognized by T-cells with the use of unique TCRs 

leading to their activation (108) and differentiation of T-cells into 

either cytotoxic T-cells (CD8+ cells) which kill either foreign or cells 

that have been infected, (109)or into T helper cells (CD4+ cells) 

which play a pivotal role in adaptive immunity by release cytokines 

and mediate in the activation of other immune cells (110).  

 

1.6 Classification of macrophages 

Arguably the most well described and abundant innate 

immune cell type found in adipose tissue are macrophages (111, 

112). Macrophages are known to originate from primitive 
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macrophage cells seeded during development in tissues and are 

known as the tissue resident macrophage population as well as 

from hematopoietic stem cell precursors in the bone marrow 

during adulthood. Initially precursor cells exit the bone marrow as 

undifferentiated cells known as monocytes into circulation (113) 

having the ability to migrate and differentiate to macrophages in 

various tissue spaces. Large heterogeneity exists in the macrophage 

population reflecting their diverse plasticity depending on the 

environment they encounter and reside in.  In mice, monocytes 

express high levels of CD11b which is associated with chemotaxis, 

and CD115 which is a macrophage colony stimulation factor (M-

CSF) receptor. Previous research has demonstrated that the 

antigen F4/80 is widely considered to be a good marker for 

macrophages and it is mainly expressed during the process of 

monocyte differentiation to macrophages  (114, 115).  

When tissue is injured or infected, macrophages are 

responsible for regulating the return of host tissues to homeostasis. 

Mechanistically this occurs through macrophages engulfing large 

particulate matter, resembling the capacity of polymorphonuclear 

neutrophils, which are specialized in the removal of extracellular 

pathogens and clearance of cellular debris. Macrophages impact 

the inflammatory response by producing immunosuppressive and 

inflammatory cytokines upon stimulation  of pattern-recognition 

receptors (PRRs) such as membrane bound TLRs or cytoplasmic 

Nucleotide oligomerization (NOD) like receptors (NLR)  that 

macrophages express (116). 

Previous studies have reported that macrophages are 

abundant at sites of inflammation, and they can also function as the 

antigen-presenting cells (APCs). Bone marrow derived 

macrophages (BMDMs) are an in vitro model of uncommitted cells 

and depending on the stimuli, they can initiate either a pro- or anti-

inflammatory state mirroring the reported functions of 
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macrophage subsets in vivo. Incubation of macrophages with pro-

inflammatory cytokines can induce the state of classically activated 

macrophages, whereas incubation of BMDMs with anti-

inflammatory cytokines can induce the state of alternatively 

activated macrophages that correspond to an anti-inflammatory 

phenotype (Fig. 1.2) (116).  

More specifically, classically activated macrophages (M1) 

upon stimulation with pro-inflammatory stimulants such as LPS and 

IFN-γ that arise from Th1 type subset of T lymphocytes release 

proinflammatory cytokine and leads to expression of cluster of 

differentiation (CD)14, CD80/CD86 cell surface markers and 

inducible nitric oxide synthase (iNOS). The release of pro-

inflammatory cytokines and chemokines such as TNF-α, IL-6, IL-1β, 

CXCL9, CXCL10 is a feature of M1 skewed macrophages (117). 

Alternatively activated macrophages (M2) differentiate in the 

presence of Th2 type subset of T lymphocyte derived cytokines and 

acquire an anti-inflammatory phenotype involved in the resolution 

of inflammation and tissue repair. Several subtypes of M2 

macrophages are described including M2a, M2b, M2c and M2d 

characterized based on expressing different combinations of 

cytokines, chemokines, and growth factors. M2 macrophages are   

triggered directly by IL-4 and IL-13 cytokines resulting in the 

expression of surface markers such as CD206 and CD209, as well as 

inducing the release of IL-10 cytokine. M2 macrophages 

demonstrate immunosuppressive properties, and can also promote 

angiogenesis (118, 119).  

As mentioned above, a primary function of macrophages is 

phagocytosis. Macrophages can efficiently ingest and eliminate 

microorganisms, apoptotic cells, and foreign substances (120). 

Other cell types of the innate immune system include DCs. Similar 

to macrophages, DCs primarily act as APCs, and can bridge the gap 

between the innate and adaptive immune responses (121). 
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Depending on the inflammatory signals present in the adipose 

tissue microenvironment, macrophages are thought to play a 

central role in either the enhancement of the inflammatory state 

(M1), or the promotion of tissue homeostasis (M2) pathways of 

resolution and repair (122). As such they are considered key 

orchestrators of inflammation in obesity. 

According to previous evidence, macrophages can be 

contributors to organ failure, when dysregulated activation of 

repair processes occurs such as cell-independent activation of 

mTOR signaling occurs (123). It has been established that certain 

pathogens possess the capacity to prolong the macrophage 

repairing process which could be detrimental (124). 

Chronic diseases which are linked with dysregulation of 

macrophages tend to be affected by aging (125). To obtain some 

clarity about the function of macrophages in tissue repair, a better 

understanding of the age-induced changes in macrophages should 

be established. Previous researchers have noted that aging is 

responsible for impairment of pivotal macrophage functions such 

as phagocytosis, macrophage polarization as well as would healing 

along with reduced cytokine release (126). 

Current evidence has also shown that macrophages can exert a 

crucial role in heart tissue injury and repair (127). According to 

previous research, CCR2 macrophages that reside in heart, promote 

the development of angiogenesis and arteriogenesis as well as 

cardiac regeneration (128, 129). The diminishment of the CCR2 

positive macrophages can promote better clinical outcomes and 

hence improved cardiac function  in a post-myocardial infarction 

state (130, 131).  

Available evidence suggests that macrophages are pivotal in the 

pathogenesis of atherosclerosis (132). Macrophages, which are 

derived from monocytes, engulf lipoproteins and they form foam 

cells. Atheromatous plaque progression is dependent on both the 
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macrophage population as well as the inflammatory phenotype 

(133, 134).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Macrophage differentiation into specialized functional 

subsets. Macrophages, depending on the stimuli, are polarized into 

either an M1 or M2 state wiht distinct functional phenotypes. M2 

is further subdivided into M2a, M2b, M2c and M2d 

subsets.Adapted from “Monocyte differentiation and macrophage 

polarization” by Orekhov AN, Orekhova VA. Vessel Plus. 2019;3:10 

(135). 
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1.7 Pattern-recognition receptors  

1.7.1 Toll-like receptors  

1.7.1.1 Activation and ligands 
 
 

Recent investigations focused on inflammation, have 

highlighted its important role in the pathophysiology of metabolic 

syndrome (136). Conditions like hypertension and high plasma 

glucose, as well as lipoprotein abnormalities substantiate a pro-

inflammatory state (137). It is well established that inflammation 

which is a predominant component of repair during tissue injury is 

a key feature of metabolic and cardiovascular disease exerting 

detrimental effects if prolonged (2). There is overwhelming 

evidence corroborating the state of tissue injury in which host 

molecules or those derived from microorganisms are released and 

can trigger the activation of PRRs such as TLRs. The TLRs are 

activated by unique structures present in microbes also known as 

PAMPs, which originate from bacteria, fungi, and viruses, as well as 

host derived molecules identified as ELIS (DAMPS) (138). 

To date 10 members of TLRs have been found in human, and 

13 have been identified in rodents (139). Activation of TLRs by 

microbial products initiates the activation of NF-kB transcription 
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factor through mitogen-activated protein kinases (MAPKs) (140). 

The activation of TLR contributes to a spike of pro-inflammatory 

cytokines like TNF-alpha, IL-6, and IL-1beta (141-143). PAMP 

recognition by innate immune cells can also induce expression of a 

cluster of differentiation 80 (CD80) and 86 (CD86) costimulatory 

molecules on the surface of these cells which activate the adaptive 

immune response (144). Lipopolysaccharide (LPS) is one such PAMP 

located in the outer membrane of Gram-negative bacteria which 

binds to  the cell surface receptor TLR4 stimulating an innate pro-

inflammatory immune response (145). Other ligands for TLR4 

include a variety of endogenous lipid molecules such as low-density 

lipoprotein (LDL) and palmitic acid both associated with adverse 

health effects resulting in dyslipidemia, and hyperglycemia. TLR4 is 

unique among the TLRs in its ability to signal via multiple adaptor 

proteins such as Myeloid Differentiation Primary Response Gene 88 

(MyD88) and TIR-domain-containing adaptor inducing interferon-β 

(TRIF), who’s signaling pathways are described in detail below.  

Bacterial derived PAMPS are also recognized by other cell 

surface expressed TLR receptors such as TLR2. Ligands for TLR2 

include Pam3CSK4 a synthetic diacylated lipopeptide (LP) which 

mimics the acylated amino terminus of bacterial LP. TLR2 

heterodimerizes with TLR1- or TLR6- to signal via the adaptor 

molecule MyD88 leading to activation of pro-inflammatory 

transcription factors such as NF-κB and AP-1(146-148).  TLR5 

recognizes both Gram-positive and Gram-negative bacterial 

flagellin and signals as a homodimer also via the adaptor molecule 

MyD88  (149). Endosomal expressed TLRs such as TLR3 recognize 

viral double-stranded RNA (dsRNA) and signals via the adaptor 

molecule TRIF (43) whereas endosomal expressed TLR9 ligands 

include bacterial DNA  containing CpG motifs can trigger responses 

through the adaptor molecule MyD88 (150). Figure 1.3 lists specific 
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TLR ligands and the associated adaptor molecules involved in 

downstream signaling events. 

In the context of metabolic disease, there is evidence that 

TLRs play an important role in initiating the inflammatory state both 

through the increased presence of bacterial endotoxins in the 

bloodstream of obese individuals as well as endogenous DAMPS 

resulting from lipolysis (151). The association here is described in 

greater detail in sections below.  

 

 

 

 

 

 

Figure 1.3. TLR adaptor molecules and their corresponding ligands.  

Overview of TLRS (1 -10), their cellular locations, known ligands, and 

associated protein adaptor molecules, MyD88 and TRIF (MyD88-

independent) mediating downstream signalling events. Adapted from 

“Crosstalk between toll-like receptors and hypoxia-dependent pathways 

in health and disease” by Crifo B, Taylor CT. Journal of Investigative 

Medicine. 2016;64(2):369-75 (152). 
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1.7.1.2 Toll-like receptor - MyD88 

adaptor protein pathway 
 

It is generally accepted that TLR ligands produce 

downstream signals through four different adaptor proteins named 

Myeloid Differentiation Primary Response Gene 88 (MyD88), 

MyD88‐like adaptor protein (Mal), TIR domain‐containing adaptor 

protein‐inducing interferon‐β (TRIF), and TRIF‐related adaptor 

molecule (TRAM) (Fig. 1.5) (84). The TLR4 signaling is the most 

complex among all TLRs. TLR4 is present on the plasma membrane, 

and its activation effects modulated through the action of all four 

adaptor proteins. Myeloid Differentiation factor 2 (MD-2) 

associates with TLR4 on the cell surface and is required for LPS 

signalling downstream of the TLR4 receptor. The signal 

transduction through TLR4 is facilitated by an additional protein 

known as cluster of differentiation 14 (CD14) (153). Conformational 

change in the TLR4 receptor upon LPS ligand engagement allows TIR 

domain containing adaptor molecules to be recruited and activated 

such as Toll Interleukin 1 Receptor Adaptor Protein (TIRAP) 

followed by the recruitment and subsequent activation of Myeloid 

differentiation primary-response gene 88 (MyD88).  

MyD88 is downstream of all TLRs except TLR3 and it 

modulates the production of pro-inflammatory cytokines by 

activation of  transcription factors Nuclear Factor kappa – light-
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chain-enhancer of activated B cells (NF-kβ), and Activator protein 1 

(AP-1)  (154, 155). MyD88 is responsible for the formation and 

activation of Interleukin-1-receptor associated Kinase (IRAK) 1/4 

complex which  recruits and activates another adaptor protein TNF 

Receptor Associated Factor 6 (TRAF-6) which can then bind and 

activate TGF-β-activated kinase 1 (TAK1) (156). The corresponding 

downstream kinases that are activated under TAK1 include 

Mitogen-activated protein kinases (MAPKs) resulting in AP-1 

transcriptional activation and IκB kinase (IKK) complex regulating 

early NF-kβ transcriptional activation. The IKK activated complex 

phosphorylates the inhibitor of nuclear factor kappa B (IκBα), which 

promotes its degradation and releases NF-κB p50/p65 

phosphorylated subunit complex. These events allow NF-κB to  

nuclear translocate to direct NF-κB-dependent transcriptional 

activity such as increased expression of TNF-α and IL-6 cytokines 

(Fig. 1.4) (153).  
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Figure 1.4. TLR and MyD88-adaptor protein dependent signalling.   

Overview of TLR MyD88 adaptor protein signalling events that leads to 

the phosphorylation, nuclear translocation of NF-κB and transcriptional 

activation of responsive genes. Adapted from “Toll-like Receptor 

Signaling” by Akira S. Journal of Biological Chemistry. 

2003;278(40):38105-8.  (157) 

 
 

1.7.1.3 Toll-like receptor - TRIF 

adaptor protein pathway 
 

TLR4 also can signal via a MyD88 independent pathway via 

recruitment of the adaptor proteins  TRIF (also called TICAM-1) and 
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the bridging adaptor TRIF related adaptor molecule (TRAM) (158). 

TRIF dependent (MyD88 independent) TLR signaling via TRAF3 

induces type 1 interferon (IFNα and IFNβ) expression through 

activation of the transcription factor Interferon regulatory factor 3 

(IRF3). TLR4 signals through TRIF  by recognition of PAMPs like LPS 

which can also result and contribute to activation of NF-κB 

compared although delayed compared to MyD88 signaling (159). 

Activation of TRIF by plasma membrane Toll-like receptors leads to 

indirect activation of TRAF6 which results in the release of pro-

inflammatory cytokines as described previously for MyD88 (153).  

Double-stranded RNA is recognized by the endosomal 

receptor TLR3 (Fig. 1.5), which triggers TLR3 dependent TRIF 

activation followed by the recruitment of TRAF3 (160, 161). TRAF3 

undergoes self-ubiquitination and forms complexes with TANK-

binding kinase 1 (TBK1) and IKKi kinase leading to the activation of 

IRF3 by phosphorylation allowing the transcription factor 

translocation  to the nucleus to induce the expression and release 

of Type-1-IFNs (159). TRIF is also responsible for TLR3 dependent 

slow activation of NF-κB by interacting with other signaling 

molecules such as TRAF6 at the N-terminal region  (159, 162). 
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Figure 1.5. TLR and TRIF-adaptor protein dependent signalling.   

Overview of TLR3 signalling through TRIF adaptor protein leading to an 

early IRF3 transcription factor activation and  late-phase NF-κB 

transcriptional activation. Adapted from “TLR3 Sensing of Viral Infection” 

by Dunlevy F, McElvaney N, Greene C. The Open Infectious Diseases 

Journal. 2010;4:1-10.  (163) 
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1.7.1.4 Toll-like receptors and 

metabolic disease 
 

Recent papers provide ample support to the claim that TLR 

signaling plays a substantial role in the pathogenesis of heart and 

metabolic disease (141-143). In the context of obesity, mice fed a 

high-fat diet has shown an increase in intestinal permeability, which 

results in a greater translocation of LPS from the intestinal lumen 

to the blood circulation. This metabolic endotoxemia is associated 

with increased body fat, glucose intolerance, and increased 

expression of proinflammatory mediators and macrophage 

infiltration in adipose tissue (164). Furthermore, TLR4 gene deletion 

in diet induced obesity in mice shows a protective effect against 

adipose tissue inflammation and insulin resistance, supporting a 

role played by TLR4 in metabolic changes driven by obesity (165, 

166).  

In type II diabetes and obese individuals there is an increase 

in TLR2 and TLR4 expression in blood monocytes, and higher 

concentrations of associated serum cytokines IL-1β, IL-6, IL-8, and 

TNF-α compared to control lean individuals (167). Obesity gives rise 

to an increase in systemic inflammation, through an increase also 

in endogenous DAMPS and PAMPS which can act as TLR ligands. 

Obesity related saturated fatty acids, can induce inflammation 

through TLRs, particularly lauric acid and palmitic acid, by 

stimulating the inflammatory response described above through 

the TLR4 signaling pathway (168). Saturated fatty acids can also 

trigger an inflammatory response through the activation of TLR2, 

which forms heterodimers in the plasma membrane, with TLR1 or 

TLR6. Inhibition of TLR2 expression as seen above with TLR4 gene 

deletion in mice fed a high fat diet enhances sensitivity to insulin in 

the skeletal muscle and in the white adipose tissue, possibly 

through inhibiting palmitic acid-induced insulin resistance (169).  
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The transcriptional factor Forkhead box protein O1 (FOXO1) 

is predominantly expressed in insulin-responsive tissues and organs 

and can lead to potentiation of the inflammatory state and 

amplification of TLR4 signaling (170). FOXO1 activity is modulated 

by undergoing post-transcriptional modifications (171). Insulin 

stimulation can cause phosphorylation of FOXO1 preventing its 

nuclear translocation and thus reducing its activity. On the other 

hand, glucose can increase its nuclear localization (172, 173). 

FOXO1 exerts a key role within adipose tissue and in glucose 

metabolism by enhancing the expression of autophagy associated 

factors and gluconeogenesis enzymes (174). One of those factors,  

fat-specific protein 27 (FSP27) plays a central role in adipocyte 

differentiation and expansion, a process that can be reversed by a 

FOXO1 antagonist exerting anti-inflammatory activity (175). 

Inhibition of FOXO1 as an anti-inflammatory mechanism has also 

been explored in prior studies where FOXO1 knockdown in vivo 

using a rat model has led to downregulation of TLR4 signaling (176). 

Overall FoxO1 exhibits a central role in adipocyte differentiation 

and cell cycle control yielding a target for obesity and cancer 

respectively. Altogether these studies support the role of TLR 

signaling and its contribution to inflammation associated with the 

metabolic syndrome. 

 

1.7.2 NOD-like receptor - NLRP3 activation 

and inflammatory disease 

involvement  
 

TLRs are bound to the plasma membrane and play a 

substantive role in initiation of the immune response. However, 

another key family of PRRs associated with immune responses is 

NOD-like receptors which are found in the cell cytoplasm. NOD-like 

receptors are involved in the formation of protein complexes that 
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amplify immune responses causing apoptosis and are known as 

inflammasomes. The human genome codes for 23 NOD-like 

receptor proteins. NOD-like receptors are known to be divided into 

NOD like receptors with a pyrine domain (NLRP), as well as NOD-

like receptors with a Caspase recruitment domain (NLRC). The most 

widely investigated NOD-like receptor is NLRP3 which is found as a 

monomer in an inactive form. In response to PAMPS and DAMPS, 

NLRP3 recruits adaptor proteins apoptosis-associated speck-like 

protein containing a caspase-recruitment domain (ASC) and pro-

caspase-1, in a process known as oligomerization. Inflammasome is 

the structure that is produced from the oligomerization (177, 178). 

The inflammasome complex causes the activation of caspace-1 and 

subsequent cleavage of pro-IL-18 and pro-IL-1β into their active 

secreted forms (Fig. 1.7) (178, 179).  

The activation of NLRP3 inflammasome is tightly regulated 

and occurs in a two-step process, firstly a priming step followed by 

second activation step. TLR PAMPs like LPS and cytokines induce 

the cellular priming events which leads to the upregulation and 

expression of the NLRP3 components, caspase 1 and pro-IL-1beta 

(180). The second step allows for full inflammasome activation and 

formation triggered by various stimuli from cellular stresses sensed 

by the inflammasome complex such as potassium efflux from PAMP 

pore forming toxins, DAMPs like ATP and crystal particulates (beta- 

amyloid, urate and cholesterol).  

NLRP3 activation is known to be involved in the 

pathogenesis of metabolic disorders such as obesity, 

atherosclerosis and type 2 diabetes exerting a proinflammatory 

role (181). Previous studies that were conducted in the field of 

atherosclerosis have revealed the presence of cholesterol crystals 

(CC) in atheromatous plaque. Since then, CC were found to be 

involved in other cardiovascular pathologies with a strong 

correlation to lipid metabolism (182). Investigations assessing the 
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effect of CC on macrophage polarization provide evidence for the 

capacity of CC to skew human macrophages towards a M1 pro-

inflammatory activation state (183). The presence of CC as well as 

other particulate matter triggers the formation and full activation 

of NLRP3 inflammasome in macrophages resulting in the 

production of IL-1β (184-186). There is a strong correlation 

between NLRP3 dysregulation with human inflammation driven 

pathophysiology’s which promotes the need for NLRP3 inhibitors 

(187). As previously mentioned, atherosclerosis is a major driver of 

NLRP3 inflammasome activation. Dangerous signals derived from 

the atherosclerotic lesions such ad CC trigger the activation of 

NLRP3 and subsequent release of IL-1β (188).  

Previous research has also emphasized the link between 

diet induced obesity and metabolic syndrome with NLRP3 

inflammasome activation(189). Metabolic DAMPS such as ox LDL, 

as well as CC are prominent in obese phenotypes and they facilitate 

the activation of NLRP3 and pro-inflammatory response 

contributing to insulin resistance and MetS (190). Previous 

literature has demonstrated that inflammasome activation is also a 

feature of other diseases such as inflammatory bowel disease (IBD) 

(191) by displaying a link between NOD2 variants and susceptibility 

to Crohn’s Disease which is the major type of IBD (192). 

Furthermore, signature cytokines of NLRP3 activation have also 

been found to contribute to the pathology of IBD (193).  
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Figure 1.7. NLRP3 inflammasome priming and activation steps.  

Overview of the two step events leading to priming and activation of the 

NLRP3 inflammasome complex. Step one initially involves cellular priming 

from microbial pathogen recognition leading to upregulation and 

expression of the inflammasome components. This is followed by step 

two producing inflammasome full activation facilitated by cellular sensing 

of various metabolic DAMPS and the cleavage and release of 

proinflammatory cytokines, IL-1beta and IL-18. Adapted from “Questions 

and controversies in innate immune research: what is the physiological 

role of NLRP3?” by Coll R, O’Neill LAJ, Schroder K. Cell Death Discovery. 

2016;2:16019. (194). 
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1.8 Associated inflammatory 

pathways 

Receptor activation causes subsequent activation of intracellular 

pathways. Notwithstanding the activation of NF-κB that was 

discussed previously, additional pathways modulate inflammation 

as a result of pro-inflammatory stimuli like TNF-α, IL-6 and IL-1β 

(195). Consequently to a pro-inflammatory cytokine stimulation, a 

family of serine/threonine kinases known as MAPKs are activated. 

Those kinases are playing a pivotal role in regulation of cell 

proliferation, differentiation, as well as apoptosis (196, 197). The 

mammalian MAPK family consists of ERK1/2, c-Jun N- terminal and 

p38 MAP kinase (198). Unlike JNK and p38 activation which is 

triggered by pro-inflammatory mediators, the activation of ERKs 

results from mitogens (199). Upon activation of ERK1/2 and JNK, 

phosphorylation and subsequent activation of cytoplasmic and 

nuclear p38 transcription factors occurs, which triggers the 

inflammatory response (197, 200). 

Another pathway that is responsible for the release of cytokines 

and if dysregulated could lead to metabolic diseases, inflammation 

and cancer is JAK-STAT pathway (201). Apart from the activation of 

downstream cytokines as a result of JAK-STAT signaling, the 

pathway is also known to be involved with growth factors and 

hormones. JAK-STAT pathway is used by extracellular factors for the 

modulation of gene expression and there permits the translation of 

external stimuli into transcriptional responses (202). Transcription 

factors  known as STATs, are localized in the cytoplasm before 

undergoing phosphorylation and hence translocation to the 

nucleus (203).  
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1.9 Current treatment approaches for 

metabolic disease  

A favorable starting point for prevention and treatment of 

metabolic disease is the implementation of a healthy lifestyle which 

can be facilitated by improved diet and exercise (204). Ongoing 

pharmacotherapy for MetS focuses predominantly on the 

alleviation of the risk factors that contribute to its development by 

following a multi-drug approach (205-207). The multi-drug regimen 

for metabolic diseases consists of antilipidemic agents, antidiabetic 

agents, blood pressure lowering drugs, as well as anti-obesity 

therapy, with a number of these therapeutic approaches producing 

anti-inflammatory effects.  

There is a considerable amount of literature suggesting that 

the components of metabolic disease such obesity, type II diabetes 

and cardiovascular disease are all characterized by chronic 

inflammation (208). Interestingly, colchicine which is the drug of 

choice for gout, is shown to exert anti-inflammatory effects by 

antagonizing NLRP3 inflammasome and if used at lower doses can 

yield a protective role against the occurrence of cardiovascular 

events (209). Studies also suggested that apart from its 

antirheumatic properties, the anti-inflammatory effect of 

methotrexate is beneficiary for the reduction of cardiovascular risk. 

Methotrexate causes anti-inflammatory effects by lowering the 

levels of inflammatory mediators such as CRP, TNF-α and IL-6 (210, 

211). 
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Several years ago, research showed that salicylates could be 

used to reduce glucose levels in diabetic patients. This was further 

supported more recently by use of Salsalate a salicylate compound 

that exerts anti-glycemic properties (212, 213). Salicylates are well 

recognized to produce an anti-inflammatory effect by blocking the 

activation of NF-κB through specifically antagonizing IκK-β 

upstream of the transcription factor (214).  How the anti-

inflammatory effects with the agents described here contributes to 

their overall protective benefits in cardiovascular disease is still 

under investigation.   

Exercise triggers the activation of a protein complex known 

as AMPK which has serine/threonine kinase activity. To that end 

research has focused on the effect of adenosine monophosphate-

activated protein kinase (AMPK) in cardiometabolic disease and 

inflammation (135, 136). Interestingly it was found that activation 

of AMPK is associated with anti-atherosclerotic effects and reduces 

the accumulation of inflammatory cells induced by oxidized lipids 

as well as promoting antioxidant responses (137). Researchers have 

demonstrated that metformin which is the drug of choice for type 

II diabetes can also cause activation of AMPK (136). Taken together, 

activation of AMPK naturally or using pharmaceutical agents like 

metformin provides positive anti-inflammatory effects associated 

with the MetS (138). 

Specific anti-inflammatory targeting approaches such as 

through targeting TNF-α are also investigated for cardiovascular 

and metabolic syndrome benefit Examples of anti-TNF-α agents are 

etanercept as well as monoclonal antibodies such as infliximab and 

adalimumab which are predominantly indicated for the treatment 

of psoriasis and rheumatoid arthritis (215, 216). In a previous study 

conducted in obese patients with MetS that received prolonged 

treatment of etanercept, improvement of fasting glucose was 

observed without any alterations in the levels of IL-6 and CRP (217). 
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However, agents that reduce the levels of TNF-α could increase the 

risk of infection as a potential adverse effect. 

Other targeted anti-inflammatory approaches involve the 

IL-1 family of cytokines (208). Previous evidence supports that IL-1β 

is involved in obesity-linked inflammation (218). To this day, three 

anti-IL-1 compounds have been approved for their anti-

inflammatory properties: anakinra which is an IL-1 receptor 

antagonist, rilonacept and canakinumab being monoclonal 

antibodies that neutralizes IL-1β (219, 220). Use of these agents in 

patients with cardiovascular disease and metabolic syndrome show 

positive protective effects. 

