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Abstract 

Obesity is a major risk factor for cardiovascular disease, often characterized by 

chronic inflammation that can disrupt normal metabolic processes. One key factor 

in this inflammatory response is the upregulation of inducible nitric oxide synthase 

(iNOS) and nitric oxide (NO) production. The induction of iNOS in adipocytes and 

adipose tissue leads to increased production of NO which, in turn, contributes to 

the regulation of adipose tissue function and also influences lipid metabolism, 

insulin sensitivity, and the modulation of vascular function. 

Perivascular adipose tissue (PVAT) surrounds blood vessels and has an anti-

contractile effect, helping to maintain vascular homeostasis via release of a 

variety of bioactive molecules. In obesity-induced inflammation, some studies 

have demonstrated that inflammation within the PVAT can compensate or have 

an adaptive role to preserve endothelial dysfunction function; via upregulating 

iNOS protein and increasing NO production. Sphingolipid system, encompassing a 

complex network of bioactive lipids like ceramides, sphingosine, and sphingosine-

1-phosphate (S1P), regulates various cellular processes in adipose tissue. Although 

research has revealed that the sphingolipid system promotes inflammation in 

adipose tissue, it remains unclear how this system regulates iNOS expression and 

function. In response, this thesis has characterised the role of the sphingolipid 

system in iNOS-derived nitric oxide production in adipose tissue and addressed 

how this influences PVAT-mediated anticontractile activity under inflammatory 

conditions. The aims were achieved by using a 3T3-L1 adipocyte cell line as well 

as thoracic aortic PVAT from mouse and rat to study vascular function. Interleukin-

1β (IL-1β) or macrophage conditioned media were used in this study to induce iNOS 

expression and NO production. 

In this thesis, Chapters 3 and 4 focus on the potential role of the sphingolipid 

system on IL-1β-induced iNOS expression and NO production in 3T3-L1 adipocytes. 

Initially, it was found that stimulation of 3T3-L1 adipocyte with IL-1β increases 

sphingosine Kinase 1 (SphK1) expression and that S1P-produced by SphKs enzymes 

activates various proinflammatory pathways including the phosphoinositide 3-

kinase/ protein kinase B pathway (PI3K/Akt), mitogen-activated protein kinase 

MAPK kinase (MEK)/extracellular signal-regulated kinase pathway (MEK-ERK), Jun 
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N-terminal kinase pathway (JNK), but apparently had no effect on the nuclear 

factor kappa B pathway (NF-KB). In addition, exogenous S1P augmented-IL-1β 

stimulated iNOS expression and NO production in 3T3-L1 adipocytes which was 

suggested to be through the Akt and MAPKs pathways (MEK-ERK pathway and JNK 

pathway). Chapter 4 investigated more fully how distinct SphKs isoforms and S1PRs 

modulate iNOS regulation in adipocytes stimulated with IL-1β. The iNOS expression 

and NO production stimulated by IL-1 β was inhibited by pre-treatment with a 

SphK1 inhibitor (PF543) but not a SphK2 inhibitor (ROME). Moreover, it was 

demonstrated that S1PR2 inhibition with JTE 013 strongly suppressed IL-1β-

induced iNOS expression and NO production in 3T3-L1 adipocytes. This effect was 

accompanied by inhibition of MAPK and PI3K/Akt signalling, suppressing 

phosphorylation of ERK1/2, P38, JNK and Akt. Inhibition of ABCA1 with 

glybenclamide suppressed the additive effect of S1P on iNOS expression and NO 

production in stimulated adipocytes. Collectively, by targeting SphKs/S1P/S1PRs 

axis pathway, Chapter 3 and 4 provided evidence that SphK1/S1P/S1PR2/ MAPKs 

and PI3K/Akt axis is required for IL-1β induced iNOS expression and NO production 

in adipocytes. 

In addition, chapter 4 has shown that conditioned medium from activated RAW 

264.7 macrophages stimulated iNOS expression and NO production in 3T3-L1 

adipocyte; however, prior inhibition of SphK1/S1PR2 axis attenuated this. 

Similarly, inhibiting S1PR2 in adipocytes prior to stimulation with conditioned 

medium diminishes iNOS expression and NO production. 

In chapter five, it was found that S1P or S1P agonists did not modulate vascular 

tone in mouse thoracic aorta. Also, IL-1β did not affect the anticontractile effect 

of PVAT in mouse experiments and pre-treatment with S1P exerted no effect. 

However, in rat aorta, it was confirmed that S1P induced a vasorelaxant effect. 

IL-1β was found to enhance the relaxant effect of PVAT in rat aorta, which was 

most likely mediated by iNOS upregulation, increased NO production, and 

potassium channel activation in the vascular smooth muscle cells. Moreover, IL-

1β upregulated SphK1 in rat aortic PVAT; however, inhibiting SphK1/S1PR2 axis did 

not reverse the hyporeactivty induced by IL-1β. Collectively, IL-1β induces a 

hyporeactive effect in rat aortic vessels independent of the sphingolipid axis 

pathway. 
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In summary, the results of this study imply that IL-1β induces an increase in SphK1 

expression in 3T3-L1 adipocytes. The increased SphK1 induced by IL-1β appears to 

increase S1P production from adipocytes which could contribute to IL-1β-

mediated iNOS regulation through activating S1PR2. However, in the functional 

studies on rat aortic vessels with intact PVAT, it is likely that IL-1β-mediated 

hyporeactivity via iNOS upregulation was independent of the SphK1/S1P/S1PR2 

axis.   
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1.1 Cardiovascular disease 

Cardiovascular disease comprises a group of diseases that affect the heart and/or 

blood vessels and includes cerebrovascular disease, coronary heart disease and 

peripheral arterial disease. According to data published by World Health 

Organisation (WHO) in 2021, cardiovascular disease caused around 32% of deaths 

globally in 2019 and 85% of these deaths were due to heart attack and stroke. 

About 695,000 people in the US died from heart disease in 2021, accounting for 

about one in every five deaths (Tsao et al, 2023). In addition, around seven million 

people in the UK are suffering from cardiovascular diseases, and they are 

considered the leading cause of death in the UK. The most common underlying 

causes of cardiovascular disease are hypertension, smoking, high cholesterol, 

diabetes and obesity (Robinson, 2021). 

According to WHO Organization (2000), obesity is defined as abnormal or excessive 

fat accumulation in adipose tissue to the stage that health may be affected. The 

prevalence of obesity has increased in the majority of countries since the 1980s, 

and is now considered to be a global epidemic which accounts for over 2.8 million 

deaths annually (Boutari & Mantzoros, 2022). Obesity itself is one of the important 

risk factors for CVD and is strongly linked with the incidence of other 

cardiovascular risk factors including hypertension, insulin resistance, type 2 

diabetes (T2D) and hyperlipidaemia (Boutari & Mantzoros, 2022; Powell-Wiley et 

al, 2021). A key feature in obese patients is chronic inflammation in adipose tissue 

depots and this is thought to play an important role in many cardiovascular 

diseases (Lowe, 2001). Among the numerous factors implicated in inflammation 

and its link to cardiovascular diseases, a number of researchers have focused on 

sphingolipid-derived mediators such as sphingosine 1-phosphate (S1P) and 

ceramide (Ouyang et al, 2020; Zhang et al, 2016).  

1.2 Cardiovascular system  

The cardiovascular system (CVS) is the principal circulatory system in the body 

that consists of the heart, blood vessels, and blood. The CVS has multiple functions 

in the body, which are concerned with the transportation of oxygen, nutrients, 

water, electrolytes, and hormones to all parts of the body. Besides that, the CVS 
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removes CO2 and metabolic waste products from all cells and tissues of the body 

and returns them to the excretory organs such as the lungs and kidneys. In 

addition, the CVS is considered as a thermoregulatory system and also a part of 

the immune system infrastructure (Aaronson et al, 2020).   

The blood is composed of plasma and blood cells, including erythrocytes, white 

blood cells, and platelets. The heart is a muscular organ that is responsible for 

pumping blood to all parts of the body while the blood vessels which transport the 

blood are divided into arteries, veins, and capillaries; and each of these vessels 

has a distinctive function in the body. 

1.3 Structure of blood vessels 

In all vessels apart from the capillaries, the arterial wall is made up of three 

concentric layers: the tunica intima, the tunica media, and the tunica 

adventitia/externa. The tunica intima consists of a single layer of endothelial cells 

(EC) on the basement membrane which is responsible for regulating substance 

exchange between the bloodstream and surrounding tissue. The tunica media is 

the middle layer smooth muscle which is responsible for regulating the vascular 

tone and the distribution of blood flow throughout the body. The tunica adventitia 

is the outermost layer which is composed of adventitia compacta, a layer of 

fibroblasts and perivascular adipose tissue (PVAT) (Figure 1-1). 

 

Figure 1-1 Structure of blood vessels. 

The artery wall made up of three main layers; tunic externa composed of PVAT; tunica media 
composed of SMC; and tunica intima composed of EC, adapted from (Daly, 2019). 
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1.3.1 Endothelium layer  

The endothelium layer is a single layer of cells that lines the inside of blood 

vessels, separating the vascular wall from circulating blood. The endothelium 

performs a variety of vital roles that assist cardiovascular health in general and 

vascular homeostasis. ECs play a central role in various physiological processes, 

including forming a structural barrier between the blood vessels and surrounding 

tissue, inflammation and immune response, blood clotting and anticoagulation, 

metabolic functions, angiogenesis and vascular tone regulation (Krüger-Genge et 

al, 2019). It produces and releases numerous molecules, including nitric oxide 

(NO), which have vasodilatory effects to help in blood flow regulation and blood 

pressure, maintaining adequate perfusion to different organs and tissues 

(Deanfield et al, 2007). 

1.3.2 Vascular smooth muscle cells 

Vascular smooth muscle cells (VSMCs) are a fundamental component of the blood 

vessel wall and play a key role in regulating blood vessel tone, diameter, and 

overall vascular dynamics. They control blood vessel tone and diameter via 

controlling vascular contraction and relaxation. In response to a variety of stimuli, 

including hormones like angiotensin II and neurotransmitters like noradrenaline, 

VSMCs actively contract. The decrease in blood vessel diameter caused by this 

vasoconstrictive influence raises blood pressure and vascular resistance. 

Conversely, VSMCs can relax in response to signals that promote vasodilation, for 

example, NO released by ECs diffuses to VSMCs and induces relaxation by 

increasing levels of cyclic guanosine monophosphate (cGMP) (Walford & Loscalzo, 

2003; Wilson, 2011). Furthermore, VSMCs contribute to vascular regulation by 

modulating ion channels and membrane potential. Calcium channels are crucial 

for the regulation of intracellular calcium levels, a key determinant of VSMC 

contraction. Opening of voltage-gated calcium channels allows the influx of 

calcium ions (Ca2+), leading to muscle contraction. Potassium channels are also 

present on VSMCs and activation of K+ channels allow the efflux of K+ ions, 

hyperpolarizing the cell, which then leads to the closure of voltage-gated calcium 

channels. As a result, intracellular calcium concentration is reduced and the 

decrease in calcium levels causes relaxation of the smooth muscle cells. Moreover, 
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VSMCs are involved in helping repair vascular injury under pathological conditions 

by changing phenotype from a contractile to a proliferative, migratory phenotype 

as well as a myofibroblast like phenotype (Chen et al, 2023b).  

1.3.3 Perivascular adipose tissue 

PVAT is a connective tissue that is located adjacent to veins and arteries. PVAT 

not only provides a support structure but is also recognised as an active tissue that 

modulates vascular tone. PVAT is mainly composed of adipocytes, but it also 

contains other cell types, including immune cells, fibroblasts, and endothelial 

cells (Nosalski & Guzik, 2017). PVAT is considered one of the most significant parts 

of the cardiovascular system. It has a paracrine signalling activity that regulates 

vasculature function, and was subsequently named by Cheng as: "the sixth man of 

the cardiovascular system" (Cheng et al, 2018). PVAT secretes a number of 

biologically active substances that regulate vascular function (Szasz et al, 2013), 

including adiponectin, leptin, cytokines, reactive oxygen species (superoxide, 

H2O2), hydrogen sulfide (H2S), and nitric oxide (NO) (Almabrouk et al, 2014). 

NO is one of a number of significant vasoactive substances released by PVAT to 

modulate vascular function either by endothelium-dependent or -independent 

pathways. NO can be produced by three isoforms of NO synthase (NOS): calcium-

dependent endothelial cell NOS (eNOS), neuronal type NOS (nNOS), and an 

inducible type NOS (iNOS), which is generally calcium-independent (Förstermann 

& Sessa, 2012). Many studies have documented the role of NO in mediating the 

vasorelaxant influence of PVAT (Greenstein et al, 2009; Lynch et al, 2013; Xia et 

al, 2016). 

PVAT is made up of two main types of fat tissue: white adipose tissue (WAT) and 

brown adipose tissue (BAT), depending on where it is located in the body. For 

example, PVAT of rodent mesenteric arteries is composed of WAT, while 

surrounding the aorta it is a mixture of WAT and BAT (Cinti, 2011; Fitzgibbons et 

al, 2011).  

WAT is predominantly made up of large adipocytes with a single lipid droplet and 

significantly fewer mitochondria. These white adipocytes can be identified by 
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their expression of a number of markers include leptin, homeobox C8 (Hoxc8) and 

homeobox C9 (Hoxc9) (Ussar et al, 2014). It represents the most common type of 

adipose tissue, which is found in several distinct depots, including mesenteric, 

omental, retroperitoneal, gonadal, pericardial and many perivascular depots, and 

is primarily involved in energy storage. WAT takes up circulating free fatty acids 

and stores them as triglycerides during periods of excess energy (Cinti, 2011; 

Zwick et al, 2018). These triglycerides can then be mobilised to provide an 

essential supply of fuel when the body requires more energy. As well as lipid 

storage, WAT is a crucial endocrine organ involved in secreting numerous active 

biological proteins and other factors termed adipokines. These include 

adiponectin, resistin, lipocalin, tumour necrosis factor alpha (TNF-α), interleukin-

6 (IL-6), interleukin-1β (IL-1β), interleukin-8 (IL-8), and interleukin-18 (IL-18). 

These adipokines are a significant player in insulin resistance, insulin sensitivity 

and inflammation (Funcke & Scherer, 2019). 

Brown adipose tissue (BAT), in contrast to white adipose tissue (WAT), has a 

significant capacity for oxidation and functions mainly as a site of energy 

expenditure through a mechanism called non-shivering thermogenesis. BAT is 

located in many different sites over the body, including neck, supraclavicular, 

perirenal, mediastinal, cervical, axillary, and perirenal regions and also surrounds 

some blood vessels such as thoracic aorta. There are more mitochondria and lipid 

vacuoles in the adipocytes of BAT compared to WAT. The thermogenic activity of 

brown adipocytes is attributed to the presence of a distinctive marker protein 

termed uncoupling protein 1 (UCP-1) (Cannon & Nedergaard, 2004; Sakers et al, 

2022). The role of UCP-1, which is found in the inner membrane of the 

mitochondria (IMM) of brown adipocytes, is to enhance IMM conductance for H+ 

ions in order to dissipate the mitochondrial H+ gradient and transform substrate 

oxidation energy into heat (Fedorenko et al, 2012). BAT are also thought to be 

capable of releasing cytokines such as IL-6 and TNF-α under inflammatory 

conditions, but to a lesser extent compared to WAT (Peek et al, 2020; Villarroya 

et al, 2018).   

Recently a new type of adipose tissue was discovered named beige or brite 

adipocytes (brown like adipocytes). These adipocytes seem to have a mixed 

character between white and brown adipocytes. Beige adipocytes are found within 
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white adipose tissue (Chait & Den Hartigh, 2020) but there are conflicting views 

about the origins of these adipocytes; with some suggesting that beige adipocytes 

originate from progenitor smooth muscle-like pericytes present within WAT (Long 

et al, 2014). However, others suggest that beige adipocytes are generated via a 

process called browning; involving the conversion of white adipocytes into beige 

adipocytes (Harms & Seale, 2013). Beige adipocytes or brite adipocytes contribute 

to energy expenditure and thermogenesis, hence playing a crucial role in the 

regulation of systemic metabolism and body weight (Chait & Den Hartigh, 2020). 

The important beige cell markers include UCP-1, CD137, Tmem26, Tbx1, and other 

molecules (Ussar et al, 2014). 

1.4 Obesity-dependent Inflammation of PVAT  

The low-grade inflammation associated with obesity is one of several mechanisms 

that contribute to hypertension development. Macrophage infiltration into the 

adipose tissue is a key process in triggering the development of obesity-associated 

inflammation of adipose tissue. According to research, macrophages constitute 

only 5–10% of lean adipose tissue, however, in adipose tissue of obese subjects, 

up to 50% of cells are macrophages (Weisberg et al, 2003). Although the 

mechanisms of macrophage infiltration into adipose tissue is still unclear, many 

factors and events have been identified that lead to recruitment of macrophages 

and the development of inflammation in adipose tissue.  

It was shown that Toll-like receptor 4 (TLR-4) is involved in macrophage 

recruitment into adipose tissue of obese patients and mice (Catalan et al, 2012; 

Saberi et al, 2009). After recruitment, macrophages are polarized from M2 

(alternatively activated) into M1 (classically activated) which is dependent on the 

pro inflammatory secretory products of the adipocytes (Zeyda & Stulnig, 2007). 

The activated adipose tissue macrophage is the main cause of expression of 

proinflammatory mediators such as TNF-α and iNOS (Weisberg et al, 2003). 

It is currently known that adipokines, or the secretions of adipose tissue, account 

for at least 600 different substances that can affect metabolism through 

endocrine, paracrine, and autocrine processes (Blüher, 2012). In obesity, adipose 

tissue has been recognised to secrete several proinflammatory mediators and 
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cytokines which have been linked to many cardiovascular diseases, including 

hypertension (Hu et al, 2021; Silvani et al, 2009), atherosclerosis (Quesada et al, 

2018), diabetes and insulin resistance (Zatterale et al, 2020). For example, 

compared to lean adipose tissue, obese tissue has been shown to have a higher 

level of many proinflammatory cytokines, including TNF-α, IL-6, and IL-1β. 

1.4.1 IL-1β 

IL-1β is a proinflammatory cytokine which is primarily produced by macrophages 

and monocytes; however, in the context of adipose tissue, it can also be produced 

by adipocytes (Bing, 2015; Renovato-Martins et al, 2020). 

IL-1β has been shown to be a crucial player in hypertension development; causing 

vascular smooth muscle and extracellular matrix remodelling via a number of 

inflammatory pathways (Melton & Qiu, 2021). Moreover, IL-1β plays a significant 

role in adipocyte-macrophage interaction, leading to adipose tissue dysfunction 

(Bing, 2015; Gao et al, 2014). Infiltration and activation of macrophages within 

the PVAT contributes to hypertension and it has been observed that IL-1 receptor 

antagonism decreases blood pressure in obese patients (Urwyler et al, 2020). A 

number of studies have reported that upregulation of IL-1β in adipose tissue is 

associated with insulin resistance. For example, it has been observed that IL-1β 

expression is elevated in the serum and WAT of obese patients and that positively 

correlated with both insulin resistance and body mass index (Moschen et al, 2011). 

In addition, another study has confirmed that IL-1β is upregulated in adipose tissue 

of obese patients and obese mouse models and that the cytokine induces insulin 

resistance by affecting glucose transport in human and mouse adipocytes (Lagathu 

et al, 2006). Furthermore, IL-1β was able to negatively affect insulin signalling in 

adipocytes and participates in the development of insulin resistance in these cells 

(Gao et al, 2014; Jager et al, 2007). In agreement with this, it was demonstrated 

by Handa and co-workers that insulin resistance was prevented in 3T3-L1 cells 

treated with IL-1β by using an anti-IL-1β monoclonal antibody (Handa et al, 2013). 

1.4.1.1  IL-1β receptors subtypes 

IL-1β binds to the type I IL-1 receptor (IL-1R1), which is ubiquitously expressed. 

This interaction leads to the recruitment of a shared co-receptor, IL-1RAcP (IL-
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1R3), by binding to the composite surface of the cytokine and the primary receptor 

complex. The IL-1R3 is the coreceptor for forming a trimeric signalling complex 

with IL-1β. In the resting state, IL-1R1 and IL-1R3 are present on the cell 

membrane. Once IL-1β binds to IL-1R1, a structural and conformational change 

occurs that allows IL-1R3 to bind to IL-1R1, facilitating the formation of active 

signalling complex. The binding of IL-1β to its receptors leads to the initiation of 

a multi-functional signalling complex, which triggers a cascade of inflammatory 

responses. This process is essential for the biological activities of IL-1β, allowing 

this cytokine to play a role in innate immunity (Fields et al, 2019; Kaneko et al, 

2019). 

1.4.1.2 IL-1β-dependent Inflammatory Signalling 

IL-1β mediates inflammatory responses by stimulating and activating different 

signalling pathways: mitogen-activated protein kinases (MAPKs), canonical nuclear 

factor kappa B (NF-KB), and phosphatidylinositol 3-kinases (PI3Ks) PI3K/Akt (Jager 

et al, 2007; Nisar et al, 2021; Weber et al, 2010). These pathways have been 

recognised to regulate many inflammatory processes and enzymes such as COX-2 

and iNOS, as summarised in Figure 1-2.  

Mitogen-Activated Protein Kinases (MAPKs) 

IL-1β activates the MAPKs pathway through a series of intracellular signalling 

events. In this process IL-1β binds to IL-1R1, initiating a cascade of events that 

eventually lead to MAPKs activation. One of the intracellular signalling processes 

initiated by the activated IL-1 receptor is via a protein known as Myeloid 

Differentiation Primary Response 88 (MyD88). MyD88 is recruited leading to 

activation of a series of protein kinases, including Interleukin-1 Receptor-

Associated Kinase (IRAK) and Tumour Necrosis Factor Receptor-Associated Factor 

6 (TRAF6). Following this, MAPK kinases such as the MEK family which includes 

MEK3/6, MEK4/7, and MEK1/2 are phosphorylated and they in turn phosphorylate 

and activate other MAPKs including extracellular signal-regulated kinase 1/2 

(ERK1/2), Jun N-terminal kinase (JNK), and p38 (Kyriakis & Avruch, 2012; Muslin, 

2008; Rose et al, 2010). Once these proteins (ERK1/2, JNK, and p38) are activated, 

they translocate into the nucleus and phosphorylate transcription factors like c-
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Jun, c-fos and ATF-2, leading to the regulation of many inflammatory genes 

(Plotnikov et al, 2011). 

Canonical Nuclear factor-KB (NF-KB) pathway  

NF-KB is one of several crucial proinflammatory signalling pathways regulated by 

IL-1β. Under basal conditions, NF-KB, typically in the form of the p50-p65 

heterodimer, is localised in the cytoplasm where it is coupled to IKBα. Once IL-1β 

binds to its receptor, it initiates a cascade involving MyD88, IRAK, and TRAF6. This 

leads to the activation of IKK complex, which consists of IKKα, IKKβ, and NEMO 

(NF-KB essential modulator, also known as IKKγ). The activation of IKKβ, leads to 

phosphorylation of IκB family proteins including IKβα. Once phosphorylated, IKβα 

is degraded which then leads to free NF-KB heterodimer p50-p65 being 

translocated into the nucleus where it initiates transcription of target genes 

including proinflammatory genes (Weber et al, 2010).  

Phosphoinositide 3-kinase/ protein kinase B (PI3K)/Akt 

PI3K/Akt is another pathway which has been reported to be activated by IL-1β via 

a series of signalling events. Following receptor activation by IL-1β and TRAF6 and 

IRAK activation, an upstream kinase (PI3K) is activated, which, in turn, activates 

Akt (protein kinase B) (Bavelloni et al, 1999; Chang et al, 2019; Martin & Wesche, 

2002; Neumann et al, 2002). PI3K/Akt activation has been reported to regulate 

different inflammatory mediators and enzymes. 
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Figure 1-2 IL-1β signalling pathways.  

Proinflammatory singling pathways activated in responses to IL-1R activation by IL-1β. These pathways 
including MAPKs, PI3K/Akt and NF-KB activated, ultimately lead to proinflammatory enzyme expression.  

  

1.4.2 IL-1β-mediated Regulation of Inducible Nitric Oxide 
Synthase  

iNOS is a 131 kDa mammalian protein composed of 1,153 amino acids organised 

into two main domains: an N-terminal oxygenase segment and a C-terminal 

reductase domain which includes a binding subdomain which binds flavin 

mononucleotide (FMN). This enzyme is responsible for the synthesis of NO from L-

arginine in mammalian tissues. In addition to FMN, production of NO via iNOS 

requires other cofactors including nicotinamide adenine dinucleotide phosphate 

(NADPH),  flavin adenine dinucleotide (FAD), heme, and (6R)-5,6,7,8-

tetrahydrobiopterin (BH4) to catalyse the conversion of L-arginine to L-citrulline 

and NO (Figure 1-3). This process is mediated by calmodulin (CaM), which binds in 

a hinge region between the oxygenase and reductase domains stabilising the 

structure and facilitating the function of the enzymatic complex. It is expressed 

in response to various pro inflammatory stimuli (TNF-α, IL-1β, interferon gamma) 

and microbial products (lipopolysaccharide-LPS) in various cells including 

monocytes, smooth muscle cells, macrophages, mast cells, endothelial cells, and 
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adipocytes. The expression of iNOS in these cells leads to generation of a high 

level of NO production compared to other isoforms (Engeli et al, 2004; Zamora et 

al, 2000). 

 

Figure 1-3 Structure and functional domains of iNOS enzyme.  

The iNOS converts L-arginine into nitric oxide (NO) and L-citrulline, requiring a number of 
cofactors including: oxygen, reduced nicotinamide adenine dinucleotide (NADPH), 
tetrahydrobiopterin (BH4), flavin mononucleotide (FMN) and flavin adenine dinucleotide 
(FAD).  

 

The expression of iNOS in adipose tissue and adipocytes is often upregulated in 

conditions associated with inflammation such as obesity and metabolic 

dysfunction (Araujo et al, 2018; Becerril et al, 2018). iNOS is typically induced 

when pro-inflammatory cytokines bind to receptors on the cell surface and 

activate different kinases including MAPKs, NF-KB and Akt, leading to the 

phosphorylation of various intracellular proteins and subsequent activation of 

specific transcriptional factors such as protein-1 (AP-1), activating transcription 

factor (ATF)-2, cAMP Response Element Binding Protein (CREB), Hypoxia-Inducible 

Factor (HIF), specificity protein 1 (Sp1), NF-KB and Signal Transducer and 

Activator of Transcription 1 (STAT1). The end result is induction of iNOS gene 

expression (Kleinert et al, 2004; Whitmarsh & Davis, 1996). 
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1.4.3 iNOS and lipid metabolism (lipolysis) 

Lipolysis is a catabolic process which occurs during times of nutrient scarcity or 

increased physical activity. In this process, triglycerides (TAG) stored in fat cells 

(adipocytes) are broken down into free fatty acids and glycerol to be used by 

various tissues in the body (Ahmadian et al, 2010; Edwards & Mohiuddin, 2020). 

The control of lipolysis has been linked to iNOS expression in adipocytes, and 

inflammatory stimuli appear to be important. A study has demonstrated that iNOS 

inhibition augments cytokine-induced lipolysis in adipocytes (Penfornis & Marette, 

2005). A human study has also shown that inhibition of NO release by subcutaneous 

adipose tissue results in the induction of lipolysis (Andersson et al, 1999). In 

addition, targeted disruption of the iNOS gene in obese mice has been shown to 

improve metabolic profile; suggesting an important link between iNOS and 

lipolysis (Becerril et al, 2018).  

1.4.4 iNOS in obesity and insulin resistance 

Elevated expression of iNOS was observed in adipose tissue of diabetic mice and 

obese humans (Engeli et al, 2004; Fujimoto et al, 2005; Jayarathne et al, 2018; 

Soskić et al, 2011) as well as obese rats (Jayarathne et al, 2018). Numerous studies 

have identified a potential link between iNOS expression and insulin resistance. 

iNOS knockout mice were shown to be protected from HFD-induced insulin 

resistance in adipocytes (Dallaire et al, 2008; Vilela et al, 2022). It was reported 

that inhibition of iNOS in mice fed with high fat diet (HFD) reduced the 

development of obesity-related insulin resistance (Tsuchiya et al, 2007). A further 

study has observed that iNOS expression and NO production inhibits insulin 

signalling and glucose uptake in 3T3-L1 adipocytes cocultured with macrophages 

(Fite et al, 2015). In addition, iNOS expression was proposed to be involved in 

palmitate-induced mitochondrial dysfunction and decreased adiponectin 

synthesis, which is associated with insulin resistance in 3T3-L1 adipocytes (Jeon 

et al, 2012).  
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1.5 Obesity-dependent PVAT Inflammation in 
Cardiovascular disease 

Under physiological conditions, PVAT produces vasoactive  substances which have 

anticontractile effects and this has been demonstrated in multiple vascular beds 

including rat aortic rings (Dubrovska et al, 2004; Löhn et al, 2002), human 

subcutaneous vessels (Greenstein et al, 2009), mouse gracilis artery (Saxton et al, 

2022), and mouse thoracic aorta (Almabrouk et al, 2017). In contrast, PVAT has 

been shown to lose this effect in hypertension (Galvez-Prieto et al, 2008; Gálvez-

Prieto et al, 2012), diabetes (Meijer et al, 2013), and obesity or high-far feeding 

(Almabrouk et al, 2018; Greenstein et al, 2009). The diminution in PVAT’s anti-

contractile effect in such diseases is attributed to adipokine imbalance (Szasz et 

al, 2013).  

Considering the correlation between obesity and increased PVAT, it might be 

anticipated that PVAT should have a more pronounced anticontractile effect due 

to increased release of relaxing substances. However, current knowledge indicates 

that obesity causes changes to PVAT's structure and function, including changes in 

adipokine secretion, inflammation, and oxidative stress, resulting in diminished 

anticontractile effect. In obesity, PVAT tends to release more procontractile 

factors, such as superoxide and angiotensin while the release of anti-contractile 

factors including nitric oxide and hydrogen sulfide decreases (Sowka & Dobrzyn, 

2021). The loss of anticontractile effect has been reported in many studies. For 

example, it was reported that the anti-contractile effect of PVAT is diminished in 

offspring of HFD-fed rats, which was due to a reduction in PVAT-derived NO 

bioavailability (Zaborska et al, 2016). In aorta isolated from mice fed with HFD, 

similar findings were observed, where PVAT lost its anti-contractile effect due to 

endothelial nitric oxide synthase (eNOS) dysfunction in PVAT (Xia et al, 2016). 

Almabrouk et al also demonstrated that the anticontractile effect of PVAT seems 

to be lost in mice fed a HFD via reduction of adiponectin secretion by the PVAT 

(Almabrouk et al, 2018). 

Interestingly, these alterations in PVAT function in obesity and related conditions 

was reported to initiate a compensatory mechanism to preserve vascular function 

in a number of studies. Leptin is one adipokine that can be upregulated and 
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released by adipose tissue (Sowka & Dobrzyn, 2021). Early studies have shown that 

obese mice lacking leptin showed marked vascular dysfunction compared to wild 

type mice and that leptin promotes endothelial cells to release NO (Winters et al, 

2000). Following studies reported that PVAT preserves vascular function of 

mesenteric artery isolated from HFD mice at an early period of feeding via leptin-

indued NO overproduction (Gil-Ortega et al, 2010) while a more recent study 

showed that PVAT has an adaptive mechanism to restore  vascular function via NO 

production in obese atherosclerotic rat model (Nakladal et al, 2022).    

1.5.1 Mechanism of anti-contractility effect of PVAT 

The modulatory effect of PVAT on VSMC tone was initially demonstrated by Soltis 

and Cassis in 1991, where they found that the presence of PVAT dramatically 

reduced norepinephrine-induced aortic ring contraction (Soltis & Cassis, 1991). 

Since this early study, many efforts have been made to understand the 

mechanisms by which PVAT induces vascular relaxation. It has been demonstrated 

that PVAT has an anticontractile effect on various different contractile agents, 

suggesting that PVAT releases transferable vasorelaxant substances or factors 

(Löhn et al, 2002). Since then, numerous studies have validated and confirmed 

the anticontractile effect of PVAT and shown that PVAT releases vasoactive 

substances causing vasodilation either via endothelium dependent or independent 

pathways. 

1.5.1.1 Endothelium dependent mechanism 

It was demonstrated that PVAT of rat thoracic aorta decreases the contractile 

responses to phenylephrine (PE) (Gao et al, 2007). In this study it was observed 

that transferring bathing solution of PVAT-intact rat aorta enhances the relaxant 

effect in endothelium intact vessels, however, in endothelium denuded vessels, 

the relaxant effect was diminished. These findings indicate that the endothelium 

layer was required for the full PVAT anticontractile effect to be observed. The 

activation of calcium-dependent K+ channels in VSMC was suggested to be one the 

mechanisms by which this action was mediated via NO produced by endothelium 

(Gao et al, 2007). Moreover, it was also reported that adiponectin released from 

PVAT activates AdipoR1 on ECs to induce vasodilation in mouse mesenteric artery 

(Lynch et al, 2013). Furthermore, other vasoactive substances including omentin 
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and leptin released from PVAT have been reported to induce vasodilation via an 

endothelium-dependent pathway (Ahmed et al, 2023; Yamawaki et al, 2010). 

These adipokines seem to mediate their relaxant effect by stimulating eNOS 

activation in endothelium to promote the production of NO, which eventually 

leads to vasodilation (Ahmed et al, 2023). 

1.5.1.2 Endothelium independent mechanism 

On other hand, PVAT has been reported to alter vascular tone independently of 

endothelium such as in the rat aorta. In this study, it was suggested that H2O2 was 

produced by PVAT and subsequently led to activation of soluble guanylyl cyclase 

(sGC) in smooth muscle cells (Gao et al, 2007). Similarly, Fang and colleagues 

showed that inhibiting the KATP channel prevented the anticontractile action of 

endogenous H2S from PVAT (Fang et al, 2009). Moreover, adiponectin has been 

reported to augment the relaxant effect of small mesenteric artery PVAT. In this 

study, it was suggested that adiponectin released from PVAT enhanced the 

relaxant effect of the vessel via modulating large-conductance Ca2+-activated K+ 

channels (BKCa) (Lynch et al, 2013). Furthermore, PVAT has been shown to 

decrease the contraction response to PE in rat mesenteric arteries, and this effect 

was attributed to voltage dependent, delayed-rectifier K (Kv) channel 

hyperpolarization in VSMC (Verlohren et al, 2004).   

1.5.2 iNOS-derived NO and hyporeactivity induced by PVAT 

The expression of iNOS in PVAT has been shown to modulate vascular function by 

enhancing the PVAT anticontractile effect. Several studies have demonstrated 

that iNOS-derived NO from PVAT may cause vasorelaxant effects. Administration 

of LPS to rats has been shown to lower contraction of aortic rings with intact PVAT. 

It has been suggested that the hyporeactivity is likely due to iNOS activation in 

PVAT (Hai-Mei et al, 2013). Moreover, an in vivo study has reported that PVAT of 

septic rat aorta decreases the contraction to PE (Awata et al, 2019). In the same 

study it was found that inhibition of iNOS with 7-nitroimadazole and 1400W 

reverses the hyporeactivity induced by PVAT in the aorta. Reis Costa and co-

workers have shown that high-carbohydrate diet (HC-diet) enhances the 

anticontractile effect of PVAT in male Balb/c mice and that inhibition of iNOS with 

1400W reestablished the contractile response induced by PE in the HC group (Reis 
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Costa et al, 2021). This study also reported that iNOS was much higher expressed 

in PVAT of HC-diet mice compared to the control group. Recently, it was reported 

that PVAT of thoracic aorta isolated from aged pre-atherosclerotic apolipoprotein 

E-deficient rats (ApoE−/− animals) fed with HFD improves vascular relaxation and 

enhances endothelial function via NO release (Nakladal et al, 2022). It was also 

shown that iNOS protein is highly expressed in the thoracic aorta PVAT of ApoE−/− 

animals, suggesting its role in NO production. Furthermore, an enhanced 

anticontractile effect of PVAT was seen in thoracic aorta of HFD-fed rats (Araujo 

et al, 2018). These findings suggest that the anticontractile effect is due to iNOS 

expression. In support of this suggestion, it was also found in this study that 

training the HFD group with aerobic exercise ameliorates the anti-contractile 

function of PVAT, which was associated with a significant decrease in the iNOS 

expression in the PVAT of thoracic aorta (Araujo et al, 2018). 

1.6 Sphingolipid System  

Sphingolipids are a class of cellular lipids which are emerging players in 

contributing to metabolic syndromes, such as obesity and type 2 diabetes (T2D). 

The sphingolipid system exerts its function in the body via different bioactive 

metabolites, including ceramide, sphingosine, sphingomyelin and sphingosine-1-

phosphate (S1P). S1P and ceramide are bioactive metabolites that have been 

implicated in modulating inflammatory responses within adipose tissue via 

secretion of pro-inflammatory cytokines and chemokines from adipocytes and 

immune cells within adipose tissue, hence exacerbating inflammation (Fang et al, 

2019; Kang et al, 2013).   

1.6.1 Sphingosine 1 Phosphate  

Sphingosine 1 phosphate is a metabolic product of sphingosine which was 

discovered in 1990 as a cell growth modulator (Olivera & Spiegel, 1993). S1P is 

produced by various types of cells, including erythrocytes, platelets, endothelial 

cells and also adipocytes (Ito et al, 2013; Mendelson et al, 2014; Thuy et al, 2014). 

S1P is responsible for various fundamental cellular functions and plays a significant 

role in physiology and pathophysiology of the cardiovascular system (Thuy et al, 

2014). 
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1.6.1.1 Sphingosine-1-phosphate synthesis and degradation 

S1P is formed through multiple steps; starting with ceramide production from 

sphingomyelin by the action of an enzyme called sphingomyelinase. Initially, 

ceramide is produced in three ways including de novo, metabolism of 

sphingomyelin and conversion of sphingosine by ceramide synthase as shown in 

figure 1-4. De novo production of ceramide takes place in the endoplasmic 

reticulum, starting with serine and palmitoyl-CoA condensation through serine 

palmitoyltransferase (SPT) to produce 3-ketodihydro-sphingosine. Following this 

step, 3‐ketodihydrosphingosine reductase (3KDHR) reduces the 3-ketodihydro- 

sphingosine to form dihydrosphingosine. Ceramide synthases (CerS) acetylate 

dihydrosphingosine to generate dihydroceramides and then desaturation of 

dihydroceramides by the action of dihydroceramide desaturase (DES) produces 

ceramide (Pulkoski-Gross et al, 2015; Pyne & Pyne, 2000). Then, the ceramidase 

enzyme produces sphingosine from ceramide. Subsequently, phosphorylation of 

sphingosine by two sphingosine kinases produces S1P (Gandy & Obeid, 2013; 

Mendelson et al, 2014). S1P, in turn, is metabolized by S1P lyase (SPL) to 

phosphoethanolamine and hexadecanal. Alternatively, SIP can be 

dephosphorylated to sphingosine by the action of S1P phosphatases (S1PP) 

(Pulkoski-Gross et al, 2015; Pyne & Pyne, 2000). S1P exerts its functional roles 

through intracellular mechanisms, functioning as an intracellular second 

messenger within cellular compartments (Spiegel & Milstien, 2003). Alternatively, 

S1P can undergo export from the cellular interior to the extracellular milieu via 

specific transporters (Thuy et al, 2014), which will be discussed in more detail in 

(section 1.6.1.5). 
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Figure 1-4 Schematic diagram of sphingosine-1-phosphate synthesis and metabolism. 

Ceramide is mainly produced in three ways including: metabolism of sphingomyelin by 
sphingomyelinase; or by a de novo pathway starting from palmitoyl-CoA and serine via serine 
palmitoyltransferase (SPT), 3‐ketodihydrosphingosine reductase (3KDHR), Ceramide 
synthases (CerS), and dihydroceramide desaturase (DES). Sphingosine can be converted to 
ceramide by CerS, or to Sphingosine 1 Phosphate by (S1P) Sphingosine kinase. S1P 
metabilsed S1P lyase (S1PL) to phosphoethanolamine and hexadecanal.  

 

1.6.1.2 S1P in circulation 

S1P concentration has a variable range within plasma and the tissues. In the 

plasma, S1P is found in its highest concentration, at a range between 0.1 and 1.2 

µM, and the main source of plasma S1P is platelets (Venkataraman et al, 2008). In 

addition, platelets have a high level of S1P due to the lack of S1P lyase expression 

(Yatomi et al, 1995). However, tissues have a lower concentration of S1P which 

ranges between 0.5 and 75 pmol/mg (Venkataraman et al, 2008). Interestingly, 

the concentration gradient of S1P is affected by sphingosine kinase 1 (SphK1) 

activity. Venkataraman and co-workers indicate that the expression of SphK1 

contributes to the S1P level in the plasma, emphasising the crucial role of SphK1 

in determining tissue and circulating levels of S1P (Venkataraman et al, 2006). 
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Also, the concentration of S1P is altered under pathological conditions where, for 

example the severity of coronary artery stenosis in patients is associated with a 

high level of serum S1P (Deutschman et al, 2003), and serum S1P is also increased 

in patients with myocardial infarction (Polzin et al, 2017; Sattler et al, 2010). 

Adipose tissue is another contributor to plasma S1P, where it has been seen that 

obese mice (Wang et al, 2014) and obese humans (Ito et al, 2013) have higher 

levels of serum S1P compared to healthy mice and humans. 

