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Abstract

High-grade inflammation plays a key role in the development of dyslipidaemia in rheumatoid
arthritis (RA) patients. Biologic disease-modifying antirheumatic drugs (DMARDSs), for
example TNF-a inhibitors and IL-6 receptor blockers, are used to mitigate systemic
inflammation. However, the effect of these DMARDs on lipid metabolism is inconsistent.
Additionally, these drugs have been associated with liver dysfunction in RA, however, these
mechanisms are unclear. This study aimed to determine the effect of inflammation and
biologic DMARD treatments on lipid metabolism and liver morphology in the collagen-

induced arthritis (CIA) rat model.

Three-month-old male (n=38) and female (n=30) Sprague-Dawley rats were randomly
divided into the control (n=20), inflammation (n=18), TNF-a inhibitor (n=15) and IL-6 blocker
(n=15) groups. To induce arthritis, bovine type-Il collagen emulsified in incomplete Freund's
adjuvant was injected at the base of the tail, in the inflammation, TNF-a inhibitor and IL-6
blocker groups. At the first signs of arthritis, rats in the TNF-a inhibitor group received
10mg/kg intraperitoneal injections of Etanercept (a TNF-a inhibitor), every third day for six
weeks and rats in the IL-6 blocker group received 8mg/kg intraperitoneal injections of
Tocilizumab (an IL-6 receptor blocker), once a week for six weeks. At termination, body
weight, tail-cuff blood pressure, arthritis scores and paw thickness were assessed. Serum
concentrations of glucose, triglycerides, high-density lipoprotein cholesterol (HDL-C) and
low-density lipoprotein cholesterol (LDL-C) were measured. The TNF-a, IL-6, C-reactive
protein (CRP), and ATP-binding cassette transporter A1 (ABCA1) serum concentrations
were measured using enzyme-linked immunosorbent assays (ELISA). Liver lipid content was
determined using the Soxhlet technique and liver steatosis was determined by histological
haematoxylin and eosin (H&E) staining. Liver fibrosis was determined by histological
Masson’s trichrome and picrosirius red staining. Liver enzymes, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) were measured

using the IDEXX colorimetric chemistry analyser. Group differences in serum lipid profile,
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liver morphology and inflammatory markers were assessed using a two-way analysis of
variance (ANOVA) with a Tukey post-hoc test. Associations between inflammatory markers

with markers of liver fibrosis and liver toxicity were determined by Pearson’s correlations.

There were no significant differences in body weight or tail-cuff blood pressure between the
groups at termination (all p>0.05). The HDL