IL-6 is an additional pro-inflammatory cytokine which has 

been recognized as a co-inducer of obesity associated insulin 

resistance prior to type II diabetes (221) and is also known to be 

connected with cardiovascular disease (222). Tocilizumab has been 

identified to block IL-6R and improve insulin sensitivity in juvenile 

arthritis patients suffering from insulin resistance (223). The various 

studies described here support a role for dampening down 

inflammation as a therapeutic approach in improving outcomes 

associated with the metabolic syndrome. 

 

1.10 Statins: Mechanism of action and 

indications 

 
The use of statin compounds is one of the most common 

pharmacological approaches against metabolic disease due to their 

LDL-lowering capabilities (205, 224). However, statins are gaining 

widespread attention not only for the plasma cholesterol-lowering 

capabilities but also for their anti-inflammatory activity (225). They 

are known to be the drug of choice for the treatment of 

atherosclerosis and they exhibit antihyperlipidemic effects by 
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competitively inhibiting HMG-CoA reductase (HMGCR), which is the 

rate controlling enzyme of the mevalonate pathway responsible for 

cholesterol production within the liver (226, 227). Thereby the 

inhibition of the enzyme leads to inhibition of cholesterol synthesis, 

very effective in reducing cholesterol laden atherosclerotic plaque 

burden in blood vessels and reduction in cardiovascular events 

(228).  

Previous studies in the field of atherosclerosis that were 

carried out using apoE deficient mice have shown that simvastatin 

exhibited anti-inflammatory and anti-atherosclerotic activity 

independent of its function as a cholesterol-reducing agent (229). 

The anti-inflammatory effects of statins are multifactorial (Fig. 1.8) 

(230). Evidently some of those effects are due to the reduction of 

cholesterol production in the mevalonate pathway by decreasing 

protein prenylation and thus affecting innate immune response 

(231). The reduction in protein prenylation promotes an anti-

inflammatory response leading to a reduction of cytokines and 

chemokines as well as blocking C-reactive protein, and adhesion 

molecules (232). Isolated innate immune cells from patient 

administrated simvastatin has shown inhibition in expression and 

activation levels of IL-1β induced by CC (184). The anti-

inflammatory properties of simvastatin use are further 

substantiated by inhibition of pro-inflammatory mediators such as 

IL-1β and IL-6 in LPS induced monocytes. The same research group 

conducted an in vivo study using hypercholesterolemic patients 

that were subjected to simvastatin treatment resulting in notable 

reduction of TLR4 and TLR2 levels compared to the untreated 

patients (233). Interestingly, further evidence suggests that statin 

treatment can cause NLRP3 activation, indicating that the effect of 

statin treatment in NLRP3 varies (153). Based on the research that 

is currently available, it could be argued that statins inhibit the 

inflammasome activation, however the suppression of 
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inflammasome could depend on the type of statin used (150-152). 

It has also been asserted that statins reduce the activity of NF-κB 

(234) and produce epigenetic cellular changes through 

accumulation of mevalonate during disruption of cholesterol 

synthesis (235). 

Increased cholesterol phenotypes feature impaired 

regulation of endothelial nitric oxide (NO). The increase of NO has 

been identified as a key mechanism for vasodilation and is also 

critical for vascular smooth muscle proliferation (236). Statins have 

been known to upregulate endothelial NO synthase (eNOS) 

resulting in the production of NO in pre-clinical models. Specifically 

mice treated with atorvastatin exhibited higher levels of eNOS, as 

well as reduced platelet factor 4 and other platelet specific factors 

(237). However these results cannot be extrapolated to humans as 

notably higher doses of statins were used in the animal studies 

compared to statin doses used in clinical practice (238, 239).  

 However human studies that were focused on patients with 

coronary artery disease, researchers have also witnessed that statin 

therapy had led to improved vasodilation (240) and better 

endothelial function in the context of coronary syndrome (241). 

Ezetimibe a selective inhibitor of cholesterol absorption a statin-

independent cholesterol-reducing drug, does not share the same 

beneficiary properties in relation to coronary heart disease (242).  

Indicating for statins the that these vasodilating effects similar to 

the anti-inflammatory effects are again likely independent of their 

cholesterol lowering ability.  

A large number of existing studies in the broader literature 

have discussed about Rho kinases (ROCKs) which has been 

identified as a biomarker in cardiometabolic disease (243-247). It 

has been  reported that treatment with statins decrease ROCK 

activity in a cholesterol reduction-independent manner (248, 249). 

It has been well acknowledged by previous literature that the G 
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protein Rac1 which is a member of Rho family, plays a key role in 

the activation of nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase and thus generates reactive oxygen species (ROS) 

resulting to cardiac hypertrophy and conversion of LDL to oxLDL 

(250-252). To that end, inhibition of Rac1 by statins could indicate 

that statins potentially antagonize ROS production which may 

justify some of the pleiotropic effects of statins (253). 

Apart from cardiometabolic disease studies the field of 

multiple sclerosis have demonstrated that high dose of simvastatin 

was beneficiary in reducing brain atrophy (158). Another study 

elucidates the protective effect of statin treatment against 

rheumatoid arthritis that further substantiates that use of the 

immunomodulary and anti-inflammatory effects of statins (159). 

Although the exact anti-inflammatory mechanism of statins 

remains to be established, these studies contribute to a better 

understanding of their anti-inflammatory role. 

 

Figure 1.8. Anti-inflammatory mechanisms of statins.  

Statins function as HMG-CoA reductase inhibitors and affect cholesterol 

biosynthesis (254). Statin treatment inhibits Rho signaling and exert anti-
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inflammatory properties as well as increases the generation of eNOS 

(255). Statins suppress the activation of NLPR3 inflammasome (256). 

Statins reduce the expression of TLR2 and TLR4 and thus supress the NF-

κB pathway (230). 

Figure created with biorender.com 

 

1.11 Nutraceuticals: Definition, origin 

and indications 

 
 Based on the fact that any compound requires at least 12 years and 

over $2billion before it gets FDA approval under the current safety 

paradigm, novel approaches like drug repositioning are needed to 

make the drug discovery process more affordable and effective 

(257). Nutraceuticals are components of food with a beneficiary 

role in the prevention of various pathological conditions. They are 

mainly derived from plants, animals, multimineral and microbial 

sources and they are taken orally. They exert their properties in the 

form of vitamins, phytochemicals, minerals, as well as unsaturated 

fatty acids (258). The use of nutraceuticals often aids in minimizing 

the drug complications as well as potentiating the positive effect of 

pharmaceutical agent in conjunction with their low purchasing cost 

(259, 260). Unlike drugs which have chemical origin, nutraceuticals 

facilitate the disease prevention process by restoring essential body 

micronutrients as well as being derived from natural sources. 

The role of nutraceuticals in health is attracting considerable 

interest for scientists and clinical nutritionists. The high prevalence 

of obesity and cardiovascular events as a result of modern diet 

which is rich in sugar and saturated fats has increased the necessity 

for nutraceutical products which can exert a protective role for the 

prevention of diseases associated to sedentary lifestyle (Fig. 1.9) 

(258). Previous studies have demonstrated that intake of 
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nutraceuticals can yield a cost-effective approach option to 

minimize the occurrence of events such as atherosclerosis, heart 

attack and stroke (261). 

Apart from the beneficiary role of nutraceuticals in the 

protection against lifestyle problems, their questionable role 

against cancer has also been shown. More recently, research has 

emerged that offers contradictory findings about the use of 

nutraceuticals in cancer patients. Although food supplements 

enhance the immune system, they could increase the resistance of 

cancer cells to chemotherapy and accelerate carcinogenesis (262).  

The benefits of nutraceuticals have also been observed against 

inflammatory diseases such as osteoarthritis (OA). Research has 

shown that incorporation of unsaturated FAs into the diet can 

enrich the treatment options for OA by properly regulating the 

anabolic and catabolic signals associated (263). A previous study 

has reported that intake of fish oil exerts anti-inflammatory activity 

in vitro in a dose-dependent manner (264).  

The studies described in this thesis focus on an analysis of how a 

currently available nutraceutical product, Aquamin may be 

beneficial towards metabolic health through potentially altering 

the innate inflammatory response. 
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Figure 1.9. Nutraceuticals as beneficial agents across several disease 

areas.  

A list of diseases associated with beneficial outcomes during nutraceutical 

use, providing support for nutraceutical supplementation along with 

conventional therapy in these disease areas. Adapted from 

“Nutraceuticals and antioxidants in prevention of diseases” by Jain N, 

Ramawat K. Nat Prod. 2013:2560-80.(265) 
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1.12 Benefits of Aquamin consumption 

and current evidence 

 
Aquamin is a marine multi-mineral nutraceutical derived 

from the Lithothamnion plant which is rich in magnesium but 

having calcium as its predominant component (Table 1.1). It is plant 

based and has a vegetative cell structure in contrast with calcium 

carbonate which is extracted from limestone or rock. Previous 

research that was carried out in mice had demonstrated that a 

single dose of Aquamin did not cause any side effects in mice and 

no pathological lesions in organs such as liver and kidneys were 

detected. Similarly, no detrimental effect on eyes and skin was 

observed and no mortality occurred. In addition, no hypertrophy 

was observed in any of the organs upon treatment with Aquamin 

(266). 

Aquamin has demonstrated notable bone health benefits 

exerting a protective role against osteoarthritis and osteoporosis 

(267). In vitro studies using pre-osteoblastic cells, demonstrated 

that treatment of cells with Aquamin led to increased 

mineralization. This evidence provided further support to the 

beneficiary properties of Aquamin in bone health (268). The 

osteogenic effect of Aquamin was further empowered by a study 

that was conducted in a rat model of osteoporosis. In comparison 

to calcium, the corresponding study demonstrated that Aquamin 

was more effective against bone loss (269). 

Recent evidence has demonstrated that Aquamin might 

exert a protective role against fatty liver disease. In research 
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conducted by Harber et. Al, immunohistochemical analysis of liver 

tissue revealed that incorporation of Aquamin into high-fat 

Western diet is beneficiary against the development of 

nonalcoholic steatohepatitis (270). 

Previous studies that were performed in IL-10-/- mice of 

C57BL/J background that received Aquamin, have shown that it 

provides protective against colitis in that mouse strain. More 

specifically Aquamin reduced the expression of the pro-

inflammatory cytokine IL-1β in colon samples (271).  

There is no existing evidence to corroborate whether 

Aquamin’s therapeutic effects are based on a certain element or on 

a synergy among elements. Research has shown that Ca which is 

the main component of Aquamin, apart from preventing bone loss 

, it can also cause a modest decrease to the incidence of colon 

cancer (272-274).  Similarly to calcium supplementation, a recent 

study published by Aslam, et al. conducted in human subjects, 

concluded that daily intake of Aquamin is also beneficiary for 

colonic health and thus exerts a protective role against colon cancer 

(275).  

A previous study has examined the effects of Aquamin on 

IBS by assessing potential changes in short chain fatty acid 

production. The authors suggest that Aquamin may exert a 

beneficiary role in the microbial function of the gastrointestinal 

tract (276). 

Experiments conducted on RAW 264.7 macrophage cells to 

investigate if there is a link between Aquamin and the transcription 

factor NF-kB. The results demonstrated that Aquamin reduces the 

phosphorylation of IkBa which is an upstream blocker of NF-kB, 

thus suppressing the LPS-driven activation of NF-kB. This indicated  

Aquamin potentially having an anti-inflammatory effect (277). 

Additional evidence supporting the anti-inflammatory activity of 

Aquamin in vitro has been provided by a study that was carried out 
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in glial primary rat cells where Aquamin supplementation 

significantly blocked the LPS-induced release of TNF-α and IL-1β 

(278). 

Within the framework of these criteria concerning the drug 

discovery process, this thesis aims to outline the potential 

protective role that Aquamin might yield against cardiovascular and 

metabolic disease as well as assessing its mechanism of action. 

 

Table 1. Mineral composition of the soluble form of aquamin   
(Available from: http://aquamin.com/). 
 

 

*Aquamin is a natural ingredient and the trace minerals that bind to 
Aquamin may vary over time. 

 
 
 
 
 
 
 

http://aquamin.com/
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1.13 Hypothesis and Aims  

Research in the past number of years provides evidence that 

Aquamin can act to restrict inflammation, however many of these 

studies have been observational to date using Aquamin as a 

supplement.  The main objective of this thesis work is to investigate 

the immunomodulatory effects of Aquamin in macrophage cellular 

responses and whether Aquamin supplementation can improve 

outcomes in the context of the metabolic syndrome. Altogether 

exploring the possibility for Aquamin as a nutraceutical to be used 

as a stand-alone agent or combined with existing therapeutic 

medicines.  

 
Specific aims: 

1. To characterize the immunomodulatory effects of Aquamin 

in both human and murine macrophage cells. 

 

2. To evaluate the global immune mediated macrophage 

response using Aquamin compared to statin treatment 

utilising a non-targeted RNA sequencing approach.  

 

 

3. To investigate whether Aquamin supplementation alters 

the development of metabolic disease in a relevant animal 

model of obesity driven type II diabetes. 
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2. MATERIALS 
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2.1 Equipment   

Table 2.1. Equipment 
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2.2 Consumables 

Table 2.2: Consumables 

 

 
 

 

 

2.3 Material and Methods 

 

2.3.1 Cell culture general  
 

Cell culture was carried out under the following conditions 

temperature at 370C, humidity at 95% and 5% CO2. All primary cells 

and cell lines were cultured in Dulbecco’s modified eagle’s medium 

(DMEM) (Sigma-Aldrich, St. Louis, MO, US) cell culture media 



49 
 

except for PBMCs which were cultured in Roswell Park Memorial 

Institute (RPMI) 1640 (Sigma-Aldrich, St. Louis, MO, US) media. All 

culture media was supplemented with 10% Fetal bovine Serum 

(FBS), 2 mM L-Glutamine, 100U/ml penicillin and 100 μg/ml 

streptomycin (all purchased from Sigma).  

 

2.3.2 Cell counting  
 

Cell numbers and viability was determined by performing cell 

counts following trypan blue staining.  Briefly 1 part of 0.4% trypan 

blue (Thermo Fisher Scientific, Waltham, MA, US) and 1 part cell 

suspension (dilution of cells 1 in 2) were mixed. The mixture was 

incubated for ∼3 min at room temperature (RT). Cells were counted 

within 3 to 5 min of mixing with trypan blue by adding 10 μl to both 

chambers of a hemocytometer mounted with a glass coverslip and 

viewed under a light microscope with a 10X objective. Cells stained 

with trypan blue were excluded during counting. Unstained viable 

cell counts were obtained from 4 areas containing 16 squares 

marked by gridlines on the hemocytometer and averaged. The 

number of viable cells per ml was determined from the average 

number of cells counted multiplied by the trypan blue dilution 

factor and expressed as cell count ^104.  

 

2.3.3 Peripheral blood mononuclear cell 

(PBMC) isolation 
 

Buffy coats processed from blood donor donations and not suitable 

for therapeutic purposes were obtained for research purposes 

under an indemnity agreement between Trinity College Dublin 

(TCD) and the Irish Blood Transfusion Service (IBTS) at St. James’s 

Hospital in Dublin 8. Buffy coats were diluted 1:1 with sterile PBS. 
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Histopaque 1077 Hybrimax (Sigma-Aldrich) density gradient was 

placed in 15 ml conical tubes and overlayed gently without mixing 

with 2 volumes of diluted buffy coat, centrifuged at 1650 rpm for 

25 min at RT with the brake off. The plasma top layer was discarded 

and the clear interphase buffy coat layer was transferred to 50 ml 

tube using a sterile pasture pipette.  Media was added to 30 ml as 

a wash step, aliquots taken for cell counting and calculations of cell 

number for re-suspension volumes before spinning at 2000 rpm, at 

RT for 8 min with brake on.  This wash step was repeated followed 

by cell pellet re-suspension in desired volume of fresh RPMI media 

supplemented with 10% FBS, 2 mM L-Glutamine, 100U/ml penicillin 

and 100 μg/ml streptomycin for plating.  

 

2.3.4 Culturing M, M1 and M2 macrophages 

from human PBMC 

 

PBMCs (as described in PBMC isolation method above) were 

cultured for 6 days in RPMI media supplemented with 10% FBS, 2 

mM L-Glutamine, 100U/ml penicillin, 100 μg/ml streptomycin and 

20 ng/ml of recombinant human macrophage colony-stimulating 

factor (rhM-CSF). On day 2 fresh RPMI supplemented media was 

added to adherent cells to facilitate growth and survival of 

macrophage M cells. On days 6 M cells were stimulated with 

either 20 ng/ml Interferon gamma (IFN-y) and 10 ng/ml 

lipopolysaccharides (LPS ) to produce M1 skewed macrophages or 

stimulated with 20 ng/ml interleukin (IL)-4 to produce a M2 skewed 

macrophage phenotype. 
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2.3.5 Culturing Murine Immortalized Bone 

Marrow Derived Macrophage (iBMDM) 

cell line  
 

iBMDMs were kindly gifted from Prof Doyle’s lab at TCD. The 

iBMDM previously described (279), were generated from wild type 

C57BL/6 primary bone marrow cells transfected with J2 

recombinant retrovirus carrying ν-myc and ν-raf/mil oncogenes. 

Macrophage phenotype was based on surface expression of 

cluster of differentiation (CD)11b and F4/80 markers as well as a 

range of functional parameters, including responsiveness to Toll-

like receptor (TLR) ligands and bacterial uptake. The murine iBMDM 

cell line was stored cryopreserved in liquid nitrogen, at a 

concentration of 3 x 106 cells/ml in freezing medium (FBS 

supplemented with 10% DMSO) in plastic cryovials.  iBMDM were 

cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 

100 U/ml penicillin and 100 μg/ml streptomycin. iBMDMs were 

grown in 75 cm2 flasks and passaged every 3-4 days by 

trypsinisation. For use in in vitro assays IBMDMs were seeded at a 

cell density of 2×106 cells /ml one day prior to treatment and left to 

adhere overnight. 

 

2.3.6 Culturing Metabolically activated 

macrophages (MMes)  
 

MMe iBMDMs were generated by incubating iBMDM in DMEM 

supplemented media as described above with the addition of 

palmitate (40 μM), insulin (20 nM) and glucose (30 mM) (all 

purchased from Sigma-Aldrich) overnight.  

 



52 
 

2.3.7 Isolation and culturing primary murine 

bone marrow derived macrophages 

(BMDM)  
 

Hind legs were dissected from adult C57BL/6 mice. Removal of 

epiphyses of each femur and tibia was performed, so that the bone 

marrow could be accessed from the ends with a 23 Gauge needle. 

Bone marrow from the tibiae and femurs were flushed into a 50 ml 

conical tube with 2-3 ml of DMEM using a 23 Gauge needle. The cell 

suspension was passed through a 70 μm pore size cell strainer. 

Bone marrow flushing’s from 3 individual mice were combined and 

then centrifuged at 200 g for 5 minutes. Cell pellets were re 

suspended in 10 ml of DMEM supplemented with 10% FBS, 2 mM 

L-Glutamine, 100U/ml penicillin, 100 μg/ml streptomycin and 20 

ng/ml recombinant mouse macrophage colony-stimulating factor 

(rmM-CSF), transferred to T-75 flask and incubated for 72 h in a 

humidified 5% CO2 cell culture incubator at 37OC. After 72 h 5ml of 

DMEM media supplemented as above was added and cells 

incubated for a further 72 h as above. On day 6 each T-75 flask were 

viewed under a light microscope for cell confluence and 

morphology. Once cells reached 70 % confluence in T-75 flasks they 

were harvested and replated for used in experiments.   

 

2.3.8 Isolation and culturing primary murine 

bone marrow derived dentritic cells 

(BMDCs)  
 

Methods as described above for murine BMDM with the exception 

of DMEM supplementation with 10% FBS, 2 mM L-Glutamine, 

100U/ml penicillin, 100 μg/ml streptomycin and 20 ng/ml rmGM-

CSF.  
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2.3.9 Trypsinization of cells 
 

Extraction of adherent cells from culture flasks or plates for 

harvesting or replating was carried out by firstly removing culture 

media, washing by the addition of sterile PBS, gently swirling and 

aspirating. This was followed by the adding 2 ml of sterile 1x trypsin 

EDTA solution (purchased from Sigma-Aldrich), incubating for 5min 

in a humidified 5% CO2 cell culture incubator at 37OC. Cell culture 

media (e.g 10 mL for T-75 flask) was added and cells dislodged using 

a cell scraper, and transferred to 15 ml or 50 ml conical tube or 

Eppendorfs depending on downstream application.   

 

2.3.10  Cell Stimulation  
Cell culture experiments were carried out by plating cells at the 

following density prior to treatments, 50 X 10^4 cells/ml. Aquamin 

(Marigot LTD) treatment concentrations (0.125- 2 mg/ml) were 

prepared fresh prior to use in culture media. A 10 mM simvastatin 

(5 mg/1.09 ml) stock solution in H₂O was diluted in culture media 

to give the following treatment concentrations 12.5 μM, 25 μM and 

50 μM. Toll like receptor (TLR) agonists were reconstituted 

according to manufactures instructions as follows. TLR3 agonist, 

Poly(I:C) HMW (InvivoGen) provided lyophilized, reconstituted to 1 

mg/ml in physiological water (NaCl 0.9%), heated for 10 minutes at 

65 - 70°C, aliquoted and store at -20°C. CpG ODN 1826 a synthetic 

unmethylated CpG dinucleotides (InvivoGen ) specific for mouse 

Toll-like receptor 9 (TLR9) and Pam3CSK4 (Pam3CysSerLys4) 

(InvivoGen) a synthetic triacylated lipopeptide (LP) and TLR2/TLR1 

ligand  both provided lyophilized, reconstituted to 2 mg/ml in 

physiological water (NaCl 0.9%), aliquoted and store at -20°C. 

Lipopolysaccharides from Escherichia coli O55:B5 (Sigma Aldrich, 

L6529), γ-irradiated, suitable for cell culture and a TLR4 agonist 

provided lyophilized, reconstituted to 1mg/ml in physiological 
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water (NaCl 0.9%), aliquoted and store at -20°C. Working 

concentration for all TLR agonists were prepared prior to use in cell 

culture media and added to cell cultures for times as indicated in 

results chapter.  

 

2.3.11  Resazurin assay for Cell viability  
Cytotoxic or anti-proliferative capacity of Aquamin was tested using 

Resazurin assay, which measures cell viability by 

oxidation/reduction reaction in living cells. The blue resazurin 

reagent (purchased from Thermo Fisher Scientific) is added to cell 

culture media and is reduced by metabolically active cells to pink 

resorufin with a spectrophotometer absorbance reading at 560nm. 

Measuring the level of pink resorufin absorbance at 56Onm in cell 

culture media is therefore a measure of cell viability.  Cells 100 μl 

were plated at 100,000 cells/well in 96-well plate and treated with 

various concentrations of Aquamin (0.1-2mg/ml dissolved in 

culture media) and incubated for a number of h (4 -24hr). At the 

end of incubation period 20 μl of resazurin solution was added to 

each well and incubation continued in standard culture conditions 

for further 4 h at 37oC. The absorbance was recorded at 560nm 

excitation / 590nm emission filter set. Aquamin treated cell viability 

results are presented relative to control untreated cells, untreated 

cells taken as having 100% viability for each assay performed.   

 

 

 

2.3.12 Protein cell extraction for western blot 
 

Firstly, cell culture media was removed followed by a washing step 

by the addition of sterile ice-cold PBS by gently swirling and 

aspirating. Cell lysis using RIPA buffer (Trizma Base 50 mM; NaCl 
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150 mM; EDTA 2 mM, NP-40 0.5% S) supplemented with 1× 

protease/phospphatase inhibitor cocktail on day of use was added 

to wells in a culture plate (approx. 100 μL/well for a 12 well plate), 

cells dislodged using a cell scraper and transfered to a 1.5 mL 

sampling tube and incubated on ice for 15 min. Two freeze thaw 

cycles of each sample was then carried out at -200C to promote 

complete cell lysis. Sampes were centrifuged for 10 min at 10,000 × 

g and supernatants transfered to a clean 1.5 mL sampling tube and 

stored at -200C for protein quantification and downstream western 

blot analysis.  

 

2.3.13  The Bicinchoninic acid (BCA) assay for 

protein quantification 
 

The Pierce BCA (purchased from Thermo Fisher Scientific) protein 

assay was used to measure the total protein in a sample. The basic 

principle of this method is that proteins in the sample can reduce 

Cu+2 to Cu+1 in an alkaline solution (the biuret reaction) resulting 

in a purple color formation in the presence bicinchoninic acid (BCA) 

whose absorbance can be detected by a spectrophotometer at 

562nm. To quantify sample protein concentrations using this 

method a Pierce BCA (Thermo fisher) assay kit was used. Standards 

were prepared in sample lysis buffer in the following range (2000, 

1500, 1000, 750, 500, 250, 125, 25, 0 μg/ml) by dilution of 3 mg/ml 

BSA stock (Sigma Aldrich, A2153).  Samples were diluted in sample 

lysis buffer as follows 1:10, 1:50, 1:100 or left neat. 25 μl of 

standards and samples were added in duplicate to a 96 well plate 

with 25 μl of sample lysis buffer added as a blank. 50 parts of BCA 

reagent A was mixed with 1 part of BCA Reagent B (50:1). 200 μl of 

this reagent mix was added to each well containing samples and 

standards.  The plate was then incubated for approximately 30 

minutes at 37oC followed by absorbance readings measured on a 
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spectrophotometer at 562nm. A standard curve was prepared 

using absorbance values obtained for standards and used to 

extrapolate concentrations for unknown samples on the plate. 

Concentrations of unknown samples were multiplied by dilution 

factor where applicable.  

  

2.3.14  RNA cell extraction  
 

Cell culture and adipose tissue RNA sample extraction was carried 

out on ice using Bioline RNA extraction kit (London, UK). For 

RNAlater preserved adipose tissue the samples were placed in 

eppendorf tubes containing 1.5 mm Zirconium beads (Benchmark 

Scientific, Inc.). 600 μl of Bioline’s RNA lysis RLT buffer containing ß- 

mercaptoethanol (ME) was added and homogenized using BeadBug 

homogenizer (Benchmark Scientific, Inc.) by mechanical shear. For 

cell culture, samples were trypsinized according to the protocol 

described above and transferred to 2ml Eppendorf tube.  Cell 

pellets were obtained by centrifugation (5 min at 300 x g), 

supernatant removal followed by addition of 350 μl of  RLT lysis 

buffer containing ß-ME and vortexed vigorously. Both tissue and 

cell lysates were first filtered using the bioline ISOLATE filter column 

before addition of 70% ethanol to the flow through to adjust RNA 

binding conditions in the sample. ISOLATE II RNA Mini Column 

(blue) was placed on a collection tube (2 mL) before loading  

ethanol adjusted lysates onto the column and centrifuged for 30sec 

at 11,000g. Membrane Desalting Buffer (MEM) were added to the 

column and it was centrifuged to dryness, before removing any 

contamination with genomic DNA by adding DNase 1 treatment 

step for 15min to the silica membrane. Inactivation of DNase 1 and 

membrane washing was carried out 3 times with the bioline kit 

wash buffer supplied with a 2 min, @ 11,000g centrifiguation step 
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between each wash cycle. Final step of RNA elution from mini 

columns was carried out using 60 μl RNase-free water and 

centrifugation @ 11,000 g for 1 min. RNA extracted sample were 

stored at −80°C until RNA quantification and gene expression 

analysis. 