1.6.1.3 S1P transporter 

S1P transporters are integral membrane proteins responsible for facilitating the 

translocation of S1P across cellular membranes. S1P is exported via specific 

transporters, and a number of S1P transporters have been identified as significant 

players in the physiological and pathological roles of S1P, including spinster 

homolog 2 (Spns2) transporter and ATP-binding cassette (ABC) transporters.   

S1P release by Spns2 transporter 

Spns2, belonging to the major facilitator superfamily (MFS) of non-ATP-dependent 

organic ion transporters and is a compact membrane protein of 58 kDa primarily 

located within the cell membrane (Chen et al, 2023a). Spns2 was the first 

identified mammalian S1P transporter and is the primary transporter facilitating 

the release of cellular S1P, as proven in a number of studies (Fukuhara et al, 2012; 

Nijnik et al, 2012). Kawahara and colleagues have reported that overexpression 

of Spns2 in zebrafish resulted in augmentation of S1P production (Kawahara et al, 

2009). Several groups have then observed that the overexpression of Spns2 in 

mammalian cells and human embryonic kidney (HEK) 293 cells (Chen et al, 2023a; 

Nagahashi et al, 2013) increases the secretion of S1P. Conversely, Spns2 down-

regulation resulted in a decrease in the release of S1P from HEK 293 cells 

(Nagahashi et al, 2013) and this was also seen in vascular endothelial cells of mice 

lacking Spns2 (Hisano et al, 2012). Investigations on Spns2-knockout mice have 

revealed that S1P levels in plasma and whole blood were markedly diminished by 

approximately 25–30% in these animals compared to wild-type (Nagahashi et al, 

2013). 

 



21 

 

S1P release by ABC transporter 

ABC transporters, including ABCA1 and ABCC1, are widely expressed in a number 

of cells and tissues, and play a fundamental role in transporting a diverse range 

of substrates across cell membranes (Theodoulou & Kerr, 2015).  S1P has been 

recognised to be exported via ABC transporters in a number of studies. Several 

groups have reported that the suppression of ABC transporters with si-RNA 

including ABCA1 in astrocytes (Sato et al, 2007), and ABCC1 in mast cells (Mitra et 

al, 2006) resulted in a decrease in S1P production from these cells. In addition, it 

has been experimentally verified that the inhibition of ABCA1 using a non-selective 

inhibitor (glibenclamide), resulted in a decrease in S1P release induced by apoA 

in astrocytes (Sato et al, 2007) and HUVECs (Liu et al, 2016). Furthermore, the 

release of S1P induced by thrombin in rat platelets has been demonstrated to be 

inhibited by an ABCA inhibitor (glyburide). Consistent with these findings, in 

adipocytes the ABCA1 inhibitor glibenclamide decreased S1P in the media of 

adipocytes exposed to hypoxia (Ito et al, 2013). However, other studies have 

reported that S1P levels are not significantly affected by overexpression of ABCA1 

and ABCC1 in Chinese hamster ovary (CHO) cells (Hisano et al, 2011) nor by the 

knock-out of ABCA1, ABCC1 and ABCA7 in mouse models (Lee et al, 2007). 

S1P transport in the blood stream 

It is known that S1P is mainly synthesised by blood cells including erythrocytes, 

activated platelets, neutrophils and monocytes which release it into plasma 

(Yatomi et al, 1995). In the blood, S1P is transported via binding to different 

proteins; albumin (30-40% of S1P) and lipoproteins, including HDL (50% of S1P), 

and LDL and VLDL (10% of S1P). S1P binds to HDL particularly via apolipoprotein M 

(ApoM) which functions as a chaperone for S1P, and controls the level of S1P within 

the bloodstream (Jozefczuk et al, 2020). 

1.6.1.4 Sphingosine-1 phosphate receptors 

The S1P receptors are a family of G-protein coupled receptors (S1PR1, S1PR2, 

S1PR3, S1PR4, and S1PR5) and each one consists of approximately 400 amino acids 

(O'Sullivan & Dev, 2013). S1P receptors share common characteristics, including 

seven transmembrane α-helices that traverse the lipid bilayer, forming a polar 
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internal tunnel. The C terminus and three intracellular loops are exposed to the 

interior, while the N terminus and three extracellular loops are exposed to the 

exterior (Pulkoski-Gross et al, 2015; Spiegel & Milstien, 2003). The distribution of 

S1PR1–5 is different among cells. Of these receptors, S1PR1, S1PR2, and S1PR3 are 

most widely distributed in the cardiovascular tissues, and each one of these 

receptors has a different pattern of distribution in the main cell types of the CVS 

(Cannavo et al, 2017) and adipose cells, while S1PR4 is mainly expressed in 

lymphoid tissues and S1PR5 in the nervous system. Upon activation of the S1PRs 

by S1P, G-protein subunits, including (Gi, Gq, and G12/13) are activated and 

released to regulate a wide range of downstream effector pathways (Jun et al, 

2006; Li et al, 2016; Mastrandrea, 2013; O'Sullivan & Dev, 2013; Spiegel & Milstien, 

2003). Each S1PR is coupled to specific G proteins, which mediate a different 

function (Figure 1-5). 

S1PR1: S1PR1 was the first member of EDG family of GPCRs identified in 1990 in 

human umbilical vein endothelial cells (HUVEC) (Hla & Maciag, 1990; Yoh et al, 

2002). S1PR1 is widely expressed in ECs, VSMCs, fibroblasts and epithelial cells as 

well as adipocytes (Goetzl et al, 2004; Karuppuchamy et al, 2017; Mastrandrea, 

2013). S1PR1 activation mediates a wide range of cellular responses via coupling 

to specific heterotrimeric G-proteins and small GTPases. S1PR1 mainly couples to 

Gi protein which causes adenylate cyclase suppression and subsequently leads to 

a decrease in the production of second messenger cyclic adenosine 3′,5′ -

monophosphate (cAMP) and the activation of Ras, PI3K/Akt, and MAPKs family 

pathway (ERKs) (Gonda et al, 1999; Okamoto et al, 1998; Yoh et al, 2002). S1PR1 

signalling has been shown to induce the activation of Rac, a small GTPase in the 

Rho family. Furthermore, it was seen that S1PR1 triggers phospholipase C (PLC) 

activation and Ca2+ mobilisation through Gi (Kluk & Hla, 2002; Okamoto et al, 

1998). Taken together, S1PR1 modulates a number of downstream cascades 

including, ERK1/2, PI3K/Akt and adenylyl cyclase via Gi and GTPases Rho and Rac 

signalling.    

S1PR2: S1PR2 was initially identified as a GPCR in a rat aortic cDNA library, aiming 

to investigate a new signalling system in the vasculature (Okazaki et al, 1993; Yoh 

et al, 2002). S1P has been reported to have a high affinity for S1PR2 (Gonda et al, 

1999). S1PR2 is expressed in various tissues and cell types, including lung, heart, 
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stomach, brain, thymus, kidney, adrenal glands, spleen and adipose tissue (Ishii 

et al, 2001; Mastrandrea, 2013). Unlike S1PR1, S1PR2 couples to multiple 

heterotrimeric G proteins including Gi, Gq and G12/13, enabling it to influence 

multiple downstream pathways. The activation of S1PR2 stimulates the PLC 

signalling pathway via the activation of a G protein, specifically Gq. PLC, in turn, 

cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol trisphosphate 

(IP3) and diacylglycerol (DAG). The resulting IP3 functions as a secondary 

messenger, enhancing the release of calcium ions (Ca2+) from intracellular stores 

such as the endoplasmic reticulum. The subsequent increase in cytosolic Ca2+ 

levels play an important role in mediating various cellular responses, including 

cell migration, contraction, and other signalling events associated with the 

physiological and pathological effects of S1PR2 activation (Cannavo et al, 2017). 

Moreover, S1PR2 has been reported to regulate the adenylyl cyclase pathway via 

the activation of inhibitory G proteins, particularly Gi. The MAPKs family pathways 

(ERK-1/-2, JNK and p38), PI3K/Akt pathway, and NF-KB pathway (Aarthi et al, 

2011; Gonda et al, 1999; Yu, 2021) represent additional  Gi -dependent 

downstream signalling pathways associated with  S1PR2 activation. Furthermore, 

S1PR2 can activate Rho and/or Rho kinase via coupling to Gq and G12/13 (Skoura & 

Hla, 2009).  

S1PR3: S1PR3 was initially identified from a human genomic library during an 

investigation of human cannabinoid receptors, and the amino acid sequence of 

S1PR3 exhibits approximately 50% similarity to S1PR1 and S1RP2. S1PR3 is similar to 

S1PR2 in that it is widely expressed in various tissues and cell types, including 

organs lung, heart, stomach brain, thymus, kidney, adrenal glands, spleen and 

adipose tissue (Kluk & Hla, 2002). Like S1PR2, S1PR3 couples to multiple G proteins, 

including Gi, G12/13, and Gq to eventually regulate several signalling pathways such 

as PLC/IP3/Ca2+, MAPKs family pathways (ERKs), adenylyl cyclase, and small 

GTPases Rho and Rac (Kluk & Hla, 2002; Li et al, 2021; Siehler & Manning, 2002). 
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Figure 1-5 The S1P-S1PRs signalling.  

This figure illustrates the signalling pathways activated by sphingosine-1-phosphate 
receptors (S1PRs), including S1PR1, S1PR2, and S1PR3. Each receptor activates its 
downstream signalling to regulates a diverse cell response. Abbreviations: Sphingosine 1 
Phosphate (S1P), Sphingosine 1 Phosphate receptor (S1PR), Mitogen-Activated Protein 
Kinases (MAPKs), Nuclear factor-KB (NF-KB), Phosphoinositide 3-kinase/ protein kinase B 
(PI3K)/Akt, Phospholipase C (PLC), inositol trisphosphate (IP3).  

 

Sphingosine 1 Phosphate agonists and antagonists 

S1P receptors bind specifically to the endogenous ligands, S1P and dihydro-S1P 

(Contos et al, 2000). However, A number of selective small molecule S1PR agonists 

have been chemically synthesised and widely used in experimental studies 

including SEW2871 as a selective S1PR1 agonist (Pan et al, 2006), CYM 5478 as a 

potent and selective S1PR2 agonist (Herr et al, 2016) and CYM5541 which 

selectively binds to S1PR3 receptor (Jo et al, 2012). Regarding S1PRs antagonists, 

S1PR1 can be blocked by a selective antagonist called W146 (Sanna et al, 2006), 

S1PR2 is antagonised by the highly selective compound JTE 013 (Osada et al, 2002; 

Parrill et al, 2004) and S1PR3 can be blocked by a selective antagonist called BML-

241 (CAY10444) (Salomone & Waeber, 2011).  Fingolimod (FTY720) was the first 

S1PRs modulator identified and approved for multiple sclerosis (MS) treatment. 
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FTY720 is a prodrug which is phosphorylated by sphingosine kinases, particularly 

SphK2 to produce phospho-FTY720 which can bind to and activate all S1PRs except 

S1PR2, causing internalization and degradation of the receptors (Brinkmann et al, 

2010). Siponimod is a second generation of S1PRs modulators that is highly 

selective for S1PR1 and S1PR5, acting as a potent functional antagonist of S1PR1 

and S1PR5 and recently approved by FDA in 2019 for the treatment of MS (Coyle 

et al, 2024). 

1.6.1.5 Sphingosine 1 Phosphate intracellular signalling pathways 

In addition to receptor-dependent signalling, S1P can also elicit its function 

intracellularly where it acts as a second messenger, including causing increased 

intracellular calcium levels (Birchwood et al, 2001) and cell survival (Zhang et al, 

1991). In addition, S1P has been shown to regulate the function of a number of 

intracellular proteins. For example, TNF receptor- associated factor 2 (TRAF2) is 

a member of the TNF receptor associated protein family (TRAF), which is required 

for TNF receptor-mediated inflammation via NF-KB and MAPKs pathways. 

Intracellular S1P has been reported to bind to TRAF2 in order to activate NF-KB 

pathway (Alvarez et al, 2010). Moreover, prohibitin 2 (PHB2), is a conserved 

protein that regulates mitochondrial function, and it has been confirmed that 

intracellular S1P produced by SphK2 in mitochondria interacts with PHB2 to 

maintain mitochondria function (Strub et al, 2011). Another example is protein 

kinase C delta (PKCδ) which belongs to the protein kinase C family, and is proven 

to interact with the nuclear NF-KB pathway. It was also suggested that S1P 

produced by SphK1 interacts with PKCδ to activate the NF-KB pathway in 

macrophages (Puneet et al, 2010). It has also been documented that intracellular 

S1P activates the transcription factor peroxisome proliferator-activated receptor 

(PPAR)γ to regulate vascular development in vivo and in vitro (Parham et al, 2015). 

1.7 Sphingosine Kinases 

Sphingosine kinase is an enzyme involved in the generation of S1P. Two isoforms 

or variants of SphKs have been identified (SphK1 and SphK2) and there are 

important differences between the two; for example, SphK1 is generated from a 

gene located on chromosome 17 while SphK2 is generated from a gene on 

chromosome 19 (Cannavo et al, 2017). Structurally, the SphK isoforms are highly 



26 

 

similar with one subtle differences; both of these isoforms have a C-terminal 

region (CTR) and N-terminal region (NTR), in addition, they have an ATP-binding 

site and sphingosine recognition site. However, SphK2 has two additional regions 

at the N-terminal end and at the central region which make a difference in the 

amino acid length of around 250 residues (Jozefczuk et al, 2020). All human tissues 

express both SphK isoforms; SphK1 is highly expressed in heart, spleen, lung and 

leukocytes, whereases SphK2 is highly expressed in the liver. Three variants of 

SphK1 have been identified in human: SphK1a, SphK1b at 51 kDa, and SphK1c with 

molecular weight between 42.5 kDa and 51 kDa. For SphK2, two isoforms have 

been recognised in humans named SphK2a and SphK2b (Venkataraman et al, 2006). 

Several alternatively spliced variants of both SphK isoforms, differing at their N 

termini, have been identified in rats and mice (Alemany et al, 2007). In terms of 

SphKs localisation, Cannavo and his colleagues discuss in their review article that 

SphK1 is located mainly in the cytoplasm and can be translocated to the plasma 

membrane, whereas SphK2 is located at the endoplasmic reticulum and can also 

be associated with the mitochondria (Cannavo et al, 2017). 

1.7.1 Sphingosine Kinase 1 regulation 

Research over several decades has provided a plethora of knowledge about how 

SphK1 is regulated at transcriptional, post-transcriptional, and post-translational 

levels (Figure 1-6).  

Transcription factor Sp1 is known to regulate SphK1 expression, and it has been 

reported that nerve-growth factor (NGF) upregulates Sp1 leading to increased 

SphK1 expression in PC12 cells, a rat pheochromocytoma cell line (Sobue et al, 

2005). In glioblastoma cells, transcription factor AP-1 was shown to be responsible 

for SphK1 transcriptional induction in response to IL-1β (Paugh et al, 2009). 

Moreover, it has been demonstrated that the overexpression of SphK1 in human 

neuroblastoma cells in response to glial line-derived neurotrophic factor (GDNF) 

is dependent on the Sp1 and AP-2 transcription factor binding sites in the SphK1 

promoter (Murakami et al, 2007). Other studies showed that HIF transcriptional 

factors could also regulate SphK1 gene expression, where it was reported that 

knockdown of HIF2α results in a decrease in SphK1 expression in U87MG glioma 

cells (Anelli et al, 2008). Several other different transcription factors have been 
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discovered that regulate SphK1 expression in different cells, including LIM-

domain-only protein 2 (LMO2) (Matrone et al, 2017), and E2F transcription factor 

family members, E2F1 and E2F7 (Hazar-Rethinam et al, 2015).  

Additionally, microRNAs have been identified as negative regulators of SphK1 

expression at the translation level. miRNAs are short oligonucleotides, which 

degrade mRNAs by binding to RNA interference silencing complex (RISC) and target 

mRNA leading to either translation inhibition or increasing degradation of the 

targeted mRNA (Kim et al, 2009). For example, miR-124 overexpression has been 

reported to downregulate SphK1 by enhancing its degradation in ovarian cancer 

cells (Zhang et al, 2013). Another example is miR-506, which has been 

documented to interact with SphK1 in hepatocellular cancer cells causing SphK1 

downregulation via a translation inhibition process (Lu et al, 2015). Recently, a 

number of miRNA have been identified which downregulate SphK1 translation, 

including miRNA-3677 in human osteosarcoma cells (Yao et al, 2020) and miRNA-

6862 in neural cells (Xue et al, 2021). 

The regulation of SphK1 can also be achieved by post-translation modification 

which either influences its localisation within the cells or promotes its activity. 

The cellular localisation of SphK1 is a crucial step in sphingolipid metabolism 

(Wattenberg et al, 2006). It is well known that SphK1 phosphorylation and cellular 

translocation into the plasma membrane is mediated via the phosphorylation of 

Ser225 site on SphK1 which causes S1P release and activation of S1PRs. For 

example, TNF-α, IL-1β and LPS have been reported to increase SphK1 activity by 

inducing its phosphorylation at Ser 225 in various cell types (Billich et al, 2005; 

Lee et al, 2019; Pitson et al, 2003). However, activity of SphK1 can also be 

regulated via mechanisms independent of Ser 225 phosphorylation. It has been 

reported in HEK-293 cells that SphK1 is translocated to the cell membrane by Gq 

protein in response to muscarinic receptor activation and bradykinin (Bruno et al, 

2018; ter Braak et al, 2009). Others found that CIB1 protein-Ca2+ myristol switch 

protein-interacts with SphK1 to translocate it to the cell membrane in HeLa cells 

(Jarman et al, 2010).  

Interaction with other proteins is another way of regulating SphK1 activity, which 

can either cause activation or inhibition. SphK1 activity is increased by the direct 
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interaction with other proteins including two Src family protein tyrosine kinases 

(PTKs). Fujita and colleagues have shown that SphK1 activity is increased as a 

result of the interaction with δ-Catenin/neural plakophilin-related armadillo 

repeat protein in primary rat embryonic hippocampal cells (Fujita et al, 2004). 

Moreover, Filamin A, known as an actin-cross-linking protein may also cause SphK1 

activation in melanoma A7 cells, where it was shown that SphK1 activity is 

inhibited in cells lacking Filamine A (Maceyka et al, 2008). In addition, 

overexpression of TRAF2 has been documented to activate SphK1 in HEK 293T cells 

(Xia et al, 2002). Conversely, a number of studies have reported that several 

proteins can interact and inhibit the catalytic activity of SphK1. For instance, 

Sphingosine Kinase 1 Interacting Protein 1 (SKIP) was found to interact with SphK1 

and attenuate its activity in HEK cells (Lacaná et al, 2002). Other proteins were 

identified which negatively regulate the activity of SphK1 by direct interaction, 

including platelet endothelial cell adhesion molecule 1 (PECAM-1) in HEK293 cells 

(Fukuda et al, 2004) and four-and-a-half LIM domain 2 (FHL2) in cardiomyocytes 

(Sun et al, 2006). 
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Figure 1-6 Schematic showing transcriptional, post-transcriptional, and post-translational 
mechanisms regulating SphK1 in cells.  

Transcriptional regulation of SphK1 gene expression involves Sp1, AP1, AP2, HIF1a, E2F1, 
E2F2 and LM02. At the post-transcriptional level, noncoding RNAs, such as miR-124, miR-
506, miR-3677 and miR6862 limit its translation. Post-translation regulation of SphK1 involves 

phosphorylation by stimuli such as IL-1β and TNF-α that can affect the subcellular localisation 

of SphK1; translocation is positively regulated by CIB1. Many protein-protein interactions 
with SphK1 have been shown to increase or decrease activity of SphK1. Localisation at the 
plasma membrane enables SphK1 to access its substrate Sphingosine (Sph) thereby leading 
to the production of S1P, which is then released via transporter to act on S1P receptors 
(S1PR). 

 

1.7.2 Sphingosine Kinase 2 regulation 

The regulation of SphK2 is less well studied compared to SphK1, however the 

catalytic activity of SphK2 increases in various cell lines in responses to number 

of stimuli including TNF-α and IL-1β (Mastrandrea et al, 2005), LPS (Weigert et al, 

2019; Yang et al, 2018), epidermal growth factor (EGF) (Hait et al, 2005) and 

hypoxia (Wacker et al, 2009). Similar to SphK1, SphK2 is subject to 

phosphorylation by different stimuli or ERK1/2, however, SphK2 is phosphorylated 

at two sites; Ser351 and Thr578 (Hait et al, 2007). 
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1.7.3 Sphingosine Kinases inhibitors 

Over the last decades, extensive research has been undertaken to characterise 

and develop inhibitors of SphKs. L-threodihydrosphingosine (DHS), N,N-

dimethylsphingosine (DMS), and N,N,N-trimethylsphingosine (TMS) were the first 

inhibitors identified targeting SphK1 and SphK2. However, these compounds 

inhibited other kinases including, protein kinase C (PKC), ceramide synthase 

(CerS), 3-phosphoinositide-dependent kinase and casein kinase II (Pitman & 

Pitson, 2010). A number of different non-lipidic small molecules, including SKI-I, 

SKI-II, SKI-III, and SKI-IV were then synthesised which exhibit high selectivity 

against SphK1 and SphK2. These compounds are the most widely used non-

selective SphK inhibitors and they demonstrably reduce the amount of S1P in a 

number of cell types (French et al, 2003). Further studies were carried out to 

discover new compounds which are more selective for SphK1, including PF543, 

VPC96091, SK1-I (BML258) and compound 82 (Bu et al, 2021). PF543 is the most 

commonly used SphK1 inhibitor and shows a high selectivity for SphK1. It inhibits 

SphK1 via inducing proteasomal degradation of SphK1 which subsequently leads to 

lower S1P concentration (Byun et al, 2013). PF543 has been already used in a 

number of studies to investigate the physiological and pathological roles of SphK1 

and these demonstrate its effect on S1P concentration in various cell types and 

animal models (Schnute et al, 2012; Yi et al, 2023). A number of selective SphK2 

inhibitors have also been discovered such as (R)-FTY720-Ome (ROME), ABC294640, 

SG-12, K145, SKI-II and trans-12a (Neubauer & Pitson, 2013). ROME is a selective 

SphK2 competitive inhibitor and shows no inhibitory activity for SphK1 even at 

higher concentrations (Lim et al, 2011). It was reported that SphK2 inhibition with 

ROME decreased SphK2 expression and S1P concentration in LNCaP prostate cancer 

cells (Watson et al, 2013).  

1.8 The role of Sphingosine Kinase/Sphingosine 1 
Phosphate in vascular tone 

Vascular tone is regulated by a range of circulating compounds which initiate 

vascular responses, either vasoconstriction or vasodilation. S1P is considered one 

of the crucial endogenous and vascular modulators that controls vascular function. 

The role of S1P in vascular tone was first reported in a study using rat isolated 
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mesenteric artery and intra-renal vessels, where it was shown that S1P induced 

vasocontraction and this effect was dependent on GPCR activation accompanied 

with increases in intracellular calcium (Bischoff et al, 2000). Subsequent research 

has further elucidated the distribution and specific role of S1PRs in vascular tone 

regulation. They contribute to inducing vasoconstriction or vasodilatation 

responses via several transduction pathways. The SphK/S1P system mediates 

vascular responses by either endothelium-dependent or endothelium-independent 

pathways. It is important to mention that the difference in response to these 

metabolites is dependent on vessel type, vascular bed, animal species, and 

receptor subtype expression (Michel et al, 2007). 

Endothelial-dependent mechanism of S1P system 

The S1P cascade mediates a divergent pathway in endothelial cells affecting 

endothelial integrity and vascular tone. Multiple studies have proven the crucial 

role of S1P in EC barrier integrity which is mediated by S1PR1. For example, one 

study examined the involvement of S1P in enhancing integrity in human pulmonary 

artery ECs; they concluded that the involvement of S1P in the improvement of EC 

integrity was mediated by S1PR1 (Singleton et al, 2005; Weigel et al, 2023). 

Similarly, another study published by Feistritzer and Riewald in 2005, identified 

the important role of S1PR1 receptor in developing EC barrier integrity (Feistritzer 

& Riewald, 2005). These findings emphasise the significance of the S1P system in 

maintaining vascular integrity.  

The ECs express surface S1PR1 receptor highly compared with S1PR2 and S1PR3 

subtypes (Wang et al, 2023). It has been demonstrated that S1P elicits 

vasorelaxation by eNOS downstream pathway (di Villa Bianca et al, 2006) and that 

this may be via S1PR1 and S1PR3 receptors on ECs (Igarashi & Michel, 2009). It has 

been shown that S1P can affect blood vessel tone by inducing vasodilation 

mediated by calcium sensitive and PI3 kinase cascade pathways, causing eNOS 

activation (Dantas et al, 2003; Liu et al, 2020). Previous work in our laboratory 

has shown that S1P causes an endothelium-dependent vasodilation response in rat 

aortic rings and coronary arteries through S1PR3 receptor, and this response was 

achieved as a result of an increase of eNOS dependent NO formation (Alganga et 

al, 2019; Mair et al, 2010). In addition, S1PR3 receptor is also implicated as a 
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mediator of vasodilation in mouse aorta in response to FTY720 (structural 

analogue of sphingosine-1-phosphate (S1P); and the vasodilation response was 

dependent on NO release via Akt-dependent eNOS phosphorylation (Tölle et al, 

2005). Therefore, the S1P system likely to induce a vasodilation response in 

endothelium-intact beds, dependent on NO synthase. Intracellularly, S1P may 

modulate the eNOS expression in endothelial cells by the action of heat shock 

protein 90 (hsp90) (Roviezzo et al, 2006). Hsp90 is a regulatory protein that 

interacts with eNOS to maintain its enzymatic activity via facilitating the binding 

of cofactors and substrates necessary for NO production (Brouet et al, 2001).  

Endothelium independent mechanism of S1P system 

VSMCs express a different subtype of S1P receptors which initiate divergent 

intracellular signalling pathways (Coussin et al, 2002). The VSMCs express mainly 

S1PR2 receptor and lower levels of S1PR1 and S1PR3 receptor (Alewijnse et al, 

2004). VSMC contraction is initiated by the activation of specific receptors, leading 

to an increase in intracellular Ca2+ concentration through K+ channel 

depolarization. This increase in Ca2+ activates MLCK, which ultimately leads to 

smooth muscle contraction. Also, contraction can be induced through a Ca2+-

sensitization pathway; mediated by activation of G12/13 and RhoA cascade which 

ultimately leads to Rho-kinase cascade activation. VSMC modulates the 

vasoconstriction as a result of Rho kinase activation and intracellular calcium 

increases which are mediated by S1PR1 receptor activation (Hemmings, 2006; 

Hemmings et al, 2006). Similarly, another study examined the receptor expression 

and which signalling pathway was causing vasoconstriction in response to S1P in 

VSMCs of rat cerebral artery and aorta. In the rat cerebral artery, vasoconstriction 

was mediated by Rho-kinase and increases in Ca2+ release from the sarcoplasmic 

reticulum which was mediated by S1PR2 receptor and S1PR3 receptor. However, 

in the aorta, the vasoconstriction was insignificant compared with the cerebral 

artery and this could be due to the low-level expression of S1PR2 receptor and 

S1PR3 receptor (Coussin et al, 2002). In addition, S1P could modulate 

vasoconstriction by activation of L-type Ca2+ channels and increasing intracellular 

Ca2+ concentrations (Bischoff et al, 2000). Other signal transduction pathways 

which modulate VSMCs constriction under the effect of S1P include 

phosphorylation of p38 MAPK and ERK1/2 (Hemmings, 2006). On the other hand, 
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intracellular S1P is also capable of inducing vasoconstriction by opening store-

operated calcium channels (SOCE) which subsequently leads to the movement of 

calcium into the cells (El‐Shewy et al, 2018). Generally, VSM is contracted in 

response to S1P via intracellular Ca2+ elevation, the influx of extracellular Ca2+, or 

Rho- kinase pathway.   

1.9 The role of Sphingosine Kinases/Sphingosine 1 
Phosphates in adipose tissue function 

1.9.1 Expression of SphKs and S1PRs in adipose tissue 

SphK1 and SphK2 are expressed in cultured 3T3-L1 adipocytes and subcutaneous 

adipose tissue (SAT) (Hashimoto et al, 2009; Kitada et al, 2016), epidydimal white 

adipose tissue (EWAT) (Kitada et al, 2016; Zhang et al, 2014) and BAT (Morishige 

et al, 2023). Similarly, S1PR1-3 are expressed on 3T3-L1 adipocytes (Lee et al, 2017; 

Mastrandrea, 2013), differentiated rat white adipocytes (Jun et al, 2006), and in 

epidydimal adipose tissue (EAT) and SAT (inguinal) (Chakrabarty et al, 2022). 

Furthermore, S1P concentration has been reported to positively correlate with 

obesity and to exhibit high levels in adipose tissue of obese humans and mice 

(Guitton et al, 2020; Samad et al, 2006).   

1.9.2 Role of SphKs/S1P in adipogenesis and lipid metabolism  

A plethora of studies have investigated the role of sphingolipid components 

including SphK1, SphK2, and S1PRs in the context of adipogenesis. SphK1 and 

SphK2 activation in 3T3-L1 adipocytes has been reported to increase over the 

period of adipogenesis which was accompanied by increases in S1P production 

(Hashimoto et al, 2009). In the same study, pharmacological and genetic inhibition 

of SphK1 significantly attenuated lipid droplet accumulation and adipogenic 

marker gene expression. Similarly, it has been shown that SphK1 and SphK2 

increase during adipogenesis and SphK1 inhibition with SPHK-I2 led to a decrease 

in the accumulation of lipid droplets in mature adipocytes (Mastrandrea, 2013). 

Although SphK1 inhibition has been shown to attenuate adipogenesis, there are a 

number of reports showing that S1PRs activation also led to adipogenesis 

restriction. Treatment of 3T3-L1 preadipocytes with S1P inhibited differentiation 

and lipid accumulation accompanied by transcriptional factor downregulation 



34 

 

such as PPARγ, (C/EBPα) and adiponectin (Moon et al, 2014). In support of this, 

pharmacological or genetic inhibition of S1PR2 led to increased adipogenesis, lipid 

accumulation and transcriptional factors, including PPARγ, (C/EBPα) and 

adiponectin in 3T3-L1 adipocytes (Jeong et al, 2015; Moon et al, 2015) while mice 

lacking S1P lyase had reduced adiposity compared to wild type (Bektas et al, 

2010). Furthermore, it has been shown that silencing or antagonism of S1PR1 led 

to promoted 3T3-F442A preadipocyte differentiation (Kitada et al, 2016).  

1.9.3 Ceramide biosynthesis in adipose tissue inflammation 

Ceramide levels have been reported to be elevated in adipose tissue of obese 

women (Kolak et al, 2007), adipose tissue of obese and diabetic patients (Candi 

et al, 2018; Chaurasia et al, 2016), and adipose tissue of HFD-fed mice (Turner et 

al, 2013). Targeting the biosynthesis of ceramide had a beneficial effect and 

promising results in inflamed adipose tissue. It was reported that HFD mice 

treated with SPT inhibitor myriocin had less weight gain and improved glucose 

tolerance and insulin sensitivity, compared to untreated HFD-mice (Yang et al, 

2009). In the same study myriocin suppressed cytokine expression including 

monocyte chemoattractant protein-1 (MCP-1) in adipose tissue of HFD mice. In a 

similar study carried out by Turpin et al, it was shown that mice lacking CerS6 are 

protected from diet-induced obese (DIO) and expression of proinflammatory gene 

expression in WAT (Turpin et al, 2014). In mice lacking CerS5 challenged with 

HFD,it was reported that the mice were protected from HFD induced glucose 

intolerance and adipose tissue inflammation (Gosejacob et al, 2016).  

1.9.4 Sphingosine kinases and S1P in adipose tissue 
inflammation 

SphKs/S1P have been proposed to exert a proinflammatory role in different tissues 

and cell types. However, the role of the SphKs/S1P axis in regulating inflammation 

in adipocytes and adipose tissue remains to be fully elucidated. SphKs/S1P have a 

proinflammatory role and the system is upregulated in obese animal models and 

obese humans. For instance, it has been reported that SphK1, but not SphK2 is 

highly expressed in subcutaneous adipose tissue of obese mice compared to 

healthy mice (Hashimoto et al, 2009). Similar to this finding, Wang et al, reported 

that expression of SphK1 is increased in epididymal adipose tissue and mature 
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adipocytes isolated from HFD mice compared to mice on low fat diet (Wang et al, 

2014). Moreover, S1P plasma levels are positively corelated with BMI in obese 

humans and diabetic mice in a number of studies (Ito et al, 2013; Nojiri et al, 

2014). Another study demonstrated that S1P was increased in adipose tissue and 

plasma of DIO mice (Wang et al, 2014).  

Other studies followed, providing further evidence that SphK1 promotes 

inflammation in adipose tissue and adipocytes. Deletion of SphK1 decreased 

proinflammatory cytokine expression including TNF-α, IL-6, and IL-1β in EAT of 

obese mice, whereas anti-inflammatory adipocytokines, including IL-10 and 

adiponectin were upregulated in obese mice lacking SphK1 (Wang et al, 2014). LPS 

was reported to increase proinflammatory cytokine expression, including CCL5, 

IL-6, pentraxin 3 (Ptx3) and TNF-α in SAT of lean Zucker rats, while rats treated 

with SphK1/2 or SphK1 inhibitors displayed a decrease in secretion of these 

proinflammatory cytokines in adipose tissue (Tous et al, 2014). In the same study, 

utilising 3T3-L1 adipocytes, the authors show that silencing SphK1 diminishes LPS-

induced chemokine (C-C motif) ligand 5 (CCL5). Both in vitro and in vivo studies 

have reported that SphK1 promotes IL-6 production in adipocytes (Zhang et al, 

2014). Recently, adipocyte-specific SphK1-/- mice were found to be protected from 

HFD-induced inflammatory cytokine expression in adipose tissue (Anderson et al, 

2020). Furthermore, SphK2-/- mice were protected from HFD-induced leptin 

expression in EWAT and inguinal white adipose tissue (IWAT) which is a marker for 

obesity (Zhao & Lee, 2023). SphK1 was reported to be activated in M1 

macrophages isolated from adipose tissue of DIO and ob/ob mice (Gabriel et al, 

2017). Genetic or pharmacological inhibition of SphK1 were both shown to protect 

mice from HFD-induced M1 infiltration into adipose tissue (Wang et al, 2014). 

Similarly, studies utilising RAW 246.7 cells have reported an increase in SphK1 

activity and S1P content in response to LPS treatment (Hammad et al, 2008; Wu 

et al, 2004).  

Both SphK1 and SphK2 produce S1P, which has been linked to regulating the 

production of pro-inflammatory cytokines and to promote inflammation in adipose 

tissue. There are a number of lines of evidence demonstrating that S1P stimulates 

inflammation in adipocytes and adipose tissue. For example S1P promotes 

inflammation in 3T3-L1 adipocytes with increased inflammatory cytokine 
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secretion (Samad et al, 2006). In vivo studies have also shown that knockdown and 

pharmacological inhibition of S1PR2 diminishes HFD-induced inflammation in mice 

(Asano et al, 2023; Kitada et al, 2016). However, S1PR1 activation with SEW has 

also been reported to inhibit inflammation, causing lower expression of TNF-α and 

Cd11c in EAT of obese mice (Asano et al, 2023). A recent study carried out by 

Chakrabarty and coworkers reported that S1PR3 expression is increased in adipose 

tissue (AT) of HFD mice, whereas mice which are S1PR3-deficient (S1PR3
−/−) 

exhibited a high inflammatory and macrophage infiltration profile in adipose 

tissue (Chakrabarty et al, 2022). 

It is well known that immune cell infiltration and inflammation within the adipose 

tissue play an important role in insulin resistance and glucose intolerance. A 

number of in vitro and in vivo studies have reported that SphK1/S1P negatively 

regulates insulin resistance and lipolysis in adipose tissue, and this is linked to its 

impact on inflammatory mediators. For example, in a study carried out by Zhang 

et al, pharmacological or genetic inhibition of SphK1 promoted lipolysis dependent 

IL-6 upregulation in adipocytes (Zhang et al, 2014). Mice with SphK1-/- fed with 

HFD were shown to have enhanced insulin sensitivity and glucose tolerance which 

was attributed to the inhibition of inflammation in adipose tissue (Olefsky & Glass, 

2010; Osborn & Olefsky, 2012; Wang et al, 2014). Moreover, the HFD-induced 

glucose intolerance and insulin resistance was reported to be diminished in S1PR2 

knockout mice. In agreement, HFD mice treated with S1PR2 antagonist JTE-013 

had improved insulin sensitivity (Kitada et al, 2016).  

Overall, these few studies indicate that SphK1/S1P/S1PR2 axis leans towards a 

pro-inflammatory influence in adipose tissue, particularly in the context of 

obesity, contributing to development of insulin of resistance and metabolic 

disorders such as type 2 diabetes. However further studies are necessary to fully 

understand the molecular mechanisms behind this.  

1.10 Crosstalk between Sphingosine Kinases/ 
Sphingosine 1 Phosphate and iNOS regulation 

Although iNOS has been documented to be either upregulated or downregulated 

by SphK1/S1P axis in different cell types and tissues under inflammatory condition 
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or disease (Li et al, 2020; Nayak et al, 2010; Wang et al, 2021), the  

SphK1/S1P/S1PRs axis and its potential role in iNOS regulation in 3T3-L1 

adipocytes and adipose tissue remains to be investigated and will form the central  

focus of investigation in this project. 

Pharmacological and genetic inhibition of SphK1 was reported to attenuate LPS-

induced-iNOS expression and NO production in BV2 microglia. In the same study, 

treatment of BV2 microglia with S1P resulted in an increase in iNOS expression 

and NO production (Nayak et al, 2010). In 2017, Vasconcelos et al. demonstrated 

that DMS, an inhibitor of SphK1 was able to reduce iNOS gene expression in heart 

tissue of Trypanosoma cruzi-infected mice (Vasconcelos et al, 2017). Other studies 

followed, providing further evidence that S1PR2 inhibition attenuates synthesis of 

protein or gene expression of iNOS in rat glomerular mesangial cell line (Gong et 

al, 2020), in the aorta of ApoE−/− animals (Ganbaatar et al, 2021), and iNOS 

expression and NO production in placenta tissue of the preeclampsia rat (Zhang 

et al, 2021). A recent study utilising a spinal cord injury (SCI) rat model 

demonstrated an increase in iNOS protein expression with a concomitant increase 

in SphK1 expression in spinal cord tissue, while conversely, SCI rats treated with 

PF543 showed a decrease in iNOS expression (Wang et al, 2021). In the same study, 

it was demonstrated that PF543 reduced the LPS-induced iNOS activation in HAPI 

microglial cell line and that exogenous S1P reversed the effect of SphK1 inhibition. 

On the other hand, a few studies have suggested that SphK1/S1P pathway 

activation had a negative effect on iNOS expression. For example, an early study 

carried out by Xin et al, using renal mesangial cells (Xin et al, 2004) demonstrated 

that S1P inhibits IL-1β-induced iNOS expression and NO production. Further studies 

have shown that S1P downregulates iNOS expression and NO production induced 

by IL-1β or LPS in rat VSMC (Machida et al, 2008), macrophages (Hughes et al, 

2008) and chondrocytes (Stradner et al, 2008). A recent study using a mouse non-

alcoholic fatty liver-ischaemia/reperfusion model (NAFL-I/R), found there was an 

elevation in iNOS expression in hepatocytes of mice lacking SphK1 (Li et al, 2020). 

In the same study, administration of S1P to (NAFL-I/R) diminished iNOS expression 

in hepatocytes isolated from the mice.   
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1.11 S1P and Perivascular adipose tissue 

In addition to regulating vascular function, S1P is produced by adipose tissue and 

regulates many biological processes as discussed in section 1-9. However, the role 

of S1P in regulating PVAT-mediated anticontractile effects has not been 

investigated. Interestingly, some studies have proven that SphKs and its product 

S1P is upregulated in adipose tissue, including SAT and EWAT particularly in 

inflammatory conditions. These studies suggest that S1P could be exported from 

PVAT under inflammatory conditions to act in a paracrine or autocrine manner by 

binding to S1PRs either on PVAT cells to release of vasoactive substances from 

PVAT, or on vascular cells including endothelial cells and VSMCs to ultimately 

modulate vascular tone.   
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1.12 Hypothesis and Aim  

Elevated levels of SphK1/S1P are strongly associated with proinflammatory 

cytokines, insulin resistance and Type 2 diabetes in obesity, and ablation of this 

system has been demonstrated to inhibit inflammation within adipose tissue. 

Although sphingolipids have been previously reported to promote inflammation 

via upregulation of the proinflammatory enzyme iNOS in a number of cells, an 

investigation into the role of the sphingolipid system on iNOS regulation in 

adipocytes and adipose tissue has yet to be undertaken. Thus, the principal 

research aim of this thesis was to investigate the role of the SphK/S1P system in 

iNOS regulation in 3T3-L1 adipocytes and PVAT subjected to a proinflammatory 

stimulus (IL-1β) and how this system is involved in mediating the anticontractile 

effect of PVAT under inflammatory conditions. This was achieved through the 

following experimental aims: 

The initial aim of this study was to investigate the expression of SphK1 in 3T3-L1 

adipocytes and test whether exogenous S1P activates different proinflammatory 

pathways. Furthermore, to investigate the effect of a proinflammatory stimulus 

(IL-1β) on SphKs expression and the effect of S1P on IL-1β-mediated iNOS 

regulation in 3T3-L1 adipocytes.  

The second aim was to fully address the specific role of both SphK isoforms (SphK1 

and SphK2) and specific receptors (S1PR1, S1PR2, and S1PR3) in iNOS regulation 

and the pathways involved in 3T3-L1 adipocytes. Moreover, the role of the 

sphingolipid system in paracrine signals between adipocytes and macrophages, 

particularly in iNOS regulation.  

