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Abstract
Background: Cardiovascular disease (CVD) is the leading, global cause of death. Elevated
levels of norepinephrine (NE) are associated with CVDs such as coronary heart disease with
atherosclerosis as the underlying mechanism. Oxidised low-density lipoprotein (OxLDL) has
been shown to play an integral role in the formation of atherosclerosis within the vasculature.
Previous studies suggest a decrease in NE by renal denervation is associated with enhanced
atherosclerosis in mice and NE has anti-inflammatory effects. Therefore, we hypothesised that
NE may protect against atherosclerosis. This study aimed to investigate the effects of NE on
cellular proliferation, OxLDL uptake and mRNA expression of inflammatory markers in
mouse aortic vascular smooth muscle cells (VSMCs), a key cell type involved in
atherosclerosis. Methods: Mouse aortic VSMCs were cultured and treated with NE for three
consecutive days. Cell proliferation was measured using the trypan blue exclusion and MTS
proliferation assays. VSMCs were exposed to fluorescence-labelled OxLDL in the presence or
absence of NE for 24 hours. Cellular uptake of fluorescence-labelled OxLDL was visualised
by confocal microscopy and analysed for mean fluorescence intensity using ImageJ. To
investigate the involvement of NE receptors, the α1-, α2- or β-adrenergic receptor (AR)
antagonists were studied in parallel. The gene expression in VSMCs, being treated with or
without NE for 24 hours, was analysed using quantitative PCR. One-way ANOVA followed
by Bonferroni post-hoc tests were used for comparison among more than 2 groups and Mann
Whitney U test was used for comparison of means between two groups. The statistical analyses
were conducted using SPSS version 25. Results: NE did not change VSMC proliferation
(P>0.05). NE (0.1 μM) significantly decreased cellular uptake of OxLDL (P<0.001). Treatment
with AR antagonists did not produce significant effects. NE treatment showed downregulation
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of plasma membrane receptor CXCL16 (P=0.028), which is responsible for lipid uptake. NE
treatment did not alter the expression of inflammatory genes. Conclusion: NE decreased
intracellular OxLDL accumulation possibly via decreasing the expression of lipid uptake
receptor CXCL16. This may decrease the formation of foam cells from VSMCs, thus protecting
against the formation of atherosclerosis.
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1.1 Cardiovascular disease
Cardiovascular disease (CVD) is the name given to a group of diseases affecting the heart
and/or vasculature. These include coronary heart disease, peripheral artery disease and
congestive heart failure. As a collective, CVD is the leading cause of death globally, with an
estimated 17.9 million deaths, which account for 31% of total deaths (Organization, 2017).
CVD has a high human and healthcare cost. In Australia alone, CVD accounted for $3.9 billion
in direct healthcare costs in 1993-94 (Mathers, 1999). These costs increased to roughly $7.6
billion in 2008-09, and continue to be the leading cause of death for Australians 45 years and
over (Welfare, 2018). In 2011, coronary artery disease alone accounted for the most disabilityadjusted life-years (346,650) and years of life lost (275,704) (Moon et al., 2019). The majority
of global deaths (85%) are caused by heart attack (including coronary artery disease as cause)
and stroke, with atherosclerosis being a key factor underlying these diseases (Organisation,
2017).

1.2 Atherosclerosis
Atherosclerosis is characterised by the formation and progression of plaque(s) in the arterial
wall. The prevalence of atherosclerosis was estimated at 422.7 million cases in 2015 globally
(Roth et al., 2017). This may be an underestimation, as a recent study utilising whole body
magnetic resonance angiography demonstrated 49.4% of asymptomatic, non-diabetic
participants with low- to intermediate-risk of CVD had at least one stenotic blood vessel
(Lambert et al., 2018). While the authors conclude the stenosis was relatively evenly distributed
thought the cardiovascular system, higher incidences were found in the arterial coeliac trunk,
and to a lesser extent, the abdominal aorta.
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1.3 Inflammation and atherosclerosis
Disruption of normal vascular endothelial cell (EC) function leads to an inflammatory
response, an early step in the development of atherosclerosis, and generally describes
dysfunction in nitric oxide (NO) synthesis and bioavailability (Gimbrone and García-Cardeña,
2016). This dysfunction can be stimulated via effectors such as angiotensin II (ANG II) in
hypertension (Wang et al., 2011), or oxidised low-density lipoprotein (OxLDL) in
hyperlipidaemia (Kim et al., 2012). Cytokines also contribute to EC dysfunction (Hennig et al.,
1994). Activated ECs increase expression of surface adhesion molecules, binding monocytes
and T lymphocytes. Vascular cell adhesion molecule -1 (VCAM-1), Intercellular Adhesion
Molecule-1 (ICAM-1), E- and P-Selectins are overexpressed by ECs in sites of nascent
atherosclerotic lesion formation (Amberger et al., 1997, Liao, 2013). Release of chemokines,
e.g. monocyte chemoattractant protein -1 (MCP-1), by vascular cells stimulate monocyte
diapedesis into the vascular intima, aided by impaired EC barrier integrity (Gerhardt and Ley,
2015). In the intima, monocyte differentiation into macrophages (MPs) can be stimulated
through cytokine paracrine signalling pathways, or the presence of modified lipoproteins such
as OxLDL (Seo et al., 2015).

1.4 Hyperlipidaemia and atherosclerosis
1.4.1 The role of lipoproteins
Lipids such as cholesterol and triglycerides are utilised in many cellular functions (de Oliveira
Andrade, 2016). They are available through synthesis within the liver (endogenous) or dietary
consumption (exogenous). These hydrophilic molecules bind with apolipoproteins to be
transported throughout the circulation as lipoproteins for cellular use. These lipoproteins are
the transport chain between the liver and other tissues, including the vasculature, and the return
from tissues to the liver and intestine for redistribution or excretion (Marques et al., 2018).
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Lipoproteins have a hydrophobic core of lipids: mainly cholesterol esters and triglycerides,
surrounded by a hydrophilic shell of apolipoproteins, phospholipids and free cholesterol. These
lipoproteins are characterised by density, constituent apolipoproteins and lipid composition
(Table 1) (Feingold and Grunfeld, 2000).
Table 1. Lipoprotein classifications. (Feingold and Grunfeld, 2000)

Lipoprotein

Density
(g/ml)

Size
(nm)

Major Lipids

Major Apoproteins

Chylomicrons

<0.930

751200

Triglycerides

Apo B-48, Apo C, Apo E,
Apo A-I, A-II, A-IV

Chylomicron
Remnants

0.9301.006

30-80

Triglycerides
Cholesterol

Apo B-48, Apo E

VLDL

0.9301.006

30-80

Triglycerides

Apo B-100, Apo E, Apo C

IDL

1.0061.019

25-35

Triglycerides
Cholesterol

Apo B-100, Apo E, Apo C

LDL

1.0191.063

18- 25 Cholesterol

Apo B-100

HDL

1.0631.210

5- 12

Cholesterol
Phospholipids

Apo A-I, Apo A-II, Apo C,
Apo E

Lp (a)

1.0551.085

~30

Cholesterol

Apo B-100, Apo (a)
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HDL: high-density lipoprotein; IDL: intermediate-density lipoprotein; LDL: low-density
lipoprotein; Lp (a): lipoprotein a; VLDL: very low-density lipoprotein.

Most of these lipoproteins facilitate peripheral transport of lipids to the tissues, with HDL a
major component of cholesterol efflux from the cell and reverse cholesterol transport (RCT) to
the liver and intestine.

1.4.2 Cholesterol homeostasis
Under normal conditions, cellular cholesterol homeostasis is achieved through the balance of
regulated and unregulated cholesterol uptake and efflux mechanisms (Figure 1). Uptake occurs
via several surface receptors: low-density lipoprotein surface receptors (LDLR),
Apolipoprotein E receptor (ApoER), LDL receptor–related protein (LRP), Toll-like receptor 4
(TLR4), lectin-type oxidized LDL receptor 1 (LOX1), also known as oxidized low-density
lipoprotein receptor 1 (OLR) and scavenger receptor A (SRA) (Linton et al., 2000). LDL,
VLDL and ApoE remnants are taken up by LDLR, ApoER, and LRP receptor-mediated
endocytosis. LDLR-mediated uptake is tightly regulated, as excess intracellular cholesterol
accumulation downregulates LDLR surface expression. Unregulated uptake mechanisms
include pino-and phagocytosis, LRP, TLR4, LOX and SRA-mediated endocytosis of modified
LDL particles, e. g., OxLDL. Intracellularly, these lipoproteins undergo further modification
through enzymatic activity (Heeren et al., 1999).
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Figure 1. The mechanisms of cholesterol trafficking within the macrophage cell. (Linton
et al., 2000).
The uptake of lipids, mainly native and modified low-density lipoproteins, occurs via both
regulated (LDLR, ApoER, LRP receptors) and unregulated (phagocytosis, TLR4, CD36, LOX,
SRA, CXCL16) plasma membrane pathways. These lipoproteins are converted into free
cholesterol by lysosomes before esterification by ACAT-1 to form cholesteryl esters. These
cholesteryl esters can either be stored within the cytoplasm as lipid droplets or de-esterified by
cholesterol esterase back into free cholesterol for efflux. Efflux mechanisms include passive
diffusion and active transport through SR-B1, ABCA1 and ABCG1. The accumulation of lipid
droplets within the macrophage are the hallmark of foam cells. ABCA1: ATP-binding cassette
subfamily A member 1; ABCG1: ATP-binding cassette subfamily G member 1; ACAT-1:
21

acetyl-CoA acetyltransferase 1; ApoER: apolipoprotein E receptor; CD36: cluster of
differentiation 36; CXCL16: C-X-C motif chemokine 16; LDLR: low-density lipoprotein
surface receptor; LRP: LDL receptor–related protein; TLR4: toll-like receptor 4; LOX1: lectintype oxidized LDL receptor 1 (LOX1), also known as oxidized low-density lipoprotein receptor
1 (OLR1); SRA: scavenger receptor A.
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Cholesterol in the cell is dynamic, in that most is transported to the cell membrane, where it
remains an integral component, with the excess modified through the action of lysosomal acid
lipase (LAL), releasing free cholesterol. Acyl-coenzyme A (CoA):cholesterol acyltransferase
1 (ACAT1) in the endoplasmic reticulum (ER) converts free cholesterol into cholesteryl esters
(CE) which can be stored as lipid droplets (Chang et al., 1997), or further modified by
cholesterol esterase hydrolysis back into free cholesterol to be transported back out of the cell
(Li and Hui, 1997).
Cholesterol efflux is carried out through both passive and active mechanisms. Free cholesterol
particles passively diffuse out of the cell, or are actively effluxed through transporter-mediated
mechanisms. Most cholesterol efflux occurs through the ATP-binding cassette transporters
ABCA1 and ABCG1. ABCA1 mediates transport through lipid-poor ApoA-1 and ApoE
discoids interact with ABCA1 to bind excess cholesterol/phospholipids (Francis et al., 1995,
Panagotopulos et al., 2002).