 

2.3.15  Nanodrop RNA quantification 
 

The NanoDrop software, "ND1000" was opened and "Nucleic 

Acids" selected. The instrument was initialized followed by the 

upper and lower pedestal surfaces cleaning by wiping using a Kim 

Wipe. 2 µL of NanoPure water was placed on the lower pedestal 

followed by lowering of the sampling arm and pressing OK. When 

complete, the upper and lower pedestals were again cleaned with 

a Kim Wipe. The instrument was next calibrated by placing 2 µL of 

sample elution buffer on the pedestal and «Blank" clicked. When 

complete, the upper and lower pedestals were again cleaned with 

a Kim Wipe. The sample measurements were carried out by adding 

2 µL of sample on the pedestal and “Measure” clicked and recorded 

in lab notebook. In between sample measurements a kim wipe was 

used to clean the upper and lower pedestals. Ratio of sample 

absorbance at 260 and 280nm was also noted and used to assess 

sample purity with a ratio of ~2.0 accepted as pure for RNA.  

2.3.16  DNase 1 treatment and cDNA synthesis 
Initially each RNA sample underwent a DNase 1 (Invitrogen) 

treatment step, to digest single- and double-stranded DNA.  The 

DNase treatment reaction was set as follow: 1 µg RNA sample, 1 µl 

of a 10X DNase I Reaction Buffer, 1 µl DNase I Amp Grade and 

molecular grade water to 10 µl mixed and incubated for 15 min @ 

RT. Inactivation of DNase I was by the addition of 1 µl 25 mM EDTA 

solution to the reaction mixture and heating for 10 min @ 65°C. The 
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RNA sample was then ready to use in reverse transcription reaction 

for cDNA synthesis.  RevertAid Reverse Transcriptase 

(Thermofisher, EP0442) kit was used to synthesise cDNA. To each 

11 μl RNA DNase 1 treated sample described above 1 μl of random 

hexamer primers (Thermo Fisher Scientific, SO142) was added and 

incubated @65°C for 5 min on a thermocycler. To this, 4 µL 5X 

Reaction Buffer from RevertAid Reverse Transcriptase kit, 0.5 µL (20 

U) RiboLock RNase Inhibitor (Thermo Fisher Scientific), 0.2 µL of 

100mM dNTP Mix (Thermo Fisher Scientific, R0191) and 1 µL (200 

U) RevertAid Reverse Transcriptase was added to give a total 

reaction volume of 20 µL. Samples were gently mixed, centrifuge 

briefly, placed on thermocycler and incubated for 10 min at 25°C 

followed by 60 min at 42°C. The reaction was then terminated by 

heating at 70°C for 10 min.  

 

2.3.17  Semi quantitative RT-PCR 

mRNA expression of genes was analysed by semi-quantitative RT- 

PCR using target specific primers (Table 2.3) and SYBR green GoTaq 

DNA polymerase (Promega, A6002) on Mx3000P QPCR System 

(Agilent Technology). Lyophilized primers were initially 

reconstituted in molecular grade PCR water to give 100 μM master 

stocks and 10 μM working primer stocks prepared by diluting 

master stock 1:10 in molecular grade water for RT-PCR reactions.  

The RT-PCR sample mix reaction consisted of the following 10 μl of 

2X SYBR green mix, 50 ng cDNA template, 500 nM of each primer 

forward and reverse and volume adjusted to 20 μl with molecular 

grade water. For each primer set a non-template control sample 

was included and samples performed in triplicate.  Samples were 

run on Mx3000P QPCR System using the following program settings 

1 cycle @ (95 OC, 2 min), 40 cycles @ (95 OC for 15 sec, 62 OC for 1 

min, 72 OC for 15 sec) with final hold step at 4 OC.  Gene expression 
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was quantified using the comparative Ct method [2^(-ΔΔCt]. In 

order to optimize each primer, the validity of the primer sequences 

was verified by nucleotide search (Primer-BLAST; NCBI), while the 

specificity and size of the amplicons were checked using a 

dissociation curve added to the end of the PCR run. Reference 

housekeeping genes such as GAPDH, were used for normalization 

of the gene of interest, with relative fold expression calculated 

using the 2 ^(-∆∆Ct) algorithm.  

 

 

 

 

 

 

 

 

 

 

 

Table 2.3: List of primers for RT-PCR 



60 
 

 

 

2.3.18  Cholesterol Crystal preparation 
Cholesterol (Sigma Aldrich, C886) was dissolved in 95% ethanol 

water solution (12.5g/L) and heated to 60 0C to fully dissolve.  

Cholesterol solution was filtered, transferred into round glass 

bottom flask and allowed to crystallize overnight. Next day crystals 

were placed under vacuum to evaporate liquid. Crystals were 

removed and ground using pestle and mortal, autoclaved, 

aliquoted and stored at 4oC. When ready to use cell culture media 

was added to the powder crystals and sonication applied for 60 sec 

to break into fine crystal particles. Concentrations of cholesterol 

crystals used in cell treatment experiments were 1 or 2mg/ml.  
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2.3.19 SDS-PAGE and western blotting 
 

2.3.19.1 Tris-Glycine SDS-PAGE 
 

Prior to tris-glycine SDS-PAGE 20 μl protein samples were prepared. 

The protein concentration was adjust to contain 20 μg in total with 

water and 4× sample loading buffer (62.5 mM Tris HCl pH6.8, 2.5% 

SDS, 10% glycerol, 0.002%  bromophenol blue and 5% β-

merceptoethanol), mixed and boiled for 10 min. 12% Tris-Glycine 

SDS-PAGE gel composition was as follows (Resolving gel 12%  : 

[3.3ml H20, 4ml of 30% acrylamide mix, 2.5 ml of 1.5M Tris (pH 8.8), 

0.1ml of 10% SDS, 0.1ml of 10 % ammonium persulfate (APS) make 

fresh on day of use and 4 μl of TEMED].  Stacking gel 5%: [2.7 ml 

H20, 0.67 ml 30% acrylamide mix, 0.5 ml 1.0 M Tris-HCL (pH 6.8), 

0.04 ml 10% SDS, 0.04 ml of 10 % APS made fresh on day of use, 4 

μl TEMED]). Samples 20 μg total protein and a molecular weight 

standard (Fisher BioReag, EZ-Run™ Prestained Protein Ladder, 10-

170kDa) was loaded into the gel wells. Electrophoresis was carried 

out at 100 volts (V) for 70-90 minutes with 1x SDS PAGE running 

buffer (0.025 M Tris, 0.192 M glycine, 0.10% SDS). 

 

2.3.19.2 Semi-dry gel transfer of proteins onto 

PVDF membrane 
 

The proteins resolved on tris -glycine gels were transferred onto a 

polyvinylidene fluoride (PVDF) membrane. A wet transfer sandwich 

was prepared in the following order: sponge, filter paper, gel, PVDF 

membrane, filter paper, sponge. PVDF membrane was first 

activated by submersion in 100% methanol for 5min, distilled water 

for 5min and transfer buffer (25 mM Tris, 192 mM glycine, 10% 

methanol) for 15 min. All other components of the transfer 
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sandwich were submerged in transfer buffer for 15min followed by 

assembly as stated above and ensuring removal of any air bubbles 

in the gel sandwich by gently rolling over the surface with 15 ml 

conical tube to minimize disruption of protein migration from gel to 

membrane. The transfer sandwich was placed into the dry transfer 

system with the gel on the cathode (negative) side and the 

membrane on the anode (positive) side and transfer set at 200 

milliamperes (mA) per gel for 90-120 minutes depending on the size 

of the protein.  

 

2.3.19.3 Immunodetection of proteins 
 

Following the transfer, the PVDF membrane was incubated in 

blocking buffer, (5% milk in 1 x Tris buffered saline (TBS)), under 

agitation for 1 h at RT. The membrane was incubated in primary 

antibody diluted in blocking buffer with agitation, overnight at 4°C. 

The following primary anti mouse antibodies and dilutions were 

used: (iNOS rabbit mAb (1:1,000) (Cat #13120, Cell Signaling, 

Danvers, MA, USA), IκBα Rabbit mAb (1:1,000) (Cat #4812, Cell 

Signaling), phospho-NF-κB p65 (Ser536) Rabbit mAb (1:1,000) (Cat 

#3033, Cell Signaling), NF-κB p65 (Ser536) Rabbit mAb (1:1,000) (Ca 

#8242, Cell Signaling), Phospho-IRF-3 (Ser396) Rabbit 

mAb (1:1,000) (Ca #4947, Cell Signaling), IRF-3 Rabbit 

mAb (1:1,000) (Ca #4302, Cell Signaling), Phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) mAb (1:2,000) (Ca #4370, Cell Signaling), 

p44/42 MAPK (Erk1/2) Antibody (1:1,000) (Ca #9102, Cell 

Signaling), Anti-beta -Actin Antibody (C4) (Ca #sc-47778 HRP, Santa 

Cruz Biotechnology, Santa Cruz, CA, US). The membrane was 

washed 3 times for 5 minutes then twice for 15 min each with 1x 

TBS with 0.1% Tween® 20 detergent (TBS-T) prior to incubation with 

secondary antibody (Anti-rabbit IgG, HRP-linked Antibody (1:1000) 

(Ca#7074, Cell Signaling) for 2 h at RT. The membrane was washed 
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as above with 1X TBS-T. Immunoreactive bands and using enhanced 

chemiluminescence (ECL) detection reagent (30% hydrogen 

peroxide, 250 mM Luminol (Fluka 09253) in DMSO, 90mM 4-

Iodophenylboronic acid (Sigma 471933) in DMSO and 100 mM Tris-

HCl). Membranes were incubated with ECL soln for 1-2 min, 

drained, exposed for 1-5 min depending on antibody and image 

capture on a Fusion FX imaging system (Vilber Lourmat). 

Densitometry quantification of immune detected bands was 

carried out using Bio1D software.  For re-probing and subsequent 

immunodetection with other antibodies the membranes were 

stripped by placing in stripping buffer (62.5 mM Tris-HCl, 2% SDS 

and 0.8% β-ME) for 45 min at 50 0C followed by membrane washing 

with TBS- T twice for 30 min . For each protein of interest a loading 

control antibody such as β-actin was detected, to normalize the 

protein of interest.  

 

2.3.20  Flow cytometry 
 

For staining of cells with fluorochrome-conjugated antibodies 

against extracellular markers, cells were harvested washed and 

resuspended in FACS buffer (PBS with 5% FBS). Cells were first 

stained with Live Dead Fixable Aqua Dead Cell stain (LD) 

((Ca#L34957, Invitrogen, Waltham, MA, US), a viability dye which 

binds to dead cells by incubating on ice in the dark for 30 minutes. 

This LD step allows the distinction of live cells from dead cells to 

allow for accurate analysis. Cells were then washed in PBS and 

centrifuged at 300 g for 5 minutes. The supernatant was discarded, 

and cells were incubated in FACS buffer containing fluorochrome-

conjugated antibodies for 30 minutes on ice protected from light. 

The following fluorochrome-coupled antibodies were applied; APC 

rat anti mouse CD80 (Ca #17-0801-82), PE rat anti mouse CD86 (Ca 
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#12-0862-82), PE-Cy7 armenian hamster anti mouse-CD11c (Ca 

#25-0114-82), PerCP/Cyanine5.5 rat anti-mouse CD301 (Ca #MA1-

40071) (all from eBioscience, San Diego, CA).  Following 

extracellular staining, cells were washed centrifuged at 300 g and 

resuspended in FACS buffer for acquisition on the flow cytometer 

LSR Fortessa instrument (BD Biosciences). All flow cytometry data 

analysis was performed using FlowJo v10 software (TreeStar).  

Example of gating strategy is illustrated in Figure 2.3.1. 
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Figure 2.3.1. Representative sequential gating strategy of 

murine iBMDM cells analysed on a BD LSR Fortessa™ flow cytometer.  

iBMDM cells are stained with AmCyan LIVE/DEAD® Fixable Aqua Dead cell 

stain, APC rat anti-mouse CD80, PE rat anti- mouse CD86 and analysed on 

a BD LSR Fortessa™ flow cytometer. (a) Dot plot showing percentage 

(74.7%) of cells gated using forward scatter area (FSC-A) versus side 

scatter area (SSC-A). (b) Of cells gated in (a) doublets are excluded based 

on forward scatter height (FSC-H) versus forward scatter area (FSC-A) with 

dot plot gating showing percentage single cells (89.9%). (c) Of single cells 

gated in (b) cells stained with LIVE/DEAD® stain are shown on histogram 

plot with percentage live cells gated to the left (87.7%) and percentage 

dead cells gated on the right (12.3%). (d) Of the live cells gated in (c) dot 

plot showing percentage of iBMDM cells positive for CD80 versus CD86.  
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2.3.21  Enzyme-linked immunosorbent assay 

(ELISA) 
 

The concentrations of cytokines present in cell culture supernatants 

was quantified by Enzyme-Linked Immunosorbent Assay (ELISA) 

uncoated ELISA kits (R & D Systems, Minneapolis, MN, US) for TNF-

α (Ca #DY210), IL-6 (Ca #DY206), IL-1β (Ca #DY201). Corning® High 

Binding ELISA plates (Merck, Ca #CLS9018) were coated overnight 

at 4o C with 100 µl/well of capture antibody diluted in kit coating 

buffer (Table 2.4). Next day capture antibody was removed washed 

four times with 300 µl of PBS-tween solution (PBS, 0.05% Tween-

20), dried and non-specific binding sites blocked with 1x assay 

diluent (1% BSA in PBS) for 1 h at RT. After blocking, plates were 

washed four times in PBS-tween solution and dried. Sample were 

diluted with 1x assay diluent as follows 1:10, 1:50, 1:100 or left neat 

and 100 µl of samples added in triplicate to wells. A standard curve 

of serially diluted standard provided with each kit was also loaded 

onto the plates in triplicate according to each ELISA kit instructions. 

Blank wells, containing assay diluent only, were included on each 

plate to allow the subtraction of any buffer background signal for 

each sample. Samples and standards were incubated overnight at 

4°C or 2 h at RT. Following incubation times, the plate was again 

washed four times, as above with PBS-tween solution. 100 µl of 

biotinylated detection antibody diluted in 1x assay diluent (Table 

2.4) was added to each well and incubated for 2 h at RT. Plates were 

again washed four times and 100 µl of horseradish-peroxidase 

(HRP) conjugated streptavidin diluted in 1x assay diluent was added 

to wells and incubated for 30 minutes in the dark. Wells were 

thoroughly washed and 100 µl of substrate, tetramethylbenzidine 

(TMB) solution, was added as required according to kit instructions. 

The enzyme mediated colour reaction was protected from light 
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while developing and stopped after a 15min incubation with the 

addition of 2N H2SO4. This was immediately followed by plate 

absorbance readings measured on a spectrophotometer at 450nm. 

A standard curve was prepared using absorbance values obtained 

for standards and used to extrapolate concentrations for unknown 

samples on the plate. Concentrations of unknown samples were 

multiplied by dilution factor where applicable. The ELISA for the 

corresponding mouse ELISA kits (TNF-α, Ca# 88-7324-88), (IL-6, 

(Ca# 88-7064-88), (IL-1β, (Ca# 88-7013-88) (all purchased from 

Invitrogen) the samples were analyzed as per manufacturer’s 

instructions.  

 

 

 

 

 

 

Table 2.4. List of cytokines analyzed by ELISA for human samples 
 

 

 

2.3.22  RNA Sequencing: Library Construction, 

Sequencing workflow and Quality Control  
 

Next generation RNA Sequencing of samples submitted to 

Novogene (UK) at their Cambridge Science Park center, was 
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performed following the workflow summarized in figure 2.3.2. 

Initial sample quality control (QC) was performed on a Qubit® 2.0 

fluorometer (Life Technologies, CA, USA) for RNA quality and 

integrity. PolyA-tailed messenger RNA were enriched to remove 

ribosomal RNA. An Agilent Bioanalyzer 2100 (Agilent Technologies, 

Inc., USA) was used to ensure the size of the library fragments and 

the library quality after a Covaris ultra-sonication 

(Covaris, Woburn, MA, USA).  Sequencing was then performed 

using a PE150 (2x150bp) sequencing strategy on 

Illumina’s NovaSeq 6000 platform, with 12.0Gb of data (40M PE150 

reads) per sample and a Q30 guarantee of >=85%.  The sequenced 

raw reads containing low quality reads or reads with adapters, were 

removed. The raw read filtering was as follows: 1) Removal of reads 

containing adapters; 2) Removal of reads containing N > 10% (N 

represents base that could not be determined); 3) Removal of low-

quality reads: The Qscore (Quality value) of over 50% bases of the 

read is <= 5. Figure 2.3.3 shows a representative sample from the 

sequenced data set and the percentage of reads filtered before 

mapping.  

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

 

 
 
 
Figure 2.3.2. Schematic representation of next generation RNA 

sequencing analysis conducted by Novogene (UK). 
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Figure 2.3.3. Representative sample from dataset showing filtering of 

raw sequenced reads prior to mapping.  

Colour key shows over 98% sequenced reads in this sample not filtered 

and passed QC as denoted by purple area in pie chart. Yellow area 

represents % N, the number of bases that could not be determined, 

orange is reads with % low quality in base detection and green area shows 

% reads containing adapters all filtered prior to sample mapping.    
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2.3.23 Mapping of sequenced data and gene 

expression levels 
 

Mapping of the clean filtered reads to the reference transcriptome 

was performed using HISAT2 alignment program. Mapped regions 

can be classified as exons, introns, or intergenic regions. The 

distribution of mapped sequenced reads of a representative sample 

in the data set is shown in figure 2.3.4. Exon-mapped reads are the 

most abundant type of reads in the data set (>93 sequences 

mapped to exon regions in represented sample shown in green Fig. 

2.3.4) across samples indicating the reference transcriptome is well 

annotated and free from pre-mRNA contamination. Gene 

expression levels in each sample was calculated by the number of 

mapped reads per gene. Feature Counts v1.5.0-p3 was used to 

count the read numbers mapped to each gene. The FPKM 

(Fragments Per Kilobase of transcript sequence per Millions base 

pairs sequenced) of each gene was calculated based on the length 

of the gene and reads count mapped to a gene, (Fig. 2.3.5). FPKM is 

the most used method for estimating gene expression levels and 

for normalization of RNA sequencing data. Gene expression is 

generally considered when the FPKM is greater than 1.  
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Figure 2.3.4. Sequenced reads in a sample mapped to genomic regions.  

The pie chart and its colour key represent the % of read mapped to the 

different genomic regions. Exon mapping shown in green, intron mapping 

shown in orange and intergenic mapping in shown in purple. 
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𝐹𝑃𝐾𝑀  ̴ 
𝐹𝑟𝑎𝑔𝑚𝑒𝑛𝑡 𝑐𝑜𝑢𝑛𝑡𝑠

𝐺𝑒𝑛𝑒 𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡𝑠
 

 
Figure 2.3.5. Calculation of FPKM which represents a genes expression 

level.  

FPKM is the normalized gene expression level of each gene in the data set 

and is based on the length of the gene and reads count mapped to each 

gene. 

 
 

2.3.24 Differential gene expression analysis 
 

The DESeq2 R software package was used to perform differential 

expression analysis on two chosen conditions/groups (three 

biological replicates for each condition). DESeq2 provided statistical 

routines for confirming the differential expression in digital gene 

expression data using models based on the negative binomial 

distribution. The method of Benjamini and Hochberg was used to 

adjust the raw generated P value to control the false discovery rate 

and presented as adjusted P value (Padj) in tables of differentially 

expressed genes. Genes found by DESeq2 with an adjusted P value 

of <0.05 were designated as differentially expressed genes (DEG). 

Log 2 (FC) for differentially expressed genes was also calculated and 

shown.  

 
Enrichment analysis using GO and KEGG analysis of differentially 
expressed genes 
 
The cluster Profiler R software package was used to perform gene 

ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) pathway analysis of differentially expressed 

genes. GO with corrected P value that is less than 0.05 are a 

significant enrichment of differentially expressed genes. GO 

annotates genes to biological processes, molecular functions, and 
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cellular components, KEGG annotates genes to pathway level. KEGG 

is a database resource for understanding high-level functions and 

utilities of the biological system, such as the cell, the organism and 

the ecosystem, from molecular-level information, especially large-

scale molecular datasets generated by genome sequencing and 

other high-through put experimental technologies 

(http://www.genome.jp/kegg/). 

 

 

2.3.25 Mice high fat diet study 
 

This study was approved by the Animal Ethics Committee of Trinity 

College Dublin, Ireland and performed under license by Irish Health 

Products Regulatory Authority (project authorization no: 

AE19136/PO77). All applicable institutional and national guidelines 

for the care and use of animals were followed. Two diets were used 

in this study. These included a rodent high-fat Western-style diet 

(HFWD) composed of 60 kcal % fat with added calcium from salts 

@1.49 mg/kcal of diet (Research Diets Inc, New Brunswick, NJ, USA, 

D12492.) designated as control diet. The second comparator diet 

was formulated as the D12492 HFWD above except supplemented 

with calcium from Aquamin @1.49mg/kcal of diet, designated as 

test diet. Both diets contained calcium as well as protein, 

carbohydrate vitamin and mineral levels at equal amounts. Male 

wild type mice on a C57BL/6 background, 8-12 weeks of age were 

fed either the control HFWD or the test HFWD supplemented with 

Aquamin for 10 weeks. Weights of animals as well as food and water 

intake were measure weekly during the feeding period.  

 

2.3.26 Glucose and insulin tolerance test 
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At the end of the study period mice were tested for glucose and 

insulin tolerance one week apart. For glucose tolerance test, mice 

were injected intraperitoneal (IP) with 2 g/kg glucose (Sigma) after 

overnight fasting. For insulin tolerance test, mice were injected IP 

with 1 U/kg insulin (recombinant human, Sigma) after overnight 

fasting. Blood glucose was measured by submandibular bleeding at 

defined time intervals, for both tests using handheld blood glucose 

monitor (On Call Vivid, ACON Laboratories or FreeStyle Lite, Abbot 

Laboratories).  

 

2.3.27 Tissue harvest 
At the end of the study period epidydimal (EAT) and subcutaneous 

(SAT) fat pads were dissected and weighted from each animal in the 

HFWD study.  Adipose and liver tissue were also harvested at the 

end of the study period from each animal and stored at -80o C in 

RNAlater for RNA expression analysis or snap frozen in liquid N2 for 

protein analysis. 

 

2.3.28 Statistical analysis 
 

Data are expressed as the mean ± standard error of the mean 

(S.E.M.) for triplicate samples unless specifically mentioned. Data 

were analysed by an independent Student t-test for the analysis of 

only two datasets or by 1-way or 2-way analysis of variance 

(ANOVA) with Dunnett’s Post hoc testing with correction for 

multiple comparisons used to determine differences between 

specific groups. P values of <0.05 were considered statistically 

significant and denoted by an asterisk in the figures.  Statistical 

analysis was conducted using GraphPad Prism Version 9 (GraphPad 

Software Inc., California, USA) 
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3. AQUAMIN EXERTS ANTI-
INFLAMMATORY 
PROPERTIES BY 
ANTAGONIZING TRIF-
DEPENDENT TLR 
SIGNALING PATHWAY. 
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3.1 Introduction  

Tissue damage or pathogen invasion instantly trigger the 

initiation of a defense mechanism by the innate immune system 

against the corresponding antigens (280). Notwithstanding the 

protective effect of slow-term activation of the innate immune 

system which mediates tissue repair mechanisms, its long-term 

activation is detrimental and can negatively alter organ function as 

well as structure (281). External PAMPS and internal damage-

associated molecular patterns (DAMPS) are identified by a family of 

recognition receptors knows as TLRs (282, 283). Excess TLR 

activation dysregulates tissue homeostasis by releasing pro-

inflammatory cytokines and chemokines. Elevated cytokine and 

chemokine levels characterize a variety of auto-immune diseases 

such as rheumatoid arthritis (284), diabetes (142) and Alzheimer’s 

Disease (285). To that end, antagonizing TLR signaling has been a 

popular therapeutic approach against inflammation (286). 

TLRs possess 20-27 extracellular leucine-rich repeats (LRR) 

which facilitate the recognition of pathogens that function as 

stimulants for the activation of downstream signal transduction 

pathways (286). Until now, ten TLRs in human and 13 TLR members 

in mice has been identified (287, 288). TLRs such as TLR4, TLR2, 

TLR1, TLR5, TLR6 and TLR10 are expressed extracellularly on the cell 

surface (289), whereas TLR3, TLR7, TLR8, TLR9 are intracellularly 

localized (290). All innate immune cells are known to express TLRs 

(291). The interaction of PAMPS such as flagellin, lipoteichoic acid 

(LTA), LPS, peptidoglycan (PGN), double stranded RNA which is 

derived from viruses, as well as DNA motif like CpG, with TLRs 

causes the activation of the receptors and hence activation of the 

innate immune system (292-294). 

 When TLRs bind to ligands, it triggers the recruitment of TLR 

signaling adaptor molecules by the receptors Toll-Interleukin-1 
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receptor (TIR) domain. To this day, five adaptor molecules have 

been identified to modulate signals downstream of TLRs (292). The 

most widely studied TLR adaptor protein is MyD88 that exerts its 

signaling cascade downstream of TLR2,4,5,7,8 and 9 (295). TLR3 is 

the only TLR that is mediated in a MyD88 independent manner 

(296). The downstream signaling of MyD88 leads to degradation of 

IκB allowing nuclear translocation of NFkB to occur and thus 

subsequent expression of its target genes (292). Previous evidence 

has led to a profound understanding of the importance MyD88 

yields in the production of pro-inflammatory cytokines such as TNF-

α and IL-6. In the relevant study, mice lacking MyD88 were not able 

to produce pro-inflammatory cytokines upon exposure to IL-1β, 

pinpointing the importance of MyD88 to generate responses when 

triggered by inflammatory stimulants (297). MyD88 adaptor 

protein is responsible for the early-phase NF-κB activation 

downstream of TLR4 in response to LPS stimulation (298).   

To elucidate the mechanism of MyD88 independent 

signaling, scientists used MyD88 deficient macrophages and 

exposed them to LPS (299). This led to interferon (IFN)-regulatory 

factor 3 (IRF3) activation and subsequent production of type I 

interferons such as IFN-β and a late phase NF-κB  activation (298). 

Establishment of the MyD88 independent pathway of TLR4 

signaling has resulted in the identification of TIRAP which is another 

TIR-domain-containing adaptor (140, 300). An earlier study that 

was conducted on TIRAP deficient mice in response to LPS resulted 

in low production of pro-inflammatory cytokines, however TIRAP 

deficiency did not have any effect in the expression of IFN-inducible 

genes as well as the late phase of NF-κB activation hinting that 

TIRAP is necessary for the MyD88-dependent signaling but not 

MyD88-independent signaling downstream of TLR4 (300, 301). 