Finally, the effect of IL-1β on PVAT-mediated hyporeactivity via iNOS regulation 

was investigated to assess its role in the anticontractile effect of PVAT.  
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Chapter 2 ‐ Materials and Methods 
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2.1 Materials 

2.1.1 Materials and chemicals  

A list of materials and chemicals used in this thesis can be found in Table 2-1. 

Table 2-1 Chemicals and suppliers 

Supplier  Materials (Cat.No.) 

Cayman Chemical, USA CYM 5478 (29024) 

CAY10444 (CAY10005033) 

Enzo Life Sciences (UK) Ltd Thromboxane A2 mimetic, 9,11-dideoxy-11α,9α-

epoxymethanoprostaglandin F2α (U46619) 

Fisher Scientific UK Ltd, 

Loughborough, Leicestershire, 

UK 

10 cm diameter dishes 

Bovine serum albumin (BSA)(PB1600-100) 

Corning tissue culture T75/T150 flasks 

High-Capacity cDNA Reverse Transcription  

(#4368814) 

NuPAGE™ LDS Sample Buffer (4X)(NP0007) 

Pierce™ BCA Protein Assay Kits (23277) 

Taqman® Universal Master Mix II (#4440040) 

Taqman® Fast Advance Master Mix (#4444557) 

Invitrogen (GIBCO Life 

Technologies Ltd), Paisley, UK 

Dulbecco’s modified Eagles media (DMEM), high 

glucose 

Dulbecco’s modified Eagles media (DMEM)+GlutaMAX 

Foetal calf serum (FCS) (USA origin) 

Foetal calf serum (FCS) (EU origin) 

Newborn calf serum (NCS) 

Phosphate buffered saline (PBS) 

Penicillin/streptomycin 

Trypsin 

LI-COR, Biosciences, Lincoln, 

NE, USA 

REVERT Total protein staining (926-11010) 

New England Biolabs Inc, UK Blue Prestained Protein Standard, Broad Range (11-

250 kDa) (P7719S) 

Qiagen Ltd, UK RNeasy Mini Kit (74104) 

RNeasy Lipid tissue Mini Kit (74804) 

Pall Corporation, UK Transfer membrane, BioTrace™ NT, N/A, 

Nitrocellulose, Pore size: 0,2 µm, Rolls, 

300×3000 (#66485)  

R&D System Recombinant mouse IL-1β/IL-1F2 protein 
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Sigma-Aldrich Ltd, Gillingham, 

Dorset, UK 

3-Isobutyl-1-methylxanthine (IBMX) (I5879) 

Acetylcholine (A6625) 

Dexamethasone 

Glybenclamide (G0639) 

Lipopolysaccharides from E.coli (L2630) 

Porcine Insulin (I5523)  

PF543 (PZ0234) 

Phenylephrine (P6126) 

ROME (857392O) 

Tween-20 

Severn Biotech Ltd, 

Kidderminster, Hereford, UK 

Acrylamide:Bisacrylamide (37.5:1; 30% (w/v) 

Acrylamide) (20-2100-10) 

Tocris Bioscience, Bristol, UK 1400W dihydrochloride (1415) 

CYM5541 (4897) 

JTE 013 (2392) 

SEW2871 (2284) 

Sphingosine 1 Phosphate (1370) 

Troglitazone (3114) 

W146 (3602) 

VWR International Ltd, 

Lutterworth, Leicestershire, 

UK 

Falcon tissue culture 10 cm diameter dishes 

Falcon tissue culture 6/12 well plates 

 

2.1.2  List of equipment and suppliers 

A list of equipment used in this thesis can be found in Table 2-2. 

Table 2-2 Equipment and supplier 

Supplier Equipment 

ADInstruments, Oxford, UK Chart™ 8 Pro software 

Bio-Rad Laboratories Ltd, UK Mini Trans-Blot Electrophoretic Transfer Cell+ 

Power pack 

Danish Myo Technology, Aarhus, 

Denmark 

Four-channel small vessel wire myograph 

LI-COR Biotechnology, USA Odyssey Sa Infrared Imaging System and Software 

Thermo Scientific, Waltham, MA, 

USA 

Nanodrop spectrophotometer 
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2.1.3 List of buffers and solutions 

A list of buffers and solutions used in this thesis can be found in Table 2-3. 

Table 2-3 Buffers and solutions 

Name  Composition  

High potassium physiological salt 

solution (KPSS) 

62.5 mM KCl 1.2 mM MgSO4, 24.9 mM NaHCO3, 

1.2 mM KH2PO4, 2.5 mM CaCl2 and 11.1 mM 

Glucose 

Physiological salt solution (PSS) 4.7 mM KCl, 1.2 mM MgSO4, 24.9 mM NaHCO3, 

1.2 mM KH2PO4, 2.5 mM CaCl2, 11.1 mM 

Glucose, and 119.0 mM NaCl  

RIPA lysis buffer  25 mM Tris-HCl, pH 7.6 150 mM NaCl, 1% NP-

40, 1% sodium deoxycholate, 0.1% SDS 

Running buffer 25 mM Tris base, 190 mM glycine, 0.1% (w/v) 

SDS 

Resolving gel solution 10% (v/v) acrylamide/0.33 % (v/v) 

bisacrylamide in 125 mM Tris-HCl (pH 8.8), 

0.1 % (w/v) SDS, 0.1 % (w/v) APS, 0.05 % (v/v) 

TEMED 

Stacking gel solution 250 mM Tris-HCl pH 6.8, 5 % (v/v) acrylamide, 

0.1 % (w/v) SDS, 0.1 % (w/v) APS, 0.05 % (v/v) 

TEMED 

Transfer buffer 25 mM Tris base, 192 mM glycine, 20% (v/v) 

ethanol 

Tris-buffered saline (TBS) 20 mM Tris-HCl (pH 7.5), 137 mM NaCl 

Tris-buffered saline - Tween 20 

(TBST) 

20 mM Tris-HCl pH (7.5), 137 mM NaCl, 0.1% 

(v/v) Tween 20 

5 % blocking buffer 1g milk powder in 20ml TBST 

 

2.1.4 Antibodies 

A list of primary and secondary antibodies used in these experiments can be 

found in Table 2-4 and Table 2-5. 
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Table 2-4 Primary antibodies 

Antibody Source(Catalouge.N) Species Dilution 

Akt Cell Signalling Technology(#2920) Mouse 1:1000 

phospho-Akt (S473) Cell Signalling Technology(#4058) Rabbit 1:1000 

β-actin Cell Signalling Technology(#4970) Rabbit 1:1000 

p44/42 MAPK (Erk1/2) Cell Signalling Technology(#9102) Rabbit 1:1000 

Phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) 

Cell Signalling Technology(#5726) Mouse 1:1000 

GAPDH Invitrogen (PAI-988) Rabbit 1:1000 

iNOS Cell Signalling Technology(#13120) Mouse 1:1000 

iNOS Abcam (ab283655) Rabbit 1:1000 

IKBα phospho-S32 Cell Signalling Technology(#2859) Rabbit 1:1000 

IKBα Cell Signalling Technology(#4814) Mouse 1:1000 

JNK Cell Signalling Technology(#9252) Rabbit 1:1000 

Phospho- JNK 

(Thr183/Tyr185) 

Cell Signalling Technology(#9255) Mouse 1:1000 

NFKB p65 Cell Signalling Technology(#6956) Mouse 1:1000 

Phospho-NFKB p65-S563 Cell Signalling Technology(#3033) Rabbit 1:1000 

p38 MAPK Cell Signalling Technology(#9212) Rabbit 1:1000 

Phospho-p38 MAPK 

(Thr180/Tyr182) 

Cell Signalling Technology(#9216) Mouse 1:1000 

SphK1 Santa Cruz (sc-365401) Mouse 1:500 

Phospho-SphK1 (Ser-225) ECM Biosciences (#SP1641) Rabbit 1:1000 

All primary antibodies were prepared in TBST supplemented with 5% (w/v) BSA 

and were incubated overnight at 4°C. 

Table 2-5 Secondary antibodies 

Conjugate Epitope species Dilution Source(Catalouge.N) 

IRDye® 

800CW 

Rabbit 

  

Donkey 1:10000 LI-COR Biosciences, USA (# 926-

32213) 

IRDye® 

680CW 

Rabbit Donkey 1:10000 LI-COR Biosciences, USA (# 926-

68073) 

IRDye® 

800CW 

Mouse Donkey 1:10000 LI-COR Biosciences, USA (# 926-

32212) 
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IRDye® 

680CW 

Mouse Donkey 1:10000 LI-COR Biosciences, USA (# 925-

68072) 

All secondary antibodies were prepared in TBST supplemented with 5% (w/v) BSA 

and were incubated for 1 h with shaking at room temperature. 

2.1.5  Animals 

Male Sprague-Dawley (SD) rats were purchased from ENVIGO (UK). Male C57 BL6 

mice were purchased from Harlan (UK). Mice and rats were housed in the Central 

Research Facility (CRF) at University of Glasgow and maintained on 12-hour cycles 

of light and dark and the room temperature was held at 21°C with free access to 

both food and water. All animal experiments were performed in accordance with 

the United Kingdom Home Office Legislation under the Animals (Scientific 

Procedure) Act 1986 (project licence PP1756142). 

2.2  Methods 

2.2.1 Cell culture and tissue procedures 

2.2.1.1 Cell culture plastic ware 

3T3-L1 preadipocytes were cultured in Corning T75 flasks, Falcon 10 cm diameter 

dishes, 6 well and 12 well plates. RAW cells were cultured in 10 cm diameter 

dishes and 6 well plates. 

2.2.1.2 Recovery of cryopreserved cell stocks from liquid nitrogen 

3T3-L1 pre-adipocytes originally purchased from (American Type Culture 

Collection, Manassas, VI, USA) were kindly provided by Dr Ian Salt (School of 

Molecular Bioscience, University of Glasgow). 3T3-L1 pre-adipocytes, a mouse 

fibroblast cell line were stored frozen in cryogenic vials in liquid nitrogen. The 

cells were removed from the liquid nitrogen when required and quickly thawed in 

a water bath at 37°C. The cells were then transferred to a T75 flask containing 10 

ml of warmed media (Dulbecco's modified Eagles medium (DMEM) supplemented 

with 10% (v/v) newborn calf serum (NCS) and 1% (v/v) penicillin/streptomycin that 

had been equilibrated to 37°C in 10% (v/v) CO2 and cultured overnight in an 

incubator at 37°C in a 10% (v/v) CO2 atmosphere. The DMEM was then changed 
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the next day and replaced with fresh medium to remove the cryoprotective 

chemicals and debris dead cell. 

2.2.1.3 Cell culture growth media and passaging 3T3-L1 cells 

The murine 3T3-L1 pre-adipocyte cell line was grown at 37°C in a humidified 

atmosphere of 10% (v/v) CO2 in T75 flasks in DMEM supplemented with 10% (v/v) 

NCS. Every two days, the media was replaced. When the confluency of 3T3-L1 

cells in T75 flasks reached about 80%, the cells were routinely passaged. By 

aspiration, the cell growth medium was withdrawn, and the cells were washed in 

5 ml of pre-warmed sterile PBS. The cells were then detached from the flasks 

using 3 ml of sterile trypsin-EDTA 0.05 % (v/v) added to each T75 flask and 

incubated at 37°C for one minute. The trypsin within the cell mixture was then 

neutralised by adding an appropriate volume of DMEM/NCS and the cell suspension 

was then divided as required. For experimental conditions, 3T3-L1 cells (passage 

6-12) were grown in 6-well plates or Falcon 10 cm diameter dishes. 

2.2.1.4 Preparation of 3T3-L1 for freezing  

Culture medium was removed from T75 flasks, and the cells were then detached 

from the flasks using 3 ml of sterile trypsin-EDTA 0.05 % (v/v) added to each T75 

flask. Flasks were then incubated at 37°C for one minute. After adding 7 ml of 

growing DMEM to each flask, cells were then collected in 15 ml universal tubes 

and pelleted by centrifugation (350 x g, 5 min). Culture medium was removed, 

and the pellets resuspended in a freezing media: foetal calf serum (FCS) 

containing 10% (v/v) dimethyl sulfoxide (DMSO). The re-suspended pellet was then 

transferred into polypropylene cryogenic vials. The cryogenic vials were then 

placed in a polycarbonate container for 24 hours at -80°C prior to transfer to liquid 

nitrogen for storage. 

2.2.1.5 Preparation of 3T3-L1 preadipocyte differentiation medium 

An adipogenic cocktail was prepared to differentiate 3T3-L1 preadipocytes into 

mature adipocytes. The differentiation medium consisted of DMEM supplemented 

with 10% (v/v) fetal calf serum (FCS), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 
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0.25 mM dexamethasone, 1 µg/ml insulin, and 5 mM troglitazone which was filter-

sterilized (50 μm) before use. 

2.2.1.6 3T3-L1 preadipocyte differentiation protocol 

3T3-L1 cells (passage 6-12) were maintained in DMEM containing 10% NCS and 

antibiotics (1% v/v penicillin-streptomycin). Two days post confluence, 3T3-L1 

cells were incubated in culture media- DMEM supplemented with 10% (v/v) FCS, 

0.5 mM IBMX, 0.25 µM dexamethasone, 1 µg/ml insulin and 5 µM troglitazone for 

3 days. Then, the medium was changed to DMEM supplemented with 10% (v/v) 

FCS, 5 µM troglitazone and 1 µg/ml insulin for a further 3 days. At day 6, the 

medium was changed to DMEM supplemented with only 10% (v/v) FCS and 1% (v/v) 

penicillin-streptomycin and cells were used between day 8 and day 12. The 

successful differentiation of 3T3-L1 preadipocytes into mature adipocytes can be 

assessed in this study through morphological changes under the microscope, where 

mature adipocytes typically exhibit a round, lipid-filled morphology compared to 

the fibroblast-like appearance of preadipocytes. 

2.2.1.7 Cell culture growth media and passaging RAW 264.7 

RAW 264.7 cell line was a kind of gift from Dr Ruaidhri Carmody (School of 

Molecular Bioscience, University of Glasgow). RAW 264.7 cells were grown at 37°C 

in a humidified atmosphere of 5% CO2 in 10 cm diameter dishes in DMEM + 

GlutaMAX supplemented with 10% (v/v) FCS, 1% (v/v) penicillin-streptomycin and 

1% (v/v) L-Glutamine (200 mM). Every two days, the media was replaced. When 

the confluency of RAW 264.7 reached about 70-80%, the cells were routinely 

passaged. The cells were scraped gently from the dishes using a cell lifter to 

detach adherent cells into the medium. Cell suspension was collected into 50 ml 

tubes and diluted with an appropriate volume of DMEM/FCS and then divided as 

needed. For experimental conditions, RAW 264.7 cells were grown in 6-well plates 

or 10 cm diameter plates. 

2.2.1.8 Preparation of RAW 264.7 macrophage conditioned media and 3T3-
L1 co-culture. 

RAW 264.7 were seeded in 10 cm diameter dishes or 6-well plates and grown to 

reach approximately 80% confluence. Then, the cells were stimulated with 100 
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ng/ml LPS for either long-term treatment (8 h or 24 h) or short-term treatment 

(5, 15, 30, 60, and 120 min). For some experiments, RAW 264.7 cells were 

preincubated with test substances (PF543-100nM and JTE 013-10μM) for 45 min 

and then were stimulated with 100 ng/ml LPS for 8 h. After that, conditioned 

medium (CM) was collected and kept at -80°C for further experiments. CM 

collected from macrophages was mixed with DMEM containing 10% FCS and 1% P/S 

in a ratio of 1:4 or 1:1 according to each study condition. The mixed medium was 

then filtered with a 0.2 μm filter to remove cell debris. 3T3-L1 adipocytes were 

then stimulated with filtered medium. In some experiments, adipocytes had been 

pre-treated with test compounds (Figure 2-1).  

 

Figure 2-1 Conditioned medium (C.M) co-culture of macrophages (RAW cells) and 3T3-L1 
adipocytes. 

(1) C.M of normal macrophages collected and applied to 3T3-L1 adipocytes. (2) C.M of 
stimulated macrophages was collected and applied to 3T3-L1 adipocytes in the presence and 
absence of test substances (S1PR1 antagonist W146 (10 μM), S1PR2 antagonist JTE 013 (10 
μM) or the S1PR3 antagonist CAY10444 (10 μM)). (3) C.M of stimulated macrophages in the 
presence and absence of test substances (PF543-100nM and JTE 013-10μM) was collected 
and applied to 3T3-L1 adipocytes. 
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2.2.1.9 Preparation of 3T3-L1 cell lysates 

Cells were grown in 6-well plates or 10 cm diameter dishes and differentiated as 

described above. At specific time points between day 8 and day 12, the medium 

was aspirated and replaced with 10% (v/v) FCS/DMEM supplemented with test 

substances (IL-β, S1P, W146, CYM 5478, JTE 013, CAY, PF543, ROME) for specific 

time points at 37°C according to study design. For short-term treatment, cells 

were serum starved for 2 h in serum-free DMEM at 37°C before adding test 

substances (IL-1β, S1P, and JTE 013) to the wells for various durations at 37°C. 

Then, at the end of the experiment, the media was removed and cells washed 

twice with cold PBS. 150 μl of ice-cold RIPA lysis buffer (25 mM Tris-HCl, pH 7.6 

150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) with protease 

inhibitors and phosphatase inhibitors (ThermoFisher, UK) was added to each well. 

The cells were then scraped on ice and transferred to pre-cooled microcentrifuge 

tubes. The samples were briefly sonicated for 5 seconds and then centrifuged at 

maximum speed (17,000 x g, 10 min, 4°C). Finally, the supernatants were 

collected and stored at -20°C. 

2.2.1.10 Preparation of RAW 264.7 macrophage lysates 

RAW 264.7 macrophages cultured in 6-well plates were incubated in DMEM + 

GlutaMAX supplemented with 10% (v/v) FCS, 1% (v/v) penicillin-streptomycin and 

1% (v/v) L-Glutamine (200 mM) supplemented with test substances (LPS 100 

ng/ml) for various time points at 37°C. The media was removed, and cells washed 

with cold PBS. 150 μl of ice-cold RIPA lysis buffer was added to each well. After 

that, the cells were scraped on ice and transferred to pre-chilled microcentrifuge 

tubes and then centrifuged at maximum speed (17,000 x g, 10 min, 4°C). Finally, 

the supernatants were collected and stored at -20°C.  

2.2.1.11 PVAT sample preparation 

Thoracic aorta PVAT from male SD rats was dissected and weighed prior to 

immersion in 500 μl of PSS (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 25 mM 

KH2PO4, 11 mM glucose and 2.5 mM CaCl2), for 30 minutes at 37°C. Then, PVAT 

was stimulated with IL-1β (10 ng/ml) for different time points with continuous 

oxygenation. In some experiments where the effect of S1P (10 μM) was being 
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assessed, S1P was added at the same time as the inflammatory stimulus. After 

that, PVAT was snap frozen and stored at-80°C. Conditioned media also was 

collected and snap frozen and stored at-80°C until it could be used for studying 

gene expression, protein expression and NO production. 

2.2.1.12 Preparation of PVAT lysate 

Thoracic PVAT was removed from storage at – 80 ˚C and transferred to new pre-

chilled microcentrifuge tubes. 250 µl of ice-cold RIPA lysis buffer with protease 

inhibitors and phosphatase inhibitors (ThermoFisher, UK) was added to the tubes 

and the tissue homogenized using a battery-operated pestle motor mixer (Sigma-

Aldrich, UK). The samples were briefly sonicated for 10 seconds and then 

centrifuged at maximum speed (17.000 x g, 10 min, 4°C). Finally, the supernatants 

were collected and stored at -20°C. 

2.2.2  Gene analysis 

2.2.2.1 RNA extraction from 3T3-L1 cells 

Adipocytes grown in 6-well plates were incubated in DMEM supplemented with 10% 

(v/v) FCS in an incubator at 37°C, 10 % CO2. Test treatments (IL-1β, PF543, ROME, 

W146, JTE 013, CAY) were added and incubated for various times in an incubator 

at 37°C, 10 % CO2 according to each study design. The media was removed and 

washed twice with cold PBS. Total RNA from adipocytes was extracted as per the 

instructions given by the Qiagen RNeasy Mini kit. Briefly, all steps were performed 

at room temperature. 350 μl of RNeasy lysis buffer (RLT) was added to each well 

and collected with a cell scraper. Lysate was transferred to a RNeasy Mini spin 

column and homogenized by centrifugation at full speed (17,000 x g for 2 min). 

Each lysate was mixed gently by pipetting with an equal volume of 70% ethanol 

(v/v), transferred to a separate RNeasy mini column; and then centrifuged at full 

speed for 1 min. After discarding the flow through, columns were washed with 700 

μl of wash buffer 1 (RW1) and centrifuged at full speed for 30 seconds. After 

discarding the flow through, 500 μl of wash buffer (RPE) was added to each column 

and centrifuged for 30 seconds. Columns were washed again with 500 μl of buffer 

RPE and centrifuged for 2 min then transferred to fresh, 2 ml collection tubes and 

centrifuged for 3 min at full speed. Finally, columns were transferred to new 1.5 
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ml collection tubes and RNA was eluted with 30 μl RNase-free water by 

centrifuging at full speed for 1 minute. The quality of the RNA was determined by 

a nano drop spectrophotometer at 260nm and 280nm absorbance. Acceptable 

readings for RNA quality were determined based on established criteria such as 

the A260/A280 ratio. The RNA samples were then stored at −80 °C. 

2.2.2.2 RNA extraction from PVAT 

Thoracic aorta (TA) PVAT from SD rats was dissected and immersed in PSS solution 

for 30 minutes at 37°C. Test substances (IL-1β and S1P) were added and incubated 

for various times in myograph chamber with continuous oxygenation at 37°C 

according to each study design. Total RNA was isolated according to the RNeasy 

Lipid Tissue Mini Kit centrifugation protocol (Qiagen). Briefly, PVAT was 

transferred into 2 ml collection tubes containing two stainless steel beads (5 mm 

mean diameter). 1 ml of QIAzol lysis reagent was added and then tissue was 

homogenized using Tissue Lyser LT (Qiagen) for 5 min. Then, homogenates were 

left on the benchtop at room temperature (15–25°C) for 5 min. 200 µl chloroform 

was added and tubes shaken vigorously for 15 sec. After 2-3 minutes at room 

temperature, tubes containing the homogenates were centrifuged at 12,000 x g 

for 15 min at 4˚C. After that, the sample separates into three phases: an upper, 

colourless, aqueous phase containing RNA; a white interphase; and a lower, red, 

organic phase. The upper, aqueous phase was transferred to a new tube with 

addition of an equal volume of 70% ethanol and then the tube was mixed 

thoroughly by vortexing. The sample was transferred to a RNeasy Mini spin column 

placed in a 2 ml collection tube and centrifuged for 15 sec at 8000 x g at room 

temperature. 

Buffer RW1 (350 µl) was added to the RNeasy Mini spin column and centrifuged for 

15 sec at 8000 x g to wash the membrane. DNase I solution was prepared and 80 

µl was added directly to the RNeasy Mini spin column membrane, and then placed 

on the benchtop for 15 min. 350 µl of washing buffer RW1 was added to the RNeasy 

Mini spin column and centrifuged for 15 sec at 8000 x g. After discarding the flow 

through, 500 µl Buffer (RPE) was added and centrifuged for 15 sec at 8000 x g. 

Columns were washed again with 500 μl of buffer RPE and centrifuged for 2 min 

at 8000 x g. The RNeasy Mini spin column then was removed and placed in a new 
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2 ml collection tube to eliminate and dry any residual flowthrough and remove 

RPE buffer remaining on the outside of the spin column. The column was placed 

in a new 1.5 ml collection tube, and 30 µl of RNase-free water was added directly 

to the spin column membrane to elute the RNA. Centrifuging was performed for 1 

min at 8000 x g. to obtain a high RNA concentration. The RNA concentration was 

determined using a NanoDrop™ 1000 spectrophotometer. The RNA samples were 

then stored at −80 °C. 

2.2.2.3 cDNA generation by polymerase chain reaction (PCR) 

1μg of RNA for each 20 μl reaction was used to synthesise the cDNA by High-

capacity cDNA Reverse Transcription Kit (Applied Biosystems). Briefly, 1 μg of 

DNase I-treated RNA was diluted up to 10 μl with RNase-free H2O, placed in a 0.5 

ml PCR reaction tube and kept on ice. 2 μl of 10X Reverse Transcriptase buffer, 

0.8 μl of 25X dNTP Mix (100 mM), 2 μl of 10X RT random primers, 1 μl of Multiscribe 

Reverse Transcriptase, and 4.2 μl of RNase-free dH2O were added to each reaction 

tube, vortex-mixed and centrifuged for 15 s at 17.000 x g. Tubes were loaded into 

a thermal cycler and cDNA was generated with the following steps (step 1 – 25°C, 

10 min; step 2 - 37°C, 120 min; step 3 – 85°C, 5 min; and step 4 – 4°C, until taken 

for storage). PCR products were kept at -80°C for long-term storage. 

2.2.2.4  Quantitative real time-PCR (qPCR) 

mRNA expression of chosen genes in adipocytes and PVAT was analysed using 

TaqMan probes and TaqMan Real-Time PCR Master Mix (Thermo Fisher Scientific). 

In a 384-well PCR plate, TaqMan probes (1μl per sample, as listed in Table 2-6), 2 

μl cDNA, 2 μl of nuclease-free ddH2O and 5 μl Taqman standard master mix solution 

was added per well. All samples were performed in triplicate. The PCR plate was 

then sealed using qPCR transparent plastic adhesive and centrifuged at 2000 x g 

for 5 min. Reactions were run on the QuantStudioTM 7 Flex Real-Time PCR System 

using a standard protocol (step 1 –95°C, 10 min, performed once; step 2 - 95°C, 

15 s followed by 60°C, 1 min, repeated for 40 cycles; step 3 – 55°C, 80 cycles) and 

mRNA expression was analysed using QuantStudioTM Real- Time PCR Software. All 

data were normalised to levels of TATA box mRNA and relative quantification was 

calculated based on ΔΔCt method (Rao et al, 2013).  
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Table 2-6 TaqMan probes 

TaqMan probe name  Species Assay ID 

Nitric oxide synthase 2(Nos2) Rat Rn00561646_m1 

Nitric oxide synthase 2(Nos2) Mouse Mm00440502_m1 

Sphingosine kinase 1(SphK1) Rat Rn00682794_g1 

Sphingosine kinase 1(SphK1) Mouse Mm00448841_g1 

Sphingosine kinase 2(SphK2) Mouse Mm00445021_m1 

TATA box binding protein (Tbp) Rat Rn01455646_m1 

TATA box binding protein (Tbp) Mouse Mm01277042_m1 

 

2.2.3 Protein analysis 

2.2.3.1 Quantification of protein concentration 

The Bicinchoninic acid (BCA) protein assay (ThermoFisher, UK) was used to 

determine the amount of protein in each sample of cell and tissue lysate based on 

a calibration curve made from a serial dilution of bovine serum albumin (BSA) (2 

mg/ml) and H2O. Lysate in duplicate (2μl) was added into each well and distilled 

water was then added to make it up to 10 μl. A working reagent (WR) was prepared 

by mixing BCA reagent A with BCA reagent B in a ratio of 50:1 (reagent A: B) 

(Pierce™ BCA Protein Assay Kit, Thermo Scientific™, UK). 200 μl of WR was then 

added to all samples and standards. A fluostar OPTIMA microplate reader was used 

to measure the absorbance at 595 nm after the plate was covered and incubated 

for 10 minutes at 37 °C. 



54 

 

2.2.3.2  Sample preparation 

Protein samples were combined with 2 μl of 1mM Dithiothreitol (DTT) and 8 μl 

sample buffer- NuPAGE® LDS sample buffer [4X] to a final volume of 40 μl prior to 

protein loading. The samples were then heated for 5 minutes at 95°C. 

2.2.3.3 Protein separation by SDS-PAGE 

Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS–PAGE) 

according to their molecular weight. Different percentages of acrylamide gels (8%-

10%) were prepared as a 1.5 mm thick vertical slab (Table 2-7). 

Table 2-7 Resolving and stacking gel components for one gel. 

Dilution components Resolving gels Stacking gel 

% 8% 10% 5% 

dH2O 4.6 ml 4 ml 1.4 ml 

30% acrylamide mix 2.7 ml 3.3 ml 0.33 ml 

Resolving buffer-1.5 M Tris (pH 8.8) 

Stacking buffer-1.0 M Tris (pH 6.8) 

2.5 ml 2.5 ml 0.25 ml 

10% SDS 0.1 ml 0.1 ml 0.02 ml 

10% ammonium persulphate 0.1 ml 0.1 ml 0.02 ml 

TEMED 0.006 ml 0.004 ml 0.002 ml 

 

After gels were prepared and polymerised, they were assembled in the Mini-

PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad) and placed into a tank 

filled with SDS–PAGE running buffer (190 mM glycine, 25mM Tris base and 0.1 % 

(w/v) SDS). Then, equal amounts of lysate protein from the samples were loaded, 

along with blue pre-stained Protein Standard, Broad Range (11-250 kDa) in the 

first lane of each gel. Finally, gels were electrophoresed, using a Bio-Rad Mini-

PROTEAN® Tetra Cell system- initially at 80 V for 20 min followed by 130 V until 

tracking dye had reached the bottom of the gel. 
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2.2.3.4 Western Blotting  

Once the separation was completed, the protein samples were transferred to a 

nitrocellulose membrane for 135 minutes at 60 V using the Bio-Rad Mini-Transblot 

Cell transfer buffer containing 192 mM glycine, 25mM Tris base and 20% (v/v) 

ethanol. After the transfer was completed, the nitrocellulose membranes were 

incubated in 5% (w/v) dried skimmed milk powder (Marvel) diluted in Tris-buffered 

saline (TBS) for 1 h at room temperature with constant shaking. The membranes 

were then washed three times with TBS, each time for five minutes and then 

incubated overnight at 4 °C with the appropriate primary antibody (Table 2-4). 

Membranes were then washed in TBST (TBS + 0.1% Tween 20) and incubated for 1 

h at room temperature with either anti-mouse secondary antibody or anti-rabbit 

secondary antibody (Table 2-5) diluted to 1:10000 in TBS-Tween (TBST) containing 

5% (w/v) BSA and then washed with TBST three times.  

2.2.3.5 Quantification of protein expression by LI-COR detection system 

Membranes were visualized by Odyssey Sa infrared imaging system (LiCor 

Biosciences UK Ltd, Cambridge, U.K.). Then, for densitometric quantification of 

band intensity, Image Studio Lite (LI-COR) software was used. 

2.2.3.6 Stripping of nitrocellulose membranes 

Nitrocellulose membranes were incubated in stripping buffer (0.2 M NaOH) at 

room temperature for 5 min with continuous shaking. Then, membranes were 

washed three times with TBS, each time for five minutes. 

2.2.4  Nitric oxide production assay 

2.2.4.1 Preparation of PVAT conditioned media samples 

Thoracic PVAT from SD rats was carefully dissected and weighed prior to being 

placed in Eppendorf tubes containing 500 μl of PSS solution. The PVAT samples 

were oxygenated in myograph chamber for 30 min at 37 °C. After that, PVAT was 

treated with test substances for specific time points with continuous oxygenation. 

PVAT was then collected, and 100 μl of CM from each sample was added to 200 µl 
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of methanol and centrifuged at 17,000 × g, 4◦C for 20 min. The supernatants were 

then collected and stored at −20°C.  

2.2.4.2 Preparation of 3T3-L1 cell condition media samples 

Confluent adipocytes cultured in 6-well plates were preincubated for 45 min at 

37°C with test substances in DMEM supplemented with 10% (v/v) FCS. The medium 

was then changed and cells reincubated with the same treatments in the presence 

and absence of IL-1β (10 ng/ml) or RAW 264.7 macrophage C.M. according to study 

design. 100 μl of medium from each well was then collected and 200 µl of 

methanol was added to each sample. The samples were centrifuged at 17,000 × 

g, 4◦C for 20 min. The supernatants were then collected and stored at −20°C. 

2.2.4.3 Detection of Nitric oxide 

A Sievers Nitric Oxide Analyzer (NOA 280i) was used to measure NO concentration. 

The NO analyser determines NO levels in samples by measuring nitrite (NO2
-), a 

product of the reaction between NO and dissolved oxygen. Iodide reacts with 

nitrite and converts it back to NO which reacts with O2 to produce ozone (O3), O3 

was detected by chemiluminescence, and the signal was converted to an electrical 

potential and displayed as mV by the NO analyser. A nitrite standard calibration 

curve was created by injecting 20 µl of serial dilutions of 100 µM, 50 µM, 10 µM, 1 

µM, 500 nM, 100 nM, and 50 nM. Samples were injected at regular intervals to 

allow the output curve to return to baseline. The output in mV was then related 

to the amount of NO2
- present in the sample using the NO2- standard curve 

constructed on that day. Values of samples were corrected for NO2- relative to 

the protein concentration or tissue weight. 

2.2.5  Functional study (wire myography) 

2.2.5.1 Vessel preparation and mounting for mouse studies 

To prepare artery rings for functional studies, mice (25-35 g body weight) were 

killed by increasing the CO2 concentration and then the heart and thoracic aorta 

was rapidly removed and placed into cold PSS solution. The thoracic aorta was 

dissected and cleaned of surrounding PVAT in some experiments while maintained 

in some segments. Arteries were cut into 1-2 mm rings under a binocular 
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microscope with fine dissecting scissors in order to perform aortic functional 

studies. The aortic rings were mounted on 40 µm wires in a four-channel wire 

myograph (Figure 2-2). Vessels were gassed with constant supply of 95% O2, 5% 

CO2 at 37°C in PSS buffer and equilibrated for 30 mins. The rings were stretched 

in a stepwise manner, in approximately 2mN steps with 5 minutes between each 

stretch until the optimal tension of 9.81 mN was reached. 

  

Figure 2-2 Representative images of mouse aortic rings mounted on a wire myograph. 

Segments (1-2 mm) of mouse thoracic aorta with PVAT (A) and without PVAT (B) mounted on 
two wires with one connected to a force transducer and a computer to record the changes in 
tone of the vessel ring. The other wire was connected to an adjustable micrometer to adjust 
the tension on the vessel ring. 

 

2.2.5.2 Testing the viability of the vessels for mouse studies 

To investigate and check the viability of each ring after the dissection and 

mounting, two separate additions of high potassium physiological salt solution 

(KPSS, 62.5 mM) were added with washing three times between additions. 

2.2.5.3 Endothelium check protocol for mouse studies 

The rings were precontracted with phenylephrine (PE) (1×10-6 M) and 

acetylcholine (Ach) (1×10-6 M) was added in order to check the function of the 
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endothelium. In some experiments the rings were denuded of endothelium by 

gentle rubbing of the intimal surface with forceps. A relaxation to Ach < 20% was 

indicative of successful endothelial removal and relaxation to Ach > 50% was 

indicative of an intact endothelial layer (Figure 2-3). 

 

Figure 2-3 Representative image showing the contraction and relaxation recording in mouse 
thoracic aorta rings. 

(A) Representative image of recording in endothelium-intact rings. (B) Representative image 
of recording in denuded rings. 

 

2.2.5.4 Testing the anti-contractile effect of PVAT in mice studies 

In order to investigate the specific role of PVAT on vascular reactivity, mouse 

thoracic rings with or without PVAT were mounted in a four-channel wire 

myograph. After the viability test and endothelium check were completed, rings 

were contracted with PE (1×10-6 M). Data were expressed as a percentage of KPSS 

contraction. 



59 

 

2.2.5.5 S1P agonists protocol for mice studies 

The effect of S1P and S1P receptor agonists CYM5541, a selective S1PR3 agonist 

and SEW2871, a selective S1PR1 receptor agonist on vascular reactivity were 

assessed in PE (1×10-6 M) preconstricted rings. Cumulative concentration-response 

curves to S1P or S1P receptors agonists were constructed (1×10-9 M - 1×10-5 M) with 

addition at 5 mins intervals in the presence and absence of PVAT.  

2.2.5.6 Inflammatory induction protocol for mouse studies  

In order to investigate the specific role of PVAT on vascular reactivity under an 

inflammatory stimulus (IL-1β 10 ng/ml), mouse thoracic rings with PVAT were 

mounted in the four-channel wire myograph. After the viability test and 

endothelium check were completed, rings were incubated with IL-1β (10 ng/ml) 

for 2 hours. Concentration-response curves were then generated to PE (1nM-

30μM). In some experiments where the effect of S1P was to be assessed, S1P 

(10µM) was added at the same time as the inflammatory stimulus. 

2.2.5.7 Vessel preparation and mounting for rat studies. 

To prepare arterial samples for functional studies, SD rats (180-350 g body weight) 

were killed by an increasing CO2 concentration and then the heart and thoracic 

aorta was rapidly removed and placed into cold PSS solution. The thoracic aorta 

was dissected and cleaned of surrounding PVAT in some experiments while being 

maintained in some segments. Arteries were cut into 2-3 mm rings under a 

binocular microscope with fine dissecting scissors and were mounted on pins in a 

four-channel myograph (Figure 2-4). Vessels were gassed with constant supply of 

95% O2, 5% CO2 at 37°C in PSS and equilibrated for 30 mins. The rings were 

stretched in a stepwise manner, in approximately 2mN steps with 5 minutes 

between each stretch until the optimal tension of 9.81 mN was reached. 
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Figure 2-4 Representative images of rat aortic rings mounted on pins in a myograph. 

Segments (2-3 mm) of rat thoracic aorta with PVAT (A) and without PVAT (B) mounted on two 
pins with one connected to a force transducer and a computer to record the changes in tone 
of the vessel ring. The other pin was connected to an adjustable micrometer to adjust the 
tension on the vessel ring. 

 

2.2.5.8 Testing the viability of the vessels for rat studies  

To investigate and check the viability of each ring after the dissection and 

mounting, two separate additions of (KPSS, 62.5mM) were added with washing 

three times between the two additions. 

2.2.5.9 Endothelium check protocol for Rat studies 

The rings were precontracted with U46619 (1×10-6 M) and Ach (1×10-6 M) was added 

in order to check the function of the endothelium. The rings were denuded of 

endothelium by gentle rubbing of the intimal surface with forceps and maintained 

in some segments. A relaxation to Ach < 20% was indicative of successful 

endothelial removal and relaxation to Ach > 50% was indicative of an intact 

endothelial layer (Figure 2-5). 
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Figure 2-5 Representative image showing the contraction and relaxation recording in rat 
thoracic aorta rings.  

Representative image of recording in intact-endothelium rings. (B) Representative image of 
recording in denuded-endothelium rings. 

 

2.2.5.10 S1P agonist protocol for rat studies 

To test whether S1P modulates vascular reactivity in rat, aortic rings were 

precontracted with U46619 (3×10-8 M). Once a plateau was achieved, a 

concentration response curve was generated by cumulative addition of S1P (1nM–

3μM) at 5 min intervals in intact-endothelium rings without PVAT. 

2.2.5.11 Testing the anti-contractile effect of PVAT in rat 

In order to investigate the specific role of PVAT on vascular reactivity, rat thoracic 

rings with or without PVAT were mounted and endothelium checked. 
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Concentration-response curves were then generated to U46619 (1×10-9-1×10-6 M) 

with data expressed as a percentage of KPSS contraction.   

2.2.5.12 Inflammatory induction protocol in rat studies 

In order to investigate the specific role of PVAT on vascular reactivity in the 

presence of an inflammatory stimulus (IL-1β 10 ng/ml), rat thoracic rings with or 

without PVAT were mounted and checked for viability and the presence of an 

endothelium. They were then incubated with IL-1β for 4 hours. Concentration-

response curves were then generated to U46619 (1×10-9-1×10-6 M). In some 

experiments where the effect of S1P (10 μM) was to be assessed, S1P was added 

at the same time as IL-1β. Data were expressed as a percentage of KPSS 

contraction. 

2.2.5.13 Effect of iNOS inhibition on vascular reactivity under 
inflammatory conditions  

To test whether iNOS mediates the anticontractile effect of PVAT under 

inflammatory condition, the specific iNOS inhibitor 1400W (1×10-5 M) was added 

to the bath 10 min before concentration-response curves were generated to 

U46619 (1×10-9-1×10-6 M). Data were expressed as a percentage of KPSS-induced 

contraction.  

2.2.5.14 Effect of potassium channel inhibition on vascular reactivity 
under normal and inflammatory conditions 

To test whether potassium channels are involved in the PVAT-mediated 

anticontractile effect under inflammatory conditions, the potassium channel 

blocker, tetraethylammonium (TEA, 5x10-6 M) was added to the bath 10 min before 

concentration-response curves were generated to U46619 (1×10-9-1×10-6 M). Data 

were expressed as a percentage of KPSS-induced contraction. 

2.2.5.15  Effect of SphK1/S1PR2 inhibition on vascular reactivity under 
normal and inflammatory condition 

To test whether SphK1/S1PR2 mediates the PVAT-induced anticontractile effect 

under inflammatory conditions, SphK1 inhibitor (PF543; 100nM) or the S1PR2 

antagonist (JTE 013; 10μM) was added to the bath 30 min before adding the 
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inflammatory stimulus (IL-1β 10 ng/ml). Concentration-response curves were then 

generated to U46619 (1×10-9-1×10-6 M). Data were expressed as a percentage of 

KPSS contraction. 