1.4.3 Hyperlipidaemia and atherosclerosis
Generally defined as elevated levels of fasting total cholesterol (Table 2), with or without
triglyceride elevation (Nelson, 2013), hyperlipidaemia affects approximately 71 million
(33.5%) adults in the USA, and 5.6 million (32.8%) Australians 18 years and older (Statistics,
2013) Hyperlipidaemia is a major risk factor for development of atherosclerosis (Ross and
Harker, 1976), showing strong association with CVD (Murphy et al., 2013) (Karr, 2017).
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Table 2. Most commonly used hyperlipidaemia classifications. (Nelson, 2013)
LDL Cholesterol
<100

Optimal

100 – 129

Near or above optimal

130 – 159

Borderline high

160 – 189

High

≥ 190

Very high

Total Cholesterol
<200

Desirable

200 – 239

Borderline high

≥ 240

High

HDL Cholesterol
<40

Low

≥ 60

High

Triglycerides
<150

Normal

150 – 199

Borderline high

200 – 499

High

≥ 500

Very high

These are published criteria by the National Cholesterol Education Panel’s (NCEP)
Adult Treatment Program-3 (ATP-III) guidelines (USA)
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Recent clinical trials have concluded a reduction in plasma LDL levels reduce incidence of
CVD events (Burkhardt, 2015), with a combination of statin and PCSK9-inhibitors more
effective in lowering LDL, further improving CVD event risk (Cannon et al., 2015). The
elevated LDL levels increase CVD risk, with modified forms (oxidised-LDL, acetylated-LDL,
glycated-LDL, etc.) much more pathological and atherogenic than native LDL (Alique et al.,
2015).

1.5 Pathogenesis of atherosclerosis via oxidised LDL
Development and progression of atherosclerosis is multifactorial: influenced by systemic,
micro-environmental, genetic and immune cellular and molecular interactions (Singh et al.,
2002). Arterial lumen endothelial cell dysfunction is the first step in formation of the fatty
streak (Gimbrone and García-Cardeña, 2016). In areas prone to atherosclerotic plaque
development, reduced expression of endothelial nitric oxide synthase (eNOS) decreases EC
barrier integrity and increases vulnerability of ECs to infiltration by pro-atherogenic
lipoproteins, namely those containing apolipoprotein B (ApoB), e. g. LDL (Gerrity and
Antonov, 1997). NO production activates the Nf-kB pathway, and the activation of NF-κB has
been demonstrated in ECs in atherosclerotic fatty streaks (Gerrity and Antonov, 1997). EC
activation also increases the production of reactive oxygen species (ROS), which react with
lipoproteins, producing several compounds, including atherogenic oxidised-LDL (OxLDL)
(Leopold and Loscalzo, 2008). OxLDL further activates ECs, VSMCs and MPs, increasing
expression of adherence proteins (ICAM-1, VCAM-1, P-Selectin), inflammatory receptors and
cytokines (TLR2, MCP-1, IL-8) (Hamik et al., 2007).
Inflammatory cytokines increase proliferation and migration of immune and vascular cells
(Dzau et al., 2002). Ox-LDL accumulates in macrophages and VSMCs, producing the
characteristic “foam” cells seen in atherosclerotic plaques. This accumulation may occur via
dysfunction in cholesterol efflux and increase in LDL and scavenger receptors (SR-B1, SR25

A1, CD36) (Chistiakov et al., 2017). Liu et al (2014) suggest OxLDL also enhance migration
of VSMC-derived foam cells. OxLDL can also activate NF-κB signalling, with impairment of
SIRT1 expression observed to promote both VSMC foam cell formation and migration (Zhang
et al., 2016).
The recruitment and proliferation of cells in the intima with increased phagocytosis of ApoBcontaining lipoproteins continue foam cell formation. Apolipoprotein degradation by
endoplasmic lysosomes releases free cholesterol, esterified by acyl-CoA: cholesterol
acyltransferase (ACAT) into cholesteryl esters in the endoplasmic reticulum and stored as lipid
droplets (Chang et al., 2009). These lipid-laden foam cells originate from vascular and immune
cells.

1.6 The origin of foam cells
The origin of lipid-laden foam cells characteristic of atherosclerotic plaques has generally been
viewed as mostly of monocytic cell origin (Shashkin et al., 2005). Recent investigation has
reported foam cells have origins from several vascular cell types. The principle of foam cell
formation is essentially the same: a dysregulation of cholesterol trafficking and shift toward a
more inflammatory phenotype (Zhang et al., 2016b).

1.6.1 Macrophage-derived foam cell formation
Until relatively recently, the traditional view of foam cell origin was based mainly on the
phenotypic transformation of both resident and migratory macrophages within the vascular
wall (Aqel et al., 1985). The staining of human atherosclerotic plaques using monoclonal
antibodies against known macrophage markers CD45, CD68 and HLA Class II was used to
identify foam cell progenitors.
Recent studies have clarified macrophage phenotype distribution of plaque phenotypes with
plaque progression (Chinetti-Gbaguidi et al., 2015). Lipopolysaccharide (LPS)-activated anti26

inflammatory M2 macrophages were found to shift toward an inflammatory function, rapidly
accumulating OxLDL while also increasing IL-6, IL-8 and MCP-1 and decreasing antiinflammatory IL-10 production (van Tits et al., 2011). In early atherosclerosis, M2
macrophages were found to infiltrate lesions, and these same macrophages reverted back
towards the M1 inflammatory phenotype in late stage necrotic cores (Khallou-Laschet et al.,
2010).
Scavenger receptors (SR) play a key role in the phenotypic change to foam cells (Lewis et al.,
2016). Downregulation of SR expression or SR antagonists has been shown to inhibit foam cell
formation (Petersen et al., 2014). Conversely, upregulated expression of CD36, SR-A1 and
LOX-1 lipid uptake receptors and downregulated ABCA1, ABCG1 and SR-B1 efflux
transporters promoted macrophage foam cell formation (Chistiakov et al., 2017).

1.6.2 VSMC-derived foam cell formation
VSMCs normally reside in the vascular media, migrating into the intima in response to stimuli,
such as vessel injury or OxLDL (Louis and Zahradka, 2010). They undergo a phenotypic
transformation from the conventional contractile phenotype to a synthetic phenotype: an
enhanced, lipid-accumulating, foam cell-forming VSMC found in the intima and
atherosclerotic plaques. VSMC-derived foam cells have also been shown to express
macrophage markers, i. e. CD68, LGALS3/Mac2, CD11b and F4/80 (Allahverdian et al.,
2014) (Bennett et al., 2016).
Matrix metalloproteinases (MMPs) are a primary group of tightly regulated, zinc-dependent
enzymes which degrade the extracellular matrix (ECM) and are responsible for tissue
remodelling and repair, mainly through protein substrate cleavage (Woessner, 1991). Latent
MMPs are generally inactive in a normal physiological state as a proMMP form, but can be
activated through cleavage by proteinases and other MMPs and are overexpressed in vascular
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pathologies such as atherosclerosis and in response to injury (Newby, 2005). MMP activity is
tightly regulated through tissue inhibitors of metalloproteinases (TIMPs), endogenous
inhibitors which keep MMP activity in homeostasis (Johnson, 2017). The MMP/TIMP ratio
has been shown to determine the extent of tissue remodelling and ECM degradation (Wang
and Khalil, 2018). In atherosclerosis, overexpression of MMP-2 and MMP-9 and resultant
degradation of the advanced atherosclerotic plaque fibrous cap increased plaque instability,
exacerbating risk of rupture and embolus formation (Wågsäter et al., 2011).
Overexpression of MMPs enhances VSMC migration into the arterial matrix in vivo (Mason et
al., 1999). Ox-LDL downregulates SIRT-1 expression, elevating MMP-9 expression by
VSMCs and enhancing the phenotypic transformation into foam cells (Zhang et al., 2016a).
These cells exhibit downregulation of contractile α-smooth muscle actin (α-SMA) and
ABCA1, while upregulating scavenger receptors when exposed to OxLDL (Yan et al., 2011)
(Yoshida et al., 1998).
VSMCs, like monocyte-derived macrophages, also express scavenger receptors and become
foam cells when exposed to lipoproteins (Bauriedel et al., 1999). Foam cell formation is
dependent on disparity between cholesterol uptake and efflux, the rate-limiting component of
which is mediated by ABCA-1 (Piehler et al., 2007). Intimal VSMCs have less expression of
ABCA1 when compared to medial VSMCs in human coronary arteries (Doran et al., 2008).
Reduced ABCA1 expression was also observed together with impaired apolipoprotein A1mediated lipid efflux in human coronary artery intimal VSMCs, promoting intracellular lipid
accumulation (Choi et al., 2009). Reverse cholesterol transport is facilitated by HDL and the
ATP-binding cassette transporters ABCA1, ABCG1 and SR-B1. It has also been shown to
occur through a LXR-α -dependent pathway (Wang et al., 2014).
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1.6.3 Endothelial cells-derived foam cell formation
Endothelial cells may be small contributor to the foam cell population, exhibiting biomarker
differences from normal EC (Ivan and Antohe, 2010b). Hamster aortic endothelial cells
exposed to hypercholesterolaemic serum exhibited intracellular lipid droplets typically seen in
foam cells. These cells also did not express cell adhesion molecules ICAM-1 and VCAM-1
(Westhorpe et al., 2012). The same lipid-laded foam cells were reported to be formed from
human EC exposed to hyperlipidaemic human serum, though VCAM-1 and VLA-4 were
expressed, accompanied by increased intracellular Ca2+ release (Ivan and Antohe, 2010a). The
precise mechanisms of this transformation of ECs into foam cells, and their role in the advanced
atherosclerotic lesion remain unclear.
The interaction between the immune system and vascular cells, in combination with
microenvironmental factors such as presence and modification of lipoproteins, cytokine
signalling and the increased accumulation of lipids contribute to atherosclerotic plaque
progression.