Surprisingly, TIRAP deficient mice that were stimulated with TLR2 
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agonist displayed a defective cytokine production similar to the 

results derived from the LPS stimulation. On the other hand, the 

expression of end genes downstream of TLR3, TLR7 and TLR9 was 

still observed after stimulation with the relevant agonists in TIRAP 

deficient mice, revealing that TIRAP is crucial for MyD88-dependent 

signaling downstream of TLR4 and TLR2 (301, 302).  

 The activation of signaling cascades downstream of TLR 

which are independent of MyD88 and TIRAP has led to the 

identification of a third TIR-domain-containing adaptor known as 

TRIF or TICAM1 (296, 303). Previous research that was carried out 

in HEK293 cells, has provided evidence that TRIF signaling leads to 

the induction of IFN-β release in a MyD88- and TIRAP- independent 

manner (304). TRIF signaling is initiated in response to TLR4 and 

TLR3 ligands such as LPS and Poly(I:C) respectively (99) and is 

followed by activation of IRF3 which is MyD88-independent (304). 

In vitro studies have also reported that a fourth TIR-domain-

containing adaptor molecule known as TRAM is involved in the TRIF 

pathway downstream of TLR4 but not downstream of TLR3 (305, 

306), as per previous research that was carried out on TRAM-

deficient mice that demonstrated impaired IRF3 activation 

downstream of the MyD88-independent/TRIF dependent pathway 

of TLR4. Nonetheless, TLR3 pathway was unaffected (155).  

Chronic low grade inflammation is known to be linked with 

dysregulation of TLRs and excessive production of pro-

inflammatory mediators like TNF-α, IL-6 and IL-1β (307, 308). 

Notwithstanding the excessive release of pro-inflammatory 

cytokines during inflammation, inflammatory enzymes also play 

pivotal roles during macrophage activation. Nitric oxide synthase 

(iNOS) is an inflammatory enzyme which generates nitric oxide (NO) 

(309). Previous in vitro research that was performed on glial cells 

provides evidence about the anti-inflammatory effect of Aquamin 

in LPS driven glial cells by demonstrating a significant reduction of 
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LPS-induced TNF-α and IL-1β protein expression downstream of TLR 

in the presence of Aquamin (310). The anti-inflammatory effect of 

Aquamin was further assessed by stimulating RAW macrophage 

cells with LPS upon pretreatment with Aquamin. The cells that were 

treated with Aquamin presented a notable reduction at the levels 

of NF-κB compared to the LPS stimulated controls (278), which 

provides support to the claim that Aquamin exerts an anti-

inflammatory effect. 

To our knowledge, no previous research has investigated 

the exact molecular mechanisms by which Aquamin modulates TLR 

signaling to exert its anti-inflammatory effects. This study chapter 

aims to provide further insight with respect to the mechanism of 

action of Aquamin and characterize specifically the 

immunomodulatory effects of Aquamin in both human and murine 

macrophage cells. The specific objective here  was to support the 

anti-inflammatory effect of Aquamin in LPS-induced innate immune 

cells and predominantly macrophages. The results suggest that 

supplementation with Aquamin might potentially contribute to the 

alleviation of inflammation. 
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3.2 Results  

3.2.1 Aquamin reduces LPS driven pro-inflammatory 

cytokine levels in human peripheral blood 

mononuclear cells 
 
To date it has been shown that supplementation with Aquamin 

provides notable health benefits in protection from ulcerative 

colitis (311) to osteoporosis (269). The immune system plays a 

major role in the pathophysiology of these disease states but how 

Aquamin affects immune cell responses is not clearly elucidated.  

To investigate whether Aquamin has any effect on the secretion of 

pro-inflammatory cytokines, human PBMCs were extracted from 

healthy donors treated with Aquamin (2 mg/ml) and stimulated 

with LPS (100 ng/ml) overnight. Aquamin contains over 72 minerals 

in its composition with calcium being the most abundant, therefore 

calcium concentrations of Aquamin tested were kept within 

physiological levels. Stimulation with LPS induced as expected an 

increase in the concentration of TNF-a (Fig. 3.1A) and IL-1b (Fig. 

3.1B) in the cellular supernatants of PBMCs compared to untreated 

controls. LPS is a well characterized trigger of inflammation in 

innate immune cells through its engagement with TLR4, a pathogen 

recognition receptor whose signaling results in the activation of the 

transcription factor NF-κ B. Aquamin alone treatment of PBMCs did 

not lead to an increase in the concentration of TNF-a (Fig. 3.1A) 

confirming Aquamin preparations were free of contaminating 

endotoxins such as LPS. Aquamin treatment however showed a 

significant reduction in the LPS induced TNF-a (Fig. 3.1A) cytokine 

levels secreted from PBMCs. On the contrary no significant 

alteration was caused by Aquamin in the protein expression of IL-

1β as depicted in Figure 3.1B, even though a reducing pattern could 

be observed. Altogether supporting a role for Aquamin having anti-

inflammatory effects in human PBMCs.  
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Figure 3.1. Aquamin inhibits LPS driven secretion of TNF-a and IL-1β in 

human peripheral blood mononuclear cells.  

PBMCs treated with Aquamin (2mg/ml) and stimulated with LPS (100ng 

or 10ng/ml) overnight.  The protein release levels of (A) TNF-a and (B) IL-

1β in cellular supernatants were determined by ELISA. The bar graph data 

are Mean ± SEM, n=3. ****p<0.0001 vs LPS alone using one way ANOVA 

statistical test. 
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3.2.2 Aquamin reduces LPS driven pro-inflammatory 

responses in human M-CSF derived macrophages. 
 
Macrophages are innate cells of the immune system and contribute 

to important inflammatory responses in a variety of disease states.  

Investigations in human macrophage cells was carried out to 

determine whether similar effects with Aquamin also occur as seen 

in PBMCs above. To investigate the role of Aquamin in 

macrophages, PBMCS were culture for 7 days in the presence of M-

CSF (50ng/ml) to generate macrophages. Viability of macrophages 

treated with Aquamin was initially assessed using the Resazurin 

assay which measures the mitochondrial respiratory chain in live 

cells. The resazurin assay showed that Aquamin at 0.5-2mg/ml 

concentrations did not change the viability of macrophage cells 

following overnight treatment compared to control untreated cells 

(Fig. 3.2A). Analysis of LPS (10 ng/ml) stimulation in M-CSF derived 

human macrophages reveal that treatment with Aquamin at 

2mg/ml dose-dependently reduces TNF-a (Fig. 3.2B) and IL -6 (Fig. 

3.2C) cytokine levels in macrophage cell supernatants. These 

results further support a role for Aquamin having anti-inflammatory 

effects in human innate macrophage cells.  
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Figure 3.2. The anti-inflammatory effect of aquamin in M-CSF 

differentiated human macrophages.   

Human M-CSF derived macrophage cells treated with varying doses of 

Aquamin (0.5, 1 and 2mg/ml) overnight followed by assessment of cell 

viability using the resazurin assay and secretion of inflammatory 

cytokines TNF alpha and IL-6 by ELISA.  (A) Cell viability of Aquamin 

treated human macrophages is normalized to untreated cells. Secretion 

of TNF-a (B)and IL-6 (C) under LPS (10 ng/ml) stimulation in human M-CSF 

differentiated macrophages in the presence and absence of aquamin 

(0.125-2mg/ml). The data are mean ±sem, n=3. ****p<0.0001, **p<0.01 

vs LPS alone using one way ANOVA statistical test. 
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3.2.3 Aquamin reduces LPS driven pro-inflammatory 

responses in murine immortalized bone marrow 

derived macrophages. 
 
To extend these analyses murine macrophages were also assessed 

for inflammatory responses. Immortalized bone marrow derived 

macrophages (iBMDMs) were treated with Aquamin (0.125-

2mg/ml) prior to stimulation with LPS (10ng/ml). As observed in 

human macrophages, Aquamin using a range of doses (0. 0.125-

2mg/ml) did not reduce cell viability with overnight Aquamin 

treatment compared to untreated cells (Fig 3.3A) as showed by 

resazurin assay that was carried out in BMDMs. Similarly to results 

seen above in human macrophages, Aquamin (0.125-2mg/ml) dose 

dependently attenuated LPS-driven TNF-α (Fig. 3.3B, C) and IL-6 

cytokine secretions (Fig. 3.3D, E) at 6 and 24 h post LPS stimulation.  

Cytokine measurements are from cell culture supernatant using 

specific ELISA assays. 

LPS recognition by innate immune cells can also induce expression 

of a cluster of differentiation 80 (CD80) and 86 (CD86) 

costimulatory molecules on the surface of these cells. To determine 

further whether a change in the activation state of Aquamin treated 

iBMDM occurs in conjunction with a change in cytokine secretion 

expression levels of CD80/86 was carried out using FACS analysis. 

As expected LPS increased expression of CD80 (Fig 3.4A) and CD86 

(Fig 3.4B) in iBMDM compared to unstimulated cells. However, no 

change in the expression of either CD80 (Fig 3.4C, E) or CD86 (Fig. 

3.4D, F) was observed by FACS analysis with aquamin (1 and 

2mg/ml) treatment in iBMDMs stimulated with LPS (Fig. 3.4C-F). 

Together these data, demonstrate that Aquamin inhibits LPS/TLR 4 

driven innate immune cytokine release responses without affecting 

activation states in murine BMDM cells with implication for 

modulating inflammatory disease states. 
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Figure 3.3. Aquamin dose dependently reduces LPS driven TNF-a and IL-

6 secretion in murine immortalized bone marrow derived macrophages.  

iBMDMs were incubated for 3 h with aquamin (0.125-2mg/ml) prior to 

stimulation with LPS (10ng/ml) for 6 and 24h.  (A) Percentage iBMDM cell 

viability in the presence of aquamin (0.125-2mg/ml) treatment overnight 

assessed using resazurin assay. TNF-a at 6 (B) and 24 h (C) and IL-6 at 6 

(D) and 24 h (E) following Aquamin (0.125-2mg/ml) and LPS  (10ng/ml) 

stimulation in cell culture supernatants from iBMDM, determined by 

ELISA. Data (A-E) are expressed as mean ±sem from 3 independent 

experiments. ****p<0.0001, ***p<0.001, **p<0.01; p<0.05 vs LPS alone 

using one way ANOVA statistical test.  
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Figure 3.4. Aquamin modulation of CD80 and CD86 expression on 

murine iBMDM with LPS stimulation. 

Murine immortalised bone marrow derived macrophages (iBMDM) 

treated with Aquamin (2mg/mL) for 3 h followed by stimulation with LPS 

(10 ng/mL) overnight. iBMDM cells were then stained with fluorescently 

labelled antibodies, APC rat anti-mouse CD80, PE rat anti- mouse CD86 

and analysed on a BD LSR Fortessa™ flow cytometer with cells gated 

according to figure 2.3.1. Data was analysed using Flowjo software for 

positively stained CD80 and CD86 cells. Data is presented as a staggered 

histogram overlay of log fluorescent intensity of (a) CD80 and (b) CD86 

stained cells, with unstimulated cells (red), LPS stimulated cells (blue) and 

LPS plus Aquamin stimulated cells (yellow). The mean fluorescence 

intensity (MFI) value for each treatment is indicated to the right on the 

histogram plots. The staggered histogram plots are shown for a single 

experiment.  
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3.2.4 Aquamin inhibits TNF-a released from M1 classically 

activated murine immortalized bone marrow 

derived macrophages  
 
Macrophages have great plasticity and a diverse set of functions 

with distinct phenotypes in reaction to specific stimuli in their 

microenvironment. Resting macrophages (M0) can be broadly 

polarized or skewed to either the classically activated M1 state or 

an alternatively activated M2 state. Classically activated M1 

macrophages exhibit a pro-inflammatory phenotype and play an 

important role in driving the release of pro inflammatory cytokines 

in the tissue spaces they infiltrate, whereas macrophage that take 

on the M2 phenotype state are classed as anti-inflammatory. To 

address whether aquamin has any effect on macrophage 

polarization, iBMDMs stimulated with both LPS (10ng/ml) and IFN-

gamma (20ng/ml) to induce a skewing towards M1 ‘classically 

activated’ macrophages in the presence and absence of Aquamin 

for 24 h was carried out. The expression of CD80, CD86 and CD11c, 

commonly used cell surface markers of M1 polarization was 

assessed by FACS analysis. Aquamnin (2mg/ml) treatment did not 

change the expression of CD80 (Fig. 3.5A), CD86 (Fig. 3.5B) and 

CD11c (Fig. 3.5C), in macrophage cells under M1 polarization 

conditions. In contrast to M1 cell surface markers, the release of 

TNF-α demonstrated that Aquamin exhibited a potent inhibitory 

effect (Fig. 3.5D) on its release upon induction of M1 macrophages. 

One possible explanation for the inhibition of M1 responses 

observed is Aquamin induces these cells to preferentially adopt an 

M2 type response. However, measurement of CD301, a marker of 

M2 polarization, demonstrated that no significant effects were 

observed under Aquamin treatment (Fig. 3.5C). Therefore, while 

Aquamin can inhibit cytokine secretion under M1 polarising 

conditions, these effects are not the result of alternative activation 

towards an M2 phenotype or an overall change in the M1 activation 
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state of the cells. 

 

 
Figure 3.5. Effect of aquamin on M1 polarized macrophages.  

Levels of CD80 (A), CD86 (B) and CD11c (C) were estimated by FACS upon 

overnight stimulation of iBMDMs with LPS (10ng/ml) and IFN-gamma 

(20ng/ml) after pre-treatment with Aquamin (2mg/ml) for 3 h. In (C), M1 

cells are identified in the upper left quadrant, while M2 type cells are 

found in the bottom right quadrant (CD11c-CD301+). Levels of TNF-a (D) 

measured by ELISA upon stimulating iBMDMs with LPS (10ng/ml) and IFN-

gamma (20ng/ml) and treated with aquamin (2mg/ml). Data are 

expressed as mean ±sem from 3 independent experiments. ***p<0.001, 

**p<0.01 vs LPS+IFN-γ using one way ANOVA statistical test. 

It has recently been reported that ‘metabolically’ activated 

macrophages, reflecting the proinflammatory phenotype observed 
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in the setting of obesity, can be modelled in vitro (312).To make an 

assessment of aquamin’s effect on ‘metabolically activated 

macrophages’, iBMDMs were stimulated with insulin, palmitate 

and glucose to resemble an obesity-like phenotype. The stimulated 

cells were incubated in the presence and absence of aquamin (0.5-

2mg/ml). Inducing a metabolic phenotype led to a significant 

increase in TNF-a compared to the unstimulated control, however 

Aquamin had no effect in altering the concentration of TNF-α (Fig. 

3.6). 
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Figure 3.6. Aquamin has no effect on metabolically activated 

macrophages.  

BMDMS were pre-treated with aquamin (0.5-2) mg/ml and stimulated 

overnight with palmitate (400uM), insulin (20nM) and glucose (30mM) 

for induction of a metabolic phenotype followed by quantifying TNF-a 

concentration in the supernatants by ELISA. 
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3.2.5 Aquamin reduces LPS driven pro-inflammatory 

responses in primary murine bone marrow dendritic 

cells  
Similar to macrophage cells, the closely related dendritic cells are 

also important innate cells of the immune system for protective 

responses against pathogens and associated with driving 

inflammatory disease states.  To extend the effects of Aquamin into 

different innate immune cell subtypes, bone marrow isolated from 

mice was cultured to generate dendritic cells using GM-CSF 

(20ng/ml) treatment for 7-10 days. To assess if the viability of bone 

marrow dendritic cells (DCs) is affected by Αquamin, DCs were 

pretreated with Αquamin for 2h followed by LPS stimulation for 24 

h. No reduction in the live population of DCs was observed upon 

treatment of cells with 2mg/ml of Aquamin which was assessed by 

live/dead dye exclusion (unstimulated 47.4%, LPS 57.8 % and 

Aquamin 46.3% only treatments) and subsequent FACS analysis 

(Figure 3.7A). Having established that Aquamin does not affect DC 

cell viability, we examined the secretion of inflammatory cytokines 

from these cells by ELISA. The results showed a significant reduction 

in LPS-induced TNF -a (Fig. 3.7B) and IL-1β (Fig. 3.7C) post Aquamin 

(2mg/ml) treatment, however no effect observed with LPS induced 

expression of IL-6 and IL-10 (Fig. 3.7D, E). Expression of surface 

activation markers CD80 and CD86 was also measure using FACS 

analysis. The histograms represent the percentages of CD80 and 

CD86 in DCs. It has been found that LPS-stimulated DCs display an 

increase percentage of CD80 and CD86 expression compared 

unstimulated controls. However, as demonstrated by the 

corresponding cell surface marker percentages in the histograms, 

treatment of LPS primed cells with Aquamin did not cause any 

significant effect to the expression of either CD80 or CD86. Taken 

together, these data indicate that Aquamin can suppress specific 
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TLR4 driven innate responses in DCs similar to that seen in 

macrophage cells.  
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Figure 3.7. Aquamin reduces pro-inflammatory cytokines in LPS 

stimulated DCs. 

 Viability of murine dendritic cells upon overnight exposure to either LPS 

or Aquamin assessed by live dead dye exclusion and FACS analysis (A). 

Expression of TNF-a (B), IL-1β (C), IL-6 (D) and IL-10 (E) on overnight LPS 

stimulated DCs in the presence and absence of aquamin (2mg/ml). (F) 

CD80 and (G) CD86 expression in the presence and absence of aquamin 

(2mg/ml) in LPS-stimulated dendritic cells assessed by FACS. Data are 

expressed as mean ±sem from 3 independent experiments. ***p<0.001; 

p<0.05 vs LPS alone using one way ANOVA statistical test. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.6 Aquamin reduces LPS driven pro-inflammatory 

cytokine and chemokine responses in primary 

murine bone marrow derived macrophages. 
 
To examine whether Aquamin affects the expression of cytokines 

associated with inflammation in primary murine BMDMs, bone 
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marrow isolated from mice was cultured to generate macrophage 

cells using M-CSF (50ng/ml) treatment for 7-10 days. Quantitative 

RT-PCR was carried out to check the mRNA expression of pro-

inflammatory cytokines TNF-a (Fig. 3.8A), IL-6 (Fig. 3.8B) and IL-1β 

(Fig. 3.8C) following Aquamin treatment and LPS stimulation. The 

TNF-a, IL-6 and IL-1b levels were increased upon LPS exposure 

compared with those of the control group as expected. The results 

show that pretreatment with Aquamin reduces the mRNA cytokine 

expression levels of IL-6 and IL-1b driven by LPS stimulation in 

primary murine macrophages. 

Stimulating BMDM with LPS is also known to increase the mRNA 

expression levels of chemokines such as CXCL2 and CCL2 (Fig 3.8D, 

E). These results clearly show a robust increase in the expression 

levels of these chemokines following 6h LPS stimulation in BMDM 

which like the cytokine expression levels can also be significantly 

reduced with Aquamin treatment.  
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Figure 3.8. Aquamin reduces LPS-induced expression of pro-

inflammatory cytokines and chemokines in murine primary BMDMs.  

BMDMs were pretreated with Aquamin (2mg/ml)) for 3 h and exposed to 

LPS (100ng/ml) for 4-6 h followed by total RNA extraction. The mRNA 

expression levels of (A) TNF-a, (B) IL-6, (C) IL-1β at 4h and (D) CXCL2 and 

(E) CCL2 at 6h following LPS stimulation and assessed using specific 

primers. Data (A-E) are presented as mean ± sem from 3 independent 

experiments normalized to GAPDH and expressed relative to untreated 

cells. ****p<0.0001; ***P<0.001, **p< 0.01, *p<0.05 vs LPS alone using 

one way ANOVA statistical test.  
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3.2.7 Aquamin inhibits iNOS expression in LPS treated 

primary murine bone marrow derived 

macrophages.  
Nitric Oxide (NO) is a soluble endogenous gas, produced under the 

enzymatic activity of inducible nitic oxide synthase (iNOS) in 

macrophage cells in response to inflammatory signals. 

Macrophages stimulated with LPS a pro-inflammatory stimulus 

induces expression of the enzyme iNOS and production of NO 

involved in pathogen killing. To assess the effects of Aquamin on 

iNOS expression in vitro, murine bone marrow derived 

macrophages (mBMDMs) were treated with LPS and Aquamin with 

the indicated concentrations for 12h (Fig 3.9A-C).  The expression 

of iNOS, was assessed using western immunoblotting at the protein 

level and quantified using densitometric analysis. The data 

obtained from western blotting show that pretreatment with 

Aquamin (2mg/ml) significantly inhibits LPS-induced iNOS 

expression in mBMDMs (Fig. 3.9A representative immunoblot), 

(Fig, 3.9B densitometric analysis). Protein immunofluorescence 

staining for iNOS expression in mBMDMs was also carried out under 

LPS stimulating conditions in the presence and absence of Aquamin 

(2mg/ml). Consistent with western blot findings, 

immunofluorescence staining for iNOS protein expression in LPS 

stimulated mBMDMs is reduced in the presence of Aquamin 

(2mg/ml) treatment (Fig. 3.9C representative immunofluorescent 

images). These results indicate that Aquamin reduces LPS driven 

iNOS expression with the potential to reduce NO production and 

further strengthens the anti-inflammatory effects of Aquamin in 

mBMDM.  
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Figure 3.9. Aquamin suppresses iNOS expression in LPS stimulated 

murine bone marrow derived macrophages.  

mBMDMs pretreated with Aquamin (2mg/ml) for 3 h followed by 

stimulation with LPS (100ng/ml) for 12 h. The protein cell lysates were 

collected resolved by SDS PAGE for western immunoblotting and 

additional cells were fixed for immunofluorescence analysis. (A) 

Representative western blot demonstrating protein expression of iNOS in 

LPS treated mBMDMs in the presence and absence of Aquamin (2mg/ml). 

Protein loading assessed assessed by immunoblotting with anti-β-actin 

antibody (B) Bar graph of densitometric analysis of western blots n=3 

showing the mean ± SEM of iNOS protein expression normalised to β-

actin and presented as fold change in protein expression relative to 

untreated control cells. **p<0.01 versus LPS alone using one-way ANOVA 

statistical test. C) Representative immunofluorescence of iNOS protein 

abundance (Red), DAPI nuclear stain (blue) and actin (green) in mBMDMs, 

Scale bar (200um). 
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3.2.8 Aquamin does not affect the phosphorylation of NF-

kB transcription factor in LPS stimulated primary 

murine bone marrow derived macrophages. 
 
It is well established that NF-kB activation plays a crucial role in the 

signaling mechanisms downstream of LPS/TLR4 in macrophage 

cells, driving inflammatory cytokine release. The activation of NF-

kB induced in response to LPS in macrophages occurs via NF-kB p-

65 subunit phosphorylation, allowing its translocation to the 

nucleus to initiate transcription of regulated genes. In unstimulated 

cells, IκBα sequesters NF-kB in the cytoplasm keeping NF-kB 

inactive. Upon phosphorylation, IκBα is targeted for proteasomal 

degradation with subsequent NF-kB activation. The effect of 

Aquamin in regulating these events downstream of TLR4 

stimulation were investigated by detecting p65 phosphorylation 

(Fig. 3.10A, B) and IκBα protein expression levels (Fig. 3.10A, C). 

SDS-Page and Western blotting was performed as described in 

section 2.3.19. 8% gel was used following electrophoresis at 100 

volts for 90 min. Results reveal that Aquamin did not significantly 

alter either phosphorylation of the NF-kB subunit p65 (Fig. 3.10A, 

B) or IκBα degradation (Fig. 3.10A, C) post LPS stimulation.  
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Figure 3.10. Aquamin does not affect activity of NF-kB in LPS stimulated 

primary murine bone marrow derived macrophages.  

BMDMs were pretreated with Aquamin at 2mg/ml for 3 h prior to 

stimulation with LPS at 100ng/ml for 7 min to detect (p-p65, p65, β-actin), 

and 15 min to detect (IκBα, β-actin) protein expression levels. The protein 

cell lysates were collected resolved by SDS PAGE for western 

immunoblotting. (A) Representative western blots demonstrating protein 

expression of p-p65, p65, and IκBα in LPS stimulated mBMDMs in the 

presence and absence of Aquamin (2mg/ml). Protein loading assessed by 

immunoblotting with anti-β-actin antibody.  (B)Bar graph of 

densitometric analysis of western blots n=3 showing the mean ± SEM of 

p-p65 protein expression normalised to β-actin/p65? and presented as 

fold change in protein expression relative to untreated control cells. (C) 

Bar graph of densitometric analysis of western blots n=3 showing the 

mean ± SEM of IκBα protein expression normalised to β-actin and 

presented as fold change in protein expression relative to untreated 

control cells.  
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3.2.9 Aquamin does not reduce expression of TLR4 and 

MyD88 adaptor protein in LPS stimulated primary 

murine bone marrow derived macrophages 
 
Intracellular events following the interaction of LPS with its TLR4 

receptor in macrophage cells is dependent on different sets of 

adapters. An early response is dependent on MyD88 adaptor 

protein leading to the activation of nuclear factor-κB (NF-κB) with a 

later response dependent on TRIF adaptor protein leading to the 

late activation of NF-κB and IRF3 transcription factors. Our results 

demonstrate that LPS stimulation resulted to the increase of 

MyD88 gene expression, however treatment with Aquamin did not 

exhibit any significant results. The main observation to emerge 

from Figure 3.11 is that Aquamin does not modulate TLR signaling 

in a MyD88-dependent manner. 
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Figure 3.11. Aquamin effects on the expression of TLR4 and Myd88 in 

LPS stimulated murine primary BMDMs. 

BMDMs pretreated with Aquamin (2mg/ml)) for 3 h and exposed to LPS 

(100ng/ml) for 4h followed by total RNA extraction. The mRNA expression 

levels of (A) TLR4 and (B) Myd88 was analysed using specific primers and 

SYBR green qRT-PCR. Data (A, B) are presented as mean ± sem from 3 

independent experiments normalized to GAPDH and expressed relative to 

untreated cells. 
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3.2.10  Aquamin inhibits LPS and Poly(I:C) induced 

expression of TNF-a and IL-6 in primary murine bone 

marrow derived macrophages. 
 
The data above demonstrate that Aquamin reduces cytokine 

release in human and murine innate cells under LPS stimulation. 