2.2.6  Statistical analysis 

All results are expressed as mean ± standard error mean (SEM) where n represents 

the number of experiments performed or number of animals used. Data were 

analysed with GraphPad Prism 8.0 software (California, U.S.A.) using Student’s t-

test when comparing two groups, or one or two-way ANOVA when comparing 

different groups followed by appropriate post-hoc tests. In all cases, a P value of 

less than 0.05 was considered statistically significant. 
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Chapter 3 – Investigating the potential role of S1P 
on IL-1β-dependent proinflammatory signalling 
and iNOS regulation in 3T3-L1 adipocytes   
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3.1 Introduction 

Obesity is a major global health problem and an important risk factor for 

cardiovascular diseases such as hypertension, stroke, myocardial infarction and 

type 2 diabetes (Blüher, 2019). Obesity is described as the excessive accumulation 

of adipose tissue and cholesterol and is characterised by chronic inflammation in 

adipose tissue depots which may be an important link to many cardiovascular 

diseases (Reilly & Saltiel, 2017). It is well known that during development of 

obesity, the adipose tissue mass rises as a result of increases in adipocyte size 

(hypertrophy) and adipocyte number (hyperplasia). Within the adipose tissue, 

preadipocytes differentiate into mature adipocytes via a process named 

adipogenesis. This differentiation of adipocytes is controlled by expression of 

specific genes and transcription factors including peroxisome proliferator-

activated receptor-γ (PPARγ) and CCAAT/enhancer-binding proteins (C/EBPs) 

which ultimately leads to differentiation of preadipocytes to mature adipocytes 

(Ahmad et al, 2020). Infiltration of macrophages and other immune cells is 

increased during adipose tissue hypertrophy, which is considered a major source 

of adipose-derived proinflammatory cytokines (Kawai et al, 2021). IL-1β is a 

potent proinflammatory cytokine produced mainly by monocytes and macrophages 

and multiple studies implicate IL-1β in the development of cardiovascular diseases 

such as heart failure, coronary artery disease and arrythmia (Gao et al, 2014; 

Szekely & Arbel, 2018). 

In addition to production by inflammatory cells in inflamed adipose tissue, 

adipocytes and preadipocytes themselves can also produce IL-1β (Coppack, 2001). 

Several studies have identified that IL-1β is increased in obese subjects and 

correlated with diabetes and obesity-related insulin resistance (Spranger et al, 

2003; Um et al, 2004; Xu et al, 2003). This cytokine binds to IL-1R1 and stimulates 

production of many other proinflammatory cytokines and enzymes via multiple 

proinflammatory pathways. NF-KB is the prominent pathway activated in response 

to IL-1β. In cells NF-KB is complexed with IKBα located in the cytoplasm in an 

inactive state, once IL-1β binds to IL-1R1, IKK is phosphorylated, which leads to 

IKBα degradation. Subsequently, NF-KB is released and translocated to the 

nucleus, where it binds to activate proinflammatory gene mediators (Yamazaki et 

al, 2009). In addition, the family of MAPK pathways, including p38, JNK, and 
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ERK1/2 are other pathways stimulated by IL-1β (Jager et al, 2007) and finally, 

phosphatidylinositol 3-kinases (PI3Ks) and Akt can also be activated to promote 

inflammation.  

Inducible nitric oxide synthase (iNOS) is one of the proinflammatory enzymes 

expressed in adipose tissue and linked to many cardiovascular and metabolic 

diseases. Notably, it has been revealed that iNOS over-expression is crucial for the 

pathophysiology of obesity and associated with T2D incidence (Dallaire et al, 2008; 

Morris et al, 2002). iNOS is involved in host defence, is synthesised de novo in 

response to various inflammatory stimuli and has the ability to create high 

concentrations of NO over sustained periods of time. It has been shown that the 

NO produced by iNOS in adipose tissue interacts with reactive oxidants to cause 

nitrosative stress, which is a pivotal factor in adipocyte dysfunction and disorders 

related to obesity. Additionally, previous research demonstrated that HFD-

induced adipose tissue inflammation and insulin resistance are prevented in iNOS-

/- mice (Jang et al, 2016; Perreault & Marette, 2001; Ropelle et al, 2013). These 

results, among numerous others, have highlighted the importance of 

understanding the role of iNOS expression and function in adipose tissue as well 

as the molecular mechanism of iNOS up-regulation under inflammatory conditions 

in adipose tissue. 

S1P is a bioactive lipid mediator that plays a crucial role in various pathological 

processes, including inflammation in the context of obesity. S1P is a metabolic 

product of sphingosine whose formation is catalysed by two isoforms of the 

enzyme sphingosine kinase (SphK1 and SphK2) (Cannavo et al, 2017). The S1P can 

be exported from cells and binds to S1P receptors to induce a multitude of cell 

responses. S1P receptors have common signalling characteristics and couple to Gi, 

Gq, and G12/13 proteins. Furthermore, S1P activates NF-KB (Wollny et al, 2017), 

MAPKs Kinase, including ERK, p38 and JNK as well as Akt (Kluk & Hla, 2002). A 

variety of stimuli, including growth factors and inflammatory cytokines (TNF-α, 

IL-1β), can activate SphK1. When activated, phosphorylation of Ser225 in the R-

loop causes SphK1 to translocate from the cytosol to the plasma membrane, where 

its substrate, sphingosine, is found. This causes the production and secretion of 

S1P. Additionally, SphK1 is likewise transcriptionally controlled by inflammatory 

stimuli. For example, it was discovered that SphK1 is elevated in glioblastoma by 
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the cytokine IL-1β via a JNK/c-Jun-dependent mechanism (Bonica et al, 2020; 

Paugh et al, 2009; Pitson et al, 2003). Another study has demonstrated that LPS 

upregulates SphK1 and increases its activity in rat adipose tissue and 3T3-L1 

adipocytes (Tous et al, 2014). Similar to SphK1, SphK2 was reported to upregulated 

in response to inflammatory stimuli such as TNF-α and IL-1β in a rat insulinoma 

cell line (Mastrandrea et al, 2005).  

There is a growing body of evidence suggesting that SphKs and S1P may play an 

important role in adipose tissue dysfunction. Therefore, the role of SphKs and S1P 

in adipose tissue inflammation has been thoroughly investigated over recent 

decades. For example, SphK1 and S1P expression are increased in diet-induced 

obesity (DIO) mice and Zucker Diabetic Fatty (ZDF) rats. Also, it has been shown 

that DIO lacking SphK1 show a decrease in proinflammatory cytokines and 

increased anti-inflammatory cytokines in EAT (Tous et al, 2014; Wang et al, 2014). 

Similarly, SphK1 has been reported to increase in SAT in HFD mice (Hashimoto et 

al, 2009). Moreover, plasma levels of S1P plasma are positively corelated with BMI 

in obese humans and diabetic mice (Ito et al, 2013; Nojiri et al, 2014). 

Furthermore, S1P has been reported to increase in the adipose tissue of obese 

humans compared to lean individuals and has also been shown to promote 

proinflammatory genes in 3T3-L1 adipocytes (Guitton et al, 2020; Samad et al, 

2006). Collectively, these findings, along with many others, have convincingly 

illustrated that the SphKs/S1P system has a role in adipose tissue inflammation 

and is linked to many metabolic disorders.   

Previous studies have indicated that the SphK1/S1P system is involved in the 

modulation of iNOS expression and NO production in various cell types under 

inflammatory stimuli (microglia, rat vascular smooth muscle cells, astrocytes and 

mesangial cells). Some studies have demonstrated the potential of inhibition of 

SphK1/S1P to reduce iNOS gene expression or NO production under inflammatory 

conditions (Nayak et al, 2010; Wang et al, 2021) implying a proinflammatory role 

of SphK1/S1P, while others indicate that S1P alleviates iNOS and NO production, 

suggesting an anti-inflammatory action (Machida et al, 2008; Xin et al, 2004). This 

dichotomy needs to be investigated further. 
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Although it is clear that the sphingolipid system can promote inflammation and is 

intimately linked to adipose tissue dysfunction, it is still unclear whether the 

sphingolipid system could represent a new therapeutic target for proinflammatory 

enzyme regulation, particularly iNOS in adipose tissue. To our knowledge, there 

have been no studies elucidating the involvement of SphKs/ S1P in IL-1β-mediated 

iNOS expression in 3T3-L1 adipocytes. 

3.2 Aims 

1. To investigate the expression of SphK1 in the process of 3T3-L1 

preadipocyte adipogenesis and characterise the effect S1P has on 

proinflammatory pathways in 3T3-L1 adipocytes.  

2. To investigate the effect of IL-1β on the protein and mRNA levels of SphKs 

in 3T3-L1 adipocytes. 

3. To investigate the potential role of S1P on IL-1β-stimulated iNOS expression 

and related proinflammatory cascades in 3T3-L1 adipocytes.   
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3.3 Results 

3.3.1 3T3-L1 preadipocytes differentiation confirmation 

3T3-L1 cells were grown in 10cm-diameter dishes and differentiated two days post 

confluence by addition of adipogenic stimuli to the culture medium, as described 

in detail in the methodology section. Adipocyte differentiation was confirmed by 

the change in morphology and fat droplet accumulation in 3T3-L1 preadipocytes 

(A) to adipocyte cells (B) (Figure 3-1). Furthermore, this was confirmed by 

immunoblotting for PPARγ at specific time points: day 0, day 3, day 6, day 8 and 

day 12. The protein level of PPARγ rose significantly over the course of 

adipogeneses (Figure 3-1D). 
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Figure 3-1 Cell morphology change and adipogenic marker PPARγ expression pre-and post-
differentiation. 

3T3-L1 fibroblasts were differentiated from preadipocytes to mature adipocytes as indicated 
in the methods. (A) Representative image of 3T3-L1 preadipocytes showing morphology before 
differentiation (at Day 0). (B) Representative image of 3T3-L1 mature adipocytes showing 
morphology after differentiation (at Day 8). (C-D) Representative image and graph for PPARγ 
(adipogenesis marker) protein expression at different time points (day 0, day 3, day 6, day 8, 
and day 12) during adipogenesis. Protein level of PPARγ was normalised to Revert total protein. 
The data represent samples from four different experiments expressed as the mean ± SEM. 
Statistical analysis was carried out using one-way ANOVA (with Dunnett’s test). Asterisks 
indicate a p value of (*<0.05, ****<0.0001). 

 

3.3.2 Sphk1 expression in adipocytes 

The aim of this experiment was to confirm that SphK1 is expressed in an adipose 

tissue cell line and investigate its expression during differentiation of pre-

adipocytes to adipocytes. SphK1 exists as several isoforms: SphK1a, SphK1b, and 
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SphK1c (Bonica et al, 2020). The anti-SphK1 antibody used in this study detected 

multiple bands between 34 kDa and 50 kDa. At specific time points: day 0, day 3, 

day 6, day 8, and day 12, protein was isolated and immunoblotting analysis was 

carried out to determine the SphK1 expression over the period of adipogenesis. 

The protein level of SphK1 rose dramatically in a time-dependent manner, with 

the maximum expression at day 8. SphK1 was significantly (p ***<0.001) increased 

at day 8, compared to day 0. Similarly, SphK1 was significantly (p **<0.01) 

increased at day 8 compared to day 3. However, at later time points the level of 

SphK1 declined significantly (p*<0.05) when comparing day 12 to day 8 (Figure 

3-2).  

It is well-established that 3T3-L1 preadipocytes undergo a proliferation phase 

before differentiation, during which they grow and divide. However, once they 

reach confluence and are induced to differentiate into adipocytes, they enter a 

growth-arrest phase. During adipogenesis, 3T3-L1 cells stop proliferating and 

begin to undergo morphological and biochemical changes characteristic of mature 

adipocytes (Fajas, 2003; Gregoire et al, 1998; Otto & Lane, 2005). The observed 

changes in SphK1 levels over the adipogenesis period (from day 1 to day 8, 

followed by a drop at day 12) occurred during the differentiation phase, when cell 

proliferation is suppressed due to contact inhibition and differentiation induction. 

Therefore, the increase in SphK1 expression is unlikely to be related to cellular 

proliferation. Instead, it likely reflects the role of SphK1 in adipocyte 

differentiation and function. By day 12, the reduction in SphK1 levels could be 

due to the cells reaching a more mature adipocyte state, where the regulatory 

mechanisms controlling SphK1 might undergo alterations.  
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Figure 3-2 SphK1 expression over the period of adipogenesis. 

3T3-L1 preadipocytes were differentiated to mature adipocytes as described in the methods. 
Cell lysates were prepared at different time points, (day 0, 3, 6, 8 and 12) and resolved by SDS-
PAGE with the appropriate antibodies. (A and B) representative western blotting image and 
graph of SphK1 protein expression showing the change in SphK1 expression at indicated 
times over the period of adipogenesis. Protein level of SphK1 was normalised to Revert total 
protein. The data represent samples from four different experiments expressed as the mean 
± SEM. Statistical analysis was carried out using one-way ANOVA (with Tukey’s test). 
Asterisks indicate a p value of (*p<0.05, **p<0.01, ***<0.001). 
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3.3.3 Effect of Sphingosine 1 Phosphate on proinflammatory 
signalling pathways in 3T3-L1 adipocytes 

3.3.3.1 The effect of S1P on Akt phosphorylation in 3T3-L1 adipocytes 

Since SphK1 increased over the period of adipogenesis (up to day 8), it is of 

importance to characterise the effect of S1P, the product of SphK1 on adipocyte 

signalling. Many studies have shown that Akt has a crucial role in inflammatory 

response in adipocytes (Kugo et al, 2021) and so the effect of S1P on the PI3K/Akt 

pathway was studied by measuring Akt phosphorylation. 3T3-L1 adipocytes were 

incubated with S1P (10 μM) for 10 min, 20 min, 30 min, 60 min, and 120 min. After 

treatment, lysate was prepared, and p-Akt was detected by western blotting. S1P 

caused a significant (*p<0.05) increase in p-Akt at 10 min compared to untreated 

cells. Moreover, there was a small, though non-significant increase in p-Akt 

remaining at 20 min. Beyond that, p-Akt started to return to the basal level up to 

120 min following S1P addition (Figure 3-3B). 
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Figure 3-3 Effect of S1P on Akt phosphorylation in mature adipocytes. 

3T3-L1 adipocytes were treated with S1P (10 μM) for different time periods. Cell lysates were 
prepared and resolved by SDS-PAGE with the appropriate antibodies. (A and B) 
representative western blotting image and graph of p-Akt protein expression showing the 
changes in Akt phosphorylation at 10 min, 20 min, 30 min, 60 min and 120 min. Protein level 
of p-Akt was normalised to the total level of Akt. The data represent samples from three 
different experiments expressed as the mean ± SEM of the % fold change relative to untreated. 
Statistical analysis was carried out using one-way ANOVA (with Dunnett’s test). Asterisks 
indicate a p value of (*p<0.05). 
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3.3.3.2 The effect of S1P on MEK-ERK phosphorylation, P38 MAPK 
phosphorylation and JNK phosphorylation in 3T3-L1 adipocytes 

MAPKs family pathways have been implicated in inflammatory responses in 

adipocytes (Nepali et al, 2015). Therefore, it was of importance to determine 

whether S1P influences this family of pathways. 3T3-L1 adipocytes were incubated 

with S1P (10 μM) for 10 min, 20 min, 30 min, 60 min and 120 min. After treatment, 

lysate was prepared, and p-MEK 1/2, p-ERK 1/2, p-P38, and p-JNK were detected 

by western blotting. S1P caused a significant (****p<0.0001) increase in p-MEK 1/2 

and p-ERK 1/2 peaking at 10 min, compared to untreated cells. Thereafter, p-MEK 

1/2 and p-ERK 1/2 levels started to return to the basal level at 20 min and there 

were no significant differences at any other time points (Figure 3-4).  

However, treatment of adipocytes with S1P failed to induce P38 phosphorylation 

at any time point (Figure 3-5B) but did cause a significant (**p<0.01) increase in 

JNK phosphorylation peaking between 60 min and 120 min (Figure 3-5C). 
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Figure 3-4 Effect of S1P on MEK-ERK pathways in mature adipocytes. 

3T3-L1 adipocytes were treated with S1P (10 μM) for different time periods. Cell lysates were 
prepared at indicated time points and resolved by SDS-PAGE with the appropriate antibodies. 
(A) representative western blotting image of p-MEK 1/2 and p-ERK 1/2 protein expression 
showing the changes in the phosphorylation at 10 min, 20 min, 30 min, 60 min and 120 min. 
Phosphorylation of (B) MEK 1/2, (C) ERK 1/2 were normalised to total level of MEK 1/2 and 
ERK 1/2 respectively. The data represent samples from three different experiments expressed 
as the mean ± SEM of the % fold change relative to untreated. Statistical analysis was carried 
out using one-way ANOVA (with Dunnett’s test). Asterisks indicate a p value of (****p<0.0001). 
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Figure 3-5 Effect of S1P on P38 and JNK pathways in mature adipocytes. 

3T3-L1 adipocytes were treated with S1P (10 μM) for different time periods. Cell lysates were 
prepared at indicated time points and resolved by SDS-PAGE with the appropriate antibodies. 
(A) representative western blotting image of p-P38 and p-JNK protein expression showing the 
changes in the phosphorylation at 10 min, 20 min, 30 min, 60 min and 120 min. 
Phosphorylation of (B) P38 and (C) JNK were normalised to total level of P38 or JNK 
respectively. The data represent samples from three different experiments expressed as the 
mean ± SEM of the % fold change relative to untreated. Statistical analysis was carried out 
using one-way ANOVA (with Dunnett’s test). Asterisks indicate a p value of (**p<0.01). 

 

3.3.3.3 The effect of S1P on NF-KB signalling pathways in 3T3-L1 adipocytes 

Previous studies have shown that S1P activates the NF-KB proinflammatory 

pathway in a number of cells (Cowart, 2016; Yaghobian et al, 2016). Therefore, 

p-NF-KB and p-IKBα were assessed in 3T3-L1 adipocytes treated with S1P (10 μM) 

for 10 min, 20 min, 30 min, 60 min, and 120 min. After treatment, lysate was 
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prepared, and p-NF-KB and p-IKBα were detected by western blotting. Treatment 

of 3T3-L1 adipocytes with S1P did not significantly affect NF-KB phosphorylation 

at any time point (Figure 3-6B). Similarly, p-IKBα was unaltered at any time point 

after S1P treatment (Figure 3-6C). 

 

Figure 3-6 Effect of S1P on NF-KB pathway in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were treated with S1P (10 μM) for different time periods. Cell lysates were 
prepared at indicated time points and resolved by SDS-PAGE with the appropriate antibodies. 
(A) representative western blotting image of p-NF-KB and p-IKBα protein expression showing 
the changes in the phosphorylation at each time point. Phosphorylation of (B) NF-KB and (C) 
IKBα were normalised to total level of NF-KB or IKBα. The data represent samples from three 
different experiments expressed as the mean ± SEM of the % fold change relative to untreated. 
Statistical analysis was carried out using one-way ANOVA (with Dunnett’s test).  
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3.3.4 The effect of IL-1β on SphK isoform expression in 3T3-L1 
adipocytes 

3.3.4.1 IL-1β upregulates mRNA expression of SphK1 and downregulates 
mRNA expression of SphK2 

IL-1β can induce an increase in SphK1 expression in a range of cell types, including 

glioblastoma cells (Paugh et al, 2009). Thus, I tested the effect of IL-1β on mRNA 

levels of both isoforms of SphKs in 3T3-L1 adipocytes. 3T3-L1 adipocytes were 

stimulated with IL-1β (10 ng/ml) for 0.5 h, 1 h, 2 h, 4 h, and 6 h. Treatment of 

3T3-L1 adipocytes with IL-1β (Figure 3-7A) caused a significant increase in Sphk1 

mRNA expression after 4 h and 6 h (****p<0.0001 and ***p<0.001, respectively). A 

statistically significant (*p<0.05) reduction in Sphk2 mRNA expression was 

observed at 2 h in 3T3-L1 adipocytes treated with IL-1β compared to untreated 

cells (Figure 3-7B). 

  

Figure 3-7 The effect of IL-1β on mRNA expression of SphK1 and SphK2 in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for the indicated time periods 
(shaded bars). RNA was isolated and quantified by qPCR. (A) qPCR analysis shows the 
changes in SphK1 mRNA at 0.5 h, 1 h, 2 h, 4 h and 6 h. (B) qPCR analysis shows the changes 
in SphK2 mRNA at 0.5 h, 1 h, 2 h, 4 h and 6 h. mRNA level of SphK1 and SphK2 was normalised 
to levels of TATA binding protein (TBP) mRNA levels. The data represent samples from three 
different experiments expressed as the mean ± SEM of the % fold change relative to untreated 
cells. Statistical analysis was carried out using one-way ANOVA (with Dunnett’s test). 
Asterisks indicate a p value of (*p<0.05, ***p<0.001, ****p<0.0001). 
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3.3.5 IL-1β upregulates SphK1 protein expression but there is no 
significant difference in SphK1 phosphorylation  

To confirm if IL-1β can also affect SphK1 expression and SphK1 phosphorylation, 

this was assessed in 3T3-L1 adipocytes treated with IL-1β (10 ng/ml) for various 

time points. Western blot analysis showed that IL-1β induced a significant increase 

in SphK1 expression after 4 h (*p<0.05), returning to basal levels of expression at 

6 h post-treatment (Figure 3-8). This is consistent with gene level expression, 

which was also significantly increased at 4 h following IL-1β addition (Figure 3-7A). 

Moreover, IL-1β displayed a tendency to increase SphK1 phosphorylation at 60 min 

(Figure 3-9) in 3T3-L1 adipocytes, compared to the untreated level, although this 

did not reach statistical significance (p =0.09). 
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Figure 3-8 The effect of IL-1β on protein expression of SphK1 in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for the indicated time periods. Cell 
lysates were prepared at indicated time points and resolved by SDS-PAGE with the 
appropriate antibodies. (A and B) representative western blotting image and graph of SphK1 
protein expression showing the changes in SphK1 expression at 0.5 h 1 h, 2 h, 4h and 6 h. 
Protein level of SphK1 was normalised to the level of GAPDH protein. The data represent 
samples from three different experiments expressed as the mean ± SEM of the % fold change 
relative to untreated. Statistical analysis was carried out using one-way ANOVA (with 
Dunnett’s test). Asterisk indicates a p value of (*p<0.05). 
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Figure 3-9 The effect of IL-1β on SphK1 phosphorylation in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for the indicated time periods. Cell 
lysates were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A and B) 
representative western blotting image and graph of pSphK1 protein expression showing the 
changes in pSphK1 expression at 5 min, 15 min, 30 min, 60 min and 120 min. Protein level of 
pSphK1 was normalised to the level of GAPDH. The data represent samples from three 
different experiments expressed as the mean ± SEM of the % fold change relative to untreated. 
Statistical analysis was carried out using one-way ANOVA (with Dunnett’s test). 
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3.3.6 IL-1β increases iNOS expression but has no effect on NO 
production in 3T3-L1 adipocytes after 6-hour stimulation 

To establish if IL-1β induces iNOS expression and NO production in adipocytes, 

differentiated 3T3-L1 adipocytes were stimulated with IL-1β for 0.5 h, 1 h, 2 h, 4 

h, and 6 h. IL-1β-induced iNOS protein expression was then determined by western 

blot analysis. Treatment of 3T3-L1 adipocytes with IL-1β (10 ng/ml; Figure 3-10B) 

caused a significant increase in iNOS compared to untreated cells after 4 h and 6 

h (****p<0.0001). NO production, determined by nitrite/nitrate in the medium, 

was measured; however, it was found that IL-1β did not significantly alter NO 

production at 4 h or 6 h in 3T3-L1 adipocytes (Figure 3-10C). 
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Figure 3-10 Effect of up to 6-hour stimulation with IL-1β on iNOS protein expression and NO 
production in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for time periods up to 6 hours. Cell 
lysates were prepared at indicated time points and resolved by SDS-PAGE with the 
appropriate antibodies. Media was collected and NO production was investigated by using a 
Sievers 280A NO Meter. (A and B) representative western blotting images and graph for the 
change in iNOS protein expression. Protein level of iNOS was normalised to the level of 
GAPDH. (C) IL-1β-stimulated NO production in 3T3-L1 adipocytes. The data represent 
samples from three different experiments expressed as the mean ± SEM of the fold change 
relative to untreated. Statistical analysis was carried out using one-way ANOVA (with 
Dunnett’s test). Asterisks indicate a p value of (****p<0.0001). 

 

3.3.7 IL-1β increases iNOS expression and NO production in 
adipocytes after 24 hours incubation 

Since NO production did not alter after 6-hours treatment, I decided to increase 

the incubation period with IL-1β (10 ng/ml) to 24 h. 3T3-L1 adipocytes were then 

assessed for iNOS expression and NO production as previously. Treatment of 3T3-

L1 adipocytes with IL-1β (10 ng/ml) caused a significant increase in iNOS 

expression after 24 h (***p<0.001; Figure 3-11B). In contrast to earlier time points 
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NO production, determined by nitrite/nitrate in the medium, was also 

significantly (***p<0.001) increased (Figure 3-11C). 

 

Figure 3-11 Effect of 24 hours stimulation with IL-1β on iNOS protein expression and NO 
production in mature adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for 24 hours. Cell lysates were 
prepared and resolved by SDS-PAGE with the appropriate antibodies. Media was collected 
and NO production was investigated by using a Sievers 280A NO Meter. (A and B) 
representative western blotting images and graph for the change in iNOS protein expression. 
Protein level of iNOS was normalised to the level of GAPDH. (C) IL-1β-stimulated NO 
production in 3T3-L1 adipocytes. The data represent samples from three different 
experiments expressed as the mean ± SEM of the fold change relative to untreated. Statistical 
analysis was carried out using the Student’s unpaired t-test. Asterisks indicate a p value of 
(***p<0.001). 

 

3.3.8 Exogenous S1P induces iNOS protein expression and NO 
production in IL-1β-stimulated 3T3-L1 adipocytes 

As I had shown that IL-1β upregulates SphK1 protein expression and mRNA levels 

in adipocytes, I now investigated whether S1P, the sphingolipid-product of the 

SphK1 enzyme, would affect iNOS expression and NO production in IL-1β-

stimulated adipocytes. 3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) 
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in the presence and absence of S1P (10 μM) for 24 hours. This concentration of 

S1P was chosen based on studies investigating adipocyte differentiation (Moon et 

al, 2014). After treatment, lysate was prepared, and iNOS expression was assessed 

by western blotting while NO production was determined by nitrite/nitrate in the 

medium. As shown in Figure 3-12 B and C, upon addition of S1P to IL-1β stimulated 

adipocytes, the protein expression of iNOS was significantly (***p<0.001) 

upregulated compared to cells treated with IL-1β alone. Similarly, the level of NO 

production, the product of iNOS, was significantly (**p<0.01) increased by co-

treatment with S1P compared with cells treated with IL-1β alone. However, 

adipocytes treated with S1P alone did not show increased iNOS expression or NO 

production.  
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Figure 3-12 Effect of exogenous S1P on iNOS protein expression and NO production in 
stimulated 3T3-L1 adipocytes.  

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) in the presence and absence of S1P 
(10 μM) for 24 hours. Cell lysates were prepared and resolved by SDS-PAGE with the 
appropriate antibodies. Media was collected and NO production was investigated by using a 
Sievers 280A NO meter. (A and B) representative western blotting images and graph for the 
change in iNOS protein expression. Protein level of iNOS was normalised to Revert total 
protein. (C) IL-1β stimulated NO production in 3T3-L1 adipocytes. The data represent samples 
from at least five different experiments expressed as the mean ± SEM % relative to IL-1β 
stimulation. Statistical analysis was carried out using two-way ANOVA (with Tukey’s test). 
Asterisks indicate a p value of (**p<0.01, ***p<0.001, ****p<0.0001). 

 

3.3.9 Effect of Sphingosine 1 Phosphate on IL-1β-stimulated 
proinflammatory signalling pathways 

3.3.9.1 The effect of S1P on IL-1β-stimulated Akt phosphorylation in 3T3-L1 
adipocytes 

IL-1β has been shown to activate PI3K/Akt signalling cascade and has been 

implicated in iNOS regulation in multiple cell types. Also, this study has shown 
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that IL-1β upregulates SphK1 in 3T3-L1 adipocytes (Figure 3-8). Therefore, I 

speculated that IL-1β might increase S1P production to augment Akt 

phosphorylation, resulting in an additive effect. To determine whether S1P 

influences this inflammatory cascade, stimulated 3T3-L1 adipocytes were 

incubated with and without S1P. 3T3-L1 adipocytes were incubated with IL-1β for 

15 min and 30 min following 20 min preincubation with S1P (10 μM). The extent 

of Akt phosphorylation was assessed as a measure of PI3K/Akt signalling cascade 

stimulation by western blotting. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of S1P caused a 

significant (*p< 0.05) increase in Akt phosphorylation at 15 min compared to basal 

level (no addition of IL-1β), with a non-significant increase at 30 min. In the 

presence of S1P, there was a significant (***p<0.001 and **p<0.01, respectively) 

increase in IL-1β-stimulated Akt phosphorylation at both 15 min and 30 min 

compared to IL-1β treatment alone (Figure 3-13). 
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Figure 3-13 The effect of S1P on IL-1β-stimulated Akt phosphorylation in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for two time periods, 15 and 30 min 
following preincubation for 20 min in the presence or absence of S1P (10 μM). (A and B) 
representative western blotting image and graph of p-Akt protein expression showing the 
changes in Akt phosphorylation at 15 min and 30 min. Protein level of p-Akt was normalised 
to total level of Akt. The data represent samples from six different experiments expressed as 
the mean ± SEM % relative to IL-1β-stimulated phosphorylation. Statistical analysis was 
carried out using two-way ANOVA (with Fisher LSD test). Asterisks indicate a p value of (*p< 
0.05, **p<0.01, ***p<0.001). 
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3.3.9.2 The effect of S1P on IL-1β-stimulated MAPKs phosphorylation in 3T3-
L1 adipocytes 

A second substantial pathway that has been linked to iNOS regulation by IL-1β is 

MAPKs family pathway. Therefore, it was of interest to investigate whether S1P 

influences IL-1β-stimulated MAPKs pathway. 3T3-L1 adipocytes were incubated 

with IL-1β for 15 min and 30 min following 20 min preincubation with S1P (10 μM). 

The phosphorylation of MEK 1/2, ERK 1/2, P38, and JNK were assessed as a 

measure of stimulation by western blotting. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of S1P caused a gradual 

increase in p-MEK 1/2 which was significant (*p<0.05) at 30 min compared to basal 

level (no addition of IL-1β). In the presence of S1P, MEK 1/2 phosphorylation 

increased significantly (**p<0.01) at both 15 min and 30 min, compared to IL-1β 

treatment alone (Figure 3-14B). Furthermore, a significant increase in ERK 1/2 

phosphorylation was observed at 15 min and 30 min compared to basal level (no 

addition of IL-1β) in 3T3-L1 adipocytes stimulated with IL-1β in the absence of 

S1P. In the presence of S1P, there was a significant (**p<0.01) increase in ERK 1/2 

phosphorylation at 30 min compared to IL-1β treatment alone (Figure 3-14C).     

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of S1P caused a 

significant (****p<0.0001 and **p<0.01, respectively) increase in P38 

phosphorylation at 15 min and 30 min, compared to basal level (no addition of IL-

1β). S1P did not significantly impact P38 phosphorylation in stimulated adipocytes 

although there was a slight, though non-significant increase at 15 min compared 

to IL-1β treatment alone (Figure 3-15B).  

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of S1P caused a 

significant increase in JNK phosphorylation at 15 min and 30 min (**p<0.01 and 

****p<0.0001, respectively), compared to basal level (no addition of IL-1β). In the 

presence of S1P, a significant (**p<0.01) increase in JNK phosphorylation was 

observed at 15 min and 30 min, compared to IL-1β treatment alone (Figure 3-15C). 
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Figure 3-14 The effect of S1P on IL-1β activated MEK-ERK cascades in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for two time points: 15 and 30 min 
following preincubation for 20 min in the presence or absence of S1P (10 μM). Cell lysates 
were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) representative 
western blotting image of p-MEK1/2 and p-ERK 1/2 protein expression showing the changes 
in the phosphorylation at 15 min and 30 min. Phosphorylation of (B) MEK 1/2, (C) ERK 1/2 
were normalised to total level of MEK 1/2 or ERK 1/2. The data represent samples from at least 
three different experiments expressed as the mean ± SEM % relative to IL-1β-stimulated 
phosphorylation. Statistical analysis was carried out using two-way ANOVA (with Fisher LSD 
test). Asterisks indicate a p value of (*p<0.05, **p<0.01). 
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Figure 3-15 The effect of S1P on IL-1β activated P38 and JNK pathways in 3T3-L1 
adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for two time points: 15 and 30 min 
following preincubation for 20 min in the presence or absence of S1P (10 μM). Cell lysates 
were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) representative 
western blotting image of p-P38 and p-JNK protein expression showing the changes in the 
phosphorylation at 15 min and 30 min. Phosphorylation of (B) P38, (C) JNK were normalised 
to total level of P38 or JNK. The data represent samples from at least three different 
experiments expressed as the mean ± SEM % relative to IL-1β-stimulated phosphorylation. 
Statistical analysis was carried out using two-way ANOVA (with Fisher LSD test). Asterisks 
indicate a p value of (**p<0.01, ***p<0.001, ****p<0.0001). 
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3.3.10 The effect of S1P on IL-1β-stimulated NF-KB signalling 

pathways in 3T3-L1 adipocytes 

Another pathway that may be linked to iNOS regulation by IL-1β is the NF-KB 

pathway. Therefore, it was of interest to determine whether S1P influences IL-1β-

stimulated NF-KB pathway. The experimental protocol was as previously and the 

phosphorylation of NF-KB, IKBα and IKBα protein expression were assessed as a 

measure of stimulation by western blotting. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of S1P caused a 

significant increase in p-NF-KB at 15 min (****p<0.0001) and 30 min (***p<0.001), 

compared to basal level (no addition of IL-1β). However, in the presence of S1P, 

NF-KB phosphorylation was not significantly different compared to that seen with 

IL-1β treatment alone (Figure 3-16B). Similarly, IKβα phosphorylation increased 

significantly (****p<0.0001) in 3T3-L1 adipocytes stimulated with IL-1β at 15 min 

in the absence of S1P. However, IKβα phosphorylation was similar in the presence 

of S1P, compared to IL-1β treatment alone (Figure 3-16C), which is consistent with 

the lack of effect of S1P shown previously. 

IKβα protein expression was observed to decline significantly (*p<0.05) at 15 min 

and 30 min following IL-1β stimulation, compared to basal level (no addition of IL-

1β). However, S1P addition had no impact on IKβα protein (Figure 3-16D).  
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Figure 3-16 The effect of S1P on IL-1β stimulated NF-KB cascades. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for two time points: 15 and 30 min 
following preincubation for 20 min in the presence or absence of S1P (10 μM). Cell lysates 
were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) representative 
western blotting image of p-NF-KB, p-IKBα and IKBα protein expression showing the changes 
in the phosphorylation at 15 min and 30 min. Phosphorylation of (B) NF-KB and (C) IKBα were 
normalised to total level of NF-KB and IKBα, respectively while IKBα protein was normalised to 
the level of GAPDH (D). The data represent samples from three different experiments 
expressed as the mean± SEM % relative to IL-1β-stimulated phosphorylation. Statistical analysis 
was carried out using two-way ANOVA (with Fisher LSD test). Asterisks indicate a p value of 
(*p<0.05, ***p<0.001, ****p<0.0001). 
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3.4 Discussion  

In this chapter, I investigated SphK1 expression in adipocytes and the effect of an 

inflammatory stimulus on this expression. I also studied the effect S1P has on 

proinflammatory pathways in 3T3-L1 adipocytes under control and inflammatory 

conditions. S1P was found to activate multiple proinflammatory signalling 

pathways in adipocytes including the PI3K/Akt pathway, MEK-ERK pathway and 

JNK pathway, but apparently had no effect on the NF-KB pathway. Also, I studied 

the effect of IL-1β on SphKs expression in 3T3-L1 adipocytes and the influence of 

S1P in IL-1β-mediated iNOS expression and NO production in 3T3-L1 adipocytes. 

The current work has identified that IL-1β increases Sphk1 expression, further 

supporting a role for Sphk1 and S1P in IL-1β-stimulated iNOS expression and NO 

production in 3T3-L1 adipocytes. Exogenous S1P augmented IL-1β- stimulated iNOS 

expression and NO production in 3T3-L1 adipocyte. The mechanisms by which S1P 

augments iNOS expression and NO production in stimulated 3T3-L1 adipocytes are 

likely to be through the Akt and MAPKs pathways (MEK-ERK pathway and JNK 

pathway), but independent of pathways via NF-KB. 

In this study, I used a 3T3-L1 cell line, which is widely used for studying adipocyte 

function and related mechanisms. 3T3-L1 preadipocytes are differentiated into 

mature adipocytes upon addition of an adipogenic cocktail, as described in the 

methodology section. To validate that adipogenesis had occurred in response to 

the adipogenic cocktail, the morphology of cells and lipid accumulation was 

studied (Figure 3-1A and B). PPAR-γ protein expression was also used as a marker 

to validate adipogenesis and differentiation. It was found that PPAR-gamma rose 

gradually over the period of adipogenesis (Figure 3-1D).  

Initially, I started by investigating and characterising the SphK1 expression over 

the period of adipogenesis. The protein level of SphK1 rose over the course of 

adipogenesis, studied by immunoblotting (Figure 3-2). These findings are in line 

with those published by (Hashimoto et al, 2009), who also found that SphK1 level 

rises during adipogenesis of 3T3-L1 preadipocytes, enhancing S1P content, and 

that SphK1 inhibitors reduce adipogenesis and lipid accumulation. Basal 

expression of SphK2 protein was not investigated in this study, as it was shown by 

Hashimoto et al (2009) that SphK2 is also increased with the same pattern as 
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SphK1. Elevation of SphK1 and SphK2 in adipocytes would be anticipated to 

increase S1P production from adipocytes. However, a few studies suggest that 

SphK1 and SphK2 have distinct roles in adipocyte function particularly in term of 

fat mass and lipid metabolism (Anderson et al, 2020; Ravichandran et al, 2019). 

Taken together, these findings suggest that SphKs/S1P could have an important 

role to play in adipocyte function.  

It has been reported that S1P regulates multiple cellular processes in adipose 

tissue. Importantly, S1P has been shown to be involved in adipose tissue 

inflammation in 3T3-L1 adipocytes. The PI3K/Akt pathway, MAPKs family pathway, 

and NF-KB pathways are proinflammatory pathways implicated in many metabolic 

disorders in adipose tissue and proinflammatory processes within adipose tissue. 

Therefore, it was of interest to characterise the role of S1P on these 

proinflammatory pathways in 3T3-L1 adipocytes. PI3K/Akt is one of the pathways 

that has been studied widely in adipose tissue and linked to many inflammatory 

processes. For example, a recent study carried out by (Kugo et al, 2021) found 

that the PI3K/Akt pathway is involved in modulating many inflammatory species 

such as iNOS and ROS. Elevation of Akt phosphorylation has been reported in the 

inflamed adipose tissue of mice infected with tuberculosis. Also, in the same 

study, it was shown that Akt is required for macrophage infiltration and cytokine 

expression in adipocytes of infected mice (Martinez et al, 2019). There are 

conflicting reports regarding the effect of S1P on Akt activation. Some studies 

reported that S1P activates Akt in osteoblast-like cells (Matsuzaki et al, 2013), 

and hepatocytes (Osawa et al, 2011) while S1P has been reported to inhibit Akt 

activation in pancreatic β cells (Japtok et al, 2015). In this study, the extent of 

Akt phosphorylation was used as a measure for PI3K/Akt activation. Figure 3-3 

demonstrates that S1P activates Akt phosphorylation, peaking at 10 min in 3T3-L1 

adipocytes. This is expected; PI3K/Akt is one of the downstream signalling 

pathways of S1P, and this is consistent with studies carried out on osteoblast cells 

and hepatocytes (Matsuzaki et al, 2013; Osawa et al, 2011), suggesting that S1P 

could contribute to the proinflammatory process in adipocytes via PI3K/Akt 

pathway.  

The family of MAPKs are another set of proinflammatory pathways and have been 

shown to control many inflammatory processes in 3T3-L1 adipocytes. For example, 
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ERK1/2 has been reported to be required for expression of many inflammatory 

genes and also iNOS expression in adipocytes (Habibian et al, 2017). Moreover, 

ERK1/2 , JNK, and P38 have been implicated in adipocyte inflammation and 

particularly iNOS regulation (Nepali et al, 2015). Therefore, it was of interest to 

characterise the role of S1P on these pathways in 3T3-L1 adipocytes. My data 

showed that S1P strongly activates the MEK-ERK pathway (Figure 3-4). This is 

consistent with many studies showing that S1P activates ERK1/2 in zona 

glomerulosa cells (Brizuela et al, 2007), adipocytes (Kitada et al, 2016), and 

chondrosarcoma cells (Wang et al, 2019). In addition, S1P was shown to 

significantly activate JNK phosphorylation at 60 min and 120 min in 3T3-L1 

adipocytes (Figure 3-5C). This result is consistent with previous observations 

where S1P activated JNK phosphorylation in adipocytes and bone marrow–derived 

monocyte/macrophages (BMMs) (Hou et al, 2021; Jun et al, 2006). Interestingly, 

although it is known that P38 phosphorylation is one of S1P’s downstream 

signalling mechanisms, my findings (Figure 3-5B) contradicts some published 

studies which have reported that S1P activates P38 phosphorylation in rat white 

adipocytes (Jun et al, 2006) and BMMs (Hou et al, 2021). Consequently, it's 

probable that there are mechanisms particular to different cell types and/or the 

variations in incubation times, concentrations of S1P, or differences in receptor 

expression between cell types explain the discrepancy observed in this study. 