1.7 Catecholamines
1.7.1 Introduction
Catecholamines are endogenous compounds which serve important physiological functions as
both neurotransmitters and hormones. Their structure consists of a benzene ring with two
adjacent hydroxyl groups and a side-chain amine. Catecholamine synthesis begins with the
amino acid tyrosine, which can be synthesised from phenylalanine when needed. These amino
acids are modified through several steps, eventually converted into the catecholamine
dopamine. Dopamine is the precursor to norepinephrine, which can be modified further to
produce epinephrine. Dopamine, norepinephrine and epinephrine are the 3 main
catecholamines; major components of the sympathetic nervous system (SNS) which can elicit
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both localised and systemic effects within the body, including the “fight or flight” response
(Goldstein, 2010).

1.7.2 Catecholamine synthesis pathway
Chromaffin cells within the adrenal medulla and postganglionic fibres of the SNS synthesize
catecholamines, in a multistep process involving several enzymes, cofactors and substrates
(Berends et al., 2019). Phenylalanine, obtained from diet, undergoes benzene ring
hydroxylation on the number 4 carbon by phenylalanine hydroxylase, producing tyrosine
(Kohlmeier, 2003). Tyrosine hydroxylase, the rate-limiting enzyme in the catecholamine
synthesis pathway, further hydroxylates tyrosine, producing 3,4-dihydroxyphenylalanine (LDOPA), the precursor to all catecholamines (Molinoff and Axelrod, 1971). L-DOPA has its
side-chain carboxylic acid group removed by aromatic amino acid decarboxylase (AAAD),
forming dopamine (DA). DA hydroxylation by dopamine β-hydroxylase (DβH) produces
norepinephrine (NE). NE is methylated by phenylethanolamine N-methyltransferase (PMNT),
to produce epinephrine (EPI)(Figure 2)(Kumer and Vrana, 1996).
These catecholamines stimulate receptors which are expressed in many different tissues and
neuronal populations within the body.

30

31

Figure 2. The catecholamine synthesis pathway.
Tyrosine is the substrate from which dopamine, norepinephrine and epinephrine are
synthesised. Tyrosine can be produced from phenylalanine through hydroxylation on the
number 4 carbon by phenylalanine hydroxylase. Tyrosine hydroxylase, the rate-limiting
enzyme in the catecholamine synthesis pathway, further hydroxylates tyrosine, producing 3,4dihydroxyphenylalanine (L-DOPA), the precursor to all catecholamines (Molinoff and
Axelrod, 1971). L-DOPA undergoes side-chain carboxylic acid group removal by aromatic
amino acid decarboxylase (AAAD), forming dopamine (DA). DA can undergo hydroxylation
by dopamine β-hydroxylase (DβH), producing norepinephrine (NE). Ne can be methylated by
phenylethanolamine N-methyltransferase (PMNT), to produce epinephrine (Kumer and Vrana,
1996)

1.7.3 Adrenergic receptors
Adrenergic receptors (ARs) are the main receptors for NE and EPI. They are classified as 7transmembrane receptors, and are G protein-coupled receptors (GPCRs), for which
catecholamines are strong agonists. These receptors are found on many cell types throughout
the body, and stimulate SNS response. Adrenergic receptors consist of two main groups: alpha
(α) and beta (β), further divided into 10 subtypes: α1A, α1B, α1D, α2A, α2B, α2C, α2D, β1,
β2 and β3. NE and EPI have different affinities for the two AR groups, and agonising different
receptor types produces different cellular responses (Hieble, 2009). AR stimulation by NE has
been shown to elicit changes in cellular function of different tissues.

1.7.4 The effect of norepinephrine on cellular proliferation
1.7.4.1 Activation of α-ARs in cellular proliferation
Cellular proliferation is an integral step in the atherosclerotic process as vascular and immune
cells migrate and proliferate, leading to the formation of foam cells and plaques as the condition
progresses. Norepinephrine has been shown to increase cellular proliferation through the
activation of different α-AR subtypes. Norepinephrine concentrations as little as 0.001 µM and
as high as 100,000 µM induced hyperproliferation of hypertensive rat aortic VSMCs, with 0.1
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µM – 10 µM showing significant proliferative effects in both normotensive and hypertensive
VSMCs (Bauch et al., 1987). In this same study by Bauch et al, NE concentration higher than
10 µM showed no enhanced growth with 1 mM toxic to the cells. A more recent study
supported these findings, identifying α1-AR activation enhancing mitosis (Yu et al., 1996). The
α1-AR coupled to pertussis toxin-insensitive Gq-protein activated the mitogen-activated
protein kinase (MAPK) pathway and protein kinase C (PKC) through phosphoinositide
hydrolysis. Furthermore, NE also activates the small GTP-binding (G) protein Ras/MAPK
pathway to induce VSMC proliferation in rats, suggesting more than one exclusive upstream
activating mechanism (Takai et al., 2001). Evidence has shown there is cross-talk between
GPCRs and receptor tyrosine kinase (RTK) signalling pathways, culminating in MAPK
activation and cellular proliferation (Liebmann and Bohmer, 2000).
Human NE-VSMC interaction is similar. In one study, both human arterial and venous VSMCs
exhibited higher proliferation in response to NE (10 μM) stimulation (Erlinge et al., 1994). In
another study, NE-α1-AR stimulation via pertussin toxin-sensitive G proteins activated
phosphatidylinositol 3-kinase (PI3K) through tyrosine phosphorylation of the p85 subunit
guanosine triphosphate (GTP), characterizing the role of tyrosine protein kinase (TNK) in
MAPK activation (Hu et al., 1996). In contrast, NE was shown to activate PI3K in murine
NIH/3T3 embryonic fibroblasts expressing human α1A- and α1B-AR via pertussis toxininsensitive G proteins, activating the Ras/MAPK pathway (Hu et al., 1999). In rat pulmonary
artery smooth muscle cells, α1D-AR stimulation promoted proliferation through MAPK
signalling (Liu et al., 2017).
1.7.4.2 β-AR response to norepinephrine stimulation
In human pancreatic cancer cells (PANC-1), NE stimulated proliferation through β 1- and β2AR activation of P38 MAPK (Huang et al., 2012). Similar β2-activation effects were also
observed in human glioblastoma (U251) (He et al., 2017), human hepatocellular carcinoma
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(HepG2) and non-stimulated breast (MCF7) and colon (HT-29) cancer cells (İşeri et al., 2014).
Chronic β2-AR stimulation increased proliferation of human cardiac fibroblasts in an autocrine
manner through increased secretion of heat-sensitive growth factors (Turner et al., 2003).
Direct activation of adenyl cyclase stimulated cAMP/MAPK activation, but did not induce
proliferation.
The proliferative action of NE on VSMCs in mice and man are yet to be fully characterised.
Nitric oxide has been shown to be anti-proliferative in VSMCs, with impaired NO production
by endothelial cells contributing, at least in part, to enhanced VSMC proliferation (Jeremy et
al., 1999). Evidence supports NE stimulation of both α- and β-AR in different cell types
enhance proliferation through MAPK activation and the secretion of proliferative growth
factors, suggesting NE can exert effects through both direct and indirect mechanisms.

1.7.5 Norepinephrine has an anti-inflammatory effect
Human monocytes isolated from heart failure patients produced less TNFα when treated with
NE (1 µM), with this same effect observed in THP-1 monocytes through β-AR stimulation (Ng
and Toews, 2016). NE also induced anti-inflammatory cytokine interleukin – 10 (IL-10),
though this effect was attenuated in isolated heart failure patient monocytes. Human and
murine CD8+ T cells reduced production of both IFN-γ and TNFα in response to NE-induced
β-AR activation (Estrada et al., 2016), and also prevented antigen cross-presentation by
dendritic cells (Herve et al., 2013). In septic shock (systemic inflammatory response) patients,
NE was found to have a significantly greater effect than dopamine to reduce levels of TNFα,
IL-1 and IL-6 (Wang et al., 2019).
Toll-like receptor (TLR) pathways play an important role in the function of innate and adaptive
immune system cells (Kawasaki and Kawai, 2014). They are expressed in macrophages,
dendritic and natural killer (NK) cells of the innate immune system, T and B cells of the
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adaptive immune system and in other cell types, i. e. endothelial cells, VSMCs and fibroblasts
(Delneste et al., 2007). NE suppressed TLR activation-induced TNFα secretion in macrophages
though β2-ARs, as well as suppressing IL-1β, IL-6 and IL-12(Agac et al., 2018). These changes
were observed at NE concentrations as little as 0.0005 µM, and both β2-AR and TLR
stimulation synergistically induced a rapid increase in anti-inflammatory IL-10 expression.
TLRs also play a role in activation of the adaptive immune system. NK cells have a high
expression of β-ARs (Maisel et al., 1990) and stimulation of these receptors inhibits NK
migration and cytotoxicity (Rosenne et al., 2014).
Although majority of studies show that norepinephrine protects against inflammation, some
studies also show that norepinephrine may also elicit a pro-inflammatory effect. For example,
in LPS-activated murine peritoneal macrophages, elevated production of pro-inflammatory
cytokine tumour necrosis factor - α (TNFα) was observed when NE stimulated α-ARs, while
β-AR stimulation attenuated this effect in an autocrine manner (Spengler et al., 1994). The
controversy in these findings may be due to difference in methodology, or effect of NE on cells
pre-stimulated by other means prior to NE treatment.

1.7.6 Norepinephrine and cellular lipid uptake
As previously reported, there are elevated levels of norepinephrine in hypertension (Esler et
al., 1989) and coronary artery disease (Bauch et al., 1987). It is yet to be fully elucidated
whether norepinephrine is a contributing factor to these diseases or a response to other
pathological mechanisms.
Norepinephrine induced enhanced lipolysis in visceral and subcutaneous fat cells in rats
(Morimoto et al., 1997) and humans (Ryden et al., 2007) in relation to hormone sensitive lipase
(HSL) levels. NE was also found in the cytoplasm and lipid droplets within murine 3T3-L1
adipocytes, suggesting incorporation as part of its mechanism of enhancing lipolysis (Zhou et
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al., 1995). Lipolysis may also be attributed to an as yet unknown Gs-protein-coupled receptor
with a lower catecholamine affinity than α-, β1-, β2- and β3-ARs (Tavernier et al., 2005). The
lipolytic action of NE has been shown to inhibit oxidation of LDL, possibly providing a
protective effect against atherosclerosis (Viens et al., 1996). The influence of NE on the
phenotypic transformation of VSMCs to the synthetic phenotype, and if this change is
reversible, is unclear.