However, these effects appear independent of MyD88 expression 

or activation of downstream NF- κB mediated signalling.  LPS can 

also signal through TLR4 using a second adaptor protein, TRIF. TLR4 

activation of TRIF dependent signaling is a slower response 

pathway to LPS when compared to Myd88 adaptor protein 

mediated signalling. TRIF mediated signalling activates the 

transcription factor IRF3 through phosphorylation and induces 

robust expression of type 1 interferons such as IFN B while also 

activating NF-κB dependent gene transcription. While TLR4 is 

unique in its ability to signal through both adaptor proteins, Myd88 

and TRIF, other toll receptors are known to signal specifically 

through either pathway. For example, TLR3 primarily signals using 

the adaptor protein TRIF while TLR9 signals using the adaptor 

protein Myd88. Therefore, to gain a deeper understanding of 

Aquamin mediated inhibition of TLR family signalling pathways we 

examined whether Aquamin altered BMDM responses upon 

stimulation with specific agonists to TLR4, TLR3 and TLR9. Primary 

murine BMDMs were pretreated with Aquamin for 3h and exposed 

to specific TLR agonists, Poly(I:C) for TLR3 stimulation (Fig. 3.12B, 

E), CpG for TLR9 stimulation (Fig. 3.12C, F) and LPS for TLR4 

stimulation (Fig. 3.12A, D) overnight. As expected, all TLR agonists 

increased TNF-a and IL-6 cytokine release from BMDMs compared 

to untreated cells after an overnight stimulation. While Aquamin 

treatment significantly reduced TNF-a and IL-6 cytokine release 

from LPS and Poly (I:C) stimulation, the same inhibitory effect was 

not evident with Aquamin upon CpG stimulation.  These data 

suggest that mechanistically Aquamin is blocking TRIF dependent 
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signalling in response to TLR4 and TLR3 stimulation as TLR9/Myd88 

dependent cytokine release was not reduced significantly upon 

Aquamin treatment.  
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Figure 3.12. Aquamin reduces LPS and Poly(I:C) release of TNF-a and IL-

6 in murine BMDMs.  

Cells were pretreated with Aquamin (2mg/ml) for 3 h prior to stimulation 

with the corresponding TLR agonists overnight, LPS (100ng/ml) for TLR4 

stimulation, Poly(I:C) (100ug/ml) for TLR3 stimulation and CpG (3μM) for 

TLR9 stimulation.  Cytokine concentrations of TNF-a (A-C) and IL-6 (D-F) 

detected in the cell culture supernatants by ELISA. Data (A-F) are 

expressed as mean ±sem from 3 independent experiments. ***p<0.001, 

**p<0.01; p<0.05 vs LPS alone using one way ANOVA statistical test.  
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3.2.11  Aquamin inhibits expression of TLR3, and TRIF 

adaptor protein in LPS stimulated primary murine 

bone marrow derived macrophages 
Unlike transcriptional levels of MyD88 that remained unaffected by 

Aquamin in LPS-induced BMDMs, treatment with 2mg/ml of 

Aquamin led to significant reduction of both TLR3 and TICAM-1 in 

LPS-stimulated BMDMs (Fig. 3.13). These findings further hint that 

the effect of Aquamin in association with TLR signaling is TRIF-

dependent. 
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Figure 3.13. Aquamin reduces expression of TLR3, and TRIF in LPS 

stimulated murine primary BMDMs.  

BMDMs were pretreated with Aquamin (2mg/ml)) for 3 h and exposed to 

LPS (100ng/ml) for 4h followed by total RNA extraction. The mRNA 

expression levels of (A) TLR3 and (B) TICAM-1 at 4h following LPS 

stimulation were analysed using specific primers and SYBR green qRT-PCR 

. Data (A-C) normalized to GAPDH, expressed relative to untreated cells 

and presented as mean ± sem from 3 independent experiments. 

***p<0.001, **p<0.01; *p<0.05 vs LPS alone using one way ANOVA 

statistical test.  
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3.2.12 Aquamin reduces IFN-β expression and nuclear 

translocation of IRF3 transcription factor under 

Poly(I:C)-induced TLR3 signaling in BMDMs. 
Poly (I:C) TLR3 signalling in macrophages primarily uses the adaptor 

protein TRIF. To determine if Aquamin regulates TRIF dependent 

IRF-3 signalling, investigations using Poly (I:C) stimulation were 

carried out to determine if Aquamin altered the mRNA expression 

of the IRF-3-dependent gene IFN-β.  Using real-time PCR (Fig. 3.14A) 

the mRNA expression level of IFN-β was analysed in poly (I:C)-

stimulated BMDM pre-treated with Aquamin (2mg/ml) The results 

indicate that Aquamin reduces expression at the mRNA level of IFN-

β under poly (I:C) stimulation (Fig. 3.14A). IFN-β expression is 

dependent on activation of IRF-3 through phosphorylation events, 

followed by IRF3 dimerization and translocation to the nucleus in 

macrophage under poly (I:C) stimulation. Protein 

immunofluorescence staining for IRF3 expression in mBMDMs was 

also carried out under poly (I:C) stimulating conditions in the 

presence and absence of Aquamin (2mg/ml). As expected, poly (I:C) 

increased the level and nuclear localization of IRF3 as evident by 

nuclear DAPI counterstaining compared to untreated and Aqumain 

only treated cells. A reduction in the intensity of IRF3 staining as 

well as a reduction in the nuclear localization of IRF3 in Aquamin 

(2mg/ml) and poly (I:C) stimulated cells is seem compared to cells 

treated with poly (I:C) alone.  (Fig. 3.14B representative 

immunofluorescent images and counterstaining overlay). These 

results indicate that Aquamin inhibits poly (I:C) driven mRNA 

expression of the IRF-3-dependent IFN-β gene and reduces poly 

(I:C) driven IRF3 nuclear localization in BMDM.  
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Figure 3.14. Aquamin reduces IFN-β expression and nuclear 

translocation of IRF3 in Poly (I:C) stimulated iBMDM.  

BMDMs were pretreated with Aquamin (2mg/ml) for 3 h before 

stimulated with Poly(I:C) (100μg/ml) for 6 h. (A) IFN-β mRNA expression 

normalized to 18S RNA, expressed relative to untreated cells and 
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presented as mean ± sem from 3 independent experiments. ***p<0.001 

vs Poly (I:C) alone using one way ANOVA statistical test. (B) 

Representative immunofluorescence of IRF3 protein abundance (Red), 

DAPI nuclear stain (blue) and actin?? (green) in mBMDMs, Scale bar (100 

um). 
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3.3  Discussion 

The health promoting capabilities of aquamin have been studied 

in several disease models. However, the molecular mechanisms of 

its immunomodulatory effects in these disease states have not 

been investigated extensively. Here we investigate the potential 

therapeutic and health benefits of Aquamin in inflammatory 

disease states with the aim of gaining a greater understanding of its 

potential molecular and cellular anti-inflammatory mechanisms.  

From previous research it has been shown that Aquamin can 

modulate inflammation (277, 310). Obesity is a disease of 

inflammation since excessive fat results in the release of pro-

inflammatory cytokines which have a negative correlation with 

adiponectin and impairs crucial mechanisms for cardiovascular 

health (313). Therefore, we investigated Aquamin’s effect on innate 

inflammation as a mechanism in contributing to its protection 

against obesity and possibly cardiovascular disease. To that end we 

induced a pro-inflammatory phenotype in several innate immune 

cell types by stimulating with the bacterial endotoxin LPS that acts 

through the TLR4 signalling pathway. In both murine DCs and 

iBMDM and in primary human macrophages derived from PBMCs, 

Aquamin treatment inhibited TNF-a and IL-6 secretion following LPS 

stimulation. There is overwhelming evidence corroborating the 

notion that TNF-a and IL-6 levels are significantly higher in obese 

individuals and hence worsen inflammation in obese subjects (314). 

Our results agree with previous findings where Aquamin reduced 

LPS-driven TNF-a and IL-1beta release by glial cells (310) and is also 

in accordance with reported molecular effect on inhibiting the 

transcription factor NF-kB and reducing COX-2 gene expression 

(277). Data obtained in previous studies provides evidence about 

the connection between inflammation and cancer. Hence control 

of inflammation could yield an alternative approach for preventing 
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tumour growth (315, 316). It is evident by previous literature that 

TNF-a could cause tumorigenesis by promoting cancer cell survival 

and proliferation(317).  It is clear from the data in this thesis, as well 

as others, that Aquamin is capable of inhibiting inflammation in 

cells of the innate immune system which plays a role in 

pathogenesis of not only cardiometabolic disease and obesity but 

infectious pathogenic insults such as septic shock, tumour growth 

and autoimmune conditions such as rheumatoid arthritis. 

When exposed to LPS, macrophages tend to generate high levels of 

NO (318). The production of NO occurs due to inflammatory stimuli 

and exert pro-inflammatory and detrimental effects which are 

mainly induced by iNOS (319). In this study, it was found that 

Aquamin blocked the iNOS expression in LPS-induced BMDMs. 

To explore more deeply the immunomodulatory role of 

Aquamin, the effects under conditions of macrophage polarisation 

were investigated. Again, the current results demonstrated that 

Aquamin can inhibit signature cytokines when macrophage cells are 

skewed towards an inflammatory M1 phenotype in the presence of 

LPS and IFN gamma.  As expected, the percentage of cells skewed 

towards an M1 phenotype as detected by cell surfaces markers 

(CD11c, CD80/86) was increased in the presence of LPS and IFN 

gamma but not affected by the presence of Aquamin.  Based on 

these results we conclude that the blocking effect of Aquamin in 

cytokine levels is not associated with skewed polarization or 

activation marker expression of macrophages in the conditions 

tested.  

Sedentary lifestyle and dietary intake of saturated fatty 

acids such as palmitic acid result in subsequent manifestations of 

hyperglycemia and imbalances in lipid metabolism leading to 

inflammation and production of pro-inflammatory cytokines such 

as TNF-a (320).  Apart from the dietary intake of free fatty acids, 

obese individuals are known to exhibit high blood palmitic levels 
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(321-325). To model the in vivo adipose tissue environment that 

infiltrating macrophage encounter in obesity we polarized 

macrophages in vitro towards a metabolic phenotype in the 

presence of palmitic acid, insulin and glucose. Under these 

metabolic polarizing conditions an increase in TNF-a secretion was 

seen however Aquamin treatment did not change the secretion of 

TNF-a.  Unlike LPS, palmitic acid,  glucose and insulin act in a 

complex fashion in modulating macrophage lipid metabolism and 

the cellular lipidome in priming and skewing the cells down various 

inflammatory pathways (326). While Aquamin inhibits TLR/LPS 

immune inflammatory pathways, modelling the obesity 

inflammatory state in vitro such as that described may mask 

Aquamin’s effects. 

It is interesting to note that in spite of the cytokine blocking 

capabilities of Aquamin, under LPS stimulation in the above cell 

types, no detectable change in the expression of LPS-driven 

activation markers CD80/CD86 was detected with Aquamin 

treatment. These results suggest that Aquamin yields its anti-

inflammatory effect through a pathway different to that which 

induces expression of these surface activation markers. Previous 

research conducted on DCs and monocytes has shown that 

increases in CD80/CD86 expression results following activation of 

either TLR2,TLR4 and TLR9 (327). TLRs signal downstream through 

recruitment of adaptor proteins such as MyD88, and TRIF which 

ultimately activate transcription factors and regulate gene 

transcription. The MyD88 adaptor protein pathway activates early 

and potently NF-kB transcription and increases expression of 

signature cytokines such as TNF- a.  

As per previous evidence, Aquamin treated RAW264.7 cells 

that were primed with LPS exhibited a profound reduction at the 

levels of NF-κB (277). Unlike those previous findings, pretreatment 

of primary macrophages with Aquamin and exposure to LPS did not 
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display similar results since no significant effects were observed at 

the protein expression levels of phospho-NF-κB p65 in our lab. TRIF 

dependent signalling activates IRF3 and 7 transcription factors 

increasing type 1 interferons responses such as IFN beta levels. TRIF 

signalling to a lesser extent can also activate NF‐κB transcription. 

The common mediator of TLR4 and TLR9 signalling is the MyD88 

adaptor protein and responsible for CD80/CD86 expression levels. 

Given that TLR4, unlike TLR9, signals through both MyD88 and TRIF 

adaptor proteins (328), the suppressive effects of Aquamin on TLR4 

induced cytokines could potentially be a result of inhibitory effects 

on the TRIF dependent arm of TLR4 signalling. No evidence 

currently available has elaborated on the mechanism that Aquamin 

modulates inflammation. To acquire a better insight with respect to 

the mechanistic effect of Aquamin, we examined its effects on the 

activation of TLR9 which is MyD88-dependent. Aquamin did not 

block TLR9-driven TNF-a levels suggesting its anti-inflammatory 

properties is MyD88 independent but possibly blocks TRIF signalling 

with TLR4 activation. The present study made some noteworthy 

contributions towards elucidating the anti-inflammatory role of 

Aquamin. It has been established by previous evidence that 

Poly(I:C) is the agonist that leads to the release of type I interferons 

and specifically IFN-β (329). Here in study, it was demonstrated that 

treatment with Aquamin blocks LPS induced TICAM-1 as well as 

Poly(I:C) induced IFN-β downstream of TRIF. TLR3 is the only Toll-

like receptor which is mediated by TRIF dependent signalling 

(MyD88 independent) (330). Our results may suggest that Aquamin 

modulates inflammation by inhibiting TRIF dependent signalling 

pathways. It is interesting to note that in mouse models of 

atherosclerosis a functional mutation in the TRIF adaptor protein 

significantly protected against disease development (331). 

Similarly, in bone-marrow transplantation models depleting TRIF in 

haematopoietic cells attenuated vessel inflammation and 
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protected against atherosclerosis in a murine atherosclerotic 

model. Furthermore, deleting TLR3 in immune cells here also 

reduced both aortic inflammation and atherosclerotic lesion 

burden (332). These studies provide evidence for TLR3 and TRIF 

dependent signalling as pathways contributing to the pathogenesis 

of atherosclerosis and cardiovascular disease.  

The therapeutic potential for TRIF modulation is explored in 

agonistic approaches in boosting clearance of a number of viral and 

bacterial pathogens in infectious diseases such as an adjuvant in 

vaccine designs (333). On the other hand in a model of sceptic shock 

, TRIF antagonistic approaches protect mice from a lethal dose of 

LPS injection (334).  

The roles of TRIF and TLR3 signalling in inflammation are divergent, 

driving inflammatory disease such as tissue specific atherosclerosis 

versus offering protective functions in host defence mechanism 

against pathogenic insults (159, 335). A previous in vivo study has 

examined the significance of TRIF signaling as a factor in the 

deterioration of cardiovascular events and concluded that TRIF 

inhibition can play a protective role against worsening of cardiac 

function attributed to excessive cytokine production and immune 

cell infiltration (336). Aquamin as a nutraceutical may carry such 

potential as a TRIF blocking supplement in specific disease states 

described above. Further investigations of the potential effects of 

Aquamin in TRIF dependent signalling be conducted to draw firm 

conclusions about its exact mechanism of action. 
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4.1 Introduction 

Based on the results to date, Aquamin imposes profound anti-

inflammatory effects exerting TLR signaling pathway inhibition. The 

presence of PAMPs like LPS can trigger the activation of multiple 

pathways which are correlated to pathogenesis of inflammatory 

responses (118). On the basis of the evidence which is currently 

available, Aquamin can exert anti-inflammatory effects in vitro. 

According to data that was published in the journal of Phytotherapy 

Research, Aquamin is shown to block TNF-a and IL-1β release in LPS-

primed glial cells (278). Similarly, in a study that was carried out in 

RAW macrophages, Aquamin had demonstrated anti-inflammatory 

activity by preventing NF-kB activation (277). 

Interleukin-17 (IL-17) is one of the most studied cytokines in 

immunology contributing to the pathogenesis of diseases 

associated with inflammation. The release of IL-17 and IL-17F 

cytokines is mainly attributed to fungal and parasitic infection, and 

they play key roles in tissue repair, host defense and inflammation 

(337). Notwithstanding the importance of IL-17 in host defense, 

much uncertainty still exists on whether IL-17 exerts a pathogenic 

rather than a protective role during infection (338). Previous 

research has shown that blockade of IL-17 can be an effective anti-

inflammatory treatment alternative to non-steroidal anti-

inflammatory drugs (NSAIDS) against the pathogenesis of 

inflammatory manifestations like ankylosing spondylitis or 

rheumatoid disease similar to anti-TNF-a treatment (339). IL-17 can 

also be a driver of airway pathologies such as allergic asthma (340). 

Lipopolysaccharide-induced systemic inflammation can trigger the 

release of IL-17A in rat serum (341) thus potential blockade of IL-17 

by Aquamin could confer advantageous outcomes against the 

pathogenesis of inflammatory diseases. 
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A major public health concern is obesity which is a multi-factorial 

disorder with increasing prevalence worldwide (342). It is 

characterized by accumulation of excessive fat and enhances the 

risk for subsequent pathological events (343, 344). There is 

substantial amount evidence showing that the state of obesity is 

characterized by elevated secretion of pro-inflammatory cytokines 

such as IL-6 and TNF-a attributed to the high intake of 

macronutrients (345). Inflammation is one of the fundamental 

features of obesity and can be a consequence of LR family pyrine 

domain containing 3 (NLRP3) inflammasome activation (346). 

NLRP3 inflammasome belongs to a family of receptors known as 

Nod-like family of receptors which recognize non microbial patterns 

resulting in the secretion of IL-1β and IL-18 (189, 190). Previous 

research in macrophages has shown that simultaneous exposure of 

BMDMs to LPS and cholesterol crystals can lead to the activation of 

NLRP3 inflammasome, linking lipid metabolism and inflammation 

(347).  

Statin compounds are the agents of choice for 

hypercholesterolemia states and hyperlipidemia states due to their 

reduction in low-density lipoprotein (LDL)|cholesterol capabilities 

(348). Apart from their cholesterol lowering capabilities statins 

exhibit immunomodulatory function demonstrating a potent anti-

inflammatory action (225). Cholesterol crystals (CC) is a pathogenic 

stimulus that triggers the activation of NLRP3 inflammasome. 

Previous research in PBMCs has shown that simvastatin 

antagonizes LPS and cholesterol crystal–induced activation of 

NLRP3 inflammasome by inhibiting IL-1β release (184). 

Here in this chapter, we will examine thew transcriptomic profile of 

murine BMDMs treated with Aquamin and LPS using next 

generation sequencing technology in the presence and absence of 

LPS and CCs. The differentially expressed genes were further 

analysed to provide insight into the main pathways, biological 
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processes and associated molecular functional changes influenced 

by Aquamin treatment using Gene Ontology (GO) and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway analysis 

platforms. These database resources provide understanding at a 

high-level functions and utilities of biological system. This chapter 

also aims to provide details about transcriptomic changes as 

described for Aquamin above in murine BMDMS treated with 

simvastatin alone and in the presence and absence of LPS and CC 

stimulation.  These data provide a global insight into the potential 

anti-inflammatory mechanistic action of Aquamin in monocytes. 

Furthermore, we aimed to carry out a comparison of Aquamins 

transcriptomic effects as opposed to those of simvastatin 

treatment in monocytes, which yields an effective pharmacological 

treatment of high cholesterol driven disease states associated with 

cardiometabolic diseases.  
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4.2 Results  

4.2.1 Effect of Aquamin and statin treatment on 

BMDMs cytokine release when stimulated with 

LPS and cholesterol crystals. 
 
In a recent study performed by Boland et al., the effect of 

simvastatin at 50μM was examined in NRLP3 primed PBMCs which 

occurred by simultaneous exposure to LPS at 100ng/ml and CC at 

2mg/ml (184). In the current study, RNA was extracted for global 

sequencing analysis from primary murine macrophages cultured 

from bone marrow and treated with either Aquamin (2mg/ml) or 

simvastatin (50uM) followed by exposure to LPS (100ng/ml) and CC 

(2mg/ml) for 4 h. Firstly, ELISAs were carried out to measure the 

concentration of TNF-a and IL-1β in cell culture supernatants under 

these treatments. The data revealed that treatment with Aquamin 

but not simvastatin reduced TNF-a release from BMDM when 

stimulated with LPS or LPS in the presence of CC (Fig. 4.1A). Unlike 

TNF-a, NLRP3 inflammasome is involved in the release of IL-1β. IL-

1β levels increase in cell culture supernatants from stimulation with 

LPS acting as the NLRP3 priming signal and cholesterol crystals (CCs) 

driving secondary signals to activate caspase-1 involved in IL-1β 

maturation and cleavage.  The release of IL-1β under LPS and CC 

stimulating conditions in BMDMs is reduced with both Aquamin 

and simvastatin treatment (Fig. 4.1B). The overall effect of Aquamin 

treatment in reducing TNF-a and IL-1β cytokine release from 

BMDM was greater compared to simvastatin at the doses tested. 

These data are consistent with that presented for Aquamin in 

results chapter 3 and previously published data for simvastatin that 

was carried out in PBMCs (184). 
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Figure 4.1. Effect of Aquamin and simvastatin treatment on the release 

of TNF-α and IL-1β from BMDMs exposed to LPS and CC.  

BMDMs were pretreated with Aquamin at 2mg/ml and simvastatin at 

50μM for 3h prior to stimulation with LPS at 100ng/ml and CC at 2mg/ml 

for 6h. Protein levels of (A) TNF-α and (B) IL-1β were quantified by ELISA. 

Data (A-B) are expressed as mean ±sem from 3 independent experiments. 

****p<0.0001; *p<0.05 vs LPS, LPS and CC stimulated controls using one-

way ANOVA.  
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4.2.2 Distribution of gene expression levels among 

samples 
Upon reproducing the results that support the anti-inflammatory 

effect of Aquamin as suggested in Chapter 3, as well as providing 

evidence that our results are similar to previous evidence (184), 

transcriptome studies were carried out on BMDMs treated with 

2mg/ml Aquamin or simvastatin at 50uM followed by LPS 

stimulation with and without CCs was performed. The 

transcriptomic studies were conducted using next generation RNA 

sequencing technology as described in the methods above. The 

RNA quality control steps revealed indices expected to advance 

towards a high-quality transcriptome analysis. Distribution of the 

total gene expression levels of each treatment is represented in the 

box plot graph (Fig. 4.2) The results demonstrate that BMDMs, even 

under different treatments have a gene population which is 

comparable in density and distribution. Comparison of FPKM box 

plots of gene expression levels of all genes for different 

experimental conditions revealed that sequencing results were 

reliable, since every sample exhibited equivalent reads and 

coverage depth between triplicates. Differences could be observed 

between treatments while biological replicates were comparable.  
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Figure 4.2. Gene expression distribution box plot across the samples in 

the data set.  

X axis represents the name of the sample with biological replicates colour 

coded. Y axis indicates the log2(FPKM+1). The gene expression 

distribution plot demonstrates that there was high repeatability among 

biological replicates of the same treatment in terms of gene expression of 

every gene, while there is a difference in gene expression values of every 

gene corresponding to different treatments. 

 

 

 



126 
 

4.2.3 Pearson Correlation and principal component 

analysis across samples and replicates  
The Pearson sample correlation represents the similarity among 

samples at the gene expression level. The higher the Pearson 

correlation value indicates greater sample similarity and a smaller 

number of differentially expressed genes. Figure 4.3 is the Pearson 

correlation heatmap across samples in the data set. The R2 (Square 

of Pearson correlation coefficient(R)) value if closer to 1 and > 0.8 

represents greater similarity across samples. Correlation between 

biological replicates (n=3) in the data set show high R2 values 

approaching 1 providing confidence in the reliability and 

repeatability of the experimental conditions. When comparing 

samples with different treatments in the data set the R2 values are 

less than 0.8 indicating a greater number of differentially expressed 

genes between these groups. 
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Figure 4.3. Pearson correlation between samples in the data set. 

 Inter-sample correlation heat map with R2 (Square of Pearson correlation 

coefficient(R)) represented with colour coded key. The change of R2 is 

displayed by the change of the blue colour. The deeper blue colour 

corresponds to a higher R2 value and higher correlation among samples. 
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Similarly to Pearson correlation analysis, principal component 

analysis (PCA) was performed to evaluate intergroup differences 

and intragroup sample duplication. PCA analysis was performed on 

the gene expression value (FPKM) of all samples, as shown in Figure 

4.4. Here the samples within the same treatment groups (biological 

replicates) are grouped together while the samples between 

treatment groups are dispersed to a greater extent. Altogether 

again supporting reproducibility in the biological replicates while 

showing clear differences in the gene expression pattern across 

treatment groups.  
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Figure 4.4. Principal component analysis  

Untreated (red), LPS (orange), CC (dark green), simvastatin (green), 

Aquamin (light green), LPS and CC (light blue), LPS and simvastatin (blue), 

LPS and Aquamin (purple), LPS and CC and simvastatin (light pink), LPS 

and CC and Aquamin (pink) are shown. PC1 accounts for 80.19% of 

variance, while PC2 accounts for 6.99%. PC1 clusters untreated samples 

and simvastatin treatment samples together, while PC2 separates LPS 

stimulated samples from LPS and Aquamin treatment samples revealing 

that the heavily influences genes resulted from Aquamin treatment in 

LPS-primed samples were different than the ones expressed from LPS 

exposure.   
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4.2.4 Expression profile of genes across treatment 

groups 
The Venn diagrams shows the number of genes that are uniquely 

expressed in one treatment, along with the number of co-

expressed genes within 2 or more treatments in the overlapping 

regions (Fig. 4.5A, B). Figure 4.5A reveals that LPS stimulation of 

BMDMs resulted in the expression of 9,636 genes in total. Of the 

LPS detected genes, 9,171 are also detected when co-treated with 

LPS and Aquamin or LPS and simvastatin (Fig. 4.5A). Comparing LPS 

with LPS and Aquamin, 542 unique genes were further detected in 

the LPS and Aquamin group. On the other hand, comparing LPS with 

LPS and simvastatin 234 unique genes were further detected in the 

LPS and simvastatin group, more than 50% less compared to the 

same Aquamin comparison with LPS. Of the 234 genes unique to 

LPS in the presence of simvastatin 146 was also detected in LPS with 

Aquamin treatment. Altogether LPS and Aquamin treatment 

resulted in 396 unique genes while LPS and simvastatin treatment 

fewer genes 88 in total are unique to the simvastatin expression 

profile.  In figure 4.5B, 9,176 genes are commonly detected when 

BMDMs was stimulated with LPS and CC and treated with either 

Aquamin or simvastatin. The addition of CC with LPS resulted in a 

similar number of common genes across the treatment groups as 

that presented in Figure 4.5A for LPS without CC stimulation which 

are likely to be similar also in identification. Comparing LPS CC with 

LPS CC and Aquamin, 307 unique genes was further detected in the 

LPS CC with Aquamin treatment. On the other hand, comparing LPS 

CC with LPS CC with simvastatin 226 unique genes was further 

detected in the LPS CC with simvastatin treatment. Of the 226 

genes unique to LPS CC in the presence of simvastatin 134 were also 

detected in LPS and Aquamin treatment group. Figure 4.5C 

illustrates that upon comparison of genes resulted from untreated 

samples with Aquamin only treated genes as well as LPS-stimulated 
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genes led to 8893 genes that were co-expressed among those three 

treatments. Aquamin-treated samples displayed 233 genes that 

were uniquely expressed and led to expression of 351 genes that 

untreated samples do not express. Altogether LPS CC with Aquamin 

treatment resulted in 173 unique genes while LPS CC with 

simvastatin treatment fewer genes 92 in total are unique to the 

simvastatin expression profile. Overall, the presence of Aquamin 

produced a higher expression number (2 times) of uniquely 

expressed genes in LPS-stimulated BMDMs compared to Aquamin 

with LPS CC comparison. Interestingly Aquamin resulted in a 

greater number of uniquely expressed genes almost double that 

when compared to simvastatin. Therefore, Aquamin had a greater 

magnitude of effect on the overall number of genes expressed 

compared to simvastatin treatment under these two inflammatory 

conditions. These unique gene profiles across Aquamin and 

simvastatin treatments will be useful to investigate potential 

differences as well as common mechanisms of action in this cell 

type when comparing treatments. 