NF-KB is one of the prominent inflammatory pathways that regulate multiple 

inflammatory processes within the adipose tissue. In addition, it has been reported 

that it regulates iNOS expression in 3T3-L1 adipocytes (Araki et al, 2007; Yang et 

al, 2002). Therefore, it was of importance to elucidate the effect of S1P on the 

NF-KB pathway in adipocytes. There is conflicting evidence in the literature 

regarding the effect of S1P on NF-KB pathways; S1P was reported to activate NF-

KB in human embryonic kidney 293 (HEK 293) cells (Siehler et al, 2001), human 

kidney 2 cells (Yaghobian et al, 2016), and hepatocytes (Cowart, 2016), while S1P 

was reported to inhibit NF-KB pathway in vascular smooth muscle cells (Keul et 

al, 2019), human testis (Suomalainen et al, 2005) and macrophages (Hughes et al, 

2008). The effect of S1P on the NF-KB pathway currently also remains poorly 

characterized in 3T3-L1 adipocyte. In our study, NF-KB activation was evaluated 

as the extent of NF-KB phosphorylation, IKBα phosphorylation along with IKBα 

protein degradation. Figure 3-6 demonstrates that S1P failed to activate any of 



98 

 

the NF-KB intermediates upstream. Our finding is consistent with a previous study 

in primary cultured rat intestinal smooth muscle cells where S1P failed to mediate 

NF-KB translocation (Gurgui et al, 2010). In this study, I did not investigate the 

translocation of proinflammatory transcription factor NF-KB to the nucleus; 

therefore, it is possible that more convincing data could be generated by 

investigating the effect of S1P on NF-KB nucleus translocation.  

Several lines of evidence have shown that IL-1β may upregulate SphK1 in a variety 

of cell lines. For instance, exposure of glioblastoma cells and astrocytes to IL-1β 

upregulates SphK1 expression (Paugh et al, 2009). In the same study the SphK2 

level was not altered. Moreover, Billich et al demonstrated that although IL-1β 

increased SphK1 enzymatic activity with no effect on SphK2, the mRNA level of 

SphK1 was not altered in A549 lung carcinoma cells (Billich et al, 2005). However, 

in another study, the mRNA level of SphK1 was found to increase in human 

glioblastoma U373-MG cells treated with IL-1β (Bryan et al, 2008). In addition, 

SphK1 mRNA level but not SphK2 mRNA level, was shown to be upregulated in 

isolated rat pancreatic islet cells exposed to IL-1β (Mastrandrea et al, 2005). These 

findings imply that IL-1β may regulate SphK1 either at the transcription or post-

translation level. In the current study, it was found that treatment of 3T3-L1 

adipocytes with IL-1β for various time points led to a marked increase in SphK1 

mRNA compared with untreated cells at 4h and 6h, whereas SphK2 was 

significantly downregulated at 2 h (Figure 3-7). Moreover, elevated SphK1 protein 

expression was also shown in 3T3-L1 adipocytes treated with IL-1β for 4 h, which 

is consistent with the upregulation in the mRNA level (Figure 3-8). IL-1β displayed 

a tendency to increase SphK1 phosphorylation at 60 min (Figure 3-9) in 3T3-L1 

adipocytes, compared to the untreated level, although this did not reach 

statistical significance. To our knowledge, these data are the first to demonstrate 

the effect of IL-1β on SphKs expression in 3T3-L1 adipocytes.   

Considering the aforementioned findings and background, I hypothesized that IL-

β required the SphK1/S1P system to modulate iNOS expression and NO production 

in 3T3-L1 adipocytes. One paradigm could be that when IL-1β activates SphK1, it 

is then re-located from the cytosol to the plasma membrane, where it is close to 

its substrate, sphingosine. Then, S1P is synthesised and exported through 

transporter proteins into the extracellular milieu where it acts as an agonist for 
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S1P receptors, inducing proinflammatory pathways that regulate iNOS expression 

and NO production.  

A series of experiments was carried out to investigate the effect of IL-1β on iNOS 

expression and NO production in 3T3-L1 adipocytes. Previous studies have 

elucidated that IL-1β stimulates iNOS expression and NO production in rat vascular 

smooth muscle cells (Machida et al, 2008), rat aortic endothelial cells (Cortese-

Krott et al, 2014), and 3T3-L1 preadipocytes (Park et al, 2021). Therefore, I 

decided to investigate the IL-1β effect has on iNOS expression and NO production 

in 3T3-L1 adipocytes. Treatment of 3T3-L1 adipocytes with IL-1β for up to 6 h, 

caused a significant increase in iNOS protein expression, while NO production was 

not altered consistently with iNOS expression (Figure 3-10). However, once I 

incubated 3T3-L1 adipocytes with IL-1β for 24h, iNOS protein expression markedly 

increased, and this did lead to a significant increase in NO production (Figure 

3-11). Thus, in all subsequent experiments characterising iNOS expression and NO 

production, the IL-1β incubation time was kept at 24 h. As mentioned previously, 

S1P has been implicated in many proinflammatory processes within adipose tissue. 

Despite a variety of published studies investigating the role of S1P in adipose tissue 

dysfunction, the role of S1P in IL-1β-mediated iNOS expression and NO production 

in 3T3-L1 adipocytes has not been investigated so far. In the current study, since 

it is technically challenging to measure the S1P production from stimulated-

adipocytes, I cotreated the cells with IL-1β and S1P to investigate iNOS expression 

and NO production. It was found that exogenous S1P significantly augments iNOS 

expression in IL-1β-stimulated 3T3-L1 adipocytes (Figure 3-12B). Consistent with 

iNOS protein expression, S1P markedly upregulated NO production by stimulated 

3T3-L1 adipocytes (Figure 3-12C). This is consistent with other reports in 

macrophage polarization where co-treatment with S1P enhances iNOS expression 

under M1-polarization conditions (Müller et al, 2017). Another report has shown 

that S1P upregulates iNOS expression and NO production from murine HAPI 

microglial cell line (Wang et al, 2021). Also, S1P has been reported to upregulate 

many proinflammatory mediators, such as TNF-α and IL-6 in peripheral blood 

mononuclear cells and rat HAPI microglia cell line (Terlizzi et al, 2022; Wang et 

al, 2021) and IL-1β in osteoblasts (Hu et al, 2020), implying that S1P have an effect 

additive to that of IL-1β alone. In support of this, it was proven that S1P promotes 

increased levels of proinflammatory cytokines (TNF-α and IL-6) in 3T3-L1 
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adipocytes (Samad et al, 2006). Interestingly, however, S1P alone did not 

upregulate either iNOS expression or NO production in 3T3-L1 adipocytes, 

suggesting that the synergistic effect of S1P might be either via modulation of 

signalling pathway related to iNOS, causing an increase in iNOS protein expression 

and subsequently NO production, or promoting production of proinflammatory 

mediators, which subsequently have an additive effect to the IL-1β. Taken 

together, IL-1β is capable of activating SphK1, resulting in S1P production and 

ultimately S1P receptor activation, and this could be a new mechanism by which 

IL-1β is eliciting its effect indirectly in 3T3-L1 adipocytes. These data suggest a 

proinflammatory role of SphKs/S1P in adipose tissue, particularly through iNOS 

proinflammatory enzyme regulation in 3T3-L1 adipocytes and more widely, this 

process could be linked to many disorders associated with obesity. Although the 

role of S1P in iNOS regulation in adipose tissue has not previously been well 

studied, these data correlate with a study which confirmed that obese mice 

lacking SphK1 show a decrease in proinflammatory mediators in adipocytes, 

including TNF-α and IL-6 (Wang et al, 2014).  

Since I confirmed that IL-1β upregulates SphK1, which I believe would lead to S1P 

production from 3T3-L1 adipocytes and further contribute to iNOS expression and 

NO production, it was of importance to investigate IL-1β-related mechanisms. The 

biological function of IL-1β is exerted by activating many signalling pathways, 

including a PI3K/Akt kinase and the three types of mitogen-activated protein 

(MAP) kinases (MEK-ERK1/2, JNK, and p38). Another prominent signalling pathway 

for inflammatory responses is NF-KB activation (Martin & Wesche, 2002). To 

examine the mechanisms responsible for the additive effect of S1P on IL-1β-

mediated iNOS expression and NO production, 3T3-L1 adipocytes were incubated 

with S1P 20 min prior to IL-1β stimulation. It has been suggested that PI3K/Akt 

pathway regulates the expression of iNOS expression and NO production in 3T3-L1 

adipocytes and other cells (Jang et al, 2004; Kleinert et al, 2010; Martin & Wesche, 

2002; Nepali et al, 2015). I found that IL-1β significantly upregulated Akt 

phosphorylation, a PI3K downstream effector, while preincubation of adipocytes 

with S1P significantly amplified IL-1β-stimulated Akt phosphorylation (Figure 

3-13), suggesting that this pathway might mediate the increased level of iNOS and 

NO production in stimulated adipocytes. These data support the few reports to 

date investigating the effect of S1P on cytokine-stimulated Akt pathway 
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activation. TNF-α stimulation of the Akt pathway was found to be reduced by 

inhibiting SphK1 in human hepatocytes (Osawa et al, 2001), and by SphK1 

knockdown in human astrocytoma cells (Radeff-Huang et al, 2007). In A549 cells, 

a non-malignant lung epithelial cell line, overexpression of SphK1 boosted Akt 

phosphorylation, whereas SphK1 knockdown attenuated Akt phosphorylation (Zhu 

et al, 2015).     

In addition, MAPKs family pathways are proven to regulate many proinflammatory 

processes within the adipose tissue. Furthermore, iNOS expression and NO 

production were linked to MAPKs pathways activation in 3T3-L1 adipocytes (Nepali 

et al, 2015). As shown in Figure 3-14, IL-1β treatment alone resulted in an increase 

in MEK-ERK pathway phosphorylation at 15 min and 30 min. Activation of S1PRs 

with S1P significantly augmented IL-1β-stimulated MEK-ERK phosphorylation. 

Similarly, IL-1β has been shown to markedly upregulate P38 phosphorylation and 

JNK phosphorylation. Activation of S1PRs with S1P significantly augmented IL-1β-

stimulated JNK phosphorylation level, whereas P38 phosphorylation level was not 

significantly altered (Figure 3-15), implying that this pathway might mediate the 

increased level of iNOS and NO production in stimulated adipocytes. These data 

support the few reports to date investigating the effect of S1P on cytokine-

stimulated MAPK pathway activation. LPS-stimulated ERK phosphorylation was 

found to be augmented by S1P in human endothelial cells and human aortic 

endothelial cells (Fernández-Pisonero et al, 2012). Similarly, another report has 

shown that P38 phosphorylation by LPS is augmented by S1P in microglia cells 

(Wang et al, 2021). It has also been reported that S1P-augmented IL-1β stimulated 

ERK1/2 and P38 phosphorylation in mouse intestinal subepithelial myofibroblasts 

(Ohama et al, 2008).  

The NF-KB pathway is one of the important pathways regulating iNOS expression 

and NO production in adipocytes (Kim et al, 2020). In the present study, I 

demonstrated that IL-1β significantly upregulates NF-KB pathways by increasing 

NF-KB activation, IKBα phosphorylation, and IKBα degradation (Figure 3-16). This 

is not unexpected since IL-1β is considered a potent activator of the NF-KB 

pathway. To our knowledge, the effect of S1P on IL-1β activation in 3T3-L1 

adipocytes has not previously been assessed. It is clear from Figure 3-16 that S1P 

has no additive effect on IL-1β-stimulated NF-KB pathway. This finding is 
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consistent with our finding in Figure 3-6, where S1P alone has been shown to have 

no effect on this pathway, implying that the additive effect of S1P and IL-1β is 

most likely via an NF-KB-independent pathway. Conversely, S1P has been shown 

to upregulate iNOS expression in rat microglia cells (HAPI cells) stimulated with 

LPS which was dependent on the NF-KB pathway (Wang et al, 2021). As this 

contrary finding was in rat microglia cells, it is possible the effect of S1P on NF-

KB is cell or tissue specific. Our finding is correlated with a study reported by 

Chandru and Boggaram, where they show that TNF-α causes an increase in 

proinflammatory IL-8 gene expression in lung epithelial cell via S1P which is 

independent of the NF-KB pathway (Chandru & Boggaram, 2007). 

3.5 Conclusion  

This study presents further evidence that the SphKs/S1P system is implicated in 

adipocyte function and involved in the adipocyte inflammatory response by 

regulating different proinflammatory signalling pathways, including PI3/Akt and 

MAPKs (MEK-ERK and JNK). Moreover, the data presented here demonstrate for 

the first time in adipocytes that IL-1β upregulates SphK1 expression. It is a 

reasonable assumption that the S1P produced by SphK1 enzyme could augment IL-

1β-mediated iNOS expression and NO production in 3T3-L1 adipocytes. The 

underlying mechanisms by which S1P promotes IL-1β-mediated iNOS 

proinflammatory enzyme are likely via PI3K/Akt and MAPKs pathways and 

independent of NF-KB signalling pathway.  
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Chapter 4 - Investigating the involvement of 
SphK isoforms and S1PR subtypes in IL-1β-
induced inducible nitric oxide synthase and Nitric 
Oxide production in 3T3-L1 adipocytes 
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4.1 Introduction  

Two isoforms or variants of the enzyme sphingosine kinase (SphKs) have been 

identified (SphK1 and SphK2) that catalyse the generation of S1P from sphingosine 

(Cannavo et al, 2017). This can be exported from cells via transporters; ATP-

binding cassette transporters (ABC) and the spinster 2 transporter (Spns2). S1P 

functions are largely mediated by five G protein-coupled receptors (S1PR1, S1PR2, 

S1PR3, S1PR4, and S1PR5), which directly couple to a range of G protein subtypes 

(Gi, Gq, and G12/13) (Li et al, 2016; O'Sullivan & Dev, 2013; Spiegel & Milstien, 

2003). Activation of these subunits initiates a wide range of different downstream 

molecular signals including phosphoinositide-3 kinase (PI3K), extracellular signal-

regulated kinase (ERK), c-Jun N-terminal kinase (JNK), p38 mitogen-activated 

kinase (MAPK) and nuclear kappa-B (NF-KB) (Kluk & Hla, 2002; Wang et al, 2023; 

Wollny et al, 2017). Of these receptors, S1PR1, S1PR2 and S1PR3 were shown to be 

expressed and modulate a wide range of biological processes within the adipose 

tissue (Fang et al, 2019; Kluk & Hla, 2002). 

It was demonstrated in the previous chapter that IL-1β modulates SphKs 

expression in 3T3-L1 adipocytes, and I showed that exogenous S1P amplified IL-

1β-mediated iNOS expression and NO production in 3T3-L1 adipocytes. These 

findings are supported by data published previously on the SphKs/S1P/S1PR 

system, demonstrating that this signalling pathway contributes to adipose tissue 

dysfunction by promoting inflammation in adipose tissue (Fang et al, 2019; Wang 

et al, 2014).  However, these data do not fully address the specific role of SphK 

isoforms (SphK1 and SphK2) and specific receptors (S1PR1, S1PR2, and S1PR3) in 

iNOS proinflammatory enzyme regulation in 3T3-L1 adipocytes. 

Overall, published data indicates that the SphKs/S1P/S1PRs pathway is implicated 

in many inflammatory processes within the adipose tissue. Indeed, it has been 

reported that genetic deletion and pharmacological inhibition of SphK1 in mice 

fed with HFD caused a decrease in many proinflammatory mediators, such as 

monocyte chemotactic protein-1 (MCP-1), TNF-α, and IL-6 (Wang et al, 2014). 

Similarly, pharmacological inhibition of SphK1 and SphK2 in Zucker diabetic fatty 

rats reduced LPS-stimulated chemokine (C-C motif) ligand 5 (CCL5), IL-6, and TNF-

α in subcutaneous adipose tissue. In the same study, it was also shown that 
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cytokine production was diminished in 3T3-L1 adipocytes lacking SphK1 (Tous et 

al, 2014). Research over the past several decades has revealed that S1P is 

implicated in development of adipose tissue inflammation; however, limited data 

exist regarding which S1P receptor(s) is key in mediating adipose tissue 

inflammation. For instance, S1P has been shown to promote TNF-α and IL-6 in 3T3-

L1 adipocytes (Samad et al, 2006). Knockdown and pharmacological inhibition of 

S1PR2 has been shown to diminish HFD-induced inflammation in mice (Kitada et 

al, 2016). Consistent with this, another study carried out by the same group has 

shown that blocking S1PR2 with JTE 013 decreased TNF-α in the adipose tissue of 

obese mice. In the same study, S1PR1 activation has been shown to inhibit 

inflammation; suppressing TNF-α and M1 polarization in the adipose tissue of 

obese mice (Asano et al, 2023). Moreover, S1P has been shown to activate 

plasminogen activator inhibitor-1 (PAI-1) release from adipocytes, which is 

mediated by S1PR2 (Lee et al, 2010). PAI-1 is an adipokine and is linked to adipose 

tissue inflammation (Ikeda et al, 2014). Furthermore, there is evidence that 

ABCA1 transporter is expressed in adipocytes, and it has been proven that ABCA1 

inhibition with glibenclamide decreased S1P release from adipocytes under 

hypoxic conditions, confirming ABC transporter as an S1P transporter in 

adipocytes. These findings, along with many others, confirm the importance of 

investigating the role of SphK isoforms and the S1PR1-3 axis in iNOS 

proinflammatory enzyme regulation in adipocytes. 

The recruitment of macrophages is a crucial aspect of the inflammatory response 

associated with obesity. In obesity, adipocyte hypertrophy leads to the release of 

many proinflammatory mediators that attract immune cells, including 

macrophages. Once macrophages are recruited, they can polarize from M2 

(alternatively activated) into M1 (classically activated). M1 macrophages are the 

predominant producer of proinflammatory mediators in adipose tissue. The 

complex inflammatory profile of inflamed adipose tissue arises from the secretion 

of a range of proinflammatory cytokines (IL-1β, IL-6, and TNF-α) produced by 

macrophages and adipocytes. Subsequently, low-grade inflammation is induced 

within the adipose tissue and when this persists it can lead to many metabolic 

disorders (Schaffler et al, 2006; Zeyda & Stulnig, 2007). An obesity-induced 

chronic, low-grade proinflammatory environment within the adipose tissue has 

been reported to have an effect on proinflammatory iNOS enzyme regulation in 
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adipose tissue (Dallaire et al, 2008). Moreover, it was found that SphK1 expression 

is increased in adipose tissue macrophages (Gabriel et al, 2017). Treatment of 

RAW 264.7 cells with LPS results in an increase in SphK1 activity and enhances S1P 

production (Hammad et al, 2008; Wu et al, 2004). It is proven that a paracrine 

interaction between macrophages and adipocytes mediates the inflammatory 

status in adipose tissue (Cai et al, 2022); therefore, it is important to elucidate 

the role of the sphingolipid system in mediating this paracrine signalling, 

especially in term of iNOS proinflammatory enzyme regulation in adipocytes. 

While so far in this thesis, the data confirm that IL-1β modulates SphK expression 

and that applying exogenous S1P contributes to iNOS regulation in adipocytes, it 

is of importance to have a full understanding of IL-1β-mediated iNOS regulation 

via the sphingolipid system in adipocytes. 

4.2 Aims 

1. To determine the potential involvement of both isoforms of SphK, as well 

as the S1PRs, in regulation of iNOS expression and NO production in IL-1β-

stimulated adipocytes. 

2. To determine the effect of S1PR2 inhibition on IL-1β-stimulated 

proinflammatory pathways in adipocytes and confirm the role of this 

pathway in iNOS regulation in adipocytes. 

3. To investigate the role of the sphingolipid system in paracrine signals 

between adipocytes and macrophages, particularly in iNOS regulation. 
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4.3 Results 

4.3.1 Inhibition of Sphk1 by PF543 reduces iNOS expression and 
NO Production in IL-1β-stimulated 3T3-L1 adipocytes 

As I have shown that IL-1β upregulates SphK1 expression and exogenous S1P 

augmented iNOS expression and NO production in stimulated adipocytes, I now 

investigated whether SphK1 enzyme inhibition would affect iNOS expression and 

NO production in stimulated adipocytes. 3T3-L1 adipocytes were preincubated 

with PF543 (100 nM) for 45 min prior to being stimulated with IL-1β (10 ng/ml) for 

24 hours. After treatment, lysate was prepared, and iNOS expression was assessed 

by western blotting while NO production was determined by the presence of 

nitrite/nitrate in the medium. RNA was isolated and quantified by qPCR. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of PF543 caused a 

significant (****p<0.0001) increase in iNOS expression and NO production. In the 

presence of PF543, iNOS expression and NO production were decreased 

significantly (*p<0.05, **p<0.01, respectively) compared to cells treated with IL-

1β alone. However, PF543 alone, in the absence of IL-1β, had no effect on iNOS 

expression and NO production by adipocytes (Figure 4-1 B and C).  

Moreover, stimulation of 3T3-L1 adipocytes with IL-1β caused a significant 

(****p<0.0001) increase in iNOS mRNA expression. In the presence of PF543, there 

was a tendency towards a decrease in iNOS mRNA expression (Figure 4-1D) in IL-

1β stimulated 3T3-L1 adipocytes, compared to the cells treated with IL-1β alone, 

although this did not reach statistical significance (p =0.06). 
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Figure 4-1 Effect of SphK1 inhibition on iNOS protein expression and NO production in 
stimulated in 3T3-L1 adipocytes.  

3T3-L1 adipocytes were pretreated with SphK1 inhibitor PF543 (100 nM) for 45 min and then 
stimulated with IL-1β (10 ng/ml) for 24 hours. Cell lysates were prepared and resolved by SDS-
PAGE with the appropriate antibodies. Media was collected and NO production was 
investigated by using a Sievers 280A NO Meter. RNA was isolated and quantified by qPCR. 
(A) representative western blotting images and (B) graph for the change in iNOS protein 
expression. Protein level of iNOS was normalised to level of GAPDH protein. (C) IL-1β-
stimulated NO production in 3T3-L1 adipocytes. (D) qPCR analysis showing the changes in 
iNOS mRNA relative to levels of TATA binding protein (TBP) mRNA. The data represent 
samples from three different experiments expressed as the mean ± SEM of the % relative to 
IL-1β stimulation. Statistical analysis was carried out using two-way ANOVA (with Tukey’s 
test). Asterisks indicate a p value of (*p<0 .05, **p<0.01, ****p<0.0001). 
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4.3.2 Inhibition of Sphk2 by ROME does not alter iNOS 
expression and NO production in IL-1β-stimulated 3T3-L1 
adipocytes 

Because SphK1 was required for iNOS expression and NO production in stimulated 

adipocytes (Figure 4-1), I next investigated whether SphK2 is also required. 3T3-

L1 adipocytes were preincubated with ROME (10 μM) for 45 min prior to being 

stimulated with IL-1β (10 ng/ml) for 24 hours. After treatment, lysate was 

prepared, and iNOS expression was assessed by western blotting while NO 

production was determined by the presence of nitrite/nitrate in the medium. RNA 

was isolated and quantified by qPCR. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of ROME caused a 

significant (**p<0.01) increase in iNOS expression and NO production. The IL-1β-

stimulated increase in iNOS expression and NO production were not affected by 

the inhibition of SphK2 with ROME, although a high level of variation in iNOS 

expression was seen (Figure 4-2). Similarly, ROME alone had no effect on iNOS 

expression and NO production in stimulated adipocytes (Figure 4-2 B and C). 

Moreover, stimulation of 3T3-L1 adipocytes with IL-1β in the absence of ROME 

caused a significant (****p<0.0001) increase in iNOS mRNA expression but the 

presence of ROME did not alter the iNOS mRNA level (Figure 4-2D). 
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Figure 4-2 Effect of SphK2 inhibition on iNOS expression and NO production in stimulated 
3T3-L1 adipocytes.  

3T3-L1 adipocytes were pretreated with SphK2 inhibitor ROME (10 μM) for 45 min and were 
then stimulated with IL-1β (10 ng/ml) for 24 hours. Cell lysates were prepared and resolved 
by SDS-PAGE with the appropriate antibodies. Media was collected and NO production was 
investigated by using a Sievers 280A NO Meter. RNA was isolated and quantified by qPCR. 
(A) representative western blotting images and (B) graph for the change in iNOS protein 
expression. Protein level of iNOS was normalised to level of GAPDH protein. (C) IL-1β 
stimulated NO production in 3T3-L1 adipocytes. (D) qPCR analysis shows the changes in 
iNOS mRNA relative to levels of TATA binding protein (TBP) mRNA. The data represent 
samples from three different experiments expressed as the mean ± SEM of the % relative to 
IL-1β stimulation. Statistical analysis was carried out using two-way ANOVA (with Tukey’s 
test). Asterisks indicate a p value of (**p<0.01, ****p<0.0001). 
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4.3.3 S1PR1-3 receptors are involved in iNOS expression in 
stimulated 3T3-L1 adipocytes 

Upon confirmation that IL-1β upregulates the protein and mRNA expression of 

SphK1 and that SphK1/S1P contributes to IL-β-induced iNOS and NO production in 

adipocytes, I next examined the role of S1PRs in this process. 3T3-L1 adipocytes 

were pretreated with either the S1PR1 antagonist W146 (10 μM), S1PR2 antagonist 

JTE 013 (10 μM) or the S1PR3 antagonist CAY10444 (10 μM) for 45 min. The cells 

were then stimulated with IL-1β (10 ng/ml) for 24 hours. These concentrations of 

antagonists were chosen based on previous work (Kitada et al, 2016; Moon et al, 

2015). After treatment, lysate was prepared, and iNOS expression was assessed by 

western blotting while NO production was determined by the presence of 

nitrite/nitrate in the medium. RNA was isolated and quantified by qPCR.  

As shown in Figure 4-3B the protein expression of iNOS was significantly (*p<0 .05, 

***p<0.001) suppressed by the pre-treatment with all three S1PR inhibitors in 

stimulated adipocytes compared to IL-1β alone. Similarly, pre-treatment with 

S1PR inhibitors had a tendency to decrease iNOS mRNA level although it did not 

reach statistical significance due to the high degree of variability (Figure 4-3C).  

However, the level of NO production, the product of iNOS, was significantly 

(****p<0.0001) reduced, but only by pre-treatment with the S1PR2 inhibitor (JTE 

013), suggesting a specific role for S1PR2 (Figure 4-4). 
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Figure 4-3 Effect of S1PR1-3 antagonists on iNOS protein and mRNA expression in stimulated 
3T3-L1 adipocytes.  

3T3-L1 adipocytes were pretreated with the S1PR1 antagonist W146 (10 μM), S1PR2 antagonist 
JTE 013 (10 μM) or the S1PR3 antagonist CAY10444 (10 μM) for 45 min then were stimulated 
with IL-1β (10 ng/ml) for 24 hours. Cell lysates were prepared and resolved by SDS-PAGE with 
the appropriate antibodies. RNA was isolated and quantified by qPCR. (A) representative 
western blotting images and (B) graph for the change in iNOS protein expression. Protein 
level of iNOS was normalised to the level of GAPDH protein. (C) qPCR analysis shows the 
changes in iNOS mRNA relative to levels of TATA binding protein (TBP) mRNA. The data 
represent samples from three different experiments expressed as the mean ± SEM of the % 
relative to IL-1β stimulation. Statistical analysis was carried out using two-way ANOVA (with 
Tukey’s test). Asterisks indicate a p value of (*p<0.05, ***p<0.001, ****p<0.0001). 
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Figure 4-4 Effect of S1PR1-3 antagonists on NO production in stimulated 3T3-L1 adipocytes. 

3T3-L1 adipocytes were pretreated with the S1PR1 antagonist W146 (10 μM), S1PR2 antagonist 
JTE 013 (10 μM) or the S1PR3 antagonist CAY10444 (10 μM) for 45 min then were stimulated 
with IL-1β (10 ng/ml) for 24 hours. Media was collected and NO production was investigated 
by using a Sievers 280A NO Meter. IL-1β stimulated NO production in 3T3-L1 adipocytes. The 
data represent samples from three different experiments expressed as the mean ± SEM of the 
% relative to IL-1β stimulation. Statistical analysis was carried out using two-way ANOVA 
(with Tukey’s test). Asterisks indicate a p value of (****p<0.0001). 
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4.3.4 S1PR2 agonist CYM 5478 induces iNOS protein expression 
and NO production in stimulated 3T3-L1 adipocytes  

As I have shown that S1PR2 inhibition suppress iNOS protein expression and NO 

production in stimulated adipocytes, I now investigated whether S1PR2 activation, 

would increase iNOS expression and NO production in stimulated adipocytes. 3T3-

L1 adipocytes were stimulated with IL-1β (10 ng/ml) in the presence and absence 

of the S1PR2 agonist CYM 5478 (10 μM) for 24 hours. After treatment, lysate was 

prepared, and iNOS expression was assessed by western blotting while NO 

production was determined by the presence of nitrite/nitrate in the medium. 

As shown in Figure 4-5 B and C, upon addition of CYM 5478 to IL-1β stimulated 

adipocytes, the protein expression of iNOS was upregulated compared to cells 

treated with IL-1β alone, however this did not reach significance (p=0.07) due to 

a high degree of variability. Similarly, the level of NO production, the product of 

iNOS, was significantly (*p<0.05) increased by co-treatment with CYM 5478 

compared with cells treated with IL-1β alone. However, adipocytes treated with 

CYM 5478 alone did not show increased iNOS expression or NO production. 
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Figure 4-5 Effect of S1PR2 agonist (CYM 5478) on iNOS protein expression and NO production 
in stimulated 3T3-L1 adipocytes.  

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) in the presence or absence of CYM 
5478 (10 μM) for 24 hours. Cell lysates were prepared and resolved by SDS-PAGE with the 
appropriate antibodies. Media was collected and NO production was investigated by using a 
Sievers 280A NO Meter. (A) representative western blotting images and (B) graph for the 
change in iNOS protein expression. Protein level of iNOS was normalised to level of GAPDH 
protein. (C) IL-1β stimulated NO production in 3T3-L1 adipocytes was increased by co-
incubation with the S1PR2 agonist. The data represent samples from three different 
experiments expressed as the mean ± SEM of the % relative to IL-1β stimulation. Statistical 
analysis was carried out using two-way ANOVA (with Tukey’s test). Asterisks indicate a p 
value of (*p<0.05, ****p<0.0001). 
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4.3.5 Effect of S1PR2 antagonism (JTE 013) on IL-1β stimulated 
proinflammatory signalling 

4.3.5.1 S1PR2 antagonist (JTE 013) significantly inhibits IL-1β-stimulated Akt 
phosphorylation in 3T3-L1 adipocytes 

IL-1β has been shown to activate the PI3K/Akt signalling cascade and has been 

implicated in iNOS regulation in multiple cell types. Also, S1PR2 has been shown 

to upregulate the PI3K/Akt pathway in many cell types (Skoura & Hla, 2009). 

Therefore, I speculated that S1PR2 inhibition by JTE 013 (10 μM) might inhibit IL-

1β-mediated Akt phosphorylation, resulting in an iNOS downregulation. This 

concentration was chosen based on previous work showing the role of JTE 013 on 

adipocyte differentiation in 3T3-L1 adipocytes (Kitada et al, 2016). To determine 

whether JTE 013 influences this inflammatory cascade, stimulated 3T3-L1 

adipocytes were preincubated with and without JTE 013 (10 µM) for 24 h. 3T3-L1 

adipocytes were then incubated with IL-1β for 15 min and 30 min. The extent of 

Akt phosphorylation was assessed as a measure of PI3K/Akt signalling cascade 

stimulation by western blotting. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of JTE 013 caused a 

significant (*p< 0.05 and **p<0.01, respectively) increase in Akt phosphorylation 

at 15 min and 30 min compared to basal level (no addition of IL-1β). In the 

presence of JTE 013, there was a significant (*p<0.05 and ***p<0.001 respectively) 

decrease in IL-1β-stimulated Akt phosphorylation at both 15 min and 30 min 

compared to IL-1β treatment alone (Figure 4-6).  
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Figure 4-6 The effect of JTE 013 on IL-1β-stimulated Akt phosphorylation 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for either 15 and 30 min following 
preincubation for 24 hours in the presence or absence of the S1PR2 inhibitor JTE 013 (10 μM). 
Cell lysates were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) 
representative western blotting image and (B) graph of p-Akt protein expression showing the 
changes in Akt phosphorylation at 15 min and 30 min. Protein level of p-Akt was normalised 
to total level of Akt. The data represent samples from six different experiments expressed as 
the mean ± SEM or the % relative to IL-1β-stimulated phosphorylation. Statistical analysis was 
carried out using one-way ANOVA (with Fisher LSD test). Asterisks indicate a p value of (*p<0 
.05, **p<0.01, ***p<0.001). 
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4.3.5.2 S1PR2 antagonist (JTE 013) significantly inhibited IL-1β-stimulated 
MAPKs pathways phosphorylation 3T3-L1 adipocytes 

A second pathway that has been linked to iNOS regulation by IL-1β is MAPKs family 

pathway. Moreover, S1PR2 has been shown to promote many inflammatory 

processes via MAPKs pathways (Blankenbach et al, 2016; Hou et al, 2021). 

Therefore, it was of interest to determine whether S1PR2 inhibition influences IL-

1β-stimulated MAPKs pathway in 3T3-L1 adipocytes. 3T3-L1 adipocytes were 

incubated with IL-1β for 15 min and 30 min following 24 h preincubation with JTE 

013 (10 μM). The phosphorylation of MEK 1/2, ERK 1/2, P38, and JNK were assessed 

as a measure of stimulation by western blotting. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of JTE 013 caused an 

increase in p-MEK 1/2 which was significant (**p<0.01) at 15 and 30 min compared 

to basal level (no addition of IL-1β). In the presence of JTE 013, MEK 1/2 

phosphorylation decreased significantly (**p<0.01) at both 15 min and 30 min, 

compared to IL-1β treatment alone (Figure 4-7B). Furthermore, a significant 

increase in ERK 1/2 phosphorylation was observed at 15 min and 30 min compared 

to basal level (no addition of IL-1β) in 3T3-L1 adipocytes stimulated with IL-1β in 

the absence of JTE 013. In the presence of JTE 013, there was a significant 

(*p<0.05) suppression in ERK 1/2 phosphorylation at both 15 min and 30 min 

compared to IL-1β treatment alone (Figure 4-7C).     

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of JTE 013 caused a 

significant (****p<0.0001 and ****p<0.0001, respectively) increase in P38 

phosphorylation at 15 min and 30 min, compared to basal level. In the presence 

of JTE 013, P38 phosphorylation decreased significantly (*p<0.05 and **p<0.01, 

respectively) at both 15 min and 30 min, compared to IL-1β treatment alone 

(Figure 4-8B).  

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of JTE 013 caused a 

significant increase in JNK phosphorylation at 15 min and 30 min (****p<0.0001), 

compared to basal level. In the presence of JTE 013, a significant (*p<0.05) 

inhibition in JNK phosphorylation was observed at 15 min and 30 min, compared 

to IL-1β treatment alone (Figure 4-8C). 
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Figure 4-7 Effect of JTE 013 on IL-1β-stimulated MEK-ERK cascades in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for 15 and 30 min following 
preincubation for 24 hours in the presence or absence of S1PR2 inhibitor JTE 013 (10 μM). 
Cell lysates were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) 
representative western blotting image of p-MEK 1/2 and p-ERK 1/2 protein expression 
showing the changes in the phosphorylation at 15 min and 30 min. Phosphorylation of (B) 
MEK 1/2 and (C) ERK 1/2 were normalised to total level of MEK 1/2 and ERK 1/2 respectively. 
The data represent samples from at least three different experiments expressed as the mean 
± SEM of the % relative to IL-1β-stimulated phosphorylation. Statistical analysis was carried 
out using two-way ANOVA (with Fisher LSD test). Asterisks indicate a p value of (*p<0.05, 
**p<0.01, ***p<0.001). 
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Figure 4-8 Effect of JTE 013 on IL-1β-stimulated P38 and JNK pathways in 3T3-L1 adipocytes. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for 15 and 30 min following 
preincubation for 24 hours in the presence or absence of S1PR2 inhibitor JTE 013 (10 μM). 
Cell lysates were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) 
representative western blotting image of p-P38 and p-JNK protein expression showing the 
changes in the phosphorylation at 15 min and 30 min. Phosphorylation of (B) P38 and (C) JNK 
were normalised to total level of P38 or JNK respectively. The data represent samples from 
at least six different experiments expressed as the mean ± SEM of the % relative to IL-1β-
stimulated phosphorylation. Statistical analysis was carried out using two-way ANOVA (with 
Fisher LSD test). Asterisks indicate a p value of (*p<0.05, **p<0.01, ****p<0.0001). 
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4.3.5.3 S1PR2 antagonist (JTE 013) does not have any effect on IL-1β-
stimulated IKβα and NF-KB phosphorylation 

Another pathway that has been potentially linked to iNOS regulation by IL-1β is 

the NF-KB pathway. Also, S1PR2 has been shown to promote inflammation in many 

cell types via the NF-KB pathway (Yang et al, 2022). Therefore, it was of interest 

to determine whether S1PR2 inhibition influences the IL-1β-stimulated NF-KB 

pathway in 3T3-L1 adipocytes. 3T3-L1 adipocytes were incubated with IL-1β for 

15 min and 30 min following 24 h preincubation with JTE 013 (10 μM). The 

phosphorylation of NF-KB, IKBα and IKBα protein degradation were assessed as a 

measure of stimulation by western blotting. 

Stimulation of 3T3-L1 adipocytes with IL-1β in the absence of JTE 013 caused a 

significant increase in p-NF-KB at 15 min (****p<0.0001) and 30 min (****p<0.0001), 

compared to basal level (no addition of IL-1β). However, in the presence of JTE 

013, NF-KB phosphorylation was not significantly different compared to that seen 

with IL-1β treatment alone (Figure 4-9B). Similarly, IKβα phosphorylation 

increased significantly in 3T3-L1 adipocytes stimulated with IL-1β at 15 min and 

30 min (****p<0.0001 and *p<0.05, respectively) in the absence of JTE 013. 

However, IKβα phosphorylation was similar in the presence of JTE 013, compared 

to IL-1β treatment alone (Figure 4-9C). 

IKβα protein expression was observed to decline significantly (***p<0.001 and 

****p<0.0001, respectively) at 15 min and 30 min following IL-1β stimulation, 

compared to basal level (no addition of IL-1β). However, JTE 013 addition had no 

impact on IKβα protein level (Figure 4-9D).  
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Figure 4-9 Effect of JTE 013 on IL-1β-stimulated NF-KB signalling pathways in 3T3-L1 
adipocytes.  

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) for 15 or 30 min following 
preincubation for 24 hours in the presence or absence of the S1PR2 inhibitor JTE 013 (10 μM). 
Cell lysates were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) 
representative western blotting image of p-NF-KB, p-IKBα and IKBα protein expression 
showing the changes in the phosphorylation at 15 min and 30 min. Phosphorylation of (B) 
NF-KB, (C) IKBα and (D) IKBα protein were normalised to total level of NF-KB, IKBα, or GAPDH 
respectively. The data represent samples from three different experiments expressed as the 
mean ± SEM of the % relative to IL-1β-stimulated phosphorylation. Statistical analysis was 
carried out using Two-way ANOVA (with Fisher LSD test). Asterisks indicate a p value of 
(*p<0.05, ****p<0.0001). 
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4.3.6  Effect of MAPK inhibitors and a P13K/Akt inhibitor on IL-1β-
stimulated iNOS expression and NO production in 3T3-L1 
adipocytes 

Previous studies have reported that MAPKs pathway and P13K/Akt are implicated 

in regulation of many proinflammatory mediators. Also, in this study, these 

pathways have been seen to be regulated by S1P/S1PR2 in IL-1β stimulated 

adipocytes. Given that, the S1P/S1PR2 pathway could participate in IL-1β-

mediated iNOS regulation via MAPKs and P13K/Akt pathways. Therefore, specific 

MAPK inhibitors and a P13K/Akt inhibitor were used to confirm whether the anti-

inflammatory effect of JTE 013 (an S1PR2 inhibitor) on IL-1β-mediated iNOS 

upregulation is mediated via MAPKs and P13K/Akt pathways in adipocytes. 3T3-L1 

adipocytes were preincubated with PD98059 (MEK-ERK pathway inhibitor-50 μM), 

SP600125 (JNK pathway inhibitor-25 μM), SB202190 (P38 pathway inhibitor-25 μM) 

or LY294002 (P13K/Akt inhibitor-20 μM) for 45 min prior to being stimulated with 

IL-1β (10 ng/ml) for 24 hours. After treatment, lysate was prepared, and iNOS 

expression was assessed by western blotting while NO production was determined 

by the presence of nitrite/nitrate in the medium. 

As shown in Figure 4-10, stimulation of 3T3-L1 adipocytes with IL-1β in the absence 

of MAPKs and PI3K/Akt inhibitors caused a significant (****p<0.0001) increase in 

iNOS expression and NO production. PD98059 (ERK 1/2 inhibitor), SP600125 (JNK 

inhibitor), and LY294002 (PI3K/Akt inhibitor) significantly suppressed iNOS 

expression and NO production in IL-1β stimulated adipocytes. However, IL-1β-

induced iNOS expression and NO production was significantly (****p<0.0001) 

augmented by SB202190 (P38 inhibitor) pretreatment. 
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Figure 4-10 Effect of MAPKs inhibitors and a P13K/Akt inhibitor on IL-1β-stimulated iNOS 
expression and NO production in 3T3-L1 adipocytes.  