1.7.7 Norepinephrine and atherosclerosis
Previous studies have supported association of elevated NE with atherosclerosis (Bauch et al.,
1987, Hauss et al., 1990). Elevated plasma NE levels in hypertensive patients has been
documented, and hypertension itself is also a major risk factor for the development of
atherosclerosis (Kannel et al., 1986).. In congestive heart failure secondary to coronary artery
disease patients, reduction in plasma norepinephrine levels correlated with improvement in
condition. Increases in plasma NE correlated with deteriorating condition and even death (Kao
et al., 1989). These results are consistent with previous findings (Thomas and Marks, 1978).
NE has also been shown to be an independent predictor of vascular endothelial function with
aging in women, even when corrected for plasma oxidised low density-lipoprotein.
Even though higher NE is correlated with atherosclerosis, however, whether this is detrimental
or beneficial is unclear. In hypertensive mice induced by angiotensin II infusion, renal
denervation, which decreased NE, increased atherosclerosis (Wang et al., 2017), suggesting a
protective role of NE against atherosclerosis.

1.8 Hypothesis and aims
A decrease in norepinephrine by renal denervation is associated with enhanced atherosclerosis.
Norepinephrine has anti-inflammatory effects. The main cell type in the blood vessel is
vascular smooth muscle cells. We hypothesize that norepinephrine may be beneficial to protect
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against atherosclerosis via (1) inhibition of inflammation in VSMCs and (2) inhibition of foam
cell formation from VSMCs by reduction in OxLDL uptake.
This study aimed to observe the following actions of norepinephrine on mouse aortic vascular
smooth muscle cells: 1) proliferative effects at physiological and pathological concentrations;
2) effect on intracellular oxidised low-density lipoprotein accumulation and identify
mechanism; 3) effect on the mRNA expression of inflammatory markers.
The results of this study will enhance further knowledge into the actions of norepinephrine on
three important atherogenic cellular actions of VSMCs.
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2.1 Cell culture
Murine VSMCs were cultured in Dulbecco’s Modified Eagle’s Medium, with 4.5 g/L Dglucose, 4.0 mM L-glutamine, 25.0 mM HEPES (ThermoFisher Scientific, Scoresby,
Australia). Media was supplemented with 10% heat-inactivated Foetal Bovine Serum (FBS)
(Bovogen, Melbourne, Australia) and 1% Penicillin-Streptomycin (ThermoFisher Scientific,
Scoresby, Australia), consisting of 10,000 unit’s/mL penicillin and 10,000 µg/mL
streptomycin. Cells were grown to 80% confluence prior to plating in MatTek© dishes or 6well plates in DMEM with 1% FBS for 24 hours, prior to preparation for confocal microscopy
or RNA extraction.

2.2 Compound preparation
2.2.1 Norepinephrine preparation
Powdered norepinephrine hydrochloride (Sigma Aldrich, Sydney, Australia) was dissolved in
milli-Q water and filtered through a 0.2 µm filter to produce 50 mL of 1 mM stock solution.
Aliquots of this stock solution were stored in capped 1.5 mL tubes (Eppendorf, Germany) at
-20°C. A new tube of stock aliquot was used for each experiment. Stock NE was diluted with
phosphate-buffered saline (PBS) to 10 µM NE solution. 10 µL of prepared NE was added to 1
mL of media per well (6 well plate) or MatTek dishes to produce final concentrations of 10 µM
or 0.1 µM.

2.2.2 Adrenergic receptor antagonist preparation
Three adrenergic receptor antagonists were used in this study: Prazosin, RX 821002 and
Propranolol which are α1-, α2- and β-adrenergic receptor antagonists, respectively. These
compounds were purchased in powdered form from Sigma Aldrich (Sydney, Australia). 1mM
concentration of stock solution for each compound was prepared with milli-Q water and diluted
with PBS prior to use. They were stored in capped 1.5mL tubes (Eppendorf, Germany) in

39

aliquots after being filtered with a 0.2 µm syringe filter (Sigma Aldrich, Sydney, Australia). A
new aliquot was used for each experiment.

2.3 Cellular Proliferation
2.3.1 Trypan blue exclusion assay
VSMCs were planted into 6-well plates at 8 x 104 cells per well with DMEM + 10% FBS and
1% P-S (2 mL) and incubated at 37°C for 24 hr (Day 0). Daily media change and addition of
either NE or PBS were added to experimental or control groups, respectively, for 3 consecutive
days. NE solutions were prepared fresh daily. Groups were as follows: NE: 0.001-10 µM (N=5
per group) and control (N=5). On Day 4, VSMCs were washed, trypsinised per manufacturer
protocol and analysed through trypan blue exclusion method (Strober, 1997). Trypan blue dye,
counting chamber cassettes and analysis through Countess™ Cell Counter were performed per
manufacturer recommendations (Thermofisher Scientific, Scoresby, Australia).

2.3.2 MTS proliferation assay
VSMCs were placed into 96-well plates at 5 x 103 cells and 200 µL final volume per well, with
DMEM + 10% FBS and 1% P-S and incubated at 37°C for 24 hr (Day 0). Daily media change
and addition of either NE or PBS were added to experimental or control groups, respectively,
for 3 consecutive days. NE solutions were prepared fresh daily. Groups were as follows: NE:
0.001-10 µM (N=8 per group), control (N=7) and media only (N=1). On Day 4, MTS reagent
was added to all wells and protocol performed per manufacturer (Sapphire Bioscience,
Redfern, Australia). Plates were analysed using Multiskan™ FC Microplate Photometer
(Thermofisher Scientific, Scoresby, Australia) at 520 nm wavelength.
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2.4 Confocal microscopy
2.4.1 Cell treatment to investigate the effect of norepinephrine uptake of OxLDL by
VSMC
VSMCs were detached after PBS wash with 3 mL of 0.25% Trypsin-EDTA (ThermoFisher
Scientific, Scoresby, Australia) and incubated at 37°C for 4 min. Trypsinisation reaction was
halted with the addition of 6 mL complete medium and centrifuged at 1200 g for 5 min. The
supernatant was aspirated and cells were resuspended in 1% FBS DMEM. Cell concentration
was determined using the Trypan blue exclusion method and Countess Automated Cell Counter
per manufacturer protocol. Cells were re-suspended through pipetting up and down with 25
mL glass pipette tip and placed into glass-bottomed MatTek dishes at a concentration of 3x105
cells per dish and incubated at 37°C, 21% oxygen and 5% carbon dioxide for 24 hr. 1 mL of
medium was aspirated from each dish and 10 μL norepinephrine added to produce final group
concentrations of 0.1 μM and 10 μM (NE groups), with PBS added to the control group. The
calibration group consisted of PBS addition only, no NE or oxidized-low density lipoprotein
added. After 30-minute incubation, dil-labelled oxidized-low density lipoprotein (Dil-OxLDL)
(ThermoFisher Scientific, Scoresby, Australia) was added to NE and Control groups (5 μg) and
cells were further incubated for 4 hr at 37°C before preparation for confocal imaging.

2.4.2 Cell treatment to investigate the effect of norepinephrine on VSMC uptake of
OxLDL when pretreated with α- or β-adrenergic receptor antagonists
VSMCs were plated into MatTek dishes (3.0 x 105 cells) and grouped as follows: Control (no
NE or antagonists), NE (no antagonists), Prazosin (α1 antagonist), RX 821002 (α2 antagonist)
and Propranolol (β antagonist). Adrenergic receptor antagonists were added and incubated at
37°C for 1 hr prior to NE addition (Table 3).
Table 3. Final concentrations of adrenergic receptor antagonists added to cells prior to
norepinephrine addition.
41

Antagonist

Final Concentration

Prazosin (α1)

0.1 µM

RX 821002 (α2)

0.1 µM

Propranolol (β)

1 µM

2.4.3 Confocal microscopy
A Nikon Eclipse Ti-E confocal microscope was used to visualize the fluorescent intensity of
intracellular Dil-OxLDL. Microscope settings were optimised to minimize photobleaching and
provide ideal observation of cells, lipoproteins and nuclei. The confocal microscope was
calibrated so background excitation was minimal.
Hoechst 33342 nuclear stain (ThermoFisher Scientific, Scoresby, Australia) was added to all
groups to a final concentration of 4 µM at the end of the incubation period for each experiment.
This stain has excitation /emission wavelengths of 361 nm/486 nm, emitting blue fluorescence
at 460-490 nm. After 10 min incubation at 37°C, all medium was aspirated and cells gently
washed with PBS. 1 mL of DMEM with high glucose, HEPES and no phenol red
(ThermoFisher Scientific, Scoresby, Australia) was added to all chambers before the cells were
observed and imaged by the confocal microscope.
Eight random fields were imaged at 20x magnification for the cells in each dish. Each field of
view was analysed manually as described below. Entire dish was visually inspected to support
findings that Dil-OxLDL uptake and cellular membrane association, as well responses to NE
and NE antagonists were occurring throughout the sample, and not chance occurrences. This
manual inspection provided confidence in gating of cell population subsets for further analysis.
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2.4.4 Image analysis
Images were analysed with ImageJ (Fiji) image processing software. Images were viewed at 33-2 RGB with 2 channels: Blue (nucleus) and Red (Dil-OxLDL). Plasma membranes were
outlined and the mean fluorescent intensity of Dil-OxLDL was calculated. These values were
used for statistical analysis in SPSS 25 (IBM). Confocal microscopy images were converted to
Joint Photographic Experts Group (.jpeg) format in blue, red and merged channel images for
the visual representation of OxLDL uptake by VSMCs.

2.5 mRNA quantification
2.5.1 Cell treatment
VSMCs were plated into 6-well plates (Thermofisher) at 1.0 x 106 cells per well and incubated
at 37°C for 24 hr in DMEM + 1% FBS. This experiment consisted of only Control and NE
groups. NE was added (0.1 µM) and cells incubated at 37°C for 30 min. Dil-OxLDL (5 µg)
was added to all groups and cells were incubated at 37°C for 4 hr. After incubation, cells were
lysed with TRIzol reagent and mRNA extracted per manufacturer protocol.