132 
 

 

Figure 4.5: Venn diagrams representing unique and coexpression gene 

numbers. 

 Comparison of the number of genes that are uniquely expressed within 

each sample comparing A) LPS to LPS+Aquamin and LPS to 

LPS+Simvastatin treatment, B) LPSCC to LPSCC+Aquamin and LPSCC to 

LPSCC+Simvastatin treatment, C) LPS to Aquamin and LPS to Untreated. 

Overlapping regions showing the number of genes that are co-expressed 

in two or three of the sample treatment groups. LPS: lipopolysaccharide, 

CC: cholesterol crystals, AQ: Aquamin, UNX: untreated 

 
 

4.2.5 Differential gene expression analysis 
Following gene expression quantification, statistical analysis of the 

expression data was carried out to screen the genes whose 
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expression levels are significantly different across the different 

conditions. The differential analysis applied the DESeq2 software 

(349) and considers genes differentially expressed across treatment 

groups using the following thresholds log2(FoldChange) >= 1 and 

padj <= 0.05 which controls for the proportion of false positives. 

Figure 4.10 shows number of differential genes up or down 

regulated comparing LPS to LPS with Aquamin treatment (Fig. 4.6A) 

and LPS to LPS with simvastatin treatment (Fig. 4.6B) in BMDM. The 

differential analysis between LPS and LPS with Aquamin treatment 

revealed that 709 genes were upregulated, and 781 genes were 

downregulated in the LPS group (Fig. 4.6A). The differential gene 

expression profile between LPS and LPS with simvastatin treatment 

showed fewer upregulated (165) and downregulated (30) genes 

overall, (Fig. 4.6B). Again, DESeq2 software was used to analyze 

expression differences between LPS CC against LPS CC with 

Aquamin as well as LPS CC against LPS CC with simvastatin 

treatment (Fig. 4.7). In Figure 4.11A a total of 827 genes were 

identified as differentially regulated in the LPS CC treatment 

compared to LPS CC with Aquamin group. Of these 827 

differentially regulated genes 277 were upregulated and 550 were 

downregulated in the LPS CC group. In Figure 4.7B, a total of 276 

genes were identified as differentially regulated comparing LPS CC 

with LPS CC and simvastatin. Of these 104 upregulated genes and 

172 downregulated genes were identified. Altogether Aquamin has 

a greater effect on the number of differentially expressed genes up 

or down regulated from these comparisons compared to 

simvastatin treatment.  

To gain further insight into what the identity of these differentially 

regulated genes are a list of the top thirty downregulated or 

upregulated genes in the above comparisons are presented in 

Tables 4.1—4.9 and they are ranked by log2FoldChange value. As 

demonstrated in Table 4.1, Aquamin induced upregulation of genes 
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such as Ifit2 which is positively correlated with response against 

several viral infections (350-352). Another gene which is 

upregulation as a result of Aquamin treatment is Ifit3. Recent 

evidence has shown that Ifit3 plays a pivotal role in antiviral innate 

immunity (353). Altogether, the data suggests that Aquamin as a 

nutraceutical potentially exerts intiviral effects. Table 4.2 shows the 

top 10 downregulated genes in LPS compared to LPS with Aquamin 

treatment meaning these genes had a greater expression level in 

LPS with Aquamin treatment and included genes such as Txnip (-

3.23-fold), Cited2 (-1.74-fold), Rtl5 (-1.96-fold), Serpine1 (-1.41-

fold), Fgl2 (-1.74-fold). Table 4.3 provides a list of the top 10 

upregulated genes in LPS compared to LPS with Aquamin meaning 

the expression of these genes was far less in LPS stimulated samples 

that were treated with Aquamin and include: Il1rn, Cxcl2, Ccl2, Ccl7 

and Plau. These genes are associated with the promotion of 

inflammation indicating Aquamin reduced the expression levels of 

these pro inflammatory genes based on this differential gene 

profile comparison with LPS. When it comes to LPS versus LPS with 

simvastatin comparison, the overall effect on the number of 

differential gene expression levels was far less compared to the 

Aquamin effect. Simvastatin treatment in LPS stimulated BMDMs 

led to an upregulation of Hmgc1 (-1.31-fold), Stard4 (-1.09-fold) and 

other genes linked with cholesterol biosynthesis as listed in table 

4.4. This is possibly due to a functional compensatory mechanism 

as intracellular cholesterol synthesis is blocked with simvastatin the 

cells respond by upregulating the expression of genes involved in 

lipid synthesis. For example, a well-recognized effect of statin use 

is the upregulation and expression of low-density lipoprotein 

receptor (LDLr) to increase the uptake of cholesterol from the 

bloodstream when intracellular cholesterol synthesis is blocked 

with statin use. Treatment with simvastatin induces 

downregulation of genes responsible for cytokine activity like Il1rn, 
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as well as genes relative to cancer mis regulation such as Plau, 

(Table 4.5). These gene data support the role associated with 

statins as having antiproliferative effects in different cancer cell 

lines as well as the anti-inflammatory pleiotropic associated effects 

described for statins in the literature. The gene expression results, 

presented in Tables 4.6-4.9, reveal that co-exposure of cells with 

LPS, and CC triggered the upregulation of pro-inflammatory genes 

such as Il1b, Il1a, Il6 and Aquamin treatment here again led to their 

significant downregulation. Altogether the anti-inflammatory gene 

expression impact of Aquamin was different compared with 

simvastatin treatment for both LPS and LPS CC comparisons.  To 

better map functionally the changes in gene expression described 

in these tables an enrichment analysis of all the differential 

expressed genes, was carried out to determine which biological 

functions or pathways are significantly associated with the 

differentially expressed genes (DEG) across samples. The cluster 

Profiler (Yu G, 2012) software for enrichment analysis, was applied 

for GO and KEGG database enrichment analysis and presented in 

the results sections below.  
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Figure 4.6.  Differential Gene Volcano Maps for LPS stimulated samples 

against Aquamin or simvastatin. 

Number of differential expressed genes up and down regulated 

comparing a) LPS to LPS and Aquamin treatment, b) LPS to LPS and 

simvastatin treatment. The x axis showing log2(FoldChange), and the y 

axis is  -log10(padj), the blue dashed line indicates the threshold line for 

differential gene screening criteria. 
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Figure 4.7.  Differential Gene Volcano Maps for LPS and CC stimulated 

samples against Aquamin or simvastatin. 

Number of differential expressed genes up and down regulated 

comparing a) LPSCC to LPSCC and Aquamin treatment, b) LPSCC to LPSCC 

and simvastatin treatment. The x axis showing log2(FoldChange), and the 

y axis is -log10(padj), the blue dashed line indicates the threshold line for 

differential gene screening criteria. 
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Table 4.1. Top 10 genes that were upregulated by Aquamin as a 
standalone treatment. 
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Table 4.2. LPS versus LPS and Aquamin top 10 downregulated genes.  
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Table 4.3.  LPS versus LPS and Aquamin top 10 upregulated genes. 
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Table 4.4. LPS versus LPS and simvastatin top 10 downregulated genes.  
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Table 4.5. LPS versus LPS and simvastatin top 10 upregulated genes. 
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Table 4.6. LPS and CC versus LPS and CC with Aquamin top 10 
downregulated genes. 
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Table 4.7. LPS and CC versus LPS and CC with Aquamin top 10 
upregulated genes. 
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Table 4.8. LPS and CC versus LPS and CC with simvastatin top 10 
downregulated genes.  
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Table 4.9. LPS and CC versus LPS and CC with simvastatin top 10 
upregulated genes.  
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4.2.6 Functional enrichment analysis of differentially 

expressed genes (DEGs) downregulated with 

Aquamin treatment- compared to untreated 

BMDM 
Having demonstrated the most prominent upregulated and 

downregulated DEGs resulted from each treatment, we aimed to 

gain better comprehension of the relative pathways associated 

with Aquamin treatment. Gene Ontology (GO) enrichment analysis 

was used to categorize the downregulated genes in the presence of 

Aquamin compared to untreated cell samples, according to 

biological processes (BP) (red), molecular functions (MF) (blue), and 

cellular components (green) (Fig. 4.8A).  The GO enrichment 

histogram (Fig. 4.8A) and dot plot (Fig. 4.8B)  display an enrichment 

of 10 terms in the BP category associated with genes 

downregulated under Aquamin treatment namely neutrophil 

migration (p = 1.30E-06), positive regulation of neutrophil 

migration (p = 1.30E-06), positive migration of neutrophil 

chemotaxis (p = 3.70E-06), positive regulation of granulocyte 

chemotaxis (p = 4.26E-06), regulation of neutrophil migration (p = 

4.26E-06), granulocyte migration (p = 4.95E-06), neutrophil 

chemotaxis (p = 4.95E-06), regulation of neutrophil chemotaxis (p = 

8.03E-06), regulation of granulocyte chemotaxis ( p =1.51E-05), and 

positive regulation of response to external stimulus (p = 3.25E-05). 

With respect to molecular function the enriched categories 

associated with downregulated genes in the Aquamin treated 

samples versus untreated controls, include cytokine activity (p = 

0.00047), chemokine activity (p = 0.00142), CXCR chemokine 

receptor binding (p = 0.003), chemokine receptor binding (p = 

0.0047), receptor regulator activity (p = 0.016), receptor ligand 

activity (p = 0.02), and cytokine receptor binding (p = 0.03). 
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Figure 4.12. Enrichment analysis of all the differentially expressed genes 

downregulated with Aquamin intervention compared to untreated 

control samples.  

(A) Gene Ontology (GO) histogram enrichment analysis (C) KEGG 

enrichment analysis histogram of all differentially expressed genes 
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downregulated with Aquamin treatment versus untreated samples. GO 

(A) and KEGG (C) Term's on horizontal axis shows level of significance of 

enrichment expressed as -log10(padj) on vertical axis. Numbers on bars 

represent number of associated genes. Colours represent different 

functional categories for (A) GO biological process (BP) red, cellular 

component (CC) green, and molecular function (MF) blue. GO (B) and 

KEGG (D) enrichment scatter plots showing the ratio of the differential 

gene number to the total number of differential genes in the GO or KEGG 

Term.  (B, D) The size and the colour of points in the scatter plots 

represents the number of target proteins and the padj value respectively.  
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Differential genes down regulated with Aquamin treatment versus 

unstimulated cells were also analyzed in the KEGG pathway 

enrichment database (Fig. 4.8C, D). These down regulated genes 

mapped to 173 pathways in KEGG and the 20 most significant KEGG 

pathways were selected for display. The pathways include cytokine-

cytokine receptor interaction (p = 0.00037), IL-17 signaling pathway 

(p = 0.0026), Salmonella infection (p = 0.007), TNF-a signaling 

pathway (p = 0.0087), Osteoclast differentiation (p = 0.016), and 

Chemokine signaling pathway (p = 0.02) as the most significant. 

Lower levels of enriched pathways were also seen in Toll-like 

receptor signaling pathways and in inflammation associated 

disorders such as Rheumatoid arthritis and Inflammatory bowel 

disease (IBD). Altogether the differentially expressed 

downregulated genes with Aquamin treatment versus untreated 

control BMDM cells is associated with several inflammatory 

pathways and terms from GO and KEGG functional enrichment 

analysis. A panel of genes from the most enriched functional 

pathways downregulated with Aquamin treatment versus controls 

is presented in Figure 4.9. Here the FPKM expression level of 

selected genes primarily associated with proinflammatory states 

was taken from the sequencing data set and column statistics 

applied to display the level of significance of individual 

downregulated genes with Aquamin treatment compared to 

unstimulated control cells. 
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Figure 4.9. Panel of genes from the most enriched functional pathways 

downregulated with Aquamin treatment versus controls.  

FPKM indicates the expression level of each gene from the sequencing 

data, The identified genes include (A) Ccl2, (B) Ccl7, (C) Cxcl1, (D) Cxcl2, 

(E) Cxcl3, (F) Cxcr3, (G) Il1rl1, (H) Il17c, (I) Il6, (J) Il1a, (K) Jun. Data (A-K) 

are expressed as mean ±sem from 3 independent experiments. 

****p<0.0001, **p<0.01; p<0.05 vs unx control using t test.  
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4.2.7 Functional enrichment analysis of differentially 

expressed genes (DEGs) upregulated with 

Aquamin treatment- compared to untreated 

BMDM. 
 
The GO enrichment analysis of genes was also examined (Fig. 4.10 

A, B) to identified BP and MF associated pathways that were 

upregulated with Aquamin treatment compared to untreated cells. 

With  BP, the ten most significantly enriched terms were defense 

response to virus (p = 1.76E-25), response to virus (p = 3.83E-22), 

defense response to other organism (p = 5.40E-21), response to 

interferon-beta (p = 2.67E-16), cellular response to interferon-beta 

(p = 1.10E-12), positive regulation of cytokine production (p = 

3.70E-08), regulation of defense response (p = 1.63E-07), regulation 

of innate immune response (p = 3.33E-06), negative regulation of 

viral genome replication (p = 5.66E-06), and positive regulation of 

innate immune response (p = 1.27E-05). With respect to the MF 

category the most enriched categories were core promoter binding 

(p = 0.003426), RNA polymerase II proximal promoter sequence-

specific DNA binding (p = 0.016209), proximal promoter sequence-

specific DNA binding (p = 0.016209), double-stranded RNA binding 

(p = 0.027303), 2'-5'-oligoadenylate synthetase activity (p = 

0.027303), cytokine activity (p = 0.038596), transcription factor 

activity, RNA polymerase II proximal promoter sequence-specific 

DNA binding (p = 0.038596), peptide receptor activity (p = 

0.038596), antigen binding (p = 0.049891), transcriptional repressor 

activity, and RNA polymerase II proximal promoter sequence-

specific DNA binding (p = 0.049891).  
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Figure 4.10. Enrichment analysis of all the differentially expressed genes 

upregulated with Aquamin intervention compared to untreated control 

samples.  

(A) Gene Ontology (GO) histogram enrichment analysis (C) KEGG 

enrichment analysis histogram of all differentially expressed genes 
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upregulated by Aquamin treatment versus untreated samples. GO and 

KEGG Term's on horizontal axis shows level of significance of enrichment 

expressed as -log10(padj) on vertical axis. Numbers on bars represent 

number of associated genes. Colours in (A) represent different functional 

categories for GO, biological process (BP) red, cellular component (CC) 

green, and molecular function (MF) blue. GO (B) and KEGG (D) enrichment 

scatter plots showing the ratio of the differential gene number to the total 

number of differential genes in the GO or KEGG Term.  (B, D) The size and 

the colour of points in the scatter plots represents the number of target 

proteins and the padj value respectively.  
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In parallel to the downregulation of genes described above for 

Aquamin, using the GO pathway analysis, the most enriched 

pathways associated with Aquamin-induced upregulation of genes 

compared to the untreated samples are also displayed using KEGG 

pathway analysis (Fig. 4.10 C, D). The KEGG bars shown an increase 

in the expression of viral infection associated pathways such as 

Herpes simplex infection (p = 3.30E-05), NOD-like receptor signaling 

pathway (p = 0.000438) which is cytoplasmic and yields a crucial 

role for the innate immune response, Influenza A (p = 0.000794), 

Cytokine-cytokine receptor interaction (p = 0.00134), Epstein-Barr 

virus infection (p = 0.001486), are five of the most significantly 

enriched pathways in the presence of Aquamin. In depth analysis of 

the corresponding enriched pathways revealed some prominent 

genes that were upregulated by Aquamin and associated with viral 

defense mechanisms in these cells. Bar graphs of a panel of genes 

from the most enriched pathways along with column statistics is 

shown in (Fig. 4.11) which displays the level of significance of these 

individual upregulated genes with Aquamin treatment compared to 

unstimulated control cells. 

From the results presented in the previous section it is evident that 

Aquamin modulates by reducing inflammatory signaling pathways 

such as TLR, NLR and IL-17 as well as effects on cytokines, 

chemokines and receptors which are induced by pro inflammatory 

stimuli.  Examples of those genes are Cxcl2, Ccl2, Il6, Il1b, Il17c and 

presented in Figure 4.9. Treatment with Aquamin also revealed 

concurrently it can upregulate genes correlated to antiviral 

responses such as Oas3, Stat1 and Stat2 (Figure 4.11). These data 

provide evidence altogether for Aquamin’s potential to dampen 

down pro inflammatory responses while preserving antiviral and 

protective mechanisms in the fight against invading pathogens. 
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Figure 4.11. Panel of genes from the most enriched functional pathways 

upregulated under Aquamin treatment versus controls.  

FPKM indicates the expression of every gene. The identified genes include 

(A) Oas3, (B) Oas1b, (C) Stat1, (D) Stat2, (E) Irf7, (F) Ccl5, (G) Cxcl10, (H) 

Il12b. Data (A-H) are expressed as mean ±sem from 3 independent 

experiments. ****p<0.0001; p<0.05 vs unx control using t test.  
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4.2.8 Functional enrichment analysis of differentially 

expressed genes (DEGs) upregulated with LPS 

treatment- compared to untreated BMDM 
 
Transcriptomic analysis of Aquamin-treated BMDMs under LPS 

stimulation at 100ng/ml was also conducted. Initially GO and KEGG 

enrichment analysis of LPS responsive genes was carried out (Fig. 

4.12). GO enrichment analysis of LPS induced genes revealed 

enrichment of 7119 genes of which 1214 were significantly 

enriched compared to untreated cells.  The results are in 

accordance with previous evidence supporting the induced LPS 

genes in this data set are mapped to cytokine and chemokine 

pathways from GO functional pathway analysis (Fig. 4.12 A, B) as 

expected. KEGG enrichment analysis of upregulated DEGs also 

derived from LPS stimulated BMDMs were mapped to pathways 

such as TNF signaling as well as the enrichment of viral infection 

responsive genes associated with pathways such as Influenza A, 

Herpes simplex infection and Epstein Barr virus infection. 

Enrichment of inflammation associated pathways such as NOD-like 

receptor signaling pathways and cytokine-cytokine receptor 

interaction was also obtained from the KEGG enrichment analysis 

of LPS upregulated genes compared to untreated BMDM (Fig 4.12 

C, D). These expected results for LPS driving the expression of 

proinflammatory genes provides confidence in the reliability of the 

results obtained particularly in looking for gene expression patterns 

with Aquamin.   
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Figure 4.12. Enrichment analysis of all the differentially expressed genes 

upregulated with LPS stimulation compared to untreated control 

samples.  

(A) Gene Ontology (GO) histogram enrichment analysis (C) KEGG 

enrichment analysis histogram of all differentially expressed genes 

upregulated by LPS stimulation versus untreated samples. GO and KEGG 

Term's on horizontal axis shows level of significance of enrichment 

expressed as -log10(padj) on vertical axis. Numbers on bars represent 

number of associated genes. Colours represent different functional 

categories for GO, (A) Biological Process (BP) red, cellular component (CC) 

green, and molecular function(MF) blue. GO (B) and KEGG (D) enrichment 

scatter plots showing the ratio of the differential gene number to the total 

number of differential genes in the GO or KEGG Term.  (B, D) The size and 

the colour of points in the scatter plots represents the number of target 

proteins and the padj value respectively.  
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4.2.9 Functional enrichment analysis of differentially 

expressed genes (DEGs) downregulated with 

Aquamin treatment- compared to LPS-

stimulated BMDM 
 
To gain an insight into the biological roles of the most significantly 

downregulated genes regarding the comparison of LPS versus LPS 

with Aquamin, GO enrichment analysis was conducted. As shown in 

Fig. 4.13A and Fig. 4.13B, the ten most significantly enriched terms 

with respect to DEGs that were downregulated by Aquamin 

treatment compared to LPS stimulated controls in the BP category 

were positive regulation of cellular component movement (p = 

2.15E-10), positive regulation of locomotion (p = 3.47E-10), positive 

regulation of cell motility (p = 3.47E-10), positive regulation of cell 

migration (p = 3.47E-10), cell chemotaxis (p = 1.80E-9), leukocyte 

chemotaxis (p = 3.30E-09), myeloid leukocyte migration (p = 6.78E-

09), granulocyte migration (p = 2.24E-08), leukocyte migration (p = 

3.23E-08), and positive regulation of response to external stimulus 

(p = 9.67E-08). In the MF category, cytokine receptor binding (p = 

1.25E-07), cytokine activity (p = 1.77E-07), receptor ligand activity 

(p = 1.77E-07), receptor regulator activity (p = 9.83E-07), G-protein 

coupled receptor activity (p = 1.26E-06), chemokine activity (p = 

3.92E-05), chemokine receptor binding (p = 5.36E-05), chemokine 

binding (p = 0.000487), G-protein coupled chemoattractant 

receptor activity (p = 0.000566), and chemokine receptor activity (p 

= 0.000566) were significantly enriched. Altogether here mapped 

genes downregulated with Aquamin treatment in LPS stimulated 

BMDM were mainly associated with pro-inflammatory pathways. 
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Figure 4.13. Enrichment analysis of all the differentially expressed genes 

downregulated with LPS Aquamin intervention compared to LPS.  

(A) Gene Ontology (GO) histogram enrichment analysis (C) KEGG 

enrichment analysis histogram of all differentially expressed genes 

downregulated with LPS Aquamin treatment versus LPS. GO and KEGG 
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Term's on horizontal axis shows level of significance of enrichment 

expressed as -log10(padj) on vertical axis. Numbers on bars represent 

number of associated genes. Colours represent different functional 

categories for GO, (A) Biological Process (BP) red, cellular component (CC) 

green, and molecular function (MF) blue. GO (B) and KEGG (D) enrichment 

scatter plots showing the ratio of the differential gene number to the total 

number of differential genes in the GO or KEGG Term.  (B, D) The size and 

the colour of points in the scatter plots represents the number of target 

proteins and the padj value respectively.  
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Functional enrichment of the downregulated DEG under LPS 

Aquamin treatment versus LPS in BMDM was carried out using 

KEGG functional analysis (Fig. 4.13 C, D). KEGG analysis here 

revealed that 253 KEGG pathways were enriched of which 10 were 

significantly enriched (p < 0.05). The significantly enriched 

pathways of LPS treated BMDMs that were downregulated by 

Aquamin intervention were Cytokine-cytokine receptor interaction 

(p = 1.27E-08), IL-17 signaling pathway (p = 1.27E-08), 

Transcriptional misregulation in cancer (p = 0.0014), Rheumatoid 

arthritis (p = 0.0035), Malaria (p = 0.0073), FoxO signaling pathway 

(p = 0.017), AGE-RAGE signaling pathway in diabetic complications 

(p = 0.018), TNF signaling pathway (p = 0.018), Gap junction (p = 

0.018), and MAPK signaling pathway (p = 0.045). Key genes of the 

most enriched pathways from figure 4.13) were identified and 

illustrated in column graphs (Fig. 4.14) to provide additional 

evidence for the anti-inflammatory impact of Aquamin in vitro in 

relation to individual genes. 
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Figure 4.14. Panel of genes from the most enriched functional pathways 

downregulated by Aquamin treatment compared to LPS in BMDM.  

FPKM indicates the expression of every gene. The identified genes include 

(A) Cxcl2, (B) Ccl2, (C) Ccl7, (D) Il6, (E) Il1a, (F) Il1b, (G) Il1rn, (H) Plau, (I) 

Il17ra, (J) Cd86, (K) Plk2. Data (A-H) are expressed as mean ±sem from 3 

independent experiments. ****p<0.0001; p<0.05 vs LPS stimulated 

control using 1 way ANOVA.  
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4.2.10  Functional enrichment analysis of differentially 

expressed genes (DEGs) downregulated with 

simvastatin treatment- compared to LPS 

stimulated BMDM 
GO enrichment analysis was conducted to provide a list of the ten 

most enriched BP, CC and MF as a result of the DEGs that were 

downregulated by simvastatin treatment compared to LPS 

stimulated BMDMs (Fig. 4.15 A, B). In the category of BP, the most 

enriched terms were blood vessel morphogenesis (p = 2.59E-08), 

angiogenesis (p = 2.59E-08), regulation of vasculature development 

(p = 2.92E-08), regulation of angiogenesis (p = 5.30E-07), leukocyte 

differentiation, (p = 7.76E-07), positive regulation of vasculature 

development (p = 1.46E-05), positive regulation of cellular 

component movement (p = 1.59E-05), chemotaxis (p = 1.96E-05), 

taxis (p = 1.96E-05), positive regulation of cell migration (p = 2.86E-

05). In the CC category no term was significantly enriched. On the 

other hand in the category of MF, significant enrichment was 

obtained on transcriptional activator activity, RNA polymerase II 

transcription regulatory region sequence-specific DNA binding (p = 

0.000123), RNA polymerase II proximal promoter sequence-specific 

DNA binding (p = 0.000123), proximal promoter sequence-specific 

DNA binding (p = 0.000123), receptor ligand activity (p = 0.000152), 

MAP kinase tyrosine/serine/threonine phosphatase activity (p = 

0.000152), MAP kinase phosphatase activity (p = 0.000189), 

receptor regulator activity (p = 0.000216), cytokine receptor 

binding (p = 0.000223), transcription factor activity, RNA 

polymerase II proximal promoter sequence-specific DNA binding (p 

= 0.000481), and growth factor activity (p = 0.000707).  

KEGG enrichment analysis for the above treatment comparison was 

also carried out to detect the enriched pathways associated with 

gene downregulation resulting from statin intervention in LPS 

stimulated BMDM samples (Fig. 4.15 C, D). Out of the 153 pathways 
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that were found to be enriched, 3 pathways were significantly 

enriched.  The most significantly enriched pathways were cytokine-

cytokine receptor interaction (p = 0.001138), MAPK signaling 

pathway (p = 0.002581), transcriptional misregulation in cancer (p 

= 0.026515). Altogether further supporting the protective role 

statins have been associated with in cancer studies and the 

pleotropic beneficial role as anti-inflammatory agents.   
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Figure 4.15. Enrichment analysis of all the differentially expressed genes 

that were downregulated with LPS simvastatin intervention compared 

to LPS. 