3T3-L1 adipocytes were pretreated for 45 min with 50 μM PD98059 (ERK 1/2 inhibitor), 25 μM 
SP600125 (JNK inhibitor), 25 μM SB202190 (P38 inhibitor) or 20 μM LY294002 (PI3K/Akt 
inhibitor) and were then stimulated with IL-1β (10 ng/ml) for 24 hours. Cell lysates were 
prepared and resolved by SDS-PAGE with the appropriate antibodies. Media was collected 
and NO production was investigated using a Sievers 280A NO Meter. (A) representative 
western blotting images and (B) graph for the change in iNOS protein expression. Protein 
level of iNOS was normalised to level of GAPDH protein. (C) IL-1β-stimulated NO production 
in 3T3-L1 adipocytes. The data represent samples from three different experiments expressed 
as the mean ± SEM of the % relative to IL-1β stimulation. Statistical analysis was carried out 
using one-way ANOVA (with Bonferroni’s test). Asterisks indicate a p value of (***p<0.001, 
****p<0.0001). 
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4.3.7 ATP-binding cassette transporter (ABCA1) inhibitor 
glybenclamide attenuates iNOS expression and NO 
production induced by IL-1β  

Collectively, the findings from chapter 1 and 2 proposed that IL-1β upregulates 

SphK1, resulting in S1P production inside adipocytes which is then exported 

outside via transporters. The additive effect of S1P and IL-1β seems to be caused 

by activation of S1PR2. ATP-binding cassette transporter (ABCA1) is one of many 

transporters that has been validated as being expressed in adipocytes. A recent 

study showed that ABCA1 functions as an S1P transporter in adipocytes (Ito et al, 

2013). Therefore, I speculated that ABCA1 might transport S1P resulting from IL-

1β-mediated SphK1 activation outside the cell to allow S1PRs activation in 

adipocytes. To test this possibility, an ABCA1 inhibitor (glybenclamide) was used. 

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) and S1P (10 μM) in the 

presence and absence of glybenclamide (10 μM) for 24 hours. After treatment, 

lysate was prepared, and iNOS expression was assessed by western blotting while 

NO production was determined by the presence of nitrite/nitrate in the medium. 

Incubation of 3T3-L1 adipocytes with IL-1β in the absence of glybenclamide caused 

a significant increase, compared to the untreated cells, in both iNOS expression 

and NO production (****p<0.0001). A significant reduction (*p<0.05, ***p<0.001) 

was observed in iNOS expression and NO production in the presence of 

glybenclamide, compared to IL-1β treatment alone.  

Incubation of 3T3-L1 adipocytes with IL-1β and S1P in the absence of 

glybenclamide caused a significant (*p<0.05, ***p<0.001, respectively) increase, in 

iNOS expression and NO production, compared to IL-1β treatment alone. In the 

presence of glybenclamide, the additive effect of exogenous S1P was decreased 

and became non-significant although there was still a tendency towards an 

additive effect, suggesting that intracellular S1P resulting from IL-1β-induced 

SphK1 activation is important for the additive effect of S1P on IL-1β-mediated 

iNOS regulation (Figure 4-11).  
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Figure 4-11 Effect of ATP-binding cassette transporter inhibitor -ABCA1 (glybenclamide) on 
iNOS protein expression and NO production in stimulated adipocytes.  

3T3-L1 adipocytes were stimulated with IL-1β (10 ng/ml) alone or in combination with S1P (10 
μM) in the presence and absence of glybenclamide (10 μM) for 24 hours. Cell lysates were 
prepared and resolved by SDS-PAGE with the appropriate antibodies. Media was collected 
and NO production was investigated by using a Sievers 280A NO Meter. (A) representative 
western blotting images and (B) graph for the change in iNOS protein expression. Protein 
level of iNOS was normalised to level of GAPDH protein. (C) IL-1β stimulated NO production 
in 3T3-L1 adipocytes. The data represent samples from three different experiments expressed 
as the mean ± SEM of the % relative to IL-1β stimulation. Statistical analysis was carried out 
using one-way ANOVA (with Tukey test). Asterisks indicate a p value of (*p<0.05, ***p<0.001, 
****p<0.0001). 
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4.3.8 Conditioned media derived from activated macrophages 
upregulates iNOS expression and NO production in 3T3-L1 
adipocytes 

The complex inflammatory profile of inflamed adipose tissue arises from the 

interplay between adipocytes and macrophages. Since macrophages secrete a 

range of proinflammatory cytokines and other products, it was of interest to 

establish the effect of activated macrophages on iNOS regulation in 3T3-L1 

adipocytes. Murine RAW 264.7 macrophages were activated with LPS (100 ng/ml) 

for either 8 or 24 hours, and conditioned medium was collected. 3T3-L1 adipocytes 

were then stimulated with the conditioned medium, diluted to 1:4 and 1:2 in 

DMEM for 24 hours. After treatment, lysate was prepared, and iNOS expression 

was assessed by western blotting while NO production was determined by 

nitrite/nitrate in the medium. 

Stimulation of 3T3-L1 adipocytes with macrophage-conditioned medium activated 

with LPS for 8 hours caused a significant (*p<0.05) increase in iNOS expression at 

both dilutions compared to untreated cells. Moreover, conditioned medium 

activated with LPS for 24 hours also caused a significant (*p<0.05, ****p<0.0001) 

increase in iNOS expression at both dilutions relative to untreated cells (Figure 

4-12B). 

Similarly, NO production by the adipocytes showed a significant increase when the 

cells were treated conditioned media activated for either 8 or 24 hours (*p<0.05, 

**p<0.01, ***p<0.001; Figure 4-12C). 
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Figure 4-12 Effect of conditioned media derived from activated macrophages (RAW 267.4) on 
iNOS and NO production in 3T3-L1 adipocytes.  

RAW 264.7 macrophages were activated with LPS (100 ng/ml) for 8 hours or 24 hours and 
conditioned medium collected and stored at -80°C. 3T3-L1 adipocytes were stimulated with 
conditioned medium diluted at 1:4 or 1:2 with DMEM for 24 h. Cell lysates were prepared at 
indicated time points and resolved by SDS-PAGE with the appropriate antibodies. Media was 
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collected and NO production was investigated by using a Sievers 280A NO Meter. (A) 
representative western blotting images and (B) graph for the change in iNOS protein 
expression. Protein level of iNOS was normalised to level of GAPDH protein. (C) NO 
production in 3T3-L1 adipocytes stimulated with RAW 264.7 conditioned media. The data 
represent samples from three different experiments expressed as the mean± SEM. Statistical 
analysis was carried out using two-way ANOVA (with LSD test). Asterisks indicate a p value 
of (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

4.3.9 LPS activates SphK1 phosphorylation in RAW 267.4 cell 

SphK1 and its product S1P have been proposed to be activated in RAW 267.4 

macrophages treated with LPS. To confirm this, RAW 267.4 macrophages were 

treated with 100 ng/ml LPS for 5 min, 15 min, 30 min, 60 min and 120 min. LPS-

induced SphK1 phosphorylation was then determined by western blot analysis. 

Treatment of RAW 267.4 cells with LPS (Figure 4-13) caused a significant increase 

in SphK1 phosphorylation compared to untreated cells after 120 min (**p<0.01).  
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Figure 4-13 The effect of LPS on the SphK1 phosphorylation in RAW 267.4 cells. 

RAW 267.4 cells were stimulated with LPS (100 ng/ml) for the indicated times. Cell lysates 
were prepared and resolved by SDS-PAGE with the appropriate antibodies. (A) representative 
western blotting image and (B) graph of pSphK1 protein expression showing the changes in 
pSphK1 expression at 5 min, 15 min, 30 min, 60 min and 120 min. Protein level of pSphK1 was 
normalised to level of SphK1. The data represent samples from five different experiments 
expressed as the mean ± SEM fold change relative to control (no LPS treatment). Statistical 
analysis was carried out using one-way ANOVA (with Dunnett’s test). Asterisks indicate a p 
value of (**p<0.01). 
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4.3.10 SphK1 inhibition in LPS-activated macrophages 
decreases iNOS expression and NO production in 3T3-L1 
adipocytes co-cultured with activated RAW 267.4 
conditioned media 

LPS upregulates pSphK1 in macrophages (Figure 4-13), suggesting that the cells 

would increase S1P production which could be involved in macrophage-mediated-

iNOS regulation in adipocytes by activating S1PRs. To investigate the role of SphK1 

in macrophage-mediated iNOS regulation in 3T3-L1 adipocytes, conditioned media 

was collected from activated macrophages in the presence and absence of the 

SphK1 inhibitor, PF543 (100 nM). 3T3-L1 adipocytes were then incubated for 24 

hours in this conditioned media from macrophages to assess the effect on iNOS 

expression and NO production. After treatment, lysate was prepared, and iNOS 

expression was assessed by western blotting while NO production was determined 

by the presence of nitrite/nitrate in the medium. 

As shown in Figure 4-14, incubation of 3T3-L1 adipocytes with macrophage 

conditioned media treated with LPS in the absence of PF543, caused a significant 

increase in iNOS expression and NO production (****p<0.0001). When treated with 

PF543, there was a significant reduction (*p<0.05) in iNOS expression and NO 

production compared to treatment with macrophage conditioned media activated 

with LPS alone.  
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Figure 4-14 The effect of SphK1 inhibition in activated macrophages on iNOS expression 
and NO production in 3T3-L1 adipocytes co-cultured with activated RAW 267.4 conditioned 
media. 

RAW 264.7 macrophages were pretreated with SphK1 inhibitor PF543 (100 nM) for 45 min and 
then were activated with LPS (100 ng/ml) for 8 hours in the presence and absence of PF543 
(100 nM). Then, conditioned medium was collected and stored at -80 °C. 3T3-L1 adipocytes 
were stimulated with 1:4 dilution of the conditioned medium for 24 hours. Cell lysates were 
prepared and resolved by SDS-PAGE with the appropriate antibodies. Media was collected 
and NO production was investigated by using a Sievers 280A NO Meter. (A) representative 
western blotting images and (B) graph for the change in iNOS protein expression. Protein 
level of iNOS was normalised to level of GAPDH protein. (C) NO production in 3T3-L1 
adipocytes stimulated with RAW 264.7 conditioned media. The data represent samples from 
six different experiments expressed as the mean ± SEM of the % relative to RAW 267-C.M 
stimulation. Statistical analysis was carried out using one-way ANOVA (with Bonferroni’s 
test). Asterisks indicate a p value of (*p<0.05, ****p<0.0001). 
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4.3.11 S1PR2 antagonism in activated macrophages reduces 
iNOS expression and NO production in 3T3-L1 adipocytes 
co-cultured with activated RAW 267.4 C.M  

It has been established in this thesis that S1PR2 mediates iNOS expression and NO 

production in 3T3-L1 adipocytes. However, the role of the S1PR2 receptor in 

macrophages was unknown. To investigate this conditioned media was collected 

from activated macrophages in the presence and absence of an S1PR2 inhibitor, 

JTE 013 (10 μM). 3T3-L1 adipocytes were then incubated for 24 hours in the 

conditioned media from macrophages to assess whether S1PR2 inhibition could 

affect iNOS expression and NO production in 3T3-L1 adipocytes. After treatment, 

lysate was prepared, and iNOS expression was assessed by western blotting while 

NO production was determined by nitrite/nitrate in the medium. 

Incubation of 3T3-L1 adipocytes with macrophage conditioned media treated with 

LPS in the absence of JTE 013, caused a significant increase in iNOS expression 

and NO production (****p<0.0001). When treated with JTE 013, there was a 

significant reduction (**p<0.01, ***p<0.001) in iNOS expression and NO production 

in 3T3-L1 adipocytes compared to macrophage conditioned media activated with 

LPS alone (Figure 4-15).  



134 

 

  

Figure 4-15 The effect of S1PR2 inhibition in activated macrophages on iNOS expression 
and NO production in 3T3-L1 adipocytes co-cultured with activated RAW 267.4 C.M. 

RAW 264.7 macrophages were pretreated with JTE 013 (10 μM) and then were activated with 
LPS (100 ng/ml) for 8 hours in the presence and absence of JTE 013 (10 μM). Then, 
conditioned medium was collected and stored at -80oC. 3T3-L1 adipocytes were stimulated 
with 1:4 dilution of the stimulated conditioned medium for 24 h. Cell lysates were prepared 
and resolved by SDS-PAGE with the appropriate antibodies. Media was collected and NO 
production was investigated by using a Sievers 280A NO Meter. (A) representative western 
blotting images and (B) graph for the change in iNOS protein expression. Protein level of 
iNOS was normalised to level of GAPDH protein. (C) NO production in 3T3-L1 adipocytes 
stimulated with RAW 264.7 conditioned media. The data represent samples from at least three 
different experiments expressed as the mean ± SEM of the % relative to RAW 267 C.M 
stimulation. Statistical analysis was carried out using one-way ANOVA (with Bonferroni’s 
test). Asterisks indicate a p value of (**p<0.01, ***p<0.001, ****p<0.0001). 
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4.3.12 Effects of S1P receptors antagonism in 3T3-L1 
adipocytes on iNOS expression and NO production 
following co-culture with activated RAW 267.4 C.M  

To further investigate whether S1PR1-3 inhibition in 3T3-L1 adipocytes would affect 

macrophage-mediated iNOS regulation, adipocytes were incubated with S1PR1 

antagonist W146 (10 μM), S1PR2 antagonist JTE 013 (10 μM) or the S1PR3 antagonist 

CAY10444 (10 μM) for 45 min prior to being stimulated with activated macrophage 

conditioned media for 24 hours. After treatment, lysate was prepared, and iNOS 

expression was assessed by western blotting while NO production was determined 

by nitrite/nitrate in the medium. 

Incubation of 3T3-L1 adipocytes with condition media stimulated with LPS in the 

absence of W146 caused a significant (****p<0.0001) increase in iNOS expression 

and NO production. In the presence of W146, there was a significant decrease in 

iNOS expression, relative to adipocytes incubated with conditioned media alone 

while NO production was not affected (Figure 4-16 B and C).  

Incubation of 3T3-L1 adipocytes with stimulated macrophage conditioned media 

in the absence of JTE 013 caused a significant (****p<0.0001) increase in iNOS 

expression and NO production, compared to untreated cells while in the presence 

of JTE 013, there was a significant decrease in iNOS expression and NO production 

(Figure 4-16 E and F). 

Incubation of 3T3-L1 adipocytes with stimulated macrophage conditioned media 

in the absence of CAY caused a significant (****p<0.0001) increase in iNOS 

expression and NO production, compared to untreated cells and preincubation of 

3T3-L1 adipocytes with CAY did not alter iNOS expression and NO production 

stimulated by macrophage conditioned media (Figure 4-16 H and I).   
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Figure 4-16 The effect of S1P receptor inhibition on iNOS expression and NO production in 
3T3-L1 adipocytes co-cultured with activated RAW 267.4 C.M. 

RAW 264.7 macrophages were activated with LPS (100 ng/ml) for 8 hours. Then, conditioned 
medium was collected and stored at -80°C. 3T3-L1 adipocytes were pretreated with S1PR1 

inhibitor W146 (10 μM), S1PR2 inhibitor JTE 013 (10 μM) and S1PR3 inhibitor CAY10444 (10 
μM) then were stimulated with 1:4 dilution of stimulated conditioned medium in the presence 
and absence of the three inhibitors for 24h. Cell lysates were prepared and resolved by SDS-
PAGE with the appropriate antibodies. Media was collected and NO production was 
investigated by using a Sievers 280A NO Meter. (A, D, and G) representative western blotting 
images and graphs (B, E and H) for the change in iNOS protein expression. Protein level of 
iNOS was normalised to level of GAPDH protein. (C, F, and I) NO production in 3T3-L1 
adipocytes stimulated with RAW 264.7 conditioned media. The data represent samples from 
at least three different experiments expressed as the mean ± SEM of the % relative to RAW 
267 C.M stimulation. Statistical analysis was carried out using one-way ANOVA (with 
Bonferroni’s test). Asterisks indicate a p value of (*p<0.05, ****p<0.0001).  



137 

 

4.4 Discussion 

In the previous chapter, it was found that IL-1β upregulates SphK1, which would 

then be expected to generate S1P which could contribute to IL-1β-mediated iNOS 

regulation in 3T3-L1 adipocytes. In support of this hypothesis, exogenous S1P was 

found to augment iNOS expression and NO production in 3T3-L1 adipocytes 

stimulated with IL-1β (Figure 3-12). Thus, in this chapter, it was important to 

investigate more fully how SphKs/S1PRs modulate iNOS regulation in adipocytes 

stimulated with the cytokine IL-1β as well as a more physiologically-relevant 

stimulus, namely macrophage-conditioned media. Use of conditioned media from 

macrophages would more accurately reflect the interplay between macrophages 

and adipocytes in the adipose tissue. The data presented in this chapter indicate 

that SphK1/S1PR2 is the most likely axis modulating iNOS regulation and NO 

production via MAPKs and PI3K/Akt pathways. Furthermore, secretory products 

from activated macrophages upregulate iNOS expression and NO production in 

3T3-L1 adipocytes, while activated macrophages treated with SphK1 inhibitor or 

an S1PR2 antagonist have suppressed ability to upregulate iNOS expression and NO 

production in adipocytes. Furthermore, although antagonism of S1PR1 receptor in 

3T3-L1 adipocytes prior to stimulation with macrophage conditioned media 

decreased iNOS expression, it did not suppress NO production as was seen with 

the S1PR2 antagonist. 

A number of studies have reported that SphK isoforms are implicated in the 

regulation of many inflammatory processes (Tous et al, 2014; Wang et al, 2014). 

Elevated levels of SphK1 have been reported in the adipose tissue of obese mice 

(Hashimoto et al, 2009). In the current study, pre-treatment of 3T3-L1 adipocytes 

with a SphK1 inhibitor (PF543) significantly decreased IL-1β-mediated iNOS 

expression and NO production (Figure 4-1), suggesting SphK1 activity promotes 

iNOS regulation and then NO production in 3T3-L1 adipocytes. This result is 

consistent with previous observations which showed the involvement of SphK1 in 

iNOS regulation in microglial cells (Nayak et al, 2010) and in murine HAPI 

microglial cell line (Wang et al, 2021). My data is also supported by data from 

Trypanosoma cruzi-infected mice in which iNOS gene expression and 

proinflammatory mediators (IL-1β and TNF-α) were decreased in mice treated 

with SphK1 inhibitor DMS (Vasconcelos et al, 2017). In contrast, SphK2 inhibition 



138 

 

by ROME failed to inhibit IL-1β-mediated iNOS expression and NO production in 

3T3-L1 adipocytes (Figure 4-2), implying it is not involved in iNOS regulation. In 

support of the differential role of SphK isoenzymes seen in this study, it has been 

reported that SphK1 promotes inflammation in mice with inflammatory arthritis, 

while SphK2 protects these mice by improving inflammatory arthritis (Lai et al, 

2009). However, in my study, SphK2 inhibition by ROME did not show an additive 

effect to IL-1β-mediated iNOS expression, although IL-1β has been shown to 

downregulate SphK2 gene expression in the previous chapter which could account 

for the lack of effect of ROME. The ROME compound is one of the most selective 

and potent SphK2 inhibitors available (Pyne et al, 2020), however, it is possible to 

use other compounds to confirm whether SphK2 has a protective role in iNOS 

regulation. Moreover, it has been reported that SphK1 is the predominant isoform 

of SphK producing S1P into the circulation (Qi et al, 2021), which could also 

underlie why only SphK1 inhibition has a protective effect in modulating iNOS 

regulation in 3T3-L1 adipocytes. Measuring S1P production in adipocytes 

stimulated with IL-1β in the presence and absence of SphK isoenzymes may also 

further elucidate the distinct role of SphK isoenzymes. To our knowledge, these 

data are the first to demonstrate that IL-1β requires SphK1 but not SphK2 in order 

to regulate iNOS in 3T3-L1 adipocytes. 

S1P exerts its biological effects by activating a wide range of S1PRs. S1PR1-3
 are 

expressed in adipose tissue and adipocytes (Jun et al, 2006; Mastrandrea, 2013). 

To address which specific receptor is involved in iNOS regulation, I used the 

selective S1PR1 antagonist W146, S1PR2 antagonist JTE 013, and S1PR3 antagonist 

CAY10444. The findings imply that all three receptors have a role in the regulation 

of iNOS expression in stimulated adipocytes (Figure 4-3). However, only the S1PR2 

antagonist strongly suppressed NO production in stimulated adipocytes (Figure 

4-4). These results implied that S1PR2 activation with a specific agonist, CYM 5478 

in stimulated 3T3-L1 adipocytes would have the opposite effect to JTE 013 and 

indeed, CYM 5478 augmented iNOS expression and NO production in IL-1β-

stimulated 3T3-L1 adipocytes (Figure 4-5). It is clear that the effect of CYM 5478 

is not as strong as the effect of JTE 013, which could be due to activation of S1PR2 

by CYM 5478 not being as effective as activation by endogenous S1P. Another 

possible reason is the difference between JTE 013 and CYM 5478 on their binding 

sites; JTE 013 is an antagonist which binds to orthosteric site on the receptor, 
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while CYM 5478 is agonist bind to allosteric sites (Chew et al, 2016; Satsu et al, 

2013). Therefore, this discrepancy in binding sites might result in activating 

different G protein subunits to induce distinct downstream signalling pathway 

(Digby et al, 2010). Supporting this idea, the magnitude of CYM 5478 induced iNOS 

expression and NO production in stimulated adipocytes was similar to that induced 

by S1P, as seen in previous chapter. This suggests that the agonist binding to a 

distinct binding site might result in coupling to a different G protein subunit from 

antagonist. It also important to note that JTE 013 has broader inhibition of 

proinflammatory signalling in adipocytes as seen in this chapter, hence result in a 

stronger overall effect compared to the more targeted effects of an agonist CYM 

5478. More investigations are needed to delineate the effect of CYM 5478 in 

proinflammatory signalling in 3T3-L1 adipocytes. These data are consistent with 

the many studies to date investigating the involvement of S1PR2 in iNOS 

regulation. S1PR2 inhibition has been reported to suppress iNOS protein expression 

in rat glomerular mesangial cell line (Gong et al, 2020), and NOX2 gene expression 

in the aorta of ApoE−/− animals (Ganbaatar et al, 2021). These data also support a 

recent study showing that there was a reduction in NOX2 gene expression in 

epididymal adipocytes of HFD mice deficient in S1PR2 (Kitada et al, 2016). Also of 

relevance to the current study, S1PR2 inhibition by JTE 013 was shown to decrease 

iNOS expression and NO production in placenta tissue of the preeclampsia rat 

(Zhang et al, 2021). Additionally, this is in agreement with Skoura et al. (2007), 

showing that S1PR2 activation upregulates COX-2 in endothelial cells (Skoura et al, 

2007), and also with previous work by Du et al. (2012), showing that JTE-013 

reduces endothelium monolayer hyper-permeability caused by LPS and TNF-α (Du 

et al, 2012). To my knowledge, these data demonstrate for the first time that 

S1PR2 inhibition suppresses iNOS expression and NO production in IL-1β-stimulated 

adipocytes. 

It is well known that S1PRs modulate a differential effect via several distinct and 

divergent pathways. Also, IL-1β stimulates a wide range of pathways that are 

involved in iNOS regulation and NO production. Despite S1PR1-3 receptors all being 

implicated in modulating iNOS expression in 3T3-L1 adipocytes, S1PR2 appears to 

be the dominant receptor involved in iNOS expression and NO synthesis. This could 

be attributed to several factors. S1PR1 and S1PR3 have been reported to signal via 

Gi, whilst S1PR2 has been found to couple with multiple Gα subunits, including Gi, 
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Gq, and G12/13 (Bryan & Del Poeta, 2018). In addition, it is possible that S1PR2 

regulates post-translation modifications of iNOS that are required for its activity. 

For example, iNOS phosphorylation by protein kinase A (PKA), and protein kinase 

C (PKC) can increase NO production, and S1PR2 could activate these pathways. 

S1PR2 couples to G12/13 subunits, activating RhoA/ROCK pathway (Aarthi et al, 

2011), which is involved in iNOS activation (Glotfelty et al, 2023), while other S1P 

receptors activate alternate G protein subunits. Further comprehensive 

mechanistic studies will be necessary to elucidate how S1PR2 cascades regulate 

iNOS and NO production versus S1PR1 and S1PR3. 

S1PR2 is one of the S1PRs implicated in many inflammatory processes within 

adipose tissue. S1PR2 regulates various cellular signalling pathways, including 

PI3K/Akt, ERK, JNK, p38 MAPK, and NF-KB (Kluk & Hla, 2002; Wang et al, 2023; 

Yang et al, 2022). Moreover, it was discussed in Chapter 3 that these pathways 

are implicated in many inflammatory processes within adipose tissue. Here, I 

further investigated which of these downstream pathways are affected by S1PR2 

inhibition in IL-1β-stimulated adipocytes. It was found that JTE 013 strongly 

downregulates iNOS expression and NO production in IL-1β-stimulated adipocytes; 

therefore, it was important to characterise this effect further. IL-1β was found to 

significantly upregulate Akt phosphorylation, a PI3K downstream effector, while 

preincubation of adipocytes with JTE 013 significantly suppressed IL-1β-stimulated 

Akt phosphorylation (Figure 4-6), suggesting that JTE 013 was capable of 

modulating the PI3K/Akt pathway stimulated by IL-1β, and, as a result, to 

decrease iNOS expression and NO production. These data support the few reports 

to date investigating the effect of S1PR2 inhibition on proinflammatory cytokines 

via the PI3K/Akt pathway. It has been reported that S1PR2 inhibition by JTE 013 

downregulates COX-2 expression in human cholangiocellular carcinoma cell line 

via PI3K/Akt pathway suppression (Liu et al, 2015). Moreover, these data support 

the findings of Michaud and co-workers, who reported that chemoattractant-

stimulated Akt phosphorylation in bone marrow-derived macrophages (BMDM) is 

decreased in cells lacking S1PR2 (Michaud et al, 2010).  

In addition, MAPK family pathways are proven to regulate many proinflammatory 

processes within adipose tissue. The phosphorylation of MAPK family pathways, 

including ERK1/2, JNK, and p38, are implicated in iNOS expression in 3T3-L1 
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adipocytes (Nepali et al, 2015). To further explore the mechanisms of JTE 013 in 

iNOS regulation in stimulated adipocytes, I assessed the IL-1β-stimulated MAPKs 

phosphorylation in 3T3-L1 adipocytes treated with JTE 013. As shown in Figure 

4-7, IL-1β treatment alone resulted in an increase in MEK-ERK pathway 

phosphorylation at 15 min and 30 min. Inhibition of S1PR2 with JTE 013 

significantly suppressed IL-1β-stimulated MEK-ERK phosphorylation. Similarly, IL-

1β has been shown to markedly upregulate P38 phosphorylation and JNK 

phosphorylation. Inhibition of S1PR2 with JTE 013 significantly suppressed IL-1β-

stimulated JNK phosphorylation and P38 phosphorylation (Figure 4-8), implying 

that JTE 013 is able to suppress iNOS via suppressing these pathways in stimulated 

adipocytes. These data support a recent study by Hou et al. (2021), who reported 

that JTE 013 blunts NLRP3 inflammasome-driven inflammation in bone marrow–

derived monocyte/macrophages (BMMs) via MAPKs (ERK1/2, JNK, and P38) 

pathways (Hou et al, 2021). It has been reported that S1PR2 inhibition by JTE 013 

downregulates COX-2 expression in human cholangiocellular carcinoma cell line 

via ERK1/2 pathway suppression (Liu et al, 2015), and JTE 013 suppresses LPS-

induced inflammation in alveolar epithelial cells via JNK pathway inhibition (Liu 

et al, 2021). Moreover, these data support previous finding where JTE 013 has 

been shown to have a protective effect against oxidative stress-induced 

cerebrovascular endothelial barrier impairment via ERK1/2 and P38 suppression 

(Cao et al, 2019).  

The NF-KB pathway is one of the important pathways regulating iNOS expression 

and NO production in adipocytes (Kim et al, 2020). To further explore the 

mechanisms of JTE 013 in iNOS regulation in stimulated adipocytes, I assessed the 

IL-1β-stimulated NF-KB activation pathway in 3T3-L1 adipocytes treated with JTE 

013. However, while IL-1β significantly upregulated NF-KB pathways by increasing 

NF-KB activation, IKBα phosphorylation, and IKBα degradation (Figure 4-9), 

inhibition of S1PR2 with JTE 013 did not attenuate the IL-1β-stimulated NF-KB 

pathway activation. This could be explained if this mechanism was not one of the 

mechanisms by which JTE 013 inhibited iNOS expression in stimulated adipocytes. 

In contrast to our finding, it was reported that JTE 013 inhibits NF-KB activation 

in lipopolysaccharide LPS-induced rat glomerular mesangial cells (RMCs) (Gong et 

al, 2020). Also, it has been reported that knockdown of S1PR2 or pharmacological 

inhibition by JTE 013 decreases the inflammatory response in acinar cells of 
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pancreatitis mouse models via the NF-KB pathway (Yang et al, 2022). The same 

study reported that JTE 013 suppresses NF-KB activation in RAW264.7 

macrophages treated with taurocholic acid (TCA). Our finding is consistent with 

the data shown in chapter three, where S1P did not alter the NF-KB pathway, 

further supporting that S1P mediates upregulation of iNOS enzyme via NF-KB 

independent pathways.    

A network of signalling molecules can induce iNOS expression and its product NO. 

The MAPKs and PI3K/Akt pathways play a significant role in the regulation of iNOS 

in many cells (Kugo et al, 2021; Nepali et al, 2015). My results showed the 

activation of ERK, JNK, P38, and Akt in stimulated adipocytes was suppressed by 

JTE 013 pretreatment. Therefore, to confirm whether the ability of JTE 013 to 

suppress IL-1β-stimulated iNOS expression and NO production was dependent upon 

PI3K/Akt and MAPKs pathway activation, pharmacological inhibitors of these 

pathways were utilised. Here I showed that the inhibitors of PI3K/Akt, ERK1/2, 

and JNK, but not the inhibitor targeting P38, suppressed iNOS expression and NO 

production in stimulated adipocytes (Figure 4-10). These results provide further 

strong evidence that the effect of JTE 013 on iNOS expression and NO production 

was mediated by the PI3K/Akt and MAPK pathways (ERK and JNK).  

It was anticipated that inhibition of P38 phosphorylation might blunt the iNOS 

expression and NO production in response to IL-1β in adipocytes. However, P38 

inhibition contradicts the anticipated anti-inflammatory paradigm and, as Figure 

4-10 shows, inhibition of P38 by SB202190 significantly augmented IL-1β induced 

iNOS expression and NO production in adipocytes. In mouse J774 macrophages and 

human colon epithelial cells T-84, SB202190 has been demonstrated to have a 

concentration-dependent bidirectional effect on iNOS expression and NO 

generation (Lahti et al, 2002). Moreover, it has been shown that SB202190 might 

activate JNK phosphorylation, leading to transcription factor 2 activation (ATF-2), 

and increased AP-1 DNA binding in multiple cells lines (Muniyappa & Das, 2008). 

ATF-2 is a transcription factor which complexes with AP-1 DNA binding proteins to 

induce inflammatory gene expression, including the iNOS gene (Aktan, 2004). 

Therefore, the mechanism by which SB202190 augments iNOS regulation in 

stimulated adipocytes may be dose-dependent or via JNK phosphorylation; 
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however, further investigation is required to uncover the precise role of S1PR2 in 

P38 pathway activation, particularly in iNOS regulation in adipocytes.   

Numerous studies have shown that ATP-binding cassette transporter (ABC), 

including ABC transporter A1 (ABCA1), is widely implicated in transporting S1P out 

of many cells. For example, it has been demonstrated that ABCA1 inhibition by a 

non-selective inhibitor (glybenclamide) decreased S1P release induced by apoA in 

astrocytes (Sato et al, 2007), and HUVECs (Liu et al, 2016). Moreover, it has been 

shown that thrombin-induced S1P release from rat platelets is inhibited by another 

ABCA inhibitor (glyburide) (Kobayashi et al, 2006). ABCA1 is expressed in 

adipocytes, and it has also been shown that hypoxia increases S1P concentration 

in 3T3-L1 adipocyte conditioned media, while it was reduced by ABCA1 inhibition 

with glybenclamide under hypoxia conditions (Ito et al, 2013). Therefore, it was 

speculated that when SphK1 is activated in response to IL-1β it catalyses S1P from 

sphingosine, which is subsequently released through the ABCA1 transporter to 

modulate adipocyte function via S1PRs. In order to investigate whether the ABCA1 

transporter has a role in the additive effect of S1P on IL-1β in upregulating iNOS 

expression and NO production, 3T3-L1 adipocytes were stimulated with IL-1β and 

S1P in the presence and absence of glybenclamide. The data show that S1P 

significantly augmented IL-1β-mediated iNOS expression and NO production in 

3T3-L1 adipocytes and that in the presence of glybenclamide, the additive effect 

of S1P on iNOS expression and NO production was abolished (Figure 4-11). This 

finding might indicate that a significant part of intracellular S1P resulting from IL-

1β participates in inducing iNOS expression and NO production from adipocytes. It 

is worth noting that the ABCA1 alone inhibitor significantly suppressed iNOS 

expression and NO production, which is consistent with a previous study where 

glybenclamide has been shown to inhibit iNOS expression in LPS-stimulated BV2 

microglial cells (Xu et al, 2017). This experiment was an attempt to gain further 

insight into how ABCA1 transporter regulate iNOS expression, and the role it has 

in the additive effect of S1P in iNOS regulation in stimulated adipocytes. 

Therefore, further experiments could confirm the importance of S1P transporters 

either using pharmacological inhibition or by siRNA, and importantly, measuring 

S1P concentration released by the adipocytes.   
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It is well known that M1 activated macrophages are the primary source of most of 

the proinflammatory mediators within the adipose tissue. Moreover, it has been 

suggested that macrophage infiltration into adipose tissue plays a critical role in 

the regulation of many proinflammatory enzymes. It has been previously shown 

that adipose tissue macrophages are responsible for iNOS expression within the 

adipose tissue (Weisberg et al, 2003). Furthermore, SphK1 and its product S1P is 

expressed in adipose tissue macrophages and in activated RAW 264.7 cells 

(Hammad et al, 2008; Wang et al, 2014; Wu et al, 2004). A plethora of studies 

exist proposing a proinflammatory role of the sphingolipid lipid system in adipose 

tissue (Asano et al, 2023; Kitada et al, 2016; Wang et al, 2014). Therefore, another 

aim of this study was firstly to characterise the effect of conditioned medium (CM) 

from LPS-activated macrophages on the regulation of the iNOS in 3T3-L1 

adipocytes and, secondly, to establish an in vitro model for the study of the 

sphingolipid system’s role in paracrine signal-inducing iNOS regulation in 

adipocytes. 

In this set of experiments, RAW 264.7 macrophage cells were treated with LPS to 

polarise macrophages towards the M1 phenotype and promote proinflammatory 

mediator secretion. Utilising an indirect co-culture technique, CM of activated 

macrophages was collected and applied to 3T3-L1 adipocytes to establish that 

iNOS is upregulated by activated macrophage CM. Figure 4-12 demonstrated that 

stimulation of adipocytes with 1:4 and 1:2 dilution of CM activated with LPS for 8 

hours significantly upregulated iNOS expression and NO production. Similarly, CM 

activated with LPS for 24 hours stimulated iNOS expression and NO production in 

adipocytes (Figure 4-12). The phenotype of macrophages was not examined in this 

study; however, iNOS expression in adipocytes treated with activated 

macrophages is considered strong evidence that macrophages are differentiated 

into typical M1 macrophages under the stimulation of LPS. These data confirm and 

establish the paracrine role between macrophages and adipocytes in iNOS 

regulation within the adipose tissue.  

According to the aforementioned findings and background, I hypothesised that 

SphK1 in macrophages is upregulated in response to LPS and the S1P produced is 

important in paracrine signalling between macrophages and adipocytes. Figure 4-

13 demonstrated that LPS stimulates SphK1 phosphorylation in RAW 264.7 cells. 
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Having demonstrated the ability of LPS to activate SphK1 in macrophages, a 

potential role for SphK1 in activated macrophage-induced iNOS regulation in 

adipocytes was investigated. Interestingly, stimulation of 3T3-L1 adipocytes with 

activated macrophage conditioned media caused a significant increase in iNOS 

expression and NO production, which was significantly decreased when activated 

macrophages were treated with SphK1 inhibitor (Figure 4-14). This observation 

suggests that SphK1 activation results in increased S1P production from 

macrophages, and subsequently, S1P itself acts directly on S1P receptors to 

augment iNOS expression in adipocytes. In support of this finding, it has been 

demonstrated that LPS activates SphK1 in RAW 264.7 macrophages and increases 

S1P concentration in conditioned media (Hammad et al, 2008). To further confirm 

these findings, I examined which S1P receptors are involved by pretreating 

adipocytes with the selective S1PR1 antagonist W146, S1PR2 antagonist JTE 013, 

and S1PR3 antagonist CAY10444 prior to stimulating with CM of activated 

macrophages. It was found that S1PR1 and S1PR2 have a role in the regulation of 

iNOS expression in adipocytes stimulated with activated macrophages. However, 

only the S1PR2 antagonist suppressed NO production in adipocytes (Figure 4-16). 

This correlates well with earlier finding in this study, where it was shown that 

exogenous S1P augments iNOS regulation via S1PR2 in adipocytes stimulated with 

IL-1β. 

Recently a number of studies have demonstrated that S1PR2 participates in 

inflammatory cell infiltration. For example, S1PR2 inhibition by JTE 013 has been 

shown to decrease the inflammatory cell infiltration and goblet cell production in 

asthmatic mouse tissues (Liu et al, 2021), and also to decrease the inflammatory 

cell infiltration in placenta preeclampsia rats (Zhang et al, 2021). Another study 

has reported that HFD-induced macrophage polarization and recruitment to 

adipose tissue are ablated in mice lacking S1PR2 (Kitada et al, 2016). Therefore, I 

hypothesised that inhibition of macrophage S1PR2 with JTE 013 would limit the 

macrophage polarization or secretion of LPS-stimulated proinflammatory 

mediators, subsequently reducing iNOS upregulation in 3T3-L1 adipocytes exposed 

to activated macrophage conditioned media. Figure 4-15 demonstrated that 

stimulation of 3T3-L1 adipocytes with activated macrophage conditioned media 

causes a significant increase in iNOS expression and NO production, which was 

significantly decreased when activated macrophages were treated with S1PR2 
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inhibitor (JTE 013). These data support previous findings where JTE 013 has been 

shown to decrease cytokine levels (IL-1β) in the plasma of mice treated with LPS 

(Skoura et al, 2011), and provide further evidence in support of S1PR2 as a key 

mediator in driving inflammatory crosstalk between immune cells and adipocytes 

in adipose tissue. Although S1PR2 has been reported to affect macrophage 

polarization and cytokine release, the precise mechanism of JTE 013 on activated 

macrophage-induced iNOS regulation requires further studies. To my knowledge, 

no study has directly evaluated whether S1PR2 in macrophages contributes to 

macrophage-induced-iNOS regulation in 3T3-L1 adipocytes. 

Taken together, the findings from the third aim of this chapter support the 

proposition that the SphK1/S1P/S1PR2 axis plays a pivotal role in mediating the 

interaction between macrophages and adipocytes, thereby influencing the 

regulation of iNOS within the adipose tissue microenvironment. It is conceivable 

that macrophages play a role in generating S1P, subsequently activating S1PR2 

receptors either on the surface of macrophages themselves or on neighbouring 

adipocytes, thereby contributing to iNOS regulation. 

4.5 Conclusion 

This chapter examined the role of SphK isoforms and S1PRs in iNOS regulation in 

stimulated 3T3-L1 adipocytes. Inhibition of SphK1 with PF543, but not SphK2 using 

ROME, decreased iNOS expression and NO production in stimulated adipocytes. 

S1PR2 appears to be the dominant receptor mediating the iNOS expression and NO 

production in 3T3-L1 adipocytes via MAPKs (MEK-ERK and JNK) and PI3K/Akt 

pathway, without any observed effects on NF-KB signalling. Furthermore, the data 

shows that stimulation of 3T3-L1 adipocytes with activated macrophage 

conditioned media increased iNOS expression and NO production. Moreover, it was 

suggested that release of macrophage-derived S1P activates S1PR2 receptors on 

either macrophages or adjacent adipocytes, eventually contributing to the iNOS 

regulation within the adipose tissue (Figure 4-17). 
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Figure 4-17 Schematic model of iNOS proinflammatory enzyme regulation by SphK1/S1P/S1PR2 in adipose tissue
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Chapter 5 - Characterising the role of 
SphK1/S1P/S1PR2 in the anti-contractile effect of 
perivascular adipose tissue in mouse and rat 
aorta. 
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5.1 Introduction 

In chapters 3 and 4, it was demonstrated that IL-1β promotes iNOS 

proinflammatory enzyme expression in 3T3-L1 adipocytes via the SphK1/S1P/ 

S1PR2 axis pathway. Furthermore, the findings also support the proposition that 

the SphK1/S1P/S1PR2 axis plays a pivotal role in mediating the interaction 

between macrophages and adipocytes, thereby influencing the regulation of iNOS 

within the adipose tissue microenvironment. Therefore, it was important to 

extend this investigation to perivascular adipose tissue (PVAT) to gain further 

insight how this system regulates iNOS in more complex and physiologically 

relevant environment, which more accurately reflects the in vivo conditions and 

potential interactions with vascular function.  