2.5.2 mRNA extraction
RNA was extracted from cells using the TRIZOL method according to the manufacturer’s
instruction. In brief, 1 ml Tri-Reagent (Sigma-Aldrich, Sydney, Australia) was added to each
well of a 6-well plate to lyse cells. The cell lysate was transferred to a capped 1.5 mL tube
(Eppendorf, Germany). After the addition of 200 µL of chloroform, the sample was shaken
vigorously for 15 sec and then centrifuged at 1,200 G force at 4°C for 10 min. 360 µl of the
clear top layer of the sample was transferred to a new 1.5 ml Eppendorf tube and 500 µL of
isopropanol was added to precipitate RNA. After centrifugation at 12,000 g at 4°C for 10 min,
the supernatant was discarded and the RNA pellet was washed with 1 mL 70% ethanol. The
samples were vortexed and centrifuged at 7500 G force at 4°C for 5 min. The RNA pellet was
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dried for 15 min and resuspended with 17 µL of RNase-free water. RNA yield was quantified
using Nanodrop Spectrophotometer (ThermoFisher Scientific, Scoresby, Australia).

2.5.3 mRNA quantification
RNA was quantified using a Nanodrop Spectrophotometer (ThermoFisher Scientific,
Scoresby, Australia). 1 µL of each sample was used and the concentrations and absorbance
were measured and recorded.

2.5.4 cDNA synthesis
Complimentary DNA strands (cDNA) were synthesised using a High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific, Melbourne, Australia), according to the
manufacturer’s instruction. In brief, 2 µg RNA was used in a 20 µL reaction volume consisting
of reverse transcriptase buffer, reverse transcriptase enzyme, deoxynucleotide triphosphate,
random hexamers and RNA template. The samples were placed in a Bio-Rad thermocycler
with settings listed in Table 4.
Table 4. Thermocycler settings for cDNA Synthesis.
Temperature

Time (minutes)

25°C

10

37°C

120

85°C

5

4°C

∞

Synthesised cDNA was then diluted with 380 µL of RNase free water to produce a stock
solution with a cDNA concentration of 5 ng/ µL and stored at -20°C.

2.5.5 quantitive PCR
2.5.5.1 Primer design
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Primers were designed using NCBI Primer-BLAST online software. The primers are designed
with a PCR product size being between 70 and 150, with melting temperature at 60-61°C and
containing exon-exon junction (See Table 5 for inflammatory genes and Table 6 for
lipoprotein uptake and efflux).
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Table 5. Forward and reverse primers of inflammatory genes.
Gene

NCBI Ref. Seq.

Primer

Primer sequence

Product
length

1

NM_008337

IFN-γ
2

NM_010548.2

IL-10
3

NM_008361.4

IL-1β
4

NM_001314054.1

IL-6
5

NM_001313922.1

iNOS
6

NM_011333.3

MCP-1
7

NM_008610.3

MMP-2
8

NM_008610.3

MMP-9
9

NM_009045.5

NF-kB
10

NM_011593.2

TIMP-1
11
TIMP-2

NM_011594.3

Forward

TGGCTGTTTCTGGCTGTTACT

Reverse

TCATGTCACCATCCTTTTGCCA

Forward

ACTTTAAGGGTTACTTGGGTTGC

Reverse

CCTGGGGCATCACTTCTACC

Forward

GCCACCTTTTGACAGTGATGAG

Reverse

GACAGCCCAGGTCAAAGGTT

Forward

CGGCCTTCCCTACTTCACAA

Reverse

GCCATTGCACAACTCTTTTCTCA

Forward

CCTGCTTTGTGCGAAGTGTC

Reverse

CCCTTTGTGCTGGGAGTCAT

Forward

CTTCTGGGCCTGCTGTTCA

Reverse

CCAGCCTACTCATTGGGATCA

Forward

AACGGTCGGGAATACAGCAG

Reverse

GTAAACAAGGCTTCATGGGGG

Forward

GCCGACTTTTGTGGTCTTCC

Reverse

GCCGACTTTTGTGGTCTTCC

Forward

GGCAGTGACGCGACGA

Reverse

AAACAGATCGTCCATGGTCAGG

Forward

GGCATCTGGCATCCTCTTGT

Reverse

CATGAATTTAGCCCTTATGACCAGG

Forward

AGTGCAAGATCACTCGCTGTC

Reverse

CGCGCAAGAACCATCACTTC
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147

75

95

149

140

127

125

78

129

121

149

Table 6. Forward and reverse primers of genes involved in extracellular lipoprotein
uptake or efflux
Gene

NCBI Ref. Seq.

Primer

Primer sequence

Product
length

1

NM_013454.3

ABCA1
2

NM_009593.2

ABCG1
3

NM_001305819.1

ApoE
4

NM_023158.7

CXCL16
5

NM_001252659.1

LDLR
6
SR-B1

NM_001205083.1

Forward

CGTGTCTTGTCTGAAAAAGGAGG

Reverse

CGTGTCACTTTCATGGTCGC

Forward

GGCAGACGAGAGATGGTCAA

Reverse

AAAGAACATGACAGGCGGGT

147

Forward

AGATGGGGTTCTCTGGGTGG

149

Reverse

AGGCATCCTGTCAGCAATGTG

Forward

AGTGTCGCTGGAAGTTGTTCT

Reverse

GGACTGCAACTGGAACCTGATA

Forward

CCAATCGACTCACGGGTTCA

Reverse

TCACACCAGTTCACCCCTCT

Forward

GCTCGGCGTTGTCATGATCC

Reverse

GGGTCTATGCGGACATTCTTGA
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82

138

112

75

2.5.5.2 Primer solutions
Primer was synthesised by Integrated DNA Technologies (Singapore). 100 µM stock solution
was prepared using RNase free water. The working solution (10 µM) was prepared by diluting
10 µL stock solution with 90 µL RNase free water. The primer solutions were stored at -20°C.
2.5.5.3 qPCR
qPCR was performed on Applied Biosystems ViiA 7 qPCR machine using a SensiFAST™
SYBR® kit according to the manufacturer’s instruction. Eukaryotic elongation factor 2 (EEF2)
was used as the housekeeping gene. The qPCR condition was 40 cycles of 95°C for 15 sec,
58°C for 20 sec and 72°C for 20 sec.
2.5.5.4 Real-time qPCR data analysis
Relative expression was analysed using The ΔCT method using a reference gene (EEF2). The
ΔCT uses the CT difference between the reference gene and the target gene. This method will
normalize the target gene expression to the reference gene.

2.6 Statistical analysis
Statistical analysis was performed using SPSS Statistical Software version 25 (IBM). One-Way
ANOVA followed by Bonferroni post-hoc tests were used to analyse results for any statistical
significance for Trypan blue exclusion and MTS proliferation assays.
Fluorescent mean intensity of Dil-OxLDL from confocal microscopy images among multiple
groups was analysed using one-way ANOVA followed by Bonferroni post-hoc tests. Gene

48

expression analysis from qPCR results between control and NE treated groups was analysed
using the Mann-Whitney U test. In all statistical tests, p values of < 0.05 are considered
significant.
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3.1 NE did not influence VSMC proliferation
VSMCs were treated with increasing doses of NE (0.001-1.0 µM), stained with Trypan blue
and counted for changes in proliferation. One-way ANOVA showed no significant differences
in live cell counts between experimental groups and controls. Of note was the large standard
deviation among groups, which may account for no significance of observed reduced cell
numbers in the 0.01 µM and 1 µM groups vs control using one-way ANOVA and Bonferroni
post-hoc tests (p = 0.436) (Figure 3A).
An MTS Proliferation assay was also performed using NE concentrations of 0.001-10 µM.
Variation among groups was less than in the previous assay, but larger in control, 0.01 µM and
0.1 µM groups. An increase in cell proliferation was observed in the NE 10 µM group vs
control, with decreased cell numbers in 0.001 µM and 0.1 µM groups vs control. However,
one-way ANOVA and Bonferroni statistical analysis failed to produce significance (p = 0.237)
(Figure 3B). No dose-dependent response of VSMC proliferation to NE was observed.
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Figure 3. The effect of NE on VSMC proliferation.
(A) VSMCs (8x104) were placed into 6-well plates for 24h. Daily media change and addition
of either NE (0.001-1 μM) or PBS were added to experimental (N=5 per group) or control
(N=5) groups, respectively, for 3 consecutive days. Cells were harvested on Day 4 and 10μL
of each group stained with 10μL trypan blue, then counted with Countess Cell Counter. Results
were corrected for total volume and analysed with one-way ANOVA and Bonferroni post-hoc
test using SPSS software. Error bars represent standard deviation (B) VSMCs were placed into
96-well plates at 5 x 103 cells and 200 µL final volume per well in 96-well plate in following
groups: NE: 0.001-10µM (N=8 per group), control (N=7) and media only (N=1). Same
methodology listed above was followed. On Day 4, 20 µL of MTS reagent was added to each
well and incubated for 2 hours before analysis with Multiskan FC Microplate Photometer at
520 nm wavelength. Output was analysed using one-way ANOVA followed by Bonferroni
post-hoc tests. Error Bars represent standard deviation. NE: norepinephrine; VSMC: vascular
smooth muscle cells.
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3.2 0.1 µM NE-treated VSMCs showed significant decrease in Dil-OxLDL uptake
VSMCs were exposed to Dil-OxLDL (Red channel) and treated with 0.1 µM (NE Low), 10
µM (NE High) or PBS (control). Cell nuclei were stained with Hoechst (Blue channel) and
washed prior to confocal imaging, ImageJ mean intensity and statistical analyses.
NE was observed to decrease OxLDL uptake by VSMCs in both concentrations: 0.1 µM (NE
Low) and 10 µM (NE). Confocal microscopy showed decreased fluorescent intensity of
intracellular Dil-OxLDL (Figure 4A). Confocal imaging also revealed cell membrane
association of Dil-OxLDL in control cells (Figure 4A, arrow), whereas NE-treated VSMCs
exhibited very little cell membrane-Dil-OxLDL binding. This association was clearly observed
to be pronounced in all control samples. The degree of association was not quantified. Mean
intensity of Dil-OxLDL fluorescence was analysed with one-way ANOVA and Bonferroni
post-hoc tests between groups (Figure 4B), showing a significant decrease between the 0.1 µM
NE group vs Controls with a p value of 0.035. No significant difference was observed between
the 0.1 µM and 10 µM NE concentration groups. Two independent experiments were
performed to support indication that observed events were not random occurrences, but a result
of the treatment with Ox-LDL and a reaction of Ox-LDL-treated VSMCs to NE treatment.
Each observational field contained both clustered and individual cells, illustrating that cellular
lipid-trafficking changes and Ox-LDL-cell membrane associations occurred independent of
cell proximity to each other. The observations in this experiment provided the basis for 0.1 µM
NE concentration to be used in subsequent experiments.
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Figure 4: 0.1 μM NE significantly reduced Dil-OxLDL uptake in VSMCs.
5