(A) Gene Ontology (GO) histogram enrichment analysis (C) KEGG 

enrichment analysis histogram of all differentially expressed genes 

downregulated with LPS Aquamin treatment versus LPS. GO and KEGG 

Term's on horizontal axis shows level of significance of enrichment 
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expressed as -log10(padj) on vertical axis. Numbers on bars represent 

number of associated genes. Colours represent different functional 

categories for GO, (A) Biological Process (BP) red, cellular component (CC) 

green, and molecular function (MF) blue. GO (B) and KEGG (D) enrichment 

scatter plots showing the ratio of the differential gene number to the total 

number of differential genes in the GO or KEGG Term.  (B, D) The size and 

the colour of points in the scatter plots represents the number of target 

proteins and the padj value respectively.  
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4.2.11  Functional enrichment analysis of differentially 

expressed genes (DEGs) downregulated with 

Aquamin or simvastatin treatment- compared 

to LPSCC treated BMDM 
 
Go annotation demonstrates the BP, CC and MF that were enriched 

in relation to the downregulated DEGs resulting from Aquamin 

intervention in LPS and CC-stimulated BMDMs in contrast to LPSCC 

samples without Aquamin (Fig. 4.16). In this comparison, 173 GO 

terms were significantly enriched with 155 BP and 18 MF mapped 

GO terms. The top ten GO terms showing significant differences in 

relation to BP category included cell chemotaxis (p = 3.49E-13), 

leukocyte chemotaxis (p = 5.58E-11), leukocyte migration (p = 

7.85E-11), granulocyte migration (p = 1.81E-10), myeloid leukocyte 

migration (p = 3.67E-10), neutrophil migration (p = 1.28E-09), 

granulocyte chemotaxis (p = 1.29E-09), chemotaxis (p = 2.93E-09), 

taxis (p = 2.93E-09), and neutrophil chemotaxis (p = 1.25E-08). The 

top ten most enriched terms in the MF category were cytokine 

activity (p = 9.04E-08), cytokine receptor binding (p = 3.02E-06), 

receptor ligand activity (p = 3.07E-06), receptor regulator activity (p 

= 7.55E-06), chemokine activity (p = 0.000421), growth factor 

receptor binding (p = 0.000501), chemokine receptor binding (p =  

0.00155), fibronectin binding (p = 0.001801), neurotransmitter: 

sodium symporter activity (p = 0.003811), and G-protein coupled 

receptor activity (p = 0.009768).  

The KEGG pathway enrichment results for the above comparison 

for Aquamin downregulated DEGs were mapped to 178 KEGG 

pathways among which 11 pathways considered significantly 

enriched. These include steroid biosynthesis (p = 9.75E-07), IL-17 

signaling pathway (p = 6.45E-06), cytokine-cytokine receptor 

interaction (p = 6.45E-06), malaria (p = 0.000282), AGE-RAGE 

signaling pathway in diabetic complications (p = 0.006567), 

inflammatory bowel disease (IBD) (p = 0.008937), TNF signaling 
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pathway (p = 0.011242), hematopoietic cell lineage (p = 0.011242), 

Salmonella infection (p = 0.028372), Rheumatoid arthritis (p = 

0.028372). The results from the GO and KEGG pathway analysis 

here revealed similar pathway mapping enrichment as described 

above for Aquamin downregulated genes compared to LPS treated 

BMDM. This further strengthens the confidence of the observed 

results and the effects of Aquamin in downregulating expression of 

genes associated with pro inflammatory pathways in BMDM cells. 
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Figure 4.16. Enrichment analysis of all the differentially expressed genes 

downregulated in the LPS/CC with Aquamin intervention compared to 

LPS/CC stimulated BMDM.  

(A)Gene Ontology (GO) histogram enrichment analysis (C) KEGG 

enrichment analysis histogram of all differentially expressed genes 

downregulated with LPS Aquamin treatment versus LPS. GO and KEGG 
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Term's on horizontal axis shows level of significance of enrichment 

expressed as -log10(padj) on vertical axis. Numbers on bars represent 

number of associated genes. Colours represent different functional 

categories for GO, (A) Biological Process (BP) red, cellular component (CC) 

green, and molecular function (MF) blue. GO (B) and KEGG (D) enrichment 

scatter plots showing the ratio of the differential gene number to the total 

number of differential genes in the GO or KEGG Term.  (B, D) The size and 

the colour of points in the scatter plots represents the number of target 

proteins and the padj value respectively.  
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GO and KEGG enrichment of genes downregulated with LPSCC 

simvastatin treatment versus LPSCC treatment in BMDM was 

carried out and shown in figure 4.17. GO enrichment analysis 

identified 1664 enriched terms of which none was considered 

significantly enriched (Fig. 4.17 A, B). As far as KEGG pathway 

enrichment is concerned, notwithstanding the enrichment of 78 

pathways, no pathway was significantly enriched here also (Fig. 

4.17 C, D). This was not surprising as the least number of gene 

changes across the data set occurred in the LPSCC with simvastatin 

treatment which provided for reduced power in detecting strong 

significance in the enrichment analysis (Fig. 4.6, 4.7).  However, 

despite this a similar pattern of potentially enriched pathways 

downregulated with simvastatin although not significant here was 

seen above in the LPS simvastatin comparison.  
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Figure 4.17. Enrichment analysis of all the differentially expressed genes 

downregulated with LPSCC simvastatin intervention compared to 

LPSCC.  

(A) Gene Ontology (GO) histogram enrichment analysis, (C) KEGG 

enrichment analysis histogram of all differentially expressed genes 

downregulated with LPSCC with simvastatin treatment versus LPS and CC. 
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GO and KEGG Term's on horizontal axis shows level of significance of 

enrichment expressed as log10(padj) on vertical axis. Numbers on bars 

represent number of associated genes. Colours represent different 

functional categories for GO, (A) Biological Process (BP) red, cellular 

component (CC) green, and molecular function (MF) blue. GO (B) and 

KEGG (D) enrichment scatter plots showing the ratio of the differential 

gene number to the total number of differential genes in the GO or KEGG 

Term. (B, D) The size and the colour of points in the scatter plots 

represents the number of target proteins and the padj value respectively. 

 

4.2.12 Real-time quantitative PCR (RT-qPCR) 

verification of gene expression changes 
To validate the gene sequencing expression data associated with 

Aquamin inhibiting pro inflammatory genes quantitative RT-PCR 

was carried out (Fig. 4.18).   The selected markers that were used 

for validation include chemokines CXCL2, CCL2, cytokines IL-6 and 

IL-1β as well as TICAM-1 (TRIF) an adaptor molecule associated with 

TLR signaling. These five DEGs were downregulated by Aquamin 

intervention from the sequencing data and therefore selected for 

RT-qPCR due to their significant as pro-inflammatory mediators in 

chapter 3. Consistent downregulation of expression patterns in 

these genes were obtained here also under Aquamin treatment 

using q-RT-PCR confirming validation of RNA –seq results presented 

above. 
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Figure 4.18. Quantitative RT-PCR validations of five genes that were 

downregulated by Aquamin treatment versus LPS stimulated controls.  

BMDMs were pretreated with Aquamin 2mg/ml and were exposed to LPS 

at 100ng/ml for 6 h. RT-PCR was performed to measure the gene 

expression of A) CXCL2, B) CCL2, C) IL-6, D) IL-1β, Ε) TICAM-1. Data (A-E) 

normalized to GAPDH, expressed relative to untreated cells and 

presented as mean ± sem from 3 independent experiments. 

****p<0.0001, **p<0.01; *p<0.05 vs LPS alone using one way ANOVA 

statistical test.  
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4.3 Discussion 

 
The omics technologies are used to explore the roles, relationships 

and actions of the various types of molecules that make up the cells 

of an organism (354). Transcriptomic technologies have the 

capacity to detect genes and corresponding pathways expressed as 

a result of stimuli. By exhibiting a nontargeted nature, 

transcriptomics allow recognition of new transcriptional networks 

(355).  Many types of omics data can be produced using New 

Generation Sequencing (NGS). NGS has been a breakthrough in 

transcriptomics. It includes RNA analysis through complementary 

DNA sequencing (356).  

Over the last few years, there has been a vast number of papers 

published on inflammation associated diseases. Numerous genes 

and pathways have been found to yield a role in those conditions. 

Aquamin is a nutraceutical that promotes bone health and exerts 

anti-inflammatory properties in some studies (268, 310). However, 

there is abundant room for further progress in determining the 

molecular pathways and the biological processes involved when 

Aquamin is present. Since the corresponding mechanisms at how 

Aquamin modulates inflammation have not been established, the 

aims of the present study were to summarize the most reliable gene 

set as well as biological processes, molecular functions and 

associated cellular components involved when BMDMs were 

treated with Aquamin. NGS analysis is a powerful tool in 

investigating global gene expression changes across treatments and 

sample groups.  

In the present study, BMDMs were exposed to LPS and treated with 

Aquamin and simvastatin. Initially, ELISA was carried out to confirm 

that Aquamin significantly decreases the protein concentration of 

LPS induced cytokines. Then, the samples were subjected to RNA 

sequencing to further investigate the whole transcriptome profile 
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changes of BMDMs in the presence of Aquamin and simvastatin 

when exposed to LPS or LPS with CCs. 

Interestingly across the data set genes that exert crucial roles in 

inflammatory and viral responses as well as cancer are detected.  

The results of this study revealed that treatment of cells with 

Aquamin has induced significant upregulation of Ifit2 gene 

compared to the unstimulated control. A previous in vivo study has 

shown that Ifit2 exerts a protective role against neurotropic 

coronavirus MHV-RSA59 infection in mice (357). From the results in 

this study it is suggested that supplementation with Aquamin could 

have beneficial effects against viral infections such as coronavirus. 

The data of this study also demonstrated that Samhd1 is another 

gene that is upregulated as a result of Aquamin treatment. 

Interestingly, a recent study has revealed that Samhd1 could play 

pivotal role in the connection of neurological manifestations and 

Covid-19 (358). Hence intake of Aquamin could potentially have an 

effect on neurodegeneration.   When analyzing the data, it was 

found that stimulation of BMDMs with LPS induces the 

upregulation of pathways which are popular in inflammatory 

responses, viral infections, and tumor growth. This provided 

confidence in the expression results as these pro inflammatory 

pathway upregulating events are expected with LPS stimulation in 

BMDM.  From the data interpretation a strong anti-inflammatory 

association is seen when LPS-stimulated BMDMs are treated with 

Aquamin. Downregulation of chemokines and cytokines 

participating in pathways like Toll-like receptor, NOD-like receptor, 

FoxO and IL-17 signaling pathway which are involved in 

tumorigenesis and immune response mechanisms are seen. 

Aquamin prevented their upregulation which was induced by LPS. 

Equally important to the TLR signaling inhibition by Aquamin as 

described in chapter 3, strong evidence for modulation of the IL-17 

signaling pathway was detected.  Using KEGG pathway analysis, it 
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was seen that the IL-17 pathway exhibited significant 

downregulation with Aquamin treatment and was further 

supported by reduction in individual gene expression values of 

Cxcl2, Ccl2, Il6, Il1b which are associated to IL-17 signaling (359). 

Apart from the beneficial effects of IL-17 signaling, excessive 

release of IL-17 cytokine could lead to clinical outcomes (360). IL-17 

cytokine modulates inflammation in synergy with other cytokines 

such as TNF-α (361). Hence, downregulation of IL-17 signaling 

pathway associated genes by Aquamin further supports its anti-

inflammatory effect. Previous studies have emphasized that 

dysregulation of IL-17 pathway is associated with tumour growth 

which is corroborated by higher expression of IL-17 genes in 

cervical, colorectal, gastric, as well as esophageal cancer (362, 363). 

In the future it will be interesting to investigate the effect of 

Aquamin in modulating disease pathologies associated with IL-17 

signaling. Prior research indicated that PLAU enzyme facilitates 

carcinogenesis, however PLAU inhibition could block tumor 

progression (364). The findings of the current study hint that 

Aquamin supplementation might yield anti-cancer effects.  The 

results from the data set indicate altogether that Aquamin as a 

nutraceutical can yield a protective role against multiple 

pathologies such a cancer, viral infections, and inflammation 

related disorders by targeting associated genes.  

Metabolic disease is one of the most common pathological 

conditions in the world and can maximize the risk for further 

cardiovascular events and various diseases reducing the quality of 

life (365). High cholesterol is a major risk factor in the 

pathophysiology of metabolic disease (9). In addition, high levels of 

cholesterol lead to dysregulation of cellular cholesterol 

homeostasis which triggers the switch of macrophages to 

hyperinflammatory cells that are abundant in atherogenesis (366). 

In the present study we induced a phenotype that resembles a 



180 
 

hypercholesterolemic state in vitro by exposing BMDMs to LPS and 

cholesterol crystals. Here investigations into the treatment of 

BMDMs with Aquamin and its effects at antagonizing inflammatory 

genes and corresponding pathways associated with 

hypercholesterolemia were carried out. 

 On the basis of evidence that is currently available, simvastatin is a 

compound that reduces LDL-cholesterol and associated 

cardiovascular events. Increasing evidence is supportive of 

simvastatin also acting as an anti-inflammatory agent by preventing 

the increase of LPSCC-induced IL-1β in PBMCs by antagonizing 

NLRP3 inflammasome(184). Further investigations substantiate the 

anti-inflammatory effect of statins by demonstrating reduction in 

the activity of the transcription factor NF-κB as well as activator 

protein 1 (AP-1) that are involved in inflammatory pathways and 

are linked to atherosclerosis (367).  

Simvastatin as a drug of choice for dyslipidemias were used in the 

study as an established compound to be compared with Aquamin. 

Aquamin exhibited more potent reduction of TNF-α and IL-1β in 

BMDMs co-stimulated with LPS and CC compared to simvastatin. 

Aquamin intervention downregulated inflammation-linked 

pathways and signature cytokines such as IL-17 which is highly 

expressed in hypercholesterolemic individuals (368). Steroid 

biosynthesis was the most significantly enriched pathway with 

Aquamin downregulated DEGs when compared to LPS and CC 

stimulated BMDM samples without Aquamin. Enzymes and 

molecules involved in steroid biosynthesis play key roles in the 

biosynthesis of cholesterol. Downregulation of steroid associated 

genes here with Aquamin indicates a possible role in cholesterol 

lowering capabilities, which needs further investigations yielding a 

safe additive compound to statins in the protection against 

hypercholesterolemia. Previous work has shown that Serum 

amyloid A (SAA) proteins modulate inflammation and metabolism 
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and they are known to be highly expressed in conditions that are 

associated with MetS such as high blood glucose, obesity, insulin 

resistance and heart disease (369-374). That notion was 

corroborated by a previous research which demonstrated that mice 

that were exposed to HFD displayed upregulated SAA3 in the 

adipose tissue (371). A different study revealed that administration 

of LPS, as well as other products of the indigenous gut microbiota, 

lead to increased expression of SAA3 in the adipose tissue (375). 

The present findings re directly in line with the LPS induced Saa3 

upregulation that was seen previously and a further novel finding is 

that treatment with Aquamin induces downregulation of Saa3 

which is suggestive of anti-inflammatory effects and potentially 

beneficial against the development of MetS. 

In addition, another pathway which was significantly 

downregulated as result of Aquamin intervention in LPS and CC 

stimulated BMDMs was AGE-RAGE signaling pathway in diabetic 

complications. According to previous literature, RAGE pathway is 

positively associated with renin-angiotensin system which yields a 

major drug target in cardiovascular and metabolic diseases (376). 

Deletion or suppression of RAGE transactivation can lead to 

attenuation of type 1 angiotensin II receptor (AT1) and thus pro-

inflammatory signaling (377). In other words, the significant 

downregulation of DEGs associated to AGE-RAGE signaling pathway 

by Aquamin could mean that Aquamin as a nutraceutical can exert 

a beneficiary role in heart disease. Further studies using Aquamin 

in phenotypes that resemble cardiovascular disease should be 

carried out. 

RNA seq provided strong evidence of the notable differences in the 

gene expression levels during both presence and absence of 

Aquamin and simvastatin. Strikingly treatment with Aquamin 

resulted to a notable higher number of DEGs as well as pathways 

and biological processes compared to simvastatin which pinpoints 
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suggests that this research could serve as a base for future studies 

exploring in depth the effect of Aquamin in the corresponding 

pathways.  Treatment with Aquamin has led to the downregulation 

of genes with yield crucial roles in the pathophysiology of diseases 

such as obesity, cardiovascular disease, diabetes and inflammatory 

pathologies. Further gene validation and proteomic analysis needs 

to be conducted to provide ample support to its beneficiary effect 

as a nutraceutical. Notwithstanding the fact that transcriptomic 

analysis yields a noteworthy tool to assess global gene expression, 

proteomics analysis should be conducted  in complement to 

transcriptomics to provide a thorough intuition into the protein 

profile of the organism (378). Considering its anti-inflammatory 

properties, its large accessibility in conjunction with its safety 

profile could potentially increase the use of Aquamin as a health 

promoting agent either as an alternative or a synergetic compound 

to currently approved pharmaceuticals.  
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5 THE EFFECTS OF AQUAMIN 
ON DIET INDUCED OBESITY 
IN MICE 

 

 

 

 

 

 

 

 

 



184 
 

5.1 Introduction 

Nowadays, high fat diet is a major public health concern yielding a 

risk factor for the development of metabolic disorders, obesity and 

DM II (379). The incidence of those disorders is rising dramatically 

leading to cardiovascular events because of increased cholesterol, 

blood glucose and insulin levels as well as hypertension (380). 

Dietary patterns full of fats are one of the most prominent 

contributors of atherosclerosis and obesity.  

Available evidence has shown that high fat intake contributes to the 

pathogenesis of cardiovascular disease and diabetes (381). Studies 

in the field of MetS are investigated using experimental animal 

models which resemble the disease state in humans. Rodents are 

the most popular animal models used to investigate MetS which 

predominantly occurs by diet manipulation (382). Similarly to the 

MetS, diet-induced obesity (DIO) has been widely studied using in 

vivo mouse models (383). Administration of a high fat diet (HFD) in 

mice can induce an obese state in a proportional way that HFD 

causes obesity in humans along with its associated 

pathophysiological changes (384). Inflammatory cells are very 

abundant in the adipose tissue resulting to the production of pro-

inflammatory markers which connects obesity, atherosclerosis, as 

well as insulin resistance (385).  

Obesity is regulated by leptin and regulated lipolysis as well as 

proinflammatory immune responses. Dysregulation of leptin or 

leptin receptor can lead to early onset obesity (29). Resistance to 

leptin occurs primarily due to administration of a high fat diet in 

which elevated levels of plasma leptin and ob gene  are observed 

due to corticosterone and insulin release in mouse and human 

adipose tissue (386). One of the most popular genes in obesity 

research is the ob gene which encodes for leptin and to that end, 

ob/ob mouse, which is leptin deficient, yields one of the most 
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widely used animal models (387, 388). Along similar lines, the 

db/db mouse, which is also known as “diabetic mouse”, is leptin 

receptor-deficient. It manifests a similar phenotype to ob/ob 

mouse, however it is characterized by increased hyperglycemia 

compared to the “obese mouse” (387).  

To further comprehend the mechanism of MetS and obesity, 

transgenic models have been produced. Some examples are the 

corticotropin-releasing factor overexpressing mice (389), serotonin 

5-HT-2c overexpressing mice (390), beta-3-adrenergic (391), 

melanin-concentrating hormone (392), as well as others. 

The C57BL/6J (B6J) mouse has received much attention as one of 

the most susceptible mouse strains to develop obesity, 

hyperglycaemia, insulin resistance, and impaired glucose tolerance 

(IGT) when fed a HFD amongst the available strains (393, 394). 

Previous research has investigated the impact of a high fat diet on 

different mouse strains. Their results demonstrated increased 

weight gain in Kunming and ICR mouse compared to C57BL/6 and 

BALB//c mouse, however all tested mouse strains displayed heavier 

adipose and liver tissue resulted from the HFD (395). A recent study 

assessed whether the dietary intake of ginger could yield a 

protective effect against DIO. In their study Seo et al. exposed 

C56BL/6 mice to HFD for 7 weeks. Their results revealed that mice 

that were fed a HFD gained weight as well as high glucose and 

cholesterol levels. The incorporation of ginger into the diet exerted 

a significant protective effect against DIO (396).  

The prevalence of obesity is on the rise, which pinpoints that 

current approaches are ineffective against the development of the 

disease, hence further preclinical studies examining the disease are 

of utmost importance (397). Notwithstanding the indirect anti-

inflammatory activity of statins by decreasing plasma cholesterol, 

previous studies have pinpointed that statins exert direct anti-

inflammatory activity by reducing C-reactive protein (CRP) 



186 
 

concentration (398). Hence, they function as the predominant 

choice for the treatment of atherosclerosis (399). A Hyperlipidemic 

state could be a result of insulin resistance and high adiposity which 

justifies the link between obesity and atherosclerosis (400). 

Previous authors have demonstrated that immune cells in obesity 

and specifically macrophages exhibit high levels of IL-1β (401). In a 

study by Boland et al., it was demonstrated that simvastatin 

reduces the NLRP3 induced IL-1β release (184). As indicated by 

previous research, attenuation of NLRP3 inflammasome in mice 

prevents obesity-induced activation of the inflammasome in liver 

and adipose tissue and it also increases insulin sensitivity (190). 

Considering the notable inhibitory effect of Aquamin against the 

production of cytokines in LPS- and CC-stimulated BMDMs that was 

interestingly more potent than simvastatin as was outlined in 

chapter 4, this study aimed to shine new light on the potential 

synergistic effect of Aquamin and simvastatin in peripheral blood 

mononuclear cells (PBMCs) exposed to LPS and CC as potential 

NLRP3 antagonists. The study assessed in this chapter also sought 

to determine the significance of Aquamin as a prophylactic 

compound against diet induced obesity in mice which are prone to 

gain weight by exposing C57BL/6 mice to HFD in the presence and 

absence of Aquamin.   
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5.2 Results 

5.2.1 Treatment with Aquamin potentiates the effect 

of simvastatin in NLRP3-primed PBMCs 
 
Previous studies have demonstrated that during the state of 

obesity molecular pathogens are produced leading to the activation 

of NLRP3 inflammasome (402). To examine the role Aquamin exerts 

in the activation of NLRP3, human PBMCs from healthy individuals 

were exposed to LPS and CC upon treatment with Aquamin and 

simvastatin (Fig. 5.2). Our results demonstrated that both Aquamin 

and simvastatin significantly reduce the LPS- and CC-induced 

release of TNF-α (Fig. 5.2A) and IL-1β (Fig. 5.2B). Another key 

finding, that can be emerged from figure 5.2 below, is the 

significant reduction of both NLPR3-primed TNF-α and IL-1β caused 

by the synergy of Aquamin and simvastatin, even when both 

Aquamin and simvastatin were used at lower doses (Fig. 5.2). Our 

results cast a new light on the effect of Aquamin as an additive to 

simvastatin treatment in vitro, which might suggest that potential 

supplementation of Aquamin in human subjects treated with 

statins could be beneficial. 
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Figure 5.2. In vitro Aquamin treatment inhibits cholesterol crystal-

induced expression and activation of TNF-α and IL-1β from healthy 

peripheral blood mononuclear cells (PBMCs).  

Aquamin treatment of healthy PBMCs in vitro inhibits the secretion of (A) 

TNF-α, (B) IL-1β in response to lipopolysaccharide (100 ng/mL) and 

cholesterol crystals (CC) (2 mg/mL). Data are shown as mean (standard 

error of the mean [SEM]). Statistical analysis of significance determined 

through 1way ANOVA. ns p>0.05, ***p < 0.001. 
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5.2.2 The effect of Aquamin on diet induced obesity 

in mice 
 
  To gain an understanding of how Aquamin plays a role in the 

pathogenesis of obesity and metabolic disease, we placed C57BL/6J 

mice on a high fat diet with and without Aquamin supplementation 

for 10 weeks (Fig. 5.3). The results of the experiment found clear 

support that mice exhibited increased weight gain as expected from 

HFD feeding. Preliminary findings indicate that inclusion of 

Aquamin in the HFD diet may lead to a reduction in weight gain 

compared to the HFD only controls (Fig. 5.3A, 5B). The reduced 

weight gain in the Aquamin supplemented animals was observed 

despite similar levels of food and water consumption (Fig. 5.3C, D). 

No change in mass of epidydimal and subcutaneous white adipose 

tissue depots was observed between the groups at the end of the 

study period (Fig. 5.3E). (Carried out with the support of my P.I Dr 

Lucitt)  

As a result of HFD exposure, C57BL/6 mice have been shown to 

develop signs of metabolic disease such as defective glucose and 

insulin tolerance. Therefore, we next analysed whether Aquamin 

supplementation alters metabolic function in these mice. Here, our 

results demonstrated that mice treated with HFD and Aquamin 

supplementation were found to have improved glucose tolerance 

(Fig. 4A, B) and lower insulin resistance (Fig. 5.4C, D) compared to 

the HFD only control mice at 12 weeks. These results demonstrate 

that Aquamin supplementation in a model of diet induced obesity 

can suppress weight gain and protect against development of the 

metabolic syndrome. 
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Figure 5.3. AquaminTM supplemental HFD is protective against weight 

gain.  

(A) Actual weight gain, (B) percentage weight gain, (average weekly food 

intake and (d) average weekly water intake in AquaminTM supplemented 

HFD animals compared to control HFD animals over 10 weeks. (E) 

Epidydimal (EAT) and subcutaneous (SAT) adipose tissue weights at the 

end of study period. The data are mean ±sem, n=5. 
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Figure 5.4. AquaminTM supplemented HFD improves glucose tolerance 

and lowers insulin tolerance. 

 Glucose tolerance test (GTT) following 10 weeks of HFD; blood glucose 

over time after i.p. glucose (2g/kg) injection, blue line Aquamin 

supplemented HFD (A) and AUC (B). Insulin tolerance test (ITT) following 

10 weeks on HFD; blood glucose over time after bolus i.p. insulin (1U/kg), 

blue line Aquamin supplemented HFD (C) and AUC (D) shown. The data 

are mean ±sem, n=5. 
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To further determine the gene expression of pro-inflammatory 

mediators in adipose tissue harvested from mice fed a HFD in 

comparison, with the mice that received HFD with Aquamin, RNA 

was extracted from adipose tissue and RT-PCR was carried out to 

determine the gene expression of TNF-α, IL-6 and IL-1β (Fig. 5.5). 

Although none of the differences illustrated in figure 5.5 were 

statistically significant, an observation that could emerge based on 

the corresponding graphs is that incorporation of Aquamin into 

HFD potentially exhibits a tendency for reduction of IL-1β compared 

to HFD alone. 
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Figure 5.5. Aquamin supplementation did not cause any significant 

alteration to the gene expression of pro-inflammatory cytokines in the 

adipose tissue. 

(A)TNF-α, (B) IL-6, (C) IL-1β relative gene expression in the adipose tissue 

of mice fed a HFD and the ones fed a HFD along with Aquamin (n=5 per 

group). 
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5.3 Discussion 

It is by now generally accepted that the number of obese patients 

including children has notably increased leading to further 

pathological conditions like MetS, diabetes and heart disease (403, 

404). Macrophage infiltration occurs as a result of adiposity leading 

to the release of pro-inflammatory cytokines such as TNF-α, IL-6 

(380). 

During an obese state the Nod-like receptor including the NLRP3 

inflammasome recognizes danger signals leading to the production 

of IL-1β (190). Cholesterol crystals are the main mediators of NLRP3 

activation and signaling (184). Macrophages generate IL-1β which 

plays a major role in the development of obesity associated insulin 

resistance (405). A previous research in the field of cardiovascular 

disease and atherosclerosis has shown that co-stimulation of 

PBMCs with CC and LPS leads to potent IL-1β and TNF-α production 

(184). As per previous research that was carried out in NLRP3-

activated PBMCs, it was revealed that simvastatin treatment had 

led to reduced IL-1β levels without any effect on TNF-α protein 

expression in CC- and LPS-driven cells (184). A study that was 

performed using diabetes patients demonstrated reduction in the 

monocyte and lymphocyte levels of pro-inflammatory cytokines 

(406).  