PVAT is adipose tissue that surrounds blood vessels, and it has important paracrine 

effects that regulates the vasculature, by producing and releasing number of 

endogenous substances (Cheng et al, 2018; Szasz et al, 2012). NO is among the 

endogenous substances diffusing from PVAT causes relaxation via activation of the 

cyclic guanosine monophosphate (cGMP) pathway through activation of soluble 

guanylate cyclase in smooth muscle cells. PVAT-derived mediators may also 

interact with endothelium, stimulating endothelial cells to produce additional NO, 

further enhancing vasodilation (Szasz et al, 2013). In addition, PVAT-derived NO 

could activate potassium channels in endothelium and vascular smooth muscle 

cells as part of the vasodilator effect (Stanek et al, 2021). 

NO can be produced by three isoforms of NO synthase (NOS): calcium-dependent 

endothelial cell NOS (eNOS), neuronal type NOS (nNOS), and an inducible type 

(iNOS), which is generally calcium-independent (Förstermann & Sessa, 2012). iNOS 

produces relatively high amounts of NO and its expression can be induced by a 

variety of cytokines including IL-1β, TNF-α, and LPS (Kleinert et al, 2004). IL-1β is 

a potent proinflammatory mediator produced by various cell types, including 

macrophages, preadipocytes and adipocytes (Coppack, 2001; Renovato-Martins et 

al, 2020). IL-1β activates various downstream signalling pathways upon binding to 

its receptor, inducing iNOS expression and subsequent nitric oxide production, 

contributing to inflammatory processes (Cortese-Krott et al, 2014; Park et al, 

2021). The expression of iNOS has been implicated in many cardiovascular diseases 
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associated with inflammation, such as obesity, insulin resistance, diabetes, septic 

shock, heart failure, and atherosclerosis (Shah, 2000; Soskić et al, 2011). 

However, iNOS also has an important role in protecting against viral and bacterial 

infections, decreasing leukocyte adhesion, having anti-platelet activity, 

antioxidant activity, reducing vascular permeability, and improving cardiac 

diastolic function. On the other hand, iNOS expression has been associated with 

many harmful effects, such as reduced cardiac efficiency and inhibition of cardiac 

contractility (Shah, 2000). 

The expression of iNOS protein in PVAT has been reported in many inflammatory 

diseases, such as septic shock (Hai-Mei et al, 2013; Kapur et al, 1999), 

atherosclerosis (Nakladal et al, 2022), and obesity (Araujo et al, 2018; Reis Costa 

et al, 2021). iNOS-derived NO released by PVAT has been reported to cause 

hypoactivity of surrounding vessels in multiple studies. For example, LPS 

upregulates iNOS expression in PVAT of rat thoracic aorta and was shown to cause 

hyporeactivity (Hai-Mei et al, 2013). Moreover, it was demonstrated that 

hyporeactivity induced by PVAT in septic mice was inhibited by an iNOS inhibitor 

(Awata et al, 2019). Similarly, a high-carbohydrate diet caused hypoactivity in 

mouse thoracic aorta with intact PVAT, and this was attenuated by iNOS inhibition 

(Reis Costa et al, 2021). However, the underling mechanism of iNOS regulation in 

PVAT is still under investigation. 

S1P, the product of the enzyme Sphk1 binds to and activates S1P receptors in 

endothelial and vascular smooth muscle cells and this has a significant role in 

controlling vascular tone. Indeed, S1P has demonstrated a vasodilator effect in 

multiple studies by interacting with the S1PR1 and S1PR3 receptors in endothelial 

cells to activate endothelial nitric oxide synthase (eNOS) to produce and release 

NO (Igarashi & Michel, 2009). However, paradoxically, S1P can exert a 

vasoconstrictor effect via activation of several different S1P receptor subtypes 

including S1PR1, S1PR2 and the S1PR3 receptor in VSMCs (Coussin et al, 2002). 

Furthermore, SphKs/S1P signalling has been implicated in adipose tissue function, 

and more importantly, to be activated under inflammatory conditions. Briefly, 

SphK1 and its product S1P are increased in obese mice and promote inflammation 

in epididymal adipose tissue (Tous et al, 2014; Wang et al, 2014). Similar findings 

were also shown in human inflamed subcutaneous adipose tissue in comparison to 
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less inflamed adipose tissue (Fayyaz et al, 2014). Although it is known that S1P 

can modulate vascular smooth muscle and endothelial function, it is still unknown 

whether the sphingolipid system can modulate the anti-contractile effect of PVAT 

under inflammatory condition. These findings, along with many others, highlight 

the importance of investigating the interaction between the sphingolipid system 

and the regulation of iNOS in PVAT, particularly in relation to vascular reactivity. 

Several studies have examined the effect of IL-1β on vascular function via the 

iNOS-dependent pathway. For example, it was demonstrated that IL-1β suppresses 

contraction to PE in rat aortic rings, and this has been linked with the activation 

of iNOS (Soler et al, 2003; Yang et al, 2004). Moreover, another study has reported 

that IL-1β causes gradual relaxation in isolated rat superior mesenteric arteries 

via the iNOS-dependent pathway (Yuui et al, 2016). However, the direct effect of 

IL-1β on production of NO derived from iNOS in the PVAT has been poorly studied.  

Considering the published data and the results presented in chapters 3 and 4, the 

hypothesis is that IL-1β will promote iNOS-derived NO production in PVAT to cause 

a vasorelaxant effect. This effect is anticipated to be mediated through the 

SphK1/S1P/S1PR2 axis pathway, either by modulating iNOS activity within the 

adipose tissue or additionally by triggering the release of S1P from adipose tissue, 

thereby exerting a paracrine influence on vascular tone. Taken together, this 

chapter will investigate the role of the sphingolipid system in regulation of iNOS-

derived NO from PVAT and how this affects its anticontractile function. 

5.2 Aims  

1. To investigate the effect of PVAT on contractile responses to PE in a mouse 

aortic ring and to test whether S1P agonists induce vascular relaxation in 

mouse aortic rings with and without PVAT. 

2. To investigate the effect of IL-1β in the presence and absence of S1P on 

the anticontractile effect of PVAT in mouse aortic rings. 
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3. To investigate the effect of PVAT on contractile responses to U46619 and 

to test whether S1P agonists modulate vascular relaxation in rat aortic 

rings. 

4. To investigate the effect of IL-1β on iNOS expression and NO production in 

in rat aortic rings containing PVAT and whether this accounts for its 

anticontractile effect. 

5. To investigate the direct contribution of potassium channels to the IL-1β-

augmented PVAT anticontractile effect in rat aortic rings.  

6. To investigate the effect of IL-1β on SphK1 phosphorylation and gene 

expression in PVAT of the rat thoracic aorta and test whether the 

SphK1/S1P/S1PR2 axis pathway is implicated in IL-1β-mediated 

hyporeactivity. 
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5.3 Results 

5.3.1 PVAT decreases the contraction response in mouse thoracic 
aorta 

It was demonstrated previously in our lab that PVAT of the mouse thoracic aorta 

attenuates the contraction to U46619 (Almabrouk et al, 2017). Therefore, to 

confirm the anticontractile effect of PVAT in this study, a contractile response to 

a different constrictor agent, PE (1×10-6 M) was tested in rings of mouse thoracic 

aorta with intact endothelium in the presence and absence of PVAT. The presence 

of PVAT significantly (p<0.05) inhibited contraction induced by PE (% of maximum 

KPSS-induced contraction 58.65 ± 25.34%) compared to rings without PVAT (98.32 

± 31.87%) in mouse thoracic aorta (Figure 5-1).  

 

Figure 5-1 Effect of PVAT on vascular contraction in mouse thoracic aorta.  

Contraction response to PE (1×10-6 M) in endothelium-intact thoracic aorta rings in the 
presence (n=6) and absence of PVAT (n=6). The data represent samples from six independent 
experiments expressed as the mean ± SEM % of KPSS-induced contraction. Statistical 
analysis was carried out using Student’s unpaired t-test. Asterisks indicate a p value of 
(*p<0.05). 
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5.3.2 S1P and S1P agonists do not induce vasorelaxation in 
mouse aorta 

To examine the effect of sphingolipids on vascular function in mouse aorta, S1P 

and S1P agonists were added to the mouse aorta in the presence or absence of 

PVAT. Addition of S1P (1nM-3μM) to endothelium-intact thoracic aorta did not 

induce a measurable relaxation in either rings with or without PVAT, the maximum 

relaxation was 11 ± 9% in rings with PVAT compared to 2.33 ± 1.53% in rings without 

PVAT (Figure 5-2A). 

CYM5541, a S1PR3 agonist was added to the mouse aorta in concentrations ranging 

from 1 nM to 10 μM in the presence and absence of PVAT. Addition of CYM5541 to 

endothelium-intact thoracic aorta did not induce a significant relaxation in either 

rings with or without PVAT; the maximum relaxation was 7.00 ± 12.28% in rings 

with PVAT, compared to 5.33 ± 0.57% in rings without (Figure 5-2B). 

SEW2871, a S1PR1 agonist was then tested at concentrations ranging from 1 nM to 

10 μM in the presence and absence of PVAT, as shown in Figure 5-2C. Addition of 

SEW to endothelium-intact thoracic aorta did not induce any relaxation in either 

rings with or without PVAT; the maximum relaxation was 0.33 ± 1.52% in rings with 

PVAT, compared to 1.00 ± 1.73% in rings without PVAT. 
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Figure 5-2 Effect of S1P and S1P agonists on vascular tone in phenylephrine-precontracted, 
endothelium-intact mouse thoracic aorta.  

(A) Concentration–response curves to S1P (1nM-3µM) in rings with perivascular adipose 
tissue (PVAT) compared to aortic rings without PVAT (n=3). (B) Concentration–response 
curves to CYM5541 (1nM–10μM) in rings with and without PVAT (n=3). (C) Concentration–
response curves to SEW2871 (1nM–10μM) in rings with and without PVAT (n=3). Statistical 
analysis was carried out using two-way ANOVA (with Bonferroni’s test). 
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5.3.3 Effect of IL-1β on vascular activity in mouse thoracic aorta 
with PVAT  

In order to determine whether IL-1β alters the contractile response to PE, a series 

of experiments was carried out in endothelium-intact mouse thoracic aorta with 

intact PVAT under control and inflammatory conditions. Concentration response 

curves to PE (1nM-30μM) were constructed in rings in the presence and absence of 

IL-1β (10 ng/ml). Addition of PE to intact thoracic aorta with PVAT in the presence 

or absence of IL-1β resulted in a concentration-dependent contraction. 

Preincubation of rings with PVAT with IL-1β for 2 hours did not significantly alter 

the contractile response to PE (% of maximum KPSS-induced contraction 100.10 ± 

31.59%) compared with rings under control conditions (113.59 ± 43.53%) (Figure 

5-3A). 

Pre-treatment of rings with PVAT with S1P (10 μM) did not significantly alter the 

contraction induced by PE in intact mouse aorta with PVAT (% of maximum KPSS-

induced maximum contraction, 113.98 ± 47.87%), compared to untreated rings 

(113.59 ± 43.59%) under normal conditions (Figure 5-3B). Similarly, under 

inflammatory conditions, pretreatment with S1P prior to being incubated with IL-

1β did not significantly affect the contraction induced by PE (% of maximum KPSS-

induced contraction 112.33 ± 32.32%), compared to rings incubated with IL-1β 

alone (% of maximum KPSS-induced contraction 100.10 ± 31.59%) (Figure 5-3C).  
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Figure 5-3 Effect of IL-1β on contractile response to PE (1nM-30μM) in mouse aortic rings. 

Aortic rings were preincubated with either IL-1β (10 ng/ml) alone or IL-1β plus S1P (10 μM) for 
2 hours before concentration response curves were constructed. (A) Concentration response 
curves for the contractile effect of PE (1nM-30μM) in endothelium-intact mouse aorta with 
PVAT in presence (n=5) and absence of IL-1β (n=4). (B) Concentration response curves for 
the contractile effect of PE (1nM-30μM) in endothelium-intact mouse aorta with PVAT in 
presence (n=5) and absence of S1P (n=4). (C) Concentration response curves for the 
contractile effect of PE (1nM-30μM) in endothelium-intact mouse aorta rings with PVAT 
preincubated with IL-1β alone (n=5) compared to rings preincubated with IL-1β plus S1P (n=5). 
Data are expressed as a percentage of maximum KPSS contraction for n arteries from 
different animals. Statistical analysis was carried out using two-way ANOVA (with 
Bonferroni’s test). 
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5.3.4 S1P induces vascular relaxation in rat thoracic aorta 

Since there was no observable effect of either S1P or selective S1P agonists on 

vascular activity in mouse aortic rings, a decision was taken to use rats since we 

previously confirmed in our lab that S1P induces a vasorelaxant effect in rat 

thoracic aorta (Alganga et al, 2019). To confirm that S1P has a relaxant effect on 

rat aorta, S1P was added to endothelium-intact thoracic aorta precontracted with 

U46619 (the contractile agent used by Alganga et al) in increasing concentrations 

(1nM–3μM). A relaxant effect to S1P was observed (maximal relaxion 30 ± 2.64%) 

which was significantly greater than the loss of contractile tone in time control 

rings (maximal relaxation 0.66 ± 1.15%; Figure 5-4). 

  

Figure 5-4 Effect of S1P on vascular tone in rat thoracic aorta.  

Concentration–response curve to S1P (1nM–3μM) in U46619 pre-contracted endothelium-
intact aortic rings compared to time control. Data are expressed as mean ± SEM for 3 arteries 
from different animals. Statistical analysis was carried out using two-way ANOVA (with 
Bonferroni’s test). Asterisks (****) indicate a p value of <0.0001. 

 

5.3.5 PVAT decreases the contractile response to U46619 in rat 
thoracic aorta 

To test whether the presence of PVAT can alter contraction in rat aorta, a 

concentration response curve to U46619 (1×10-9-1×10-6 M) was performed in 

endothelium-intact rat thoracic aorta in the presence and absence of PVAT. The 
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presence of PVAT significantly (p<0.01) decreased contraction induced by U46619 

(% of maximum KPSS-induced contraction 104.80 ± 30.87%), compared to rings 

without PVAT (% of maximum KPSS-induced contraction 121.99 ± 9.33%; Figure 5-

5). 

 

Figure 5-5 Effect of PVAT on contractile response to U46619 in rat aortic rings.  

Concentration response curves to U46619 (1×10-9-1×10-6 M) in endothelium-intact rat aorta in 
the presence (n=5) and absence (n=4) of PVAT. Data are expressed as a percentage of 
maximum KPSS contraction and shown as mean ± SEM for at least 4 arteries from different 
animals. Statistical analysis was carried out using two-way ANOVA (with Bonferroni’s test). 
Asterisks indicate a p value of <0.01. 

 

5.3.6 IL-1β induces iNOS and NO production in PVAT from rat 
thoracic aorta 

To establish if IL-1β induces iNOS expression and NO production in PVAT from 

thoracic aorta, PVAT samples were stimulated with IL-1β for 1 h, 2 h, 4 h, 6 h and 

8 h. IL-1β-induced iNOS protein expression was then determined by western blot 

analysis. IL-1β (10 ng/ml) started to cause a significant (*p<0.05, **p<0.01) 

increase in iNOS in PVAT at time points of 4 h and longer (Figure 5-6B). NO 

production, determined by nitrite/nitrate in the medium, was also measured and 

it was found that IL-1β started to increase NO production after 4 h, however, this 

only became significant after 6 h and 8 h in PVAT (Figure 5-6C).  
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Figure 5-6 Effect of an inflammatory stimulus (IL-1β) on iNOS expression and NO production 
by PVAT from rat thoracic artery.  

PVAT was stimulated with IL-1β (10 ng/ml) for various time points. PVAT lysates were 
prepared at indicated time points and resolved by SDS-PAGE with the appropriate antibodies. 
Media was collected and NO production was investigated by using a Sievers 280A NO Meter. 
(A and B) representative western blotting images and graph for the change in iNOS protein 
expression. Protein expression of iNOS was normalised to the expression of β-actin. (C) IL-
1β stimulated NO production in PVAT. The data represent samples from at least four different 
experiments expressed as the mean ± SEM of the % fold change relative to control (untreated). 
Statistical analysis was carried out using one-way ANOVA (with Fisher LSD test). Asterisks 
indicate a p value of (*p<0.05, **p<0.01, ***p<0.001).   

 

5.3.7 IL-1β decreases contraction to U46619 in rat aortic rings 
with and without PVAT 

In order to determine whether IL-1β alters the contractile response to U46619, a 

number of experiments in vessels with and without PVAT under control and 

inflammatory conditions. Addition of U46619 (1x10-9-1x10-6 M) to endothelium-

intact thoracic aorta without PVAT in the presence or absence of IL-1β resulted in 

a concentration-dependent contraction. Preincubation of vessels without PVAT 

with IL-1β (10 ng/ml) for 4 hours significantly attenuated the contractile response 
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to U46619 (% of maximum KPSS-induced contraction 110.29 ± 6.15%) compared 

with vessels under control conditions (% of maximum KPSS-induced contraction 

121.99 ± 9.33) (Figure 5-7A). 

Repeating these experiments in vessels with PVAT also resulted in a concentration-

dependent contraction in response to U46619. However, preincubation of vessels 

with IL-1β (10 ng/ml) for 4 hours significantly attenuated the contractile response 

to U46619 (maximal contraction 83.39 ± 33.32%) compared with vessels under 

control conditions (maximal contraction 113.11 ± 28.90) (Figure 5-7B). 
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Figure 5-7 Effect of IL-1β on contractile response to U46619 in rat aortic rings with and without 
PVAT.  

(A) Concentration response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in 
endothelium-intact rat aorta without PVAT in presence (n=4) and absence (n=4) of IL-1β. (B) 
Concentration response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in 
endothelium-intact rat aorta with PVAT in the presence (n=10) and absence of IL-1β (n=10). 
Data are expressed as a percentage of maximum KPSS contraction and shown as mean ± 
SEM for n arteries from different animals. Statistical analysis was carried out using two-way 
ANOVA (with Bonferroni’s test). Asterisks indicate a p value of (*p<0.05, ****p<0.0001). 
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5.3.8 IL-1β upregulates iNOS mRNA and NO production in rings 
with PVAT 

Since it was shown that IL-1β augments the anticontractile effect of PVAT in rat 

thoracic aorta, experiments were performed to investigate whether IL-1β would 

affect iNOS gene expression and NO production in rings with PVAT. After testing 

the effect of IL-1β on vascular reactivity, the conditioned media bathing the ring 

and the rings themselves with attached PVAT were collected. RNA was isolated 

from rings with PVAT and quantified by qPCR. NO production was determined by 

nitrite/nitrate in the medium. 

Rings with PVAT incubated with IL-1β, demonstrated an increase in iNOS gene 

expression compared to rings under control condition (Figure 5-8A), since n=2 for 

these experiments, statistical analysis was not possible. Similarly, rings with PVAT 

incubated with IL-1β, had a significant (p<0.05) increase in NO production 

compared to rings under control condition (Figure 5-8B).  

 

Figure 5-8 The effect of IL-1β on iNOS mRNA expression and NO production in aortic rings 
with PVAT.  

RNA was isolated and quantified by qPCR. (A) qPCR analysis showing the changes in mRNA 
levels of iNOS following 4h of 10 ng/ml IL-1β treatment of aortic rings with intact PVAT relative 
to levels of TATA binding protein (TBP) mRNA. (B) Media from IL-1β-treated and untreated 
aortic rings with PVAT was collected, and NO production was investigated by using a Sievers 
280A NO Meter. The data represent samples from two independent experiments for iNOS gene 
expression and four different experiments for NO production, expressed as the mean ± SEM 
of the % fold change relative to control (untreated). Statistical analysis was carried out using 
the Student’s unpaired T-test. Asterisks indicate a p value of <0.05. 
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5.3.9 IL-1β does not affect contraction to U46619 in rat aortic 
rings with intact PVAT and denuded-endothelium 

In order to determine whether the endothelium alters the contractile response to 

U46619 in rat aortic rings with PVAT under inflammatory conditions, a number of 

experiments were carried out in vessels with PVAT and either intact endothelium 

or mechanically removed endothelium. Addition of U46619 (1x10-9-1x10-6 M) 

produced a concentration-dependent contraction in all rings whether under 

control or inflammatory conditions. Figure 5-9A shows that the contractile 

response to U46619 in rings with intact PVAT was not significantly altered when 

the endothelium was removed (% of maximum KPSS-induced contraction 117.50 ± 

26.25% vs. 113.11 ± 28.90%). The contractile response to U46619 was also not 

significantly altered in denuded rat thoracic aorta preincubated with IL-1β for 4 

hours (% of maximum KPSS-induced contraction 112.95 ± 31.54%; Figure 5-9B) 

compared with denuded vessels under control conditions (% of maximum KPSS-

induced contraction 117.79 ± 28.26%; Figure 5-9B). 
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Figure 5-9 The effect of IL-1β on contraction to U46619 in rat aortic rings with intact PVAT. 

Contractile responses to U46619 in rat aorta with PVAT in the presence and absence of 
endothelium under normal and inflammatory conditions (10 ng/ml IL-1β). (A) Concentration 
response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in endothelium-intact 
rat aorta with PVAT (n=10) compared to rings with denuded-endothelium (n=13). (B) 
Concentration response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in 
endothelium-denuded rat aorta under normal conditions (n=11) compared to inflammatory 
conditions (n=12). Data are expressed as a percentage of maximum KPSS contraction and 
shown as mean ± SEM for n arteries from different animals. Statistical analysis was carried 
out using two-way ANOVA (with Bonferroni’s test). 
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5.3.10 1400W (iNOS inhibitor) attenuates the hypo-
contractility induced by IL-1β in aortic rings with PVAT and 
either an intact or denuded-endothelium 

In order to confirm whether IL-1β-induced hypocontractililty is due to iNOS 

upregulation, a series of experiments was carried out to examine the response of 

endothelium-intact and denuded rat thoracic aorta with PVAT under inflammatory 

conditions (IL-1β). Addition of U46619 (1x10-9-1x10-6 M) to rings in the presence 

and absence of endothelium resulted in a concentration-dependent contraction 

under inflammatory conditions. The selective iNOS inhibitor 1400W was added 10 

min before generating dose response curves. 

Pretreatment of endothelium-intact vessels with 1400W (10 μM) prior to 

generating dose response curves in rings preincubated with IL-1β (10 ng/ml) for 4 

hours significantly attenuated the hypo-contractile response to U46619 (% of 

maximum KPSS-induced contraction 134.84 ± 23.16%) compared with vessels 

incubated with IL-1β alone (% of maximum KPSS-induced contraction 83.39 ± 

32.33%) (Figure 5-10A). 

Pretreatment of denuded vessels with 1400W (10 μM) also significantly attenuated 

the contractile response to U46619 (% of maximum KPSS-induced contraction 

125.45 ± 28.77%) compared with vessels incubated with IL-1β alone (% of maximum 

KPSS-induced contraction 103.99 ± 31.92%) (Figure 5-10B). 
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Figure 5-10 Contractile responses to U46619 in rat aorta with PVAT in presence and absence 
of iNOS inhibitor, 1400W (1x10-5 M), under inflammatory conditions (10 ng/ml IL-1β).  

(A) Concentration response curves to U46619 (1×10-9-1×10-6 M) in endothelium-intact rat aorta 
with PVAT in presence (n=10) and absence (n=5) of 1400W. (B) Concentration response 
curves to U46619 (1×10-9-1×10-6 M) in endothelium-denuded rat aorta with PVAT in presence 
(n=10) and absence (n=8) of 1400W. Data are expressed as a percentage of maximum KPSS 
contraction and shown as mean ± SEM for n arteries from different animals. Statistical 
analysis was carried out using two-way ANOVA (with Bonferroni’s test). Asterisks indicate a 
p value of (*p<0.05, ****p<0.0001). 
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5.3.11 Role of potassium channels in IL-1β-mediated hypo-
reactivity in rat aortic rings with PVAT 

5.3.11.1 TEA attenuates the hypo-contractility to U46619 in aortic rings 
with PVAT induced by IL-1β 

It has been demonstrated that potassium channels contribute to the anti-

contractile effect of PVAT (Szasz et al, 2013). Therefore, it was important to 

elucidate whether potassium channels participate in IL-1β-mediated hypo-

reactivity in rat aortic rings with PVAT. Addition of U46619 (1x10-9-1x10-6 M) to an 

endothelium-intact thoracic aorta with PVAT in the presence and absence of a 

non-selective potassium channel blocker, tetraethylammonium (TEA) (5x10-6 M) 

resulted in a concentration-dependent contraction under normal (control) and 

inflammatory (IL-1β) conditions. TEA was added 10 min before generating the 

concentration response curve.  

The contractile response in rat thoracic rings with PVAT to U46619 was similar in 

the presence (% of maximum KPSS-induced contraction 115.17 ± 30.60%) and 

absence (% of maximum KPSS-induced contraction 113.11 ± 28.90%) of TEA under 

control conditions (Figure 5-11A). Preincubation of endothelium-intact aortic rings 

with PVAT with TEA led to a significant (****p<0.0001) inhibition of IL-1β-mediated 

hypo-reactivity (% of maximum KPSS-induced contraction 118.88 ± 27.82; Figure 

5-11B) compared with IL-1β alone (% of maximum KPSS-induced contraction 

83.39.1 ± 33.32; Figure 5-11B).  
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Figure 5-11 Contractile responses to U46619 in rat aorta with PVAT in presence and absence 
of the non-selective potassium channel blocker, tetraethylammonium (5x10-6 M) under normal 
and inflammatory conditions (10 ng/ml IL-1β).  

(A) Concentration response curves to U46619 (1×10-9-1×10-6 M) in endothelium-intact rat aorta 
with PVAT in presence (n=10) and absence (n=4) of TEA under normal conditions. (B) 
Concentration response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in 
endothelium-intact rat aorta with PVAT in presence (n=10) and absence (n=6) of TEA under 
inflammatory conditions (10 ng/ml IL-1β). Data are expressed as a percentage of maximum 
KPSS contraction and shown as mean ± SEM for n arteries from different animals. Statistical 
analysis was carried out using two-way ANOVA (with Bonferroni’s test). Asterisks indicate a 
p value of ****p<0.0001. 
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5.3.12 IL-1β activates SphK1 phosphorylation in aortic PVAT 

To establish if IL-1β induces pSphK1 expression in PVAT from thoracic aorta, 

isolated PVAT was stimulated with IL-1β for 1 h, 2 h, 4 h, 6 h and 8 h. IL-1β-

induced SphK1 protein phosphorylation was then determined by western blot 

analysis. Treatment of PVAT with IL-1β (10 ng/ml) (Figure 5-12) caused a 

significant increase in SphK1 phosphorylation compared to untreated PVAT at 4 h. 
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Figure 5-12 Effect of an inflammatory stimulus (IL-1β) on pSphK1 expression in PVAT of rat 
thoracic aorta.  

Perivascular adipose tissue (PVAT) was stimulated with IL-1β (10 ng/ml) for various time 
points. PVAT lysates were prepared at indicated time points and resolved by SDS-PAGE with 
the appropriate antibodies. (A and B) representative western blotting images and graph for 
the change in SphK1 protein phosphorylation. Protein level of pSphK1 was normalised to 
level of β-actin. The data represent samples from six different experiments expressed as the 
mean ± SEM of the % fold change relative to control (untreated). Statistical analysis was 
carried out using one-way ANOVA. Asterisk indicates a p value of *p<0.05. 
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5.3.13 IL-1β upregulates SphK1 mRNA in rings with PVAT and 
Isolated PVAT 

To establish if IL-1β induces SphK1 gene expression in PVAT from thoracic aorta 

(TA), rings containing PVAT and isolated PVAT itself were stimulated with IL-1β 

(10 ng/ml) for 4 h. RNA was isolated then quantified by qPCR. Stimulation of aortic 

rings containing PVAT with IL-1β (Figure 5-13A), caused a significant (*<0.05) 

increase in SphK1 mRNA level, compared to control rings (untreated). Similarly, 

stimulation of isolated PVAT with IL-1β displayed a tendency to increase SphK1 

mRNA level although it did not reach significance due to the high degree of 

variability (Figure 5-13B). 

 

Figure 5-13 Effect of IL-1β on SphK1 mRNA expression in aortic rings containing PVAT and 
in PVAT itself.  

Aortic rings with intact PVAT or isolated PVAT was stimulated with IL-1β (10 ng/ml) for 4 
hours. RNA was isolated and quantified by qPCR. qPCR analysis showing the changes in 
mRNA levels of SphK1 following 4h of 10 ng/ml IL-1β in TA plus PVAT (A) and PVAT (B) 
relative to levels of TATA binding protein (TBP) mRNA. The data represent samples from at 
least three different experiments expressed as the mean± SEM of the % fold change relative 
to control (untreated). Statistical analysis was carried out using the unpaired T-test.  Asterisk 
indicates a p value of *<0.05.  
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5.3.14 Role of SphK1/S1P on IL-1β-mediated hyporeactivity in 
rat aortic ring with PVAT 

5.3.14.1 SphK1 inhibition does not reverse the hypo-reactivity induced 
by IL-1β 

Since I have shown that IL-1β increases SphK1 phosphorylation in rat aortic PVAT 

and also upregulates SphK1 mRNA level in aortic rings containing PVAT (Figure 5-

12 and Figure 5-13), I now investigated whether SphK1 enzyme inhibition would 

affect IL-1β-mediated hyporeactivity. Addition of U46619 (1x10-9-1x10-6 M) to 

endothelium-intact thoracic aorta with PVAT in the presence and absence of 

PF543 (100 nM) resulted in a concentration-dependent contraction under control 

and inflammatory (10 ng/ml IL-1β) conditions. PF543 was added 30 min before 

treating vessels with (IL-1β). 

The contractile response in rat thoracic rings with PVAT to U46619 was similar in 

the presence (% of maximum KPSS-induced contraction 130.04.04 ± 15.41%) and 

absence (% of maximum KPSS-induced contraction 115.46 ± 28.5%) of PF543 under 

control conditions (Figure 5-14A). Similarly, the contractile response in rat 

thoracic rings with PVAT to U46619 was similar in the presence (% of maximum 

KPSS-induced contraction 78.03 ± 29.67%) and absence (% of maximum KPSS-

induced contraction 83.39 ± 32.33%) of PF543 under inflammatory condition (IL-

1β) (Figure 5-14B).  
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Figure 5-14 Contractile responses to U46619 in rat aorta with intact PVAT in the presence and 
absence of SphK1 inhibitor PF543 (100 nM) under control and inflammatory conditions (10 
ng/ml IL-1β).  

(A) Concentration response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in 
endothelium-intact rat aorta with PVAT in presence (n=11) and absence (n=5) of PF543 under 
control conditions. (B) Concentration response curves for the contractile effect of U46619 
(1×10-9-1×10-6 M) in endothelium-intact rat aorta with PVAT in presence (n=10) and absence 
(n=6) of PF543 under inflammatory conditions (10 ng/ml IL-1β). Data are expressed as a 
percentage of maximum KPSS contraction and shown as mean ± SEM for n arteries from 
different animals. Statistical analysis was carried out using two-way ANOVA (with Bonferroni’s 
test).  
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5.3.14.2 S1PR2 inhibition does not reverse the hypo-reactivity induced 
by IL-1β 

Since I established in the previous chapter that a S1PR2 antagonist inhibits IL-1β-

mediated iNOS expression and NO production in adipocytes. I now investigated 

whether blocking this receptor would affect IL-1β-mediated hyporeactivity in rat 

aortic vessels. Addition of U46619 (1x10-9-1x10-6 M) to intact thoracic aorta with 

PVAT in the presence and absence of the S1P2 receptor antagonist JTE 013 (10 μM) 

resulted in a concentration-dependent contraction under control and 

inflammatory (10 ng/ml IL-1β) conditions. JTE 013 was added 30 min before 

treating vessels with (IL-1β). 

JTE 013 significantly decreased the contractile response of rat thoracic rings with 

PVAT to U46619 (% of maximum KPSS-induced contraction 95.86 ± 32.88%), 

compared to untreated vessels (% of maximum KPSS-induced contraction 113.1 ± 

28.90%) under normal conditions (Figure 5-15A). However, the contractile 

response in rat thoracic rings with PVAT to U46619 was similar in the presence (% 

of maximum KPSS-induced contraction 79.27 ± 19.08%) and absence (% of 

maximum KPSS-induced contraction 83.39 ± 32.33%) of JTE 013 under 

inflammatory conditions (Figure 5-15B). 
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Figure 5-15 Contractile responses to U46619 in rat aorta with PVAT in presence and absence 
of S1PR2 antagonist JTE 013 (10 μM) under control and inflammatory conditions (10 ng/ml IL-
1β).  

(A) Concentration response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in 
endothelium-intact rat aorta with PVAT in presence (n=10) and absence (n=4) of JTE 013 under 
control conditions. (B) Concentration response curves for the contractile effect of U46619 
(1×10-9-1×10-6 M) in endothelium-intact rat aorta with PVAT in presence (n=10) and absence 
(n=5) of JTE 013 under inflammatory conditions (10 ng/ml IL-1β). Data are expressed as a 
percentage of maximum KPSS contraction and shown as mean ± SEM for n arteries from 
different animals. Statistical analysis was carried out using two-way ANOVA (with 
Bonferroni’s test). Asterisks indicate a p value of **<0.01. 
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5.3.14.3 Exogenous S1P does not affect the hypo-reactivity induced by 
IL-1β 

In a previous study, S1P has been shown to modulate vascular reactivity by causing 

a vasorelaxation effect on rat thoracic artery (Alganga et al, 2019) while in this 

thesis I have shown that IL-1β upregulates SphK1 in adipocytes, and is involved in 

IL-1β-mediated iNOS expression and NO production in adipocytes and Figure 5-12 

and Figure 5-13 show that IL-1β upregulates SphK1 in rat aortic PVAT. Hence, I 

now investigated whether exogenous S1P, the product of SphK1 would affect IL-

1β-mediated hyporeactivity in rat aortic vessels. Addition of U46619 (1x10-9-1x10-

6 M) to intact thoracic aorta with PVAT in the presence and absence of S1P (10 μM) 

resulted in a concentration-dependent contraction under inflammatory (10 ng/ml 

IL-1β) conditions. S1P was added at the same time as the Inflammatory stimulus. 

The contractile response in rat thoracic rings with PVAT to U46619 was similar in 

the presence (% of maximum KPSS-induced contraction 99.72 ± 13.03%) and 

absence (% of maximum KPSS-induced contraction 83.39 ± 32.33%) of S1P under 

inflammatory conditions (Figure 5-16). 

   

Figure 5-16 Contractile responses to U46619 in rat aorta with PVAT in presence and absence 
of S1P (10 μM) under inflammatory conditions (10 ng/ml IL-1β).  

Concentration response curves for the contractile effect of U46619 (1×10-9-1×10-6 M) in 
endothelium-intact rat aorta with PVAT in presence (n=10) and absence (n=5) of S1P under 
inflammatory conditions (10 ng/ml IL-1β). Data are expressed as a percentage of maximum 
KPSS contraction and shown as mean ± SEM for n arteries from different animals. Statistical 
analysis was carried out using two-way ANOVA (with Bonferroni’s test).  



178 

 

5.3.14.4 The effect of exogenous S1P on IL-1β mediated iNOS 
expression and NO production in PVAT 

As I have shown that IL-1β influences SphK1 protein expression and mRNA levels 

in PVAT, I now investigated whether S1P, the sphingolipid product of the SphK1 

enzyme, would affect iNOS expression and NO production in PVAT treated with IL-

1β. Rat thoracic PVAT was stimulated with IL-1β (10 ng/ml) in the presence and 

absence of S1P (10 μM) for 4 hours. After treatment, lysate was prepared, and 

iNOS expression was assessed by western blotting while NO production was 

determined by nitrite/nitrate in the medium. RNA was isolated and quantified by 

qPCR.  

Stimulation of PVAT with IL-1β in the absence of S1P caused a significant increase 

in iNOS expression (***p<0.001) and NO production (*p<0.05). In the presence of 

S1P, iNOS expression was decreased significantly (**p<0.01) compared to cells 

treated with IL-1β alone. However, the level of NO production, the product of 

iNOS was not altered by co-treatment with S1P compared with PVAT treated with 

IL-1β alone. S1P alone, in the absence of IL-1β, had no effect on iNOS expression 

or NO production by PVAT (Figure 5-17B and C).  

Moreover, stimulation of PVAT with IL-1β in the absence of S1P caused a significant 

(***p<0.001) increase in iNOS mRNA expression. In the presence of S1P, there was 

a tendency towards a decrease in iNOS mRNA expression (Figure 5-17D) in IL-1β-

stimulated PVAT, compared to the PVAT treated with IL-1β alone, although this 

did not reach statistical significance due to the high degree of variability.  
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Figure 5-17 Effect of exogenous S1P on iNOS protein expression and NO production in 
perivascular adipose tissue (PVAT) stimulated with IL-1β.  

PVAT lysates were prepared at indicated time points and resolved by SDS-PAGE with the 
appropriate antibodies. Media was collected and NO production was investigated by using a 
Sievers 280A NO Meter. RNA isolated and quantified by qPCR. (A and B) representative 
western blotting images and graph for the change in iNOS protein expression. Protein level 
of iNOS was normalised to level of β-actin. (C) IL-1β stimulated NO production in PVAT. (D) 
qPCR analysis showing the changes in iNOS mRNA levels following 4h of 10ng/ml IL-1β 
treatment of PVAT relative to levels of TATA binding protein (TBP) mRNA. The data represent 
samples from four different experiments expressed as the mean ± SEM of the % fold change 
relative to control. Statistical analysis was carried out using two-way ANOVA. Asterisks 
indicate a p value of (*p<0.05, **p<0.01, ***p<0.001). 
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5.4 Discussion 

In chapters 3 and 4, I showed that IL-1β induces iNOS expression and NO production 

in 3T3 adipocytes via the SphK1/S1P/S1PR2 axis. However, this is a cell line and 

therefore it was important to test whether this effect is also seen in the more 

complex milieu of PVAT which contains a variety of cells. Additionally, this 

chapter sought to determine if the effect of IL-1β on iNOS had functional effects 

on vasorelaxation and whether the sphingolipid system was involved. The 

experiments presented in this chapter were initially carried out using mouse aortic 

rings but it was apparent that IL-1β did not elicit a noticeable effect on the PVAT-

mediated anticontractile response to PE and the presence of S1P did not alter 

this. Additionally, S1P and selective S1P agonists failed to induce any observable 

relaxant effect, suggesting an absence of functional receptors on the mouse 

thoracic aorta. Consequently, the second part of this study was carried out on a 

rat model where we have previously demonstrated that S1P does induce a 

vasodilator effect (Alganga et al, 2019). In rat aortic rings it was shown that IL-1β 

enhances the anti-contractile effect of PVAT, which is most likely mediated by 

iNOS upregulation, increased NO production, and subsequent potassium channel 

activation. Interestingly, although IL-1β did upregulate SphK1 in rat aortic PVAT 

it seems that the IL-1β-induced hyporeactive effect is independent of the 

sphingolipid axis pathway.  

A series of experiments was carried out to investigate the effect of PVAT on PE-

induced contraction in endothelium-intact mouse aortic rings. Many studies have 

reported that PVAT decreases contractile sensitivity to phenylephrine and 

serotonin in isolated mouse aortic rings (Nóbrega et al, 2019; Szasz et al, 2012). 

In the current study, it was shown that the presence of PVAT in endothelium-

intact mouse aortic rings decreases the contractile sensitivity to PE compared with 

vessels without PVAT (Figure 5-1). These data support and confirm a plethora of 

evidence that PVAT has an anticontractile effect in human subcutaneous vessels 

(Greenstein et al, 2009), mouse gracilis artery (Saxton et al, 2022), and mouse 

thoracic aorta (Almabrouk et al, 2017). This effect is thought to be mediated by 

the release of various vasoactive substances from PVAT, such as adiponectin 

(Almabrouk et al, 2018), hydrogen peroxide (H2O2)(Gao et al, 2007), and nitric 
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oxide (NO)(Xia & Li, 2017), which act to inhibit vasoconstriction and promote 

vasorelaxation. 

PVAT is considered as a highly active endocrine organ that releases a range of 

adipocytokines as well as other substances that have a paracrine effect on vascular 

tone under physiological and pathological conditions. Moreover, SphKs and its 

product-S1P, have been shown to regulate many physiological processes in adipose 

tissue and adipocytes (Fang et al, 2019). Importantly, it has been demonstrated 

that SphK1 expression and its product S1P are upregulated in inflamed adipose 

tissue in mice and humans (Guitton et al, 2020). This upregulation was seen in 

adipocytes and immune cells within the adipose tissue microenvironment; and 

linked to the modulation of various inflammatory signalling pathways, including 

the activation of pro-inflammatory cytokines and chemokines, recruitment of 

immune cells, and impairment of insulin signalling (Asano et al, 2023; Tous et al, 

2014; Wang et al, 2014). Therefore, it might be possible that the S1P generated 

from PVAT is transported out of the cell to activate S1PRs on vascular beds to 

modulate vascular reactivity in a paracrine manner. Indeed, S1P itself causes a 

vasorelaxant effect in rat and mouse mesenteric arteries (Dantas et al, 2003; 

Igarashi & Michel, 2009), so could be one of a number of vasorelaxant substances 

generated by PVAT which contribute to an anticontractile effect. In terms of the 

receptors involved, it was shown that S1PR3 and S1PR1 activation cause a 

vasorelaxant effect in mouse thoracic aorta (Igarashi & Michel, 2009; To ̈lle et al, 

2005). However, in the present study neither S1P agonist nor S1PR1-3 selective 

agonists induced a noticeable vasorelaxant effect in mouse thoracic aorta in the 

presence or absence of PVAT (Figure 5-2). These findings contradict a few 

published studies. For example, a study carried out by Mitidieri et al, (2020) has 

shown that L-serine is involved in the de novo sphingolipid biosynthesis resulting 

in S1P production in mouse aorta rings. In this study, it was shown that blocking 

S1PR1 using W146 decreased L‐serine or L‐cysteine relaxant effect in mouse 

thoracic aorta (Mitidieri et al, 2020); however, in this study they did not directly 

test the selective activation of specific S1PRs, which is different from our study 

design. Also, it has been shown that S1P (100 nM) causes a vasorelaxant effect in 

mouse mesenteric arteries precontracted with norepinephrine (Dantas et al, 

2003), and it has been shown that the cumulative addition of S1P (1 nM to 5 µM) 

to mouse aorta precontracted with U46619 causes a vasorelaxant effect. The 
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explanation for these differences could be variation in the experimental 

conditions, such as differences in contractile agents and concentration, technique 

differences, and tissue regional differences. Receptor distribution of S1PRs could 

also play a role but the reason for the divergent results in this study need to be 

further explored.     