VSMCs (3x10 ) were placed into MatTek Glass Bottom Dishes for 24h and NE (0.1 and 10
μM) or PBS (Control) was added to the dishes. 30 min later, Dil-labelled oxidised LDL (DilOxLDL) was added with a final concentration of 5 μg/mL for 4h. After staining the nucleus
with 2 μL Hoechst (4 µM) for 10 min. The fluorescence of Dil-OxLDL (red channel) and
Hoechst (blue channel) was imaged via a confocal microscope on 8 random fields and so 8
images were obtained for each dish. Mean observed cells per field: control = 30, 0.1 μM NE =
29, 10 μM NE = 33. Scale bar: 40 micrometers. (A) Representative images of ox-LDL (red
channel), Hoechst (blue channel) and merged channels of cells from different groups. Yellow
arrow indicates Dil-OxLDL binding to the VSMC cell membrane. Confocal imaging also
revealed cell membrane association of Dil-OxLDL in control cells (A, yellow arrow), whereas
NE-treated VSMCs exhibited very little cell membrane-Dil-OxLDL binding. (B) The mean
intensity of Dil-OxLDL fluorescence. The mean intensity of Dil-OxLDL fluorescence (red) in
each cell was analysed using ImageJ. The average of the mean intensity of Dil-OxLDL
fluorescence was calculated for each image. The mean intensity among the groups (N=8 in
each group) were analysed using one-way ANOVA followed by Bonferroni post-hoc tests,
showing significant decrease in mean intensity (p = 0.035) between the 0.1 μM NE group and
controls. Error Bars represent standard deviation. NE: norepinephrine; VSMC: vascular
smooth muscle cells. The result shown was from one of two independent experiments that
showed the similar results.
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3.3 Reduced LDL uptake effect of NE in VSMCs was not significantly affected by
α1-, α2- or β-adrenergic receptor antagonists
VSMCs were pretreated with AR-antagonists Prazosin (α1-AR), RX 821002 (α2-AR) or
Propranolol (β-AR) prior to Dil-OxLDL and NE (0.1 μM) application. Cells were then washed
and nuclei stained with Hoechst for confocal imaging and further analysis.
Pretreatment with adrenergic receptor antagonists Prazosin, RX 821002 or Propranolol did not
show any significant difference in OxLDL uptake by VSMCs exposed to NE. However,
confocal microscopy images showed OxLDL-membrane association to a lesser degree in NE
and NE + antagonist treated groups versus controls (Figure 5 A). This observation was not
quantified, but is similar to findings of previous experiment using NE without any ARantagonists. Confocal microscopy observation of entire dishes showed this to be a common
occurrence.
A significant decrease in OxLDL uptake was observed between 0.1 µM NE and control as
analysed with one-way ANOVA and Bonferroni post-hoc tests (p < 0.001) (Figure 5 B). Both
NE and NE + antagonist groups exhibited reduced OxLDL uptake. No other statistically
significant differences in mean fluorescent intensity were observed in NE + antagonist groups.
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Figure 5: The effect of α1, α2 and β receptor inhibitors on the ox-LDL uptake in the
presence of NE by VSMCs.
5

VSMCs (3x10 ) were placed into MatTek Glass Bottom Dishes for 24h. Prazosin (α1 inhibitor,
0.1 μM), RX821002 (α2 inhibitor, 0.1 μM) or propranolol (β inhibitor, 1 μM) was added to the
dishes. 1h later NE (0.1 μM) was added to all the dishes except for the control cells. 30 min
later, Dil-labelled oxidised LDL was added with a final concentration of 5 μg/mL to all the
dishes for 4h. After staining the nucleus with 2 μL Hoechst (4 µM) for 10 min. The fluorescence
of ox-LDL (red channel) and Hoechst (blue channel) was imaged via a confocal microscope
on 8 random fields and so 8 images were obtained for each dish. (A) Representative images of
ox-LDL (red channel), Hoechst (blue channel) and merged channels of cells from different
groups. (B) The mean intensity of ox-LDL fluorescence. ox-LDL fluorescence (red) in each
cell was analysed using ImageJ. The average of the mean intensity of ox-LDL fluorescence
was calculated for each image (the average of the mean intensity in the control group was
normalized to 1). The mean intensity among the groups (N=8 in each group) were analysed
using one-way ANOVA followed by Bonferroni post-hoc tests. Error Bars represent standard
deviation. Scale bar: 40 micrometers. LDL: low density lipoprotein; NE: norepinephrine;
VSMC: vascular smooth muscle cells. The result shown was from one of two independent
experiments that showed similar results.
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3.4 NE decreased mRNA expression of plasma membrane receptor CXCL16 in
VSMCs
VSMCs pretreated with/without NE (0.1 Mm) were exposed to Ox-LDL and analysed for any
changes in mRNA expression of lipid trafficking membrane receptors using one-way ANOVA
and Mann-Whitney U post-hoc tests. mRNA extraction was performed through TRIzol method
and cDNA synthesised for qPCR analysis. Eukaryotic elongation factor 2 (EEF2) was selected
as housekeeping gene. Lipid uptake receptors: LDLR, ApoE, CXCL16, and SR-B1. Lipid
efflux receptors: ABCA1 and ABCG1. Relative gene expression statistical analysis showed
significant decrease in lipoprotein uptake surface receptor CXCL16 mRNA (p value = 0.028)
(Figure 6A). NE treatment did not affect the gene expression of the other selected lipidtrafficking targets. However, several samples had large error bars, and these discrepancies may
have influenced statistical results to some degree. ABCG1 (Figure 6B), LDLR (Figure 7A),
ApoE (Figure 7B), ABCA1 (Figure 8A), and SR-B1 (Figure 8B) when compared to controls.
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Figure 6: The effect of NE on VSMC mRNA expression of CXCL16 and ABCG1.
5

VSMCs (3x10 ) were placed into 6-well plates for 24h. Cells were treated with either NE (0.1
μM) or PBS (Control). 30 min later, Dil-labeled oxidised LDL was added with a final
concentration of 5 μg/mL to all the dishes for 4h. Cells were lysed with TRIzol reagent and
RNA extracted and synthesized into cDNA. Samples of cDNA were run through qPCR and
analysed for relative gene expression changes between NE and Control groups, normalized to
EEF2 housekeeping gene. (A) Relative expression of lipoprotein uptake receptor CXCL16. (B)
Relative expression of lipoprotein efflux transporter ABCG1. The average relative expression
between groups was analysed using Mann-Whitney U test. Error Bars represent standard
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deviation. LDL: low density lipoprotein; NE: norepinephrine; VSMC: vascular smooth muscle
cells.
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Figure 7: The effect of NE on VSMC mRNA expression of LDLR and ApoE.
5

VSMCs (3x10 ) were placed into 6-well plates for 24h. Cells were treated with either NE (0.1
μM) or PBS (Control). 30 min later, Dil-labeled oxidised LDL was added with a final
concentration of 5 μg/mL to all the dishes for 4h. Cells were lysed with TRIzol reagent and
RNA extracted and synthesized into cDNA. Samples of cDNA were run through qPCR and
analysed for relative gene expression changes between NE and Control groups, normalized to
EEF2 housekeeping gene. (A) Relative expression of lipoprotein uptake receptor LDLR. (B)
Relative expression of lipoprotein ApoE. The average relative expression between groups was
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analysed using Mann-Whitney U post-hoc test. Error Bars represent standard deviation. LDL:
low density lipoprotein; NE: norepinephrine; VSMC: vascular smooth muscle cells.
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Figure 8: The effect of NE on VSMC mRNA expression of ABCA1 and SR-B1.
5

VSMCs (3x10 ) were placed into 6-well plates for 24h. Cells were treated with either NE (0.1
μM) or PBS (Control). 30 min later, Dil-labeled oxidised LDL was added with a final
concentration of 5 μg/mL to all the dishes for 4h. Cells were lysed with TRIzol reagent and
RNA extracted and synthesized into cDNA. Samples of cDNA were run through qPCR and
analysed for relative gene expression changes between NE and Control groups, normalized to
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EEF2 housekeeping gene. (A) Relative expression of lipoprotein efflux transporter LDLR. (B)
Relative expression of uptake/efflux receptor SR-B1. The average relative expression between
groups was analysed using Mann-Whitney U test. Error Bars represent standard deviation.
LDL: low density lipoprotein; NE: norepinephrine; VSMC: vascular smooth muscle cells.
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3.5 NE showed no significant effect on VSMC mRNA expression of inflammatory
markers
VSMCs were pretreated with NE before being exposed to OxLDL. mRNA was extracted using
TRIzol method and cDNA synthesised for qPCR of selected inflammatory markers. No
significant change in mRNA expression was observed between NE and control groups when
exposed to OxLDL. mRNA relative expression of IFN-γ, IL-10, IL-1β, IL-6, iNOS, MCP-1,
MMP-2, MMP-9, NF-κB, TIMP-1 and TIMP-2 was statistically insignificant when analysed
by one-way ANOVA and Mann-Whitney U tests (P>0.05, Table 6).

Table 7. Inflammatory mRNA expression by VSMCs treated with norepinephrine.

Gene
IFN-γ
IL-10
IL-1β
IL-6
iNOS
MCP-1
MMP-2
MMP-9
NF-kB
TIMP-1
TIMP-2

Control
13.205 ± 2.307
10.786 ± 1.147
10.947 ± 2.918
10.498 ± 0.274
7.709 ± 0.682
3.217 ± 0.571
10.571 ± 0.904
5.092 ± 0.566
9.599 ± 0.434
5.133 ± 0.529
2.243 ± 0.512

Mann-Whitney U test was used for statistical analysis.
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NE
13.562 ± 1.676
10.521 ± 1.383
9.608 ± 3.376
10.293 ± 1.171
7.660 ± 1.240
3.803 ± 1.155
10.67 ± 0.393
5.133 ± 0.280
9.402 ± 0.315
5.259 ± 0.287
2.391 ± 0.322

P Value
0.225
0.600
0.345
0.753
0.753
0.345
0.345
0.753
0.249
0.463
0.917

Chapter 4
Discussion
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Elevated NE levels in patients with cardiovascular disease, diabetes mellitus and mental stress
has been well documented. NE levels were found to be elevated in patients with coronary artery
disease, and NE levels have been correlated with increasing severity of atherosclerosis (Hauss
et al., 1990). The net effect of NE on CVD in general, and atherosclerosis in particular, remains
unclear.