In the present study, NLRP3 spiked PBMCs were formed after 

exposure to CC and LPS and the effect of simvastatin was also 

assessed by our lab. The results in this study ties well with previous 

in vitro studies wherein the combination of LPS and CC induced 

significant release of IL-1β compared to the untreated controls 

(347). Findings in the present study are also consistent with the 

findings of Boland et al. with respect to simvastatin’s inhibitory 

effect against CC- and LPS-induced IL-1β. However, the role of 

Aquamin with respect to NLRP3 signaling in the context of obesity 
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has not been established. We demonstrated that PBMCS that were 

treated with Aquamin prior to stimulation with CC and LPS 

displayed dramatically reduced levels of TNF-α and IL-1β compared 

to the positive controls. The results in the current study also 

indicate that Aquamin exhibited more potent inhibitory effects 

against both IL-1β and TNF-α compared to simvastatin in vitro. The 

present study is also significant in the respect of demonstrating that 

potential synergistic treatment of Aquamin with lower doses of 

simvastatin can alleviate inflammation in vitro and significantly 

attenuate TNF-a and IL-1b release in an equivalent manner with 

higher doses of simvastatin. A growing body of evidence has 

pinpointed the significance of IL-1β in the pathology of type 2 

diabetes (407, 408). Other results have also suggested that IL-1β 

exerts a key role in cancer pathophysiology by enhancing 

inflammatory response and hence facilitate in tumor eradication 

(409, 410). Therefore, total depletion of NLRP3 might exhibit 

detrimental effects against several pathophysiologies. The results 

provide novel insights into the anti-inflammatory role of Aquamin 

and confirm that Aquamin as a standalone compound as well as in 

combination with simvastatin could exert inhibitory effects in CC-

induced activation of NLRP3 pathway. Furthermore, it could 

conceivably be suggested that intake of Aquamin is a nutraceutical 

might reduce the risk of occurrence of cardiovascular events. 

However more research related to the synergistic effect of 

Aquamin with simvastatin needs to be undertaken to determine 

whether supplementation with Aquamin could facilitate the 

administration of lower doses of statins in the future. 

In our attempts to explore how Aquamin might regulate obesity 

and metabolic disease, we examined what role it exhibits in disease 

pathogenesis in mice treated with HFD. Our pattern of results was 

in lines with previous findings supporting the susceptibility of 

C57BL/6J mice to develop diet induced obesity as a result of 
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exposure to HFD for 10 weeks (383). The results demonstrate that 

there might be trend towards reduced weight gain and adiposity in 

mice that were fed a HFD with Aquamin in comparison to HFD 

alone, as well as having improved glucose and insulin tolerance, 

without profound alterations to the levels of food and water intake. 

This result potentially supports our hypothesis that Aquamin plays 

a protective role by lowering the susceptibility to developing 

obesity under HFD treatment conditions. This along with its 

previous reported effects in reducing lipid levels in postmenopausal 

women are all implying that Aquamin demonstrates protective 

effects in the metabolic syndrome and obesity. A recent study that 

was conducted by Han, et al. had shown that C57Bl/6J mice that 

were subjected to HFD exhibited weight gain after 4 months of diet 

administration (411), unlike our study in which mice were only 

subjected to HFD for only 10 weeks. The duration of the exposure 

to HFD is an apparent limitation of this study and thereby further 

validation is required to establish the efficacy of Aquamin to 

significantly prevent weight gain in mice. 

As a final remark, the effect of Aquamin on DIO is a domain where 

much remains to be studied. More studies should be carried out 

using additional strains with high responsiveness to HFD so that 

firm conclusions can be drawn about the efficacy of Aquamin to 

prevent weight gain, insulin resistance as well as glucose tolerance 

in vivo. Furthermore, the effect of Aquamin supplementation to 

obese patients should be investigated. 
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6.1 Discussion and conclusions 

The global burden of metabolic syndrome has risen dramatically 

yielding a clinical concern worldwide. MetS cannot be characterized 

as a single disease, but it can be defined as the pathological 

outcome of cardiovascular and metabolic risk factors (412). Since 

MetS is multifactorial, reduction in prevalence could be achieved by 

optimal screening and improvement of cardiovascular risk profiles 

(413). Previous studies have reported that MetS is age-dependent, 

and it is also more common among certain ethnic groups. During 

the study, metabolic syndrome prevalence increased from 16.2% to 

21.3% for the 20-39 age group while most significant differences 

were reported for Asian participants (19.9% to 26.2%), as well as 

Hispanic participants  (32.9 to 40.4%) (413). The finding that MetS 

is more abundant among certain racial group indicates notable 

health discrepancies which are important because of the ongoing 

pandemic. Research has shown that some elements of metabolic 

syndrome such as obesity and high blood pressure are correlated 

to more severe COVID-19 (414-416). Interestingly, different 

research reveals that hospitalization and deaths from COVID-19 is 

more common in Blacks and Hispanic compared to non-Hispanic 

Caucasian people (417, 418). Similarly to COVID-19, those health 

disparities indicate that genetic and environmental factors could 

impact the development of MetS and justify why its prevalence is 

on the rise. 

Due to its multifactorial nature, the reasons associated with the 

manifestation of MetS are not fully understood. Substantial 

evidence suggests that sedentary lifestyle might exert a crucial role 

in its development (419). Implementation of a healthy lifestyle 

accompanied by regular exercise as well as healthy diet might 

exhibit a positive impact against obesity. Conventional 

pharmacotherapy associated with the alleviation of the 
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components that aggregate the disease such as high lipid levels and 

blood pressure is an additional approach to manage the disease 

(420).   

The inflammatory response commences in response to an infection 

and injury. A pro-inflammatory state unfavorably affects MetS and 

features elevated levels of CRP and other pro-inflammatory 

mediators (421, 422). According to our limited comprehension of 

the biological complexity of chronic inflammatory disorders, 

progress in the development of anti-inflammatory treatment 

remains a pivotal challenge. Several studies have shown that 

natural compounds possess a number of biological activities 

including anti-inflammatory properties (423). In particular,  the 

anti-inflammatory activity of seaweed extracts has been addressed 

previously demonstrating inhibition of pro-inflammatory cytokine 

release (424, 425). Previous findings have shown that there has 

been an improvement in therapeutics and the use of 

immunomodulators such as anti TNF-a agents are already proving 

to be beneficial for patients by minimizing the risk of experiencing 

cardiovascular events (426). Aquamin is a seaweed-originated 

multimineral with calcium and magnesium as its main components 

(www.aquamin.com). This study has demonstrated that Aquamin 

exerts a potent anti-inflammatory effect in a variety of innate 

immune cells and aimed to provide further evidence in the exact 

mechanism that Aquamin modulates inflammation in the context 

of metabolic disease.  

In keeping with previous reports from the literature, the initials 

investigations of this study revealed a significant reduction of pro-

inflammatory cytokines such as TNF-a, IL-6 as well as IL-1β in a 

number of innate immune cells including DCs, monocytes and 

macrophages that were exposed to LPS (278). Interestingly, no 

potent inhibition was observed in the expression of cell surface 

markers in immortalized BMDMs that were exposed to LPS. When 

http://www.aquamin.com/
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comparing the results of this study to those of an older study that 

was carried out by Gorman et al. it must be pointed out that we 

could not replicate the previously reported inhibition of NF-κB 

activity in LPS stimulated RAW 264.7 macrophages (277). It can be 

assumed that the reason our results could not tie with the other 

findings is that our experiment was performed in primary bone 

marrow derived macrophages in comparison to RAW macrophages.  

No previous studies have attempted to investigate the effect of 

Aquamin in macrophage polarization. In this study we induced a 

classically activate macrophage phenotype by simultaneously 

exposing M0 macrophage cells to LPS and IFN-γ. The present 

findings did not support the current hypothesis that Aquamin 

prevents skewing of macrophages towards M1 pro-inflammatory 

state. Contrary to our expectations, FACS analysis of cell surface 

markers associated with M1 polarization state did not find any 

significant difference between stimulated samples and the ones 

that were co-treated with Aquamin. 

Activation of Toll-like receptor signaling by PAMPs or DAMPS leads 

to the production of pro-inflammatory mediators such as TNF-α 

and IL-6. Taking the data to date into consideration with the known 

inhibition of pro-inflammatory cytokines downstream of TLR by 

Aquamin, the next step was to map TLR signaling pathway in order 

to elucidate the mechanism of action of the compound. 

Accordingly, it was demonstrated that treatment of primary 

BMDMs with Aquamin resulted to significant reduction of both 

TNF-α and IL-6 in TLR4- and TLR3-driven macrophages. TLR4 

signaling is known to be mediated by MyD88 and TRIF adaptor 

proteins (427). Based upon the fact that Aquamin did not cause any 

significant cytokine alterations in TLR9 (MyD88-dependent) driven 

macrophages, we set out to test if Aquamin may exert its 

immunomodulary effect downstream of TRIF adaptor protein. 

Initially to test this hypothesis RT-PCR was carried out to measure 
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the transcriptional levels of TLR4, TLR3, MyD88 and TRIF in LPS 

stimulated macrophages. Our results demonstrate that Aquamin 

treatment here significantly reduces the gene expression of TLR3 

and TICAM-1 (TRIF), without causing any effect in the expression of 

TLR4 and MyD88. Based on this it was hypothesized that Aquamin 

induces a TRIF-dependent inhibition of cytokine release. Our next 

step was to assess the response of IFN-β to Aquamin, which is a TRIF 

pathway specific readout when murine macrophages are exposed 

to Poly(I:C), a TLR3 (TRIF-dependent ligand) (329). The results of 

that study indicated that Aquamin reduces the Poly(I:C)-induced 

gene expression of IFN-β as well as the Poly(I:C)-induced nuclear 

translocation of IRF3 in murine BMDMs (Fig. 6.1). Future studies 

focusing on mapping more precisely TRIF-dependent TLR signaling 

is therefore suggested to gain a clearer understanding on which 

level of the pathway Aquamin is producing the observed 

antagonistic effects.  
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Figure 6.1. Aquamin potentially exerts its immunomodulary effects 

downstream of TRIF adaptor protein.  

Schematic representation of potential anti-inflammatory mechanism of 

Aquamin through inhibition of TRIF dependent TLR signaling pathway. 

TRIF mediates IRF3- and NF-kB-dependent cytokine release which are 

reduced in the presence of Aquamin. 

Created in BioRender.com 
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Chapter 3 provided support to the claim that Aquamin antagonizes 

TLR in a TRIF-dependent manner. Despite the activation of TLR post 

to tissue injury of pathogen invasion, other PRRs are also activated 

along similar lines. NLR signaling leads to the formation of the 

inflammasome and further triggers the release of the inflammatory 

mediator known as IL-1β which is associated with atherogenesis 

(428, 429).Previous research carried out using an in vivo 

atherosclerosis mouse model using  ApoE−/− mice, demonstrated 

that attenuation of IL-1β in atherosclerosis is a benefactor to the 

disease progression (430). The release of IL-1β is dependent initially 

to stimulation of PRRs by pathogens and secondly by distinct 

substances like cholesterol crystals in the atherosclerotic lesions 

(431-433). In agreement with previous findings, the current study 

showed that cholesterol crystals cause inflammasome activation 

and production of IL-1β (184, 347).  

Statins have become the main option for treatment of heart disease 

by exhibiting lipid-lowering as well as anti-inflammatory effects 

(434, 435). In accordance with findings reported by Boland et al, the 

use of simvastatin in BMDMs resulted in a  reduction of LPS- and 

CC-induced IL-1β (184). The reduction of pro-inflammatory 

cytokines in monocytes as well as the downregulation of NLRP3 

inflammasome by statins have also been demonstrated by further 

studies carried out in hypercholesterolemia patients under TLR-

stimulated conditions (233, 436). Interestingly, treatment of 

BMDMs with Aquamin under the same conditions demonstrated a 

more potent reduction of both IL-1β and TNF-α in comparison to 

simvastatin. 

We used RNA-seq to assess the global transcriptome profile of 

inflammation-driven BMDMs that received Aquamin and 

simvastatin treatment. We identified 6142 DEGs with LPS 

stimulation in BMDMs. A pathway analysis of these DEGs revealed 

that of the induced genes the most notable biofunction was 
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cytokine activity associated with TNF-α signaling pathway, NOD-like 

receptor signaling pathway, as well as viral responses such as 

Influenza A. The enrichment of pathways such as NOD-like receptor 

and Toll-like receptor resulting from LPS stimulation are consistent 

with previous literature that LPS is a  potent ligand inducing the 

activation of PRRs and the subsequent production of pro-

inflammatory cytokines like TNF-α (118). Comparisons of BMDMs 

exposed to LPS compared to BMDMs co-treated with Aquamin led 

to the identification of 1490 DEGs between the two treatments. 

Here LPS stimulated BMDM cells treated with Aquamin result in 

downregulation of genes associated with Toll-like receptor as 

previous evidence suggests (268, 310). Downregulation of NOD-like 

receptor in Aquamin-treated samples corroborates earlier ELISA 

results that illustrate significant reduction of IL-1β in vitro. This 

study has also shed light on additional pathways involved in the 

inflammation process such as IL-17 signaling pathway as observed 

by the reduction of corresponding genes like Cxcl2, Ccl2, Il6 and 

others. Previous authors have substantiated the clinical relevance 

of IL-17 pathway in auto-immune diseases (437). Existing research 

has shown that blocking IL-17 with monoclonal antibodies yield an 

effective approach to the management of auto-immune diseases 

like psoriasis (438, 439). Our findings support that Aquamin as a 

nutraceutical significantly downregulates the IL-17 signaling 

pathway in vitro. Taken together, implementation of dietary 

Aquamin could play a prophylactic role against the development of 

auto-immune diseases by blocking IL-17 signaling pathway. 

To our knowledge, this is the first report that uses RNA-seq analysis 

to investigate the transcriptome profile of inflammatory skewed 

macrophages co-treated with either Aquamin or simvastatin. 

Unlike the high number of DEGs obtained from LPS versus LPS and 

Aquamin comparison, replacement of Aquamin with simvastatin as 

a treatment led to 195 DEGs which is almost 8-fold lower. KEGG 
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enrichment analysis of relative pathways resulted from simvastatin 

treatment in LPS stimulated BMDMs has predominantly shown 

downregulation of cytokine-cytokine receptor interaction which 

involves interleukin Il1rn gene. Il1rn is the gene encoding 

interleukin 1receptor antagonist (IL-1RA) (440) and research has 

shown that Il1rn levels are upregulated in diet-induced obesity 

(441). High levels of IL-1RA are compatible with the biology of 

obesity and metabolic disease (442), hence these results 

corroborate previous findings in this field by Boland et al., 

suggesting that simvastatin exerts anti-inflammatory effects adding 

potentially greater benefit for the treatment of cardiovascular and 

metabolic diseases outside of statins well recognized lipid lowering 

effects. Pathway enrichment analysis revealed that the presence of 

simvastatin caused upregulate terpenoid backbone biosynthesis. 

Terpenoids are known to have anti-inflammatory and 

immunomodulary properties (443), thus this finding further 

supports the beneficiary effects of statin as anti-inflammatory 

compounds.  

Overall, the current study has gone some way towards enhancing 

our existing knowledge regarding the anti-inflammatory effects of 

Aquamin and simvastatin. Based upon the fact that Aquamin 

exerted notably more potent inhibitory effects on IL-1β and TNF-α 

as well as significantly higher number of DEGs compared to 

simvastatin treatment it is therefore interesting to further explore 

Aquamin effects in health and disease. Aquamin is a nutraceutical 

and although it would not replace statins as a conventional therapy 

in cardiovascular disease and atherosclerosis, intake of Aquamin in 

combination with administration of statins as pharmaceutical 

agents would potentially maximize the effect and minimize the risk 

of statin therapy through dose reduction of statin therapy. 

As demonstrated in chapter 4, Aquamin displayed significant 

reduction of pro-inflammatory cytokines under NLRP3 stimulated 
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conditions which was strikingly more potent than the reduction 

caused by simvastatin treatment. To further support our findings, 

we stimulated human PBMCs with LPS and CC and we investigated 

the effect of Aquamin and simvastatin treatment. Interestingly, 

Aquamin consistently achieved a more significant reduction of IL-

1β and TNF-α compared to simvastatin. Again, based upon the fact 

that Aquamin is a nutraceutical and not a pharmaceutical agent, the 

co-supplementation of simvastatin with dietary intake of Aquamin 

could reduce the cardiometabolic risk. To that end we assessed the 

synergistic effect of Aquamin and simvastatin in PBMCs under the 

same conditions. Our results indicated that synergy of Aquamin and 

simvastatin induced a robust inhibitory effect in the protein 

expression of TNF-α and IL-1β in vitro, which remained consistent 

even when lower concentrations of statin were used. Previous 

research by Zhang et al. evaluated the toxicity levels of Aquamin in 

vivo using male and female rats and confirmed that Aquamin is a 

non-toxic substance (444). Therefore, the synergistic effects of 

statins along with simultaneous dietary intake of Aquamin in 

humans might be a research question that could be asked in future 

studies.  

Prompted by the promising results of Aquamin in vitro we decided 

to explore how Aquamin might regulate obesity and metabolic 

disease and examined what role, if any, this nutraceutical might 

play as a protective compound in disease pathogenesis in mice 

subjected to HFD. We used C57BL/6J mice fed a HFD and obesity 

readouts such as weight gain with simultaneous monitoring of 

water and food intake were assessed in mice that received HFD 

supplemented with and without Aquamin. Even though our results 

were unable to demonstrate significant results from Aquamin 

incorporation into the diet, the interpretation of data implies that 

there is a tendency for weight gain reduction in mice that receive 

HFD with Aquamin.  
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Increased adiposity is linked with insulin resistance and glucose 

tolerance. Mice fed a HFD withAquamin exhibited similar levels of 

adipose tissue mass with a tendency towards improvements in 

glucose and insulin intolerancecompared to mice that received HFD 

without Aquamin. An unanticipated finding was no significant 

differences in the gene expression of inflammatory mediators 

involved in obesity-dependent metabolic disease, when adipose 

tissue of mice that received HFD was compared to those that 

received HFD with Aquamin. The reader should bear in mind that 

the exposure to HFD was for 10 weeks, while a previous study in 

this field was carried out for 4 months to achieve weight gain (411). 

Furthermore, due to practical constraints associated with low 

number of samples, this study cannot provide a comprehensive 

image as far as the effect of Aquamin in vivo is concerned and 

therefore a deeper investigation including higher number of mice 

and longer duration of exposure is warranted.  

Collectively, the results observed in this thesis mirror those of the 

previous studies that have examined the effect of Aquamin in LPS 

driven cells. The most obvious finding to emerge here is that 

Aquamin exerts significant anti-inflammatory effects in a variety of 

innate immune cells, and it also extends our knowledge with 

respect to the mechanism of action of the nutraceutical. It also 

sheds light to additional pathways modulated by Aquamin and 

compares it to existing conventional pharmacotherapy of 

cardiovascular and metabolic disease such as simvastatin. Finally, 

notwithstanding the apparent limitations of the in vivo study we 

have demonstrated that Aquamin could potentially exert a 

beneficiary role in diet-induced obesity. When further research is 

undertaken, the synergy of Aquamin and statin in vivo should be 

assessed in the context of cardiovascular and metabolic disease. 
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6.2 Future directions 

 
This thesis was undertaken to investigate the immunomodulary 

role of Aquamin in vitro using predominantly murine macrophages 

in the context of obesity and metabolic disease. 

Future studies could fruitfully explore the exact mechanism that 

Aquamin modulates inflammation further by focusing on TRIF-

dependent TLR signaling pathway. Although it was demonstrated 

that Aquamin significantly blocks nuclear translocation of IRF3 as 

well as the gene expression of IFN-β downstream of TRIF, future 

work investigating the phorphorylated levels of IRF3 under LPS and 

Poly(I:C) stimulation by WB should be conducted. Future research 

should further test the effect of Aquamin on the NF-κB pathway. 

Transfection of NF-KB luciferase HEK-293reporter cells or IRF3 

reporter cell lines with TRAF3 and TRAF6 which are signaling 

molecules that regulate NF-κΒ and IRF3 activation could be an 

interesting approach for future work. TRAF6 is known to be 

detected in most TLRs and is associated with the activation of NF-

κB and IRF7, while TRAF3-dependent pathway includes the 

activation of IRF3 and IRF7 (445). Treatment of transfected cells 

with different concentrations of Aquamin could be done and then 

measurement of the luciferace activities may be carried out. That 

study could further disentangle the complexities of TLR.  To rule out 

the possibility that Aquamin exerts its anti-inflammatory effects by 

blocking MyD88-dependent TLR signaling, macrophages can be 

pretreated with Aquamin and exposure of cells with additional 

ligands of TLRs can be done, followed by measurement of TNF-α 

and IL-6 by ELISA and RT-PCR.  

RNA-seq analysis provided evidence that Aquamin triggers the 

enrichment of several pathways. KEGG pathway enrichment 

analysis demonstrated that one of the most significantly enriched 

pathways resulted from Aquamin treatment is IL-17 signaling 
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pathway. This result provides a good starting point for further 

research that will unveil the correlation between Aquamin and IL-

17 pathway. 

Metabolic syndrome is a major contributor of heart disease. As part 

of this thesis, we were initially planning to investigate whether 

Aquamin affects inflammation-induced cardiomyocyte dysfunction 

in vivo. However, due to setbacks resulted from the pandemics, this 

project was discontinued. A recommendation for future in vitro 

work would be the exposure of AC16 human cardiomyocytes to 

Angiotensin II which is a potent vasoconstrictor to assess the effect 

of Aquamin in these hypertrophic AC16 cells. Initially gene 

expression of cardiac hypertrophy markers (atrial natriuretic 

peptide, brain natriuretic peptide, β-MHC) could be used as 

readouts to confirm Ang II induced hypertrophiceffects. 

Immunostaining with alpha actin can also be conducted to measure 

changes in morphology and cellular size. Once the model is 

established future research could focus on changes in the above 

markers under Aquamin treatment. As remodeling in heart failure 

is recognized as an inflammatory environment, the assessment of 

the Ang II model in the presence of inflammatory cytokines such as 

TNF alpha and IL-1 beta is also investigated for significant changes 

when treated with Aquamin, would be interesting. 

Looking forward, a number of possible future studies using the 

same experimental in vivo set up of DIO as utilized in studies 

presented in this thesis may be of benefit. However, inclusion of 

more samples as well as a longer duration of exposure to HFD could 

optimize the setting and prove more informative to Aquamins 

effects since. Another possible area of future research would be to 

evaluate the effects of Aquamin supplementation on cardiac failure 

using a relevant animal model of the disease if results from in vitro 

cellular studies prove beneficial. Along similar lines with the 

exposure of cardiac myocytes to Angiotensin II for the in vitro 
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model, infusion of mice with Angiotensin II could induce a 

hypertension and cardiac hypertrophy phenotype in vivo. Heart 

tissue could be harvested for immunohistochemistry analysis and 

gene expression of relative factors. Altogether these future studies 

would more precisely map the molecular mechanism of action for 

Aquamin and measure its potential at improving cardiometabolic 

disease.  
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E, Micallef P, et al. Peripancreatic adipose tissue protects against 
high-fat-diet-induced hepatic steatosis and insulin resistance in 
mice. International Journal of Obesity. 2020;44(11):2323-34. 
61. Sarwar R, Pierce N, Koppe S. Obesity and nonalcoholic fatty 
liver disease: current perspectives. Diabetes, metabolic syndrome 
and obesity : targets and therapy. 2018;11:533-42. 
62. Schiavo L, Busetto L, Cesaretti M, Zelber-Sagi S, Deutsch L, 
Iannelli A. Nutritional issues in patients with obesity and cirrhosis. 
World journal of gastroenterology. 2018;24(30):3330-46. 
63. Zhu P, Herrington WG, Haynes R, Emberson J, Landray MJ, 
Sudlow CLM, et al. Conventional and Genetic Evidence on the 
Association between Adiposity and CKD. Journal of the American 
Society of Nephrology. 2021;32(1):127-37. 
64. Anjum I, Fayyaz M, Wajid A, Sohail W, Ali A. Does Obesity 
Increase the Risk of Dementia: A Literature Review. Cureus. 
2018;10(5):e2660. 
65. Kivipelto M, Ngandu T, Fratiglioni L, Viitanen M, Kåreholt I, 
Winblad B, et al. Obesity and vascular risk factors at midlife and 
the risk of dementia and Alzheimer disease. Archives of neurology. 
2005;62(10):1556-60. 
66. Gorospe EC, Dave JK. The risk of dementia with increased 
body mass index. Age and ageing. 2007;36(1):23-9. 
67. Lumeng CN, Saltiel AR. Inflammatory links between obesity 
and metabolic disease. J Clin Invest. 2011;121(6):2111-7. 
68. Medzhitov R. Inflammation 2010: new adventures of an 
old flame. Cell. 2010;140(6):771-6. 
69. Ferrero-Miliani L, Nielsen OH, Andersen PS, Girardin SE. 
Chronic inflammation: importance of NOD2 and NALP3 in 
interleukin-1beta generation. Clinical and experimental 
immunology. 2007;147(2):227-35. 



216 
 

70. Nathan C, Ding A. Nonresolving inflammation. Cell. 
2010;140(6):871-82. 
71. Zhou Y, Hong Y, Huang H. Triptolide Attenuates 
Inflammatory Response in Membranous Glomerulo-Nephritis Rat 
via Downregulation of NF-κB Signaling Pathway. Kidney & blood 
pressure research. 2016;41(6):901-10. 
72. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, 
Franceschi C, et al. Chronic inflammation in the etiology of disease 
across the life span. Nature Medicine. 2019;25(12):1822-32. 
73. Majka Z, Czamara K, Janus J, Kępczyński M, Kaczor A. 
Prominent hypertrophy of perivascular adipocytes due to short-
term high fat diet. Biochimica et Biophysica Acta (BBA) - Molecular 
Basis of Disease. 2022;1868(2):166315. 
74. Kern L, Mittenbühler MJ, Vesting AJ, Ostermann AL, 
Wunderlich CM, Wunderlich FT. Obesity-Induced TNFα and IL-6 
Signaling: The Missing Link between Obesity and Inflammation-
Driven Liver and Colorectal Cancers. Cancers. 2018;11(1). 
75. Boutens L, Stienstra R. Adipose tissue macrophages: going 
off track during obesity. Diabetologia. 2016;59(5):879-94. 
76. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel 
RL, Ferrante AW, Jr. Obesity is associated with macrophage 
accumulation in adipose tissue. J Clin Invest. 2003;112(12):1796-
808. 
77. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. 
Chronic inflammation in fat plays a crucial role in the development 
of obesity-related insulin resistance. J Clin Invest. 
2003;112(12):1821-30. 
78. Stith RD, Luo J. Endocrine and carbohydrate responses to 
interleukin-6 in vivo. Circulatory shock. 1994;44(4):210-5. 
79. Tsigos C, Papanicolaou DA, Kyrou I, Defensor R, Mitsiadis 
CS, Chrousos GP. Dose-dependent effects of recombinant human 
interleukin-6 on glucose regulation. J Clin Endocrinol Metab. 
1997;82(12):4167-70. 
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