It has been demonstrated that inflammatory stimulation causes a vasorelaxant 

effect in several arteries from different animals. For example, LPS induces a 

vasorelaxant effect in rat thoracic aorta (Vo et al, 2005) and in rat superior 

mesenteric artery via iNOS-dependent pathway (Hernanz et al, 2004). Moreover, 

it has been shown that IL-1β causes a hyporeactivity in isolated rat superior 

mesenteric arteries (Yuui et al, 2016), and in rat thoracic aorta (Soler et al, 2003). 

However, in these studies the vessels did not have PVAT intact and so the direct 

effect of IL-1β on PVAT-mediated hyporeactivity via the iNOS pathway is still 

poorly studied. In chapters 3 and 4, I confirmed that the SphK1/S1P/S1PR2 axis 

pathway participates in IL-1β-mediated iNOS expression and NO production from 

adipocytes. Therefore, one aim of this chapter was to investigate the effect of IL-

1β on the relaxant effect of PVAT in mouse thoracic aorta and test whether S1P 

participates in this effect. Initially, I used a mouse model to study the effect of 

IL-1β on the PVAT anticontractile effect. However, IL-1β did not significantly alter 

the contractile response to PE (Figure 5-3). To investigate whether S1P might 

unmask an effect of IL-1β and subsequently enhance the relaxing effect of PVAT, 

I incubated the thoracic vessels containing PVAT with a combination of IL-1β and 

S1P. However, addition of S1P did not alter the contractile response to PE under 

either normal or inflammatory conditions (Figure 5-3). It might be that the 

incubation time for IL-1β was not long enough to upregulate iNOS expression and 

subsequently NO production. No further experiments were done to investigate the 

direct effect of IL-1β on iNOS protein expression since S1P and S1P-selective 

agonists did not show any significant effect on vascular tone in the mouse aorta.   

It has been confirmed in our lab that S1P causes a vasorelaxant effect in rat 

thoracic aorta (Alganga et al, 2019), and I was able to confirm that, as shown in 

Figure 5-4. Therefore, I decided to use rat aortic rings to investigate the 

involvement of the SphK1/S1P/S1PR2 axis pathway in the IL-1β-mediated 

hyporeactivity effect and the role of PVAT. It is known from the literature that 
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the presence of PVAT reduces precontractile tone in several different rat vessels 

(Dubrovska et al, 2004; Löhn et al, 2002). In the current study, the presence of 

PVAT decreased the contractile response to U46619 in rat thoracic aorta as shown 

in Figure 5-5. To investigate whether IL-1β alters the relaxant effect of PVAT via 

iNOS upregulation, it was initially important to examine at what time point iNOS 

protein expression was upregulated. Here, I found that iNOS expression and NO 

production from rat thoracic PVAT significantly increased at 4 hours following IL-

1β treatment (Figure 5-6). Thus, in all subsequent experiments characterising the 

effect of IL-1β on the PVAT pro-relaxant effect, the IL-1β incubation time was 

kept at 4 h. In the current study, it was shown that preincubation of endothelium-

intact rat vessels with IL-1β in the presence and absence of PVAT decreased the 

contractile response to U46619 (Figure 5-7). It is worth noting that the effect of 

IL-1β is much stronger in vessels with PVAT compared to vessels without PVAT, 

emphasising the direct effect of IL-1β on PVAT. As would perhaps be anticipated, 

the effect of IL-1β was shown to diminish in denuded vessels with PVAT as 

illustrated in Figure 5-9, indicating that part of the effect of IL-1β is likely due to 

upregulation of iNOS in the endothelial cells. In line with this, the hypocontractile 

effect of IL-1β was lost in denuded vessels of rat superior mesenteric arteries (Yuui 

et al, 2016), and rat thoracic aorta (Lu & Fiscus, 1999). Further investigations are 

needed to validate this explanation by treating the PVAT with IL-1β and then 

transferring the conditioned media into the chamber to avoid the direct effect of 

IL-1β on the vessel and endothelial cells. However, it's worth noting that short-

lived mediators such as NO may be lost during this process. Furthermore, the iNOS 

inhibitor (1400W) was used to determine whether the IL-1β-enhanced relaxant 

effect of PVAT is mediated by iNOS-derived NO production. It was observed that 

pre-treatment of rat aortic rings containing PVAT with 1400W abolished the 

hypocontractile effect of IL-1β (Figure 5-10). These results suggest that the 

enhanced relaxant effect of IL-1β on PVAT is attributed to iNOS protein synthesis, 

ultimately leading to NO generation by PVAT. This suggestion is supported by data 

which showed an increase in iNOS mRNA level and NO production in rings treated 

with IL-1β as illustrated in Figure 5-8. These data align with a number of studies 

investigating the anticontractile effect of PVAT via iNOS-derived NO production. 

LPS has been shown to cause vascular hyporeactivity in rat thoracic aorta with and 

without PVAT, and it was via iNOS pathway upregulation (Hai-Mei et al, 2013). 

Additionally, in a septic rat model, it was demonstrated that PVAT of thoracic 
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aorta causes hypocontractility to a vasoconstrictor which was reversed by 1400W 

(Awata et al, 2019). To my knowledge, the direct effect of an individual cytokine 

(IL-1β) on the vasorelaxant effect of rat aortic PVAT via iNOS-derived NO 

production has not been investigated prior to this study. 

It has been demonstrated that potassium channels contribute to vasorelaxant 

effect induced by PVAT (Szasz et al, 2013). For example, NO is one of many 

endogenous substances that directly activate potassium channels in endothelium 

and vascular smooth muscle cells as part of the vasodilator effect. The NO 

released by PVAT can activate potassium channels in smooth muscle cells, leading 

to hyperpolarization, inhibition of calcium influx, and ultimately vasodilation 

(Stanek et al, 2021). Thus, I evaluated the role of potassium channels in 

hyporeactivity induced by IL-1β in rat thoracic aorta. As a general means of testing 

if potassium channels were involved, I used the non-selective inhibitor TEA which 

I found to diminish the hyporeactivity induced by IL-1β in rings containing PVAT 

(Figure 5-11). This implies that potassium channels play a role in the 

hyporeactivity response observed. These data support many studies investigating 

the involvement of potassium channels in the vasorelaxant effect of PVAT under 

inflammatory conditions. Recently, it was shown that a high-carbohydrate diet 

enhances the anticontractile effect of PVAT via iNOS-derived NO production and 

subsequently activates the voltage-gated potassium channels (Reis Costa et al, 

2021). Similarly, it was observed that the augmented vasorelaxant response 

attributed to perivascular adipose tissue (PVAT) under hypoxic conditions was 

decreased upon administration of the non-selective potassium channel blocker, 

TEA (Maenhaut et al, 2010). It is known that potassium channels are expressed in 

adipose tissue and adipocytes and have been implicated in the anticontractile 

effect of PVAT (Gollasch, 2017; Ramírez-Ponce et al, 2002; Shi et al, 1999). 

Moreover, I have shown in Chapter 4 (Figure 4-11) that glibenclamide (an ATP-

sensitive potassium (KATP) antagonist) attenuates IL-1β-mediated iNOS expression 

and NO production in adipocytes. Therefore, further studies are required to 

investigate which of the many types of potassium channel might directly affect IL-

1β-mediated iNOS regulation in adipose tissue. Future experiments could test if 

glibenclamide has the same effect in IL-1β mediated iNOS expression and NO 

production from rat thoracic PVAT. 
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It’s known that PVAT meditates relaxant effect either via endothelium dependent 

pathway or VSMC-dependent pathway. PVAT-derived factors such as adiponectin 

and H2O2 may activate NO production from endothelial cell which would diffuse 

into adjacent smooth muscle cells to activate soluble guanylyl cyclase (sGC) to 

promote vasodilation. On the other hand, PVAT-derived NO diffuses to adjacent 

VSMCs to exert vasodilation either by directly activating potassium channels or 

indirectly activating the sGC-cGMP pathway, promoting membrane 

hyperpolarization. Indeed, these results indicate that IL-1β enhances the 

production of NO from both PVAT and the endothelium. This combined NO 

production mediates vasorelaxation through the activation of potassium channels 

on VSMC. However, the direct effect of iNOS derived NO produced by PVAT and 

endothelial cells on the sGC pathway was not investigated in this study. It seems 

that NO produced by the endothelium is required, along with NO produced by 

PVAT to fully mediate this effect. Indeed, a previous study reported that eNOS 

activation is required for LPS-induced iNOS expression in endothelial cells of rat 

aortic rings (Vo et al, 2005). In addition there is evidence demonstrating that the 

NO itself can activate NF-KB activation, which is the prominent pathway regulating 

iNOS expression (Kröncke, 2003). These two studies suggest that endothelial cells 

expressing eNOS could be a significant player in the induction of iNOS expression 

within endothelial cells or even may affect iNOS expression within adipose tissue. 

In addition, under inflammatory condition, much of NO production by PVAT could 

react with superoxide (O2
-) to generate the highly reactive molecule peroxynitrite 

(ONOO-), which has a pro inflammatory effect (Beckman, 1996; Beckman & 

Koppenol, 1996). However, endothelium derived NO has been shown to have anti-

inflammatory effect against peroxynitrite to maintain vascular haemostasis under 

inflammatory condition (Nguyen et al, 2016). Therefore, it is also possible that 

endothelial cells secrete more NO to counteract the proinflammatory effect of 

peroxynitrite overproduction, and also mediate a vasodilator effect.  

In order to further explore the SphK1/S1P pathway as a potential mechanism for 

IL-1β-induced hyporeactivity in rat aortic rings containing PVAT, molecular and 

functional experiments were carried out. SphK1 activation was investigated in rat 

aortic PVAT treated with IL-1β. Initial studies were undertaken to assess whether 

IL-1β could induce SphK1 in rat aortic PVAT. IL-1β has been reported to upregulate 

SphK1 in several cell types including glioblastoma cells (Paugh et al, 2009) and 
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lung carcinoma cells (Billich et al, 2005). Moreover, in chapter 3, IL-1β has been 

shown to upregulate SphK1 in 3T3-L1 adipocytes (Figure 3-8). In this chapter, 

Figure 5-12 shows that IL-1β upregulated SphK1 phosphorylation in rat aortic 

PVAT. This observation is further supported by an increase in SphK1 mRNA in both 

rat aortic rings containing PVAT and PVAT itself (Figure 5-13). Given these 

findings, it was important to explore whether IL-1β-induced SphK1 is involved in 

regulation of vascular activity. It was found that pretreatment of endothelium-

intact rat aortic rings containing PVAT with the SphK1 inhibitor PF543 (Figure 5-14) 

30 min prior to incubation with IL-1β failed to inhibit IL-1β-induced hyporeactivity. 

Similarly, treatment of endothelium-intact rat aortic rings containing PVAT with 

S1P (Figure 5-16) and IL-1β did not alter the contractile response to U46619 under 

inflammatory condition. Therefore, these data imply that although IL-1β 

upregulates SphK1 in PVAT, the enhanced relaxant effect caused by the presence 

of PVAT is most likely not mediated by SphK1/S1P. 

S1PR2 has been implicated in regulation of many inflammatory processes in 

adipose tissue. It has been reported that HFD-induced macrophage polarization 

and recruitment to adipose tissue are ablated in mice lacking S1PR2 (Kitada et al, 

2016). In the same study, it was also shown that S1PR2 regulates iNOX2 gene 

expression in epididymal adipocytes of HFD mice. It has also been confirmed in 

this study that inhibition of S1PR2 by JTE 013 decreases IL-1β-mediated iNOS 

expression in adipocytes and regulates iNOS expression resulting from interaction 

between macrophages and adipocytes. Based on these findings, I hypothesised 

that S1PR2 in PVAT of rat thoracic aorta could regulate iNOS expression in response 

to IL-1β and then contribute to the hyporeactivity induced by IL-1β. However, it 

was found that pretreatment of endothelium-intact rat aortic rings containing 

PVAT with JTE 013 (Figure 5-15B) 30 min prior to incubation with IL-1β did not 

reverse the hyporeactivity induced by IL-1β. Nevertheless, pretreatment of 

endothelium-intact rat aortic rings containing PVAT with JTE 013 did decrease the 

contractile response to U46619 under normal conditions (Figure 5-15A). This 

finding suggests that S1PR2 inhibition by JTE 013 may have a direct effect on 

vascular contractility via affecting S1PR2 in VSMCs. This effect could mask the 

direct effect of S1PR2 inhibition in IL-1β mediated PVAT hyporeactivity via iNOS 

pathway. Similar to our result, a previous report demonstrated that JTE 013 

decreases the contractile response to U46619 in mouse basilar artery (Salomone 
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et al, 2008). Although I did not measure the expression of iNOS protein in PVAT 

treated with IL-1β and JTE 013, our observations suggest that S1PR2 inhibition did 

not contribute to the IL-1β-mediated hyporeactivity via iNOS-derived NO 

production. 

The discrepancy in the findings from 3T3-L1 adipocytes and the ex vivo study in 

this chapter which investigated the role of SphK1/S1P/S1PR2 axis pathway could 

be attributed to many factors. The complexity of PVAT could influence the 

signalling pathways activated in response to IL-1β compared to 3T3-L1 adipocyte 

cell line. This is supported by findings in Figure 5-17B, indicating a significant 

downregulation in IL-1β-induced iNOS expression in rat aortic PVAT by S1P. 

Furthermore, JTE 013 may directly impact vascular contractility by affecting 

S1PR2 in VSMCs, as evidenced by the findings in Figure 5-15A, where it was shown 

that JTE 013 decreases the contractile response to U46619 under normal 

conditions. This suggests that S1PR2 inhibition by JTE 013 may have broader 

effects on vascular cells along with PVAT and potentially masking its inhibition of 

iNOS-derived NO production from PVAT-induced by IL-1β. Moreover, considering a 

high production of NO in response to IL-1β, it’s pertinent to consider the 

interaction between nitric oxide and sphingolipid metabolism as a contributing 

factor. A number of studies have shown that NO could interact indirectly with S1P 

via altering its metabolism. For example , NO has been observed to inhibit the 

action of sphingomyelinase, an enzyme that converts ceramide to sphingosine 

(Perrotta et al, 2008). It also was shown that NO decreases ceramide generation 

via sphingomyelinase inhibition (Clementi et al, 2003). Therefore, this might 

influence the role of sphingolipid system in IL-1β-mediated iNOS regulation in 

PVAT. In future experiments, isolation of primary adipocytes from PVAT of rat 

thoracic aorta, with removal of other cell types, followed by culturing with IL-1β 

and sphingolipid modulators could help to address this. 

5.5 Conclusion 

In this chapter, the investigations focused on assessing the effect of IL-1β on PVAT-

mediated anticontractile effect in both mouse and rat aortic rings, with a specific 

examination of the potential involvement of the sphingolipid system in this effect. 

Notably, S1P agonists in mouse experiments exhibited no discernible influence on 
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vascular tone. Additionally, IL-1β did not induce alterations in the anticontractile 

effect in the mouse thoracic aorta. Conversely, in the rat model, IL-1β was found 

to enhance the relaxant effect of PVAT through an iNOS-dependent pathway, 

subsequently activating potassium channels. Furthermore, IL-1β upregulated 

SphK1 in rat aortic PVAT, although this did not impact the hyporeactivity induced 

by IL-1β. Despite functional studies not revealing a significant role for the 

SphK1/S1P/S1PR2 axis pathway in IL-1β-mediated hyporeactivity in the rat 

thoracic artery containing PVAT, the potential contribution of the sphingolipid 

system to IL-1β-mediated iNOS expression in PVAT cannot be ruled out and needs 

further experiments. 
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Chapter 6 - General discussion 
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6.1 Summary and General discussion 

Perivascular adipose tissue (PVAT) surrounds blood vessels and has an anti-

contractile effect. It also helps to maintain vascular homeostasis via release of a 

variety of bioactive molecules (Cheng et al, 2018). In obesity-induced 

inflammation, PVAT becomes dysfunctional and ultimately this leads to loss of the 

anticontractile effect of PVAT and impaired endothelial function (Szasz et al, 

2013). However, a few published studies have demonstrated that inflamed PVAT 

can compensate or have an adaptive role to preserve endothelial function in obese 

mice and rat models; via upregulating iNOS protein and increasing NO production 

(Araujo et al, 2018; Nakladal et al, 2022; Reis Costa et al, 2021). A growing body 

of evidence supports the significant contribution of the sphingolipid system in 

adipose tissue inflammation under conditions of obesity. For example, levels of 

SphKs and S1P have been shown to be elevated in both obese humans and 

experimental murine models of obesity (Hashimoto et al, 2009; Ito et al, 2013; 

Nojiri et al, 2014; Wang et al, 2014). In published studies, inhibition of SphK1 and 

SphK2 in vitro and in vivo results in a decrease in the expression of 

proinflammatory markers in adipose tissue (Tous et al, 2014; Wang et al, 2014; 

Zhang et al, 2014). Further studies indicate that S1PR2 promotes inflammation and 

cytokine release within the adipose tissue in animal models of obesity (Asano et 

al, 2023; Kitada et al, 2016). However, the role of SphKs/S1P in iNOS derived NO 

and how this modulates the effect of PVAT on vascular function under 

inflammatory conditions remains to be fully elucidated. This thesis investigated 

the involvement of SphKs/S1P pathway in IL-1β-mediated iNOS upregulation in 

3T3-L1 adipocytes and related proinflammatory signalling pathways. Furthermore, 

vascular function studies were carried out to investigate the role of this system in 

hyporeactivity of PVAT mediated by IL-1β and whether this operates through a 

pathway dependent on NO derived from iNOS. The present study has shown for 

the first time that the sphingolipid system is required for IL-1β to upregulate iNOS 

and NO production in 3T3-L1 adipocytes under inflammatory conditions. Although 

it was observed previously that sphingolipids promote iNOS regulation in a number 

of cells and tissues (Gong et al, 2020; Nayak et al, 2010; Vasconcelos et al, 2017; 

Wang et al, 2021; Zhang et al, 2021), this observation in 3T3-L1 adipocytes is 

novel. Furthermore, it was shown in this thesis that IL-1β-augments PVAT-
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mediated hyporeactivity in thoracic aorta of rat via the iNOS pathway but this 

effect was independent of the sphingolipid system. 

The work in chapter 3 confirmed the expression of SphK1 in 3T3-L1 adipocytes 

over the period of adipogenesis and further characterised the impact of exogenous 

S1P in various inflammatory pathways. SphK1 expression increased gradually 

throughout the period of adipogenesis, consistent with previous studies 

(Hashimoto et al, 2009; Mastrandrea, 2013). This finding suggests that S1P may 

regulate multiple cellular processes in adipose tissue. The PI3K/Akt pathway (Kugo 

et al, 2021), MAPKs family pathway (Nepali et al, 2015), and NF-KB pathways (Yang 

et al, 2002) are proinflammatory pathways that have been implicated in many 

metabolic disorders in adipose tissue and are linked to many proinflammatory 

processes within adipose tissue such as iNOS regulation. In this study, S1P was 

shown to stimulate the MAPKs pathway, particularly ERK1/2 and JNK, and 

PI3K/Akt. In support of this finding, S1P was shown to activate ERK1/2 and JNK 

phosphorylation in 3T3-L1 differentiated adipocytes (Jun et al, 2006; Kitada et al, 

2016). However, P38 which is a member of MAPKs family pathway was not 

activated in response to S1P treatment in 3T3-L1 adipocytes, which contradicts 

some published studies in rat white adipocytes (Jun et al, 2006) and bone marrow–

derived monocyte/macrophages (Hou et al, 2021). Like P38, the NF-KB pathway 

was not activated in response to S1P in 3T3-L1 adipocytes, supporting a similar 

finding by Gurgui in primary cultured rat intestinal smooth muscle cells in response 

to S1P (Gurgui et al, 2010).  

IL-1β is a proinflammatory cytokine highly expressed in adipose tissue under 

inflammatory conditions, and is linked to  cardiovascular damage and multiple 

organ dysfunction (Engin, 2017; Ghanbari et al, 2021). Therefore, IL-1β was used 

in this study as a proinflammatory stimulus. IL-1β has been reported to activate 

SphK1 expression in a number of cell types, including isolated rat pancreatic islets 

(Mastrandrea et al, 2005) human glioblastoma U373-MG cells (Bryan et al, 2008) 

and astrocytes (Paugh et al, 2009). However, the effect of IL-1β activation on 

SphK1 expression in adipocytes had never been examined. In the current study, 

SphK1 levels were upregulated in response to IL-1β. The increase in SphK1 in 

response to IL-1β in 3T3-L1 adipocytes may contribute significantly to generation 

of more S1P which acts as a proinflammatory lipid mediator to regulate a number 
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of proinflammatory enzymes. However, no effect was observed on Sphk2 

expression, suggesting that this is a SphK1-specific effect. 

A number of studies have shown that IL-1β upregulates iNOS expression including 

in preadipocytes (Park et al, 2021). To explore the involvement of S1P in IL-1β-

induced iNOS expression, IL-1β induced-iNOS expression and NO production was 

assessed in 3T3-L1 adipocytes in the presence and absence of S1P. In this study, 

S1P augmented iNOS expression and NO production induced by IL-1β, indicating 

that S1P produced by the upregulation of SphK1 by IL-1β may have an additive 

effect on IL-1β-mediated NO production. These data support similar observations 

reported in murine HAPI microglial cell line where S1P contributed to iNOS 

upregulation in response to LPS (Wang et al, 2021). However, this is the first study 

investigating the direct role of S1P in iNOS regulation in adipocytes. It is known 

that IL-1β regulates a wide range of inflammatory pathways including PI3K/Akt, 

MAPKs family kinases, and NF-KB, resulting in regulation of a number of 

proinflammatory mediators (Martin & Wesche, 2002). Moreover, iNOS expression 

in 3T3-L1 adipocytes was suggested to be regulated by these pathways (Nepali et 

al, 2015). In the current study, S1P was found to augment IL-1β-induced MAPKs 

pathways and PI3K/Akt pathway with no effect on NF-KB. These data support 

previous findings that S1P augments cytokine-induced MAPKs (Fernández-Pisonero 

et al, 2012; Ohama et al, 2008; Wang et al, 2021) and PI3K/Akt pathway activation 

(Osawa et al, 2001). Hence, it is conceivable that upregulation of SphK1 by IL-1β 

induces the production of S1P, potentially resulting in enhanced iNOS expression 

via MAPKs and PI3K/Akt signalling. 

Chapter 4 investigated more fully how distinct SphKs isoforms and S1PRs modulate 

iNOS regulation in adipocytes stimulated with the cytokine IL-1β. SphK1 inhibition 

was found to decrease iNOS expression and NO production in stimulated 3T3-L1 

adipocytes, implying that IL-1β required SphK1 to mediate iNOS regulation in 

adipocytes. These data support similar observations that SphK1 regulates iNOS 

expression in microglial cells (Nayak et al, 2010). Moreover, the proinflammatory 

effect of S1P in iNOS regulation was likely mediated through S1PR2 as JTE 013, a 

selective S1PR2 antagonist strongly attenuated iNOS expression and NO production 

stimulated by IL-1β in 3T3-L1 adipocytes. In support of this, activation of S1PR2 

with CYM 5478 increased iNOS expression and NO production in adipocytes 
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stimulated by IL-1β. These data support similar recent data that S1PR2 inhibition 

led to decreased iNOS expression in a rat glomerular mesangial cell line (Gong et 

al, 2020), and iNOS expression and NO production in placenta tissue of the 

preeclampsia rat (Zhang et al, 2021). 

ABCA1 is widely implicated in transporting S1P out of many cells, including 

adipocytes. In the present study, inhibiting ABCA1 with glybenclamide, diminished 

the additive effect of S1P on iNOS expression and NO production in stimulated 

adipocytes, suggesting that SphK1 is activated in response to IL-1β to catalyse S1P 

production from sphingosine, which is subsequently released through the ABCA1 

transporter to eventually modulate its function via S1PRs. However, further 

experiments are required to obtain a complete picture by testing another 

transporter such as Spn2 and more importantly, measuring S1P concentration 

released by the adipocytes.   

S1PR2 has been reported to regulate various cellular signalling pathways, including 

PI3K/Akt, NF-KB and MAPK in a number of cells (Kluk & Hla, 2002; Wang et al, 

2023; Yang et al, 2022). Moreover, it was discussed previously that these pathways 

are implicated in many inflammatory processes and linked to iNOS regulation 

within adipose tissue (Nepali et al, 2015), suggesting that the S1PR2 is critical for 

IL-1β induced iNOS expression and NO production in adipocytes. The present study 

investigated the effect of S1PR2 with JTE 013 on IL-1β-stimulated signal 

transduction pathways. Our findings demonstrated that JTE 013 has a strong 

inhibitory effect on IL-1β-stimulated MAPK and PI3K/Akt signalling, suppressing 

phosphorylation of ERK1/2, P38, JNK and Akt whereas the NF-KB pathway was 

unaltered, leading to the suppression of subsequent proinflammatory iNOS 

expression and NO production. This is in accordance with previous studies where 

it has been demonstrated that JTE 013 suppresses MAPKs and PI3K/Akt pathway 

(Hou et al, 2021; Liu et al, 2015). Further investigations confirmed that the 

PI3K/Akt and MAPKs pathways, particularly ERK1/2 and JNK, accounts for the iNOS 

expression and NO production in stimulated adipocytes as iNOS expression and NO 

production were ablated by the inhibition of these pathways. Taken together, this 

study has shown for the first time in adipocytes that S1PR2 inhibition suppresses 

IL-1β stimulated phosphorylation of MAPKs and PI3K/Akt signalling pathway 

intermediates, and subsequent activation of proinflammatory iNOS enzyme. It 
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remains unclear how S1PR2 regulates P38 signalling and its role in iNOS expression, 

since P38 inhibition resulted in augmented IL-1β-induced iNOS expression and NO 

production in adipocytes. Further study is required to uncover the precise role of 

S1PR2 in P38 pathway activation, particularly in iNOS regulation in adipocytes.   

Macrophage recruitment and M1 activation is a key component of the 

proinflammatory environment within the adipose tissue under conditions of 

obesity, thereby contributing to iNOS upregulation (Weisberg et al, 2003). 

Moreover, SphK1-derived S1P is expressed in adipose tissue macrophages and in 

activated RAW 264.7 cells, suggesting a proinflammatory role in adipose tissue 

(Asano et al, 2023; Hammad et al, 2008; Kitada et al, 2016; Wang et al, 2014; Wu 

et al, 2004). In the current study, stimulation of RAW cells with LPS resulted in 

activation of SphK1, suggesting that inflammation increased S1P production from 

macrophages. Stimulation of 3T3-L1 adipocytes with activated macrophage 

conditioned media caused a significant increase in iNOS expression and NO 

production, which was decreased when activated macrophages were treated with 

SphK1 inhibitor, suggesting that S1P released from macrophages may act on S1P 

receptors on adjacent adipocytes to augment iNOS expression. To confirm this, 

S1PR2 receptor inhibition on adipocytes resulted in inhibition of iNOS expression 

and reduced NO production in adipocytes stimulated with RAW CM. Moreover, 

S1PR2 has been shown to promote immune cell infiltration in obese mice (Kitada 

et al, 2016), and induce cytokine production in mice treated with LPS (Skoura et 

al, 2011). Furthermore, in the current study, stimulation of 3T3-L1 adipocytes 

with activated macrophage conditioned media causes a significant increase in 

iNOS expression and NO production, which was decreased when activated 

macrophages were treated with S1PR2 inhibitor. Taken together, this study 

suggests that targeting SphK1/S1P/S1PR2 in adipocytes and macrophages may 

reduce the proinflammatory iNOS upregulation in adipose tissue which is 

associated with obesity and insulin resistance.  

The expression of iNOS within the perivascular adipose tissue has been associated 

with augmented anti-contractile effect in inflammatory related disease such as 

obesity (Araujo et al, 2018; Reis Costa et al, 2021) atherosclerosis (Nakladal et al, 

2022) and sepsis (Awata et al, 2019; Hai-Mei et al, 2013). Moreover, the significant 

role of S1P in mediating vascular tone is well recognised and S1P, therefore, may 
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play an important role in the anticontractile effect of PVAT induced by IL-1β via 

iNOS regulation. An interesting finding from chapter 3 and 4 was that attenuation 

of SphK1/S1P/S1PR2 resulted in diminished iNOS and NO production from 

adipocytes stimulated with IL-1β. Extending our investigations to include PVAT of 

rat and mouse models will offer a more comprehensive understanding of the 

physiological relevance and translational implications of these findings; which was 

the focus of chapter 5. Here, these effects were initially investigated using 

isolated mouse thoracic aortic rings. However, PE-induced contraction was not 

altered in mouse aortic rings following exposure to IL-1β compared with control. 

Furthermore, exogenous S1P and selective S1P agonists had no significant 

vasorelaxant effect in mouse rings and importantly, addition of S1P prior to IL-1β 

incubation exerted no effect. On the other hand, thoracic aorta from the rat does 

vasodilate in response to S1P (Alganga et al, 2019), and since it was confirmed in 

this study that S1P induces vasodilation in rat aorta, the rat model was used for 

further experiments on vascular function. In the current study, it was initially 

confirmed that IL-1β induced alterations in the anticontractile effect in the rat 

thoracic aorta through an iNOS-dependent pathway, subsequently activating 

potassium channels. These observations are in line with a number of studies where 

it was shown PVAT of rat thoracic aorta enhances relaxation via the iNOS pathway 

under inflammatory condition (Awata et al, 2019; Hai-Mei et al, 2013). SphK1 and 

its product S1P is well known to be activated in inflamed adipose tissue 

(Hashimoto et al, 2009; Wang et al, 2014). In this study, IL-1β upregulated mRNA 

expression of Sphk1 and pSphK1 in PVAT isolated from rat thoracic aorta, 

suggesting that more S1P generated from PVAT could act as vasodilator alongside 

NO released from PVAT in response to IL-1β. However, the data presented here in 

rat PVAT proposes that, unlike in 3T3-L1 adipocytes, the SphK1/S1P axis does not 

play a major role in IL-1β-induced PVAT anticontractile effect via iNOS derived 

NO. Moreover, S1PR2 has been found recently to regulate iNOS gene expression in 

epididymal adipose tissue of HFD-mice (Kitada et al, 2016), suggesting that the 

S1PR2 is critical for IL-1β derived NO from PVAT. However, I found that S1PR2 is 

not required for IL-1β- induced PVAT anticontractile effect via iNOS derived NO 

pathway. Collectively, these data indicate that SphK1/S1P/S1PR2 axis pathway is 

not a significant player in the context of hyporeactivity induced by IL-1β in the 

rat thoracic artery containing PVAT. 
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Although the results in this study imply that SphK1/S1P/S1PR2 might participate 

in adipose tissue inflammation via iNOS regulation, the results do not support the 

pathway being involved in the anticontractile effect of PVAT. However, I can’t 

definitively conclude that this system is not involved in iNOS regulation within 

adipocytes of PVAT since the microenvironment of PVAT which is composed of 

several cell types, including smooth muscle cells, endothelial cells and immune 

cells, present a complexity in iNOS regulation via sphingolipid system. For 

example, it was demonstrated that S1P inhibits iNOS expression and NO production 

in rat vascular smooth muscle cells stimulated with IL-1β (Machida et al, 2008). 

Another study has reported that S1P/S1PR1 inhibits LPS-mediated expression of 

iNOS in macrophages (Hughes et al, 2008). These studies suggest that S1P might 

have opposing effects on endothelial cells, VSMC and other cells within adipose 

tissue; possibly masking the effect that S1P produced from adipocytes under 

inflammatory conditions. In addition, NO has been found to interact with 

sphingolipid system metabolism, causing an inhibition in sphingomyelinase, an 

enzyme that converts ceramide to sphingosine, leading to a low level of S1P 

production (Perrotta et al, 2008). Therefore, this could potentially counteract the 

involvement of the sphingolipid system in iNOS derived NO from adipocytes in 

PVAT in response to IL-1β.  

Although the current study characterises the link between iNOS regulation and 

sphingolipids in PVAT, it is not yet known whether this link is implicated in other 

adipose tissue disorders such as insulin resistance and lipid metabolism. As 

discussed in section 1-4-3 and 1-4-4, iNOS was shown to promote lipid metabolism 

under inflammatory conditions and was linked to insulin resistance in adipocytes 

and adipose tissue. It was proven in a number of studies that the SphK1/S1PR2 axis 

regulates inflammation within adipose tissue, contributing to insulin resistance 

and glucose intolerance (Kitada et al, 2016; Olefsky & Glass, 2010; Wang et al, 

2014; Zhang et al, 2014). This indicates that this system may promote insulin 

resistance within adipocytes via iNOS regulation. Therefore, characterisation of 

the link between the sphingolipid system and iNOS regulation in the context of 

insulin resistance and T2D are critical in attaining a better, more comprehensive, 

understanding of this complex relationship. This could ultimately identify novel 

potential therapeutic targets, leading to the development of novel therapies for 

adipose tissue related diseases. 
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6.2 Limitation and future direction 

Although these findings yield valuable insights into the intricate role of the 

sphingolipid system in iNOS regulation in 3T3-L1 adipocyte cell line, it is important 

to acknowledge that these cells have several limitations. Firstly, while 3T3-L1 

adipocytes are the most common model used to study adipose tissue function and 

biology, it does not represent a specific adipose tissue depot and so does not fully 

recapitulate the complexity of adipose tissue. So, really, it would be important to 

repeat some of these experiments in isolated primary adipocytes from different 

depots, particularly PVAT. To do this, primary adipocytes can be isolated from 

PVAT through enzymatic digestion and subsequent purification to be cultured and 

exposed to IL-1β in the presence and absence of sphingolipid modulators. 

Secondly, while the mouse 3T3-L1 adipocyte cell line provides valuable insights 

into adipocyte biology and related processes, including the regulation of iNOS 

expression, it is important to recognise that mouse species may not fully reflect 

the effect in human. To address this limitation, future studies could use human 

adipocytes such as Simpson-Golabi-Behmel syndrome (SGBS) cells and human 

preadipocyte cell lines to determine the clinical relevance of the current findings 

within a broader and more clinically translatable context. 

Another limitation of the current study is that enzymatic activity of SphK1 and S1P 

concentration in response to IL-1β in 3T3-L1 adipocytes and RAW 267.4 was not 

directly measured. To address this, a SphK1 enzymatic assay could be performed, 

which typically involves incubating the cell lysate with radiolabelled sphingosine 

substrate and ATP to allow SphK1 to phosphorylate sphingosine to S1P. The 

formation and production of S1P from 3T3-L1 adipocytes in response to IL-1β could 

be measured using various methods such as mass spectrometry (MS), high-

performance liquid chromatography (HPLC), or enzyme-linked immunosorbent 

assay (ELISA). 

It is important to highlight unanswered questions related to mechanistic pathways 

regulating iNOS in adipocytes via S1PR2. iNOS phosphorylation is regulated at the 

post-translation level via RhoA/ROCK pathway (Glotfelty et al, 2023), and S1PR2 

has also been shown to activate this pathway. Therefore, it would be interesting 

to address the relationship between iNOS regulation and S1PR2 regulated 
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RhoA/ROCK pathway. This approach can be performed by treating the stimulated 

adipocytes with inhibitors of the Rho/ROCK pathway, such as Y-27632 or fasudil in 

the presence and absence of S1PR2 agonists to assess whether S1PR2-mediated 

iNOS activation is Rho/ROCK pathway dependent. Then, measuring iNOS 

expression levels and NO production using techniques such as western blotting and 

a Sievers 280A NO Meter. Another future direction that could help to understand 

the role of SphK1 and S1PR2 in iNOS regulation in 3T3-L1 cell would be the 

generation of a 3T3-L1 knockout for the SphK1 or S1PR2. It’s important to 

acknowledge that there is a difficulty of knocking down protein function by 

molecular biology techniques such as siRNA, however, some studies have 

attempted and succeeded in generation of a 3T3-L1 adipocyte knockout of SphK1 

and S1PR2 by siRNA technique (Hashimoto et al, 2009; Jeong et al, 2015). Using 

adipocytes isolated from SphK1 or S1PR2 knockout animals should be considered 

as another future direction. 

It was found in this thesis that SphK1/S1PR2 axis in RAW 264.7 cells might play a 

role in inducing iNOS expression in adipocytes. It is likely that S1P produced as a 

result of SphK1 activation in response to LPS, in turn, activates S1PR2 in RAW 264.7 

cells, subsequently inducing cytokine release. However, the impact of this axis on 

macrophage polarisation and the secretion of proinflammatory mediators from 

macrophages has not been confirmed in this study. This approach could be 

performed by measuring the levels of pro-inflammatory and anti-inflammatory 

cytokines released by RAW 264.7 cells upon LPS stimulation in the presence and 

absence of SphK1 inhibitor and S1PR2 inhibitor, using techniques such as ELISA or 

multiplex cytokine analysis. 

When incubating rat aortic rings with PVAT with IL-1β, it should be recognised that 

IL-1β exerts effects not only on PVAT but also on other cell types within the 

vascular environment, including smooth muscle cells and endothelial cells. 

Therefore, it may be challenging to attribute the observed hyporeactivity solely 

to iNOS-derived NO production in PVAT. To address this, an alternative approach 

involves the isolation of PVAT from the thoracic aorta followed by incubation with 

IL-1β to induce upregulation of iNOS protein, then transfer the PVAT to the 

myograph bath to conduct functional studies. This approach may mitigate the 

direct impact of IL-1β on vascular cells, allowing for a more focused investigation 
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into the role of PVAT-derived factors, including iNOS-mediated NO production, in 

vascular hyporeactivity.  

One other limitation in chapter 5 of this study is the reliance on ex vivo models, 

using isolated PVAT from healthy animal models and incubating it with an 

individual cytokine (IL-1β). While these models provide valuable insights into the 

mechanisms underlying vascular function and are commonly used, they do not 

represent the complexity of in vivo study. Therefore, it would be interesting to 

study the involvement of the sphingolipid system in the PVAT-mediated 

anticontractile effect isolated from the rat obesity model and rat sepsis model, 

given previous findings have indicated the involvement of PVAT in the relaxant 

effect via an iNOS-dependent pathway in a HFD rat model (Araujo et al, 2018) and 

a cecal ligation and puncture (CLA) sepsis rat model (Awata et al, 2019). In 

addition, it would be worthwhile to use rat models of obesity, endotoxemia or CLA 

sepsis and to treat these animals in vivo with sphingolipid modulators. Such 

experiments can provide insights into the physiological relevance of the 

sphingolipid system in PVAT-mediated vascular regulation under inflammatory 

conditions.  

Previously, broad investigations have identified a potential link between iNOS 

expression and insulin resistance in adipose tissue of HFD animal model and 

adipocyte (Fite et al, 2015; Tsuchiya et al, 2007; Vilela et al, 2022). The present 

study has shown that IL-1β induces iNOS regulation in 3T3-L1 adipocytes via 

SphK1/S1P/S1PR2 dependent pathway. Since this study has only focused on testing 

the involvement of sphingolipid system in PVAT-mediated hyporeactivity via iNOS 

pathway, it would be interesting to determine the link between iNOS regulation 

and sphingolipid system with respect to insulin resistance associated with obesity. 

This could be accomplished by using animal models that develop insulin resistance 

such as HFD-induced obesity and targeting sphingolipid modulators either by 

pharmacological or genetical intervention. Measurements could include 

determining iNOS expression and activity, sphingolipid levels, insulin sensitivity, 

and markers of inflammation in adipose tissue in response to various treatments 

or genetic manipulations. It is also important to investigate the signalling pathway 

regulating iNOS expression in adipose tissue such as MAPKs pathway and NF-KB. 
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This approach will allow for examination the role of the sphingolipid system in 

iNOS regulation and hence its link to insulin resistance. 

6.3 Conclusion 

In summary, the current study has shown the significance of the sphingolipid 

system in modulating iNOS regulation in adipocytes and PVAT. This thesis has 

demonstrated for the first time that IL-1β induces iNOS regulation in 3T3-L1 

adipocytes via SphK1/S1P/S1PR2/MAPK (ERK1/2 and JNK pathway) and PI3K/Akt 

pathway. This thesis has also demonstrated the pivotal role that SphK1/S1P/S1PR2 

signalling plays in mediating the interaction between macrophages and 

adipocytes, thereby influencing the regulation of iNOS within the adipose tissue 

microenvironment. However, the functional studies on PVAT did not support a 

significant role for SphK1/S1P/S1PR2 axis in IL-1β-mediated hyporeactivity via 

iNOS upregulation. Hence, although this work revealed an important role for S1P 

in the pro-inflammatory regulation of iNOS in adipocytes, future work is required 

to fully elucidate the patho-physiological importance of this signalling within the 

context of conditions associated with inflamed adipose tissue. 
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