4.1 No observed significant change in VSMC proliferation by NE
The results of the effect of NE on proliferation is controversial in the literature. Some reported
that NE could increase VSMC proliferation (Bauch et al., 1987, Erlinge et al., 1993, Parenti et
al., 2001, Jiao et al., 2008, Zacharia et al., 2001, Li et al., 2008), whereas others reported that
NE could decrease the proliferation of VSMCs (Hu et al., 2020, Li et al., 2008, Parmentier et
al., 2003, Muthalif et al., 2001)(Table 8).
In terms of the source of VSMCs, they were from various species including mouse (Hu et al.,
2020), rat (Jiao et al., 2008, Li et al., 2008, Muthalif et al., 2001), rabbit (Parmentier et al.,
2003), as well as humans (Zacharia et al., 2001). These species differences may account for
the effect of NE observed. For example, NE increased proliferation in rat and rabbit (Hauss et
al., 1990, Parmentier et al., 2003), whereas it inhibited the VSMC proliferation in mice (Hu et
al., 2020).
These studies which have shown the classical activation of the MAPK signaling pathway
through α1-AR stimulation in VSMCs, with the effect increasing in a dose-dependent manner
(Li et al., 2008). There is evidence to suggest NE has the potential to either promote or suppress
proliferation dependent on the type of AR stimulated (Nakaki et al., 1990), with β-AR
stimulation inhibiting α-AR stimulated growth. The proliferative effect induced by activation
of α-ARs by NE is enhanced in the presence of ATP as an additional substrate for mitosis
(Erlinge et al., 1993). In the hypertensive rodent model, angiotensin II had a synergistic effect
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with NE to increase proliferation, mediated in part by fibroblast growth factor (FGF) (Parenti
et al., 2001). This effect was not observed with NE alone at 0.1 µM. It is also suggested that
NE not only induced proliferation in vitro through α1 and β1 receptors, but this proliferation
was accompanied by the phenotypic shift toward a more synthetic VSMC (Jiao et al., 2008).
In that study, both contractile VSMC marker SM22α and HRG-1 were downregulated. OxLDL
irreversibly induced proliferation, and when combined with NE induced a greater effect than
NE alone. However, in that same study, in serum-free medium cultured cells, NE had the
opposite effect of upregulating SM22α, showing NE has a reversible effect on VSMC
proliferation.
In deference to these reports, our study showed NE did not induce proliferation. This is
consistent with a recent study which also used mouse aorta VSMCs (MOVAS cell line) (Hu et
al., 2020), where 0.1 µM NE did not induce proliferation, and this effect was reversible through
overexpression of TGFβ type I receptor kinase (ALK5). The lack of proliferative enhancement
was also observed with an apoptosis-promoting effect by the authors.
NO has been found to decrease VSMC proliferation through arrest of the cell cycle, with
associated depression of the mitotic mitotic-specific ubiquitin-conjugating enzyme, UbcH10
(Tsihlis et al., 2011). Our observation of no significant change in iNOS activity in the presence
of either OxLDL or both OxLDL and NE may indicate in an isolated setting, NO production
was not affected to a degree sufficient for proliferative cell changes. In the complex in vivo
arterial microenvironment, cellular proliferation is regulated through the activity of NO and its
direct and indirect effects, as well as myriad cytokines, growth factors, LDL and other
components (Napoli et al., 2013).
While our study did not specifically address apoptosis, cell viability before and after
experimentation with NE showed no significant change, with only a decrease noted at a
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concentration of 1 mM NE (results not shown). Apoptosis is an important process in late-stage,
advanced atherosclerotic plaques exhibiting a lipid-rich, necrotic core.
A prior study concluded differences in foetal calf serum (FCS) concentration and cell
confluency also play a role in proliferation of VSMCs (Nakaki et al., 1990). The authors found
FCS concentrations up to 10% had a stimulatory effect on DNA synthesis, with α-AR
enhancing the effect, and β-AR stimulation inhibiting. The addition of NE to lower passage
and subconfluent cells was stimulatory at a range of concentrations (0.001 to 0.1 nM). NE
showed inhibitory effects to higher passage cells, with lower concentrations (<1 nM) also
inhibitory.
Our experiment employed 10% FBS, with cells seeded for experimentation when confluency
was approximately 80%. However, NE did not elicit any proliferative changes. It is quite
possible that inter-species differences in VSMC genotype may be a factor, and further
investigation is required to ascertain what other, if any, effects of NE on VSMC function may
have occurred, but were unobserved, e. g. mRNA expressional changes of other markers and
apoptotic rate.
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Table 8. Norepinephrine effects on proliferation of different vascular smooth muscle cells.

VSMC origin

NE
concentration

Co treatment

Treatment Effect on
time
proliferation

Mouse aorta

0.1 µM

TGFβ

24-48hr

Rat abdominal
aorta

10 µM

OxLDL

Rat aorta

Rabbit aorta

Mechanism

Reference

Suppress

Decreased TGFβ receptor ALK5
expression

(Hu et al., 2020)

36hr

Promote

α1/β-AR mediated downregulation of
HRG-1

(Jiao et al.,
2008)

0.001-1 µM

D1-like and D3
dopamine
receptor agonists

24hr

Suppress

NE-α1-AR proliferation inhibited by
dopamine receptor activation

(Li et al., 2008)

10 µM

PKC-ζ inhibitor

48hr

Suppress

PKC-ζ –mediated PLD activation

(Parmentier et
al., 2003)

Human thoracic
10-500 µM
aorta

2-Hydroxyestradiol 96hr

Promote

Inhibited metabolism of 2Hydroxyestradiol

(Zacharia et al.,
2001)

Rat thoracic
aorta

1 µM

Ras FTase
inhibitors

48hr

Supress

Inhibition of Ras protein farnesylation

(Muthalif et al.,
2001)

Rat thoracic
aorta

0.0001-0.1 µM ANG II

96hr

Promote

FGF-mediated synergy between ANG (Parenti et al.,
II and NE
2001)

Rat aorta and
vena cava

10 µM

ATP

72hr

Promote

α1-AR mediated proliferation

(Erlinge et al.,
1993)

Rat aorta

100-1 µM

α- and β-AR
antagonists

N/A

Variable

α1-activated DNA synthesis; β2inhibited DNA synthesis

(Nakaki et al.,
1990)
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AR: adrenergic receptor; ALK5: activin receptor-like kinase 5; ANG II: angiotensin II; ATP: adenosine triphosphate; FTase: farnesyltransferase;
NE: norepinephrine; PKC-ζ: protein kinase C – zeta; TGFβ: transforming growth factor-beta; VSMC: vascular smooth muscle cell; α1-AR: alpha
1 adrenergic receptor; β1-AR: beta 1 adrenergic receptor

73

4.2 NE decreased OxLDL uptake
The dysregulation in intracellular lipid trafficking and reverse cholesterol transport is an
integral step in atherogenesis and foam cell formation. Plasma NE levels have been associated
with several pathologies. In a previous study, patients with uncontrolled insulin-independent
diabetes mellitus (IDDM) were found to have elevated LDL levels and decreased plasma NE
(Krone et al., 1988). Decreased NE also correlated with increased atherosclerosis in mice with
angiotensin-II-induced hypertensive mice post-renal denervation (Wang et al., 2017). We
investigated if this association of NE and atherosclerosis is protective or detrimental to VSMC
response to OxLDL.
In our study, NE was found to significantly decrease OxLDL uptake by VSMCs. NE
suppressed the expression of LDLR in human mononuclear leukocytes through β2-AR
stimulation (Krone et al., 1988). β2-AR stimulation activates the cyclic adenosine
monophosphate (cAMP) pathway, proliferation in rat aortic smooth muscle cells and
promoting lipolysis in mouse 3T3-L1 adipocytes (Mottillo and Granneman, 2011). In contrast,
our qPCR results showed no significant differences in mRNA expression of LDLR between
control and NE groups. It is possible the presence of OxLDL itself reduced LDLR mRNA in a
negative-feedback regulating manner and provided no synergistic effect when combined with
NE. However, when non-selective β-AR antagonist propranolol was administered, there was
no return to baseline accumulation of OxLDL. When α1- or α2-AR antagonists prazosin and
RX 821002 were added before NE, theoretically increasing availability of NE for β-ARs, there
was no increase in OxLDL uptake. The inhibition α2-AR with RX 821002 showed a further
reduction in OxLDL uptake, though not of further significance. In this study, α1-AR
stimulation may have a larger effect on lipid uptake in VSMCs, or NE may exert effect through
an adrenergic receptor-independent mechanism, or through an unidentified AR subtype.
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Several surface proteins are responsible for uptake and efflux of LDL through both passive and
active means. C-X-C chemokine ligand 16 (CXCL16/SR-PSOX) is a transmembrane protein
which also acts as a scavenger receptor for OxLDL in VSMCs and macrophages (Hofnagel et
al., 2002, Shimaoka et al., 2000). It has been shown to activate NF-κB, with this activation
increasing cell adhesion and proliferation in human aortic smooth muscle cells (Chandrasekar
et al., 2004). Our study showed NE significantly reduced mRNA expression of CXCL16
without a change in expression of NF-κB. This lack of expression change correlated with no
significant mRNA expressional changes in inflammatory markers IFN-γ, IL-10, IL-1β, IL-6,
iNOS, MCP-1, MMP-2, MMP-9, NF-kB, TIMP-1 and TIMP-2. These findings suggest NEinduced downregulation of CXCL16 decreases OxLDL uptake and inflammatory response by
VSMCs. The active lipid efflux protein ATP-binding cassette transporter G1 (ABCG1)
expression was observed to be slightly, though not significantly elevated. These findings
provide evidence NE reduces OxLDL uptake and accumulation within VSMCs without
inflammatory response activation. In this regard, NE may be protective against foam cell
formation.
CXCL16 is a protein that exhibits several functions as an inflammatory chemokine, scavenger
receptor (Matloubian et al., 2000) and adhesion molecule for CXC Chemokine Receptor 6
(CXCR6)-expressing cells, e. g. activated T and NKT cells (Shimaoka et al., 2004).
CXCL16 expression has been identified as the most consistently expressed chemokine in
prostate cancer cell lines, co-expressed with its receptor CXCR6 in both prostate cancer cells
and adjacent T cells (Darash-Yahana et al., 2009). The activation of the CXCL16/CXCR6
pathway, with accompanying increases in expression of a disintegrin and metalloproteinase
domain-containing protein 10 (ADAM10) in concomitant inflammatory end-stage renal
disease patients promoted foam cell formation in the radial arteries (Hu et al., 2016). This
phenomenon was also observed in HepG2 liver cancer cells and ApoE knockout mice, with
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inflammation promoting lipid accumulation (Ma et al., 2018). Soluble CXCL16 can be released
from the cell membrane by ADAM10 and attract lymphocytes and neutrophils, and this
pathway has also been suggested to play a role in inflammation-mediated ECM production, i.
e. collagen I and α-SMA (Ma et al., 2018).
In contrast to its function as a scavenger receptor facilitating OxLDL uptake, it has been
reported CXCL16 receptor form expression can induce HDL uptake and cholesterol efflux in
human macrophages (Barlic et al., 2009). This efflux was observed without CXCL16dependent cell adhesion. A lipid-induced reduction in ADAM10 was suggested as the
mechanism for more surface receptor CXCL16 versus soluble form, though the mechanism
responsible for this lipid induction is unclear.
Our findings of reduced OxLDL uptake by VSMCs are consistent with previous report of
reduced lipid uptake by macrophages in CXCL16 knockout mice (Aslanian Ara and Charo
Israel, 2006). These mice were found to have accelerated atherosclerosis, and it is suggested
CXCL16 is atheroprotective,

4.3 No significant change in inflammatory mRNA expression with NE
Atherosclerosis s considered an immunoinflammatory disease. Both innate and adaptive
immune system (IS) cells have been identified in human atherosclerotic plaques: monocytes,
macrophages, VSMCS, CD4+ and CD8+ T-cells, neutrophils, dendritic cells and mast cells
(Jonasson et al., 1986, Stemme et al., 1995, Kaartinen et al., 1994). Interaction among these
cells in the atherosclerotic process remains to be fully elucidated. Norepinephrine decreases
inflammatory cytokine tissue necrosis factor α (TNFα) and increases anti-inflammatory
production of IL-10 in ex vivo human monocytes and cultured THP-1 monocytes (Estrada et
al., 2016). These observations were mediated by β-ARs and not α1- or α2-ARs. OxLDL has
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also been shown to induce IL-10 mRNA expression in THP-1 macrophages through plateletactivating factor (PAFR) and CD36 receptors.
We observed no changes in IL-10 mRNA expression between VSMCs treated with either
OxLDL or NE and OxLDL. It is possible that exposure to OxLDL or NE has a time-dependent
factor, and our treatment (4 hrs OxLDL) was not sufficient to elicit significant changes in IL10 mRNA expression. However, 2 hour exposure to NE produced marked increases in
macrophage IL-10 expression (Agac et al., 2018) Macrophages exposed to OxLDL for 24 hrs
increased production of monocyte chemoattractant protein-1 (MCP-1), an important C-C
chemokine involved in monocyte migration into the arterial intima (Wang et al., 1997). We
observed no changes in this cytokine between groups. VSMCs have also been shown to secrete
MCP-1 in rats and human atherosclerotic plaques, induced by tissue necrosis factor-α (TNFα)
(Seino et al., 1995). NE suppresses TNFα and interferon-γ (IFN-γ) in lymphocytes via β₁-AR
(Takayanagi et al., 2012).
The role of TNFα in inflammation is paradoxical and unclear. It can be pro-inflammatory
through upregulating cytokines IL-1, IL-6 and MCP-1 in different cell types (Akira et al.,
1990), while also showing anti-inflammatory effects in macrophages and dendritic cells by
downregulating IL-12p70 and IL-23 production (Popa et al., 2007). OxLDL elicits TNFα
expression by immune cells in the intima, and this effect most likely stimulates these cells and
VSMCs in both autocrine and paracrine manners. The increase in MCP-1 and IL-1 production
enhances monocyte binding to arterial cells and migration by both immune cells and VSMC.
This migration stimulates further cytokine and chemokine release, increasing progression of
atherosclerosis and formation of foam cells.
Endothelial cell migration, a process of vascular repair, was shown to be inhibited by NE in
bovine aortic endothelial cells (Bottaro et al., 1985), and the authors suggest that inhibition was
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mediated by beta-adrenergic receptors stimulation, as propranolol attenuated that effect. In a
study by (Shafi et al., 1989) in rabbits, NE was shown to accelerate OxLDL uptake in the
arterial wall, though the mechanism of action was not defined. These steps can be considered
the beginning of the phenotypic “switch” commonly seen in VSMCs transitioning to foam cells
and releasing pro-inflammatory cytokines and enhancing proliferation and migration of
leukocytes and other vascular cells. This transition is may be required prior to VSMC migration
into the intima (Owens, 1995). IL-6 induces upregulation of vascular endothelial growth factor
(VEGF), a potent stimulator of vascular cell proliferation and migration (Wang et al., 2019).
In our study, there were no significant changes in inflammatory mRNA expression of IFN-γ,
IL-1β, IL-6, iNOS, MCP-1, MMP-2, MMP-9, NF-kB, TIMP-1 or TIMP-2. In an isolated
setting, VSMCs exposed to OxLDL may not be pro-inflammatory on their own, though readily
consume and store OxLDL. NE did not effect cytokine and chemokine release in OxLDLtreated VSMCs, and the reduction in lipid uptake is most likely the result of a combination of
AR stimulation and a higher effect mechanism which remains unclear at this point.
The lack of expressional changes in MMP-2, MMP-9, TIMP-1 and TIMP-2 show exposure to
OxLDL and OxLDL-NE has no effect on these genes, at least in short term exposure. These
genes have been shown to directly influence atherogenesis and progression (Lindsey et al.,
2015, Di Gregoli et al., 2016).

4.4 Study limitations and improvements
Our study had several limitations. Accurate concentrations of NE in focal vasculature are
difficult to ascertain, as NE is rapidly utilized by vascular cells and remaining extracellular NE
is carried away by blood flow (Holm et al., 2011) Elevated levels of human serum NE have
been observed in atherosclerotic patients (816 pg/mL) (Bauch et al., 1987), much lower than
the concentrations used in our study. Our use of 0.1 and 10 µM were based on previous study
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on VSMCs (Hauss et al., 1990) (Johnson and Watts, 2011) and our own previous
experimentation on response of VSMCs to increasing doses of NE from 0.001 µM to 1 mM, in
order to elicit pathways involved in proliferation and cellular lipid trafficking.
Results were limited to the cell culture model and to VSMCs, only one of the major types of
vascular cells. It is possible NE may have exerted differing effects on macrophages and
endothelial cells. It is extremely difficult to co-culture different cell types, and vascular cells
are no exception.. It is impossible to apply cell culture findings with a high degree of confidence
to the macro level of the living organism. While cell culture models help elucidate new data in
cellular function in a strictly controlled setting, the inclusion of an animal model with sufficient
sample populations for increased statistical power would provide further support for our in
vitro findings. Improvements on this study would include immunohistochemical analysis of
atherosclerotic tissues, ex vivo transplantation and propagation of arterial/atherosclerotic lesion
cells. Atherosclerosis is a multi-faceted disease, with many different cell types and molecular
compounds involved While these cells may reside in the vasculature, many transient and
migrating cells play large roles in atherosclerosis: Th17, Th1 and Th2 cells; B cells, NK cells.
These immune cells secrete cytokines implicated or suspected in atherosclerosis: e. g., IL-27,
IL-35, IL-20 {Ramji, 2015 #1075}. These cytokines are also produced by endothelial cells, and
it is difficult to differentiate which cells are activated.
Proteomic study, such as Western blotting would help discern the presence and changes in
cytokine secretion. To further improve our study, a mouse model of atherosclerosis provides a
more biologically relevant

observation of

any NE-induced

changes,

employing

immunohistochemistry techniques to identify lipid-loading, gene expression, immune cell (T
cells and macrophages) and foam cell origins. The arterial tissues of the mouse model (or
human samples), combined with emerging techniques such as spatial transcriptomics would
vastly increase our understanding of cellular interaction in complex conditions such as
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atherosclerosis {Zhang, 2018 #1073}. Single-cell RNA sequencing methods for atherosclerosis
research have recently been developed {Williams Jesse, 2020 #1074} and proteomic study
would be a valuable complement to these techniques.
Our study was limited to three conventional methods of investigation: cell culture, confocal
microscopy and qPCR. The addition of immunohistochemical cell and tissue analysis,
expansion of qPCR targets, animal model and proteomic assays, including new techniques
would greatly improve not only our study, but our understanding of such a complex disease
process.
In summary, our findings, though limited in method, support our hypothesis that NE reduced
intracellular OxLDL accumulation, possibly through a reduction in CXCL16, without an antiinflammatory effect on the markers studied. The reduction of lipid uptake may reduce foam
cell formation from VSMCs, though in vivo studies are needed to characterise whether foam
cell formation is reduced in the complex vascular microenvironment.
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Conclusion and further direction
Our study has shown that norepinephrine induced an anti-lipid loading effect in vascular
smooth muscle cells, possibly through the reduction of surface receptor CXCL16, without
significant changes in expression of inflammatory markers or other lipid transporters. These
effects were also observed to be independent of known norepinephrine-sensitive α1-, α2- and
β- adrenergic receptors.
The mechanism of action responsible for the NE-induced downregulation of CXCL16, an
atheroprotective gene, remains unknown, with further research required for its elucidation.
Atherosclerosis is a complex process, with many mechanisms that remain to be clearly defined
and characterized. In the future, it is worthwhile to investigate the effect of chronic NE
treatment on VSMC proliferation/apoptosis, inflammation response and lipid uptake. In
addition, it is worthwhile to investigate the protein changes of different forms of CXCL16 and
its receptor CCR6 after NE treatment. The effect of NE on cholesterol trafficking and lipid
processing could be investigated further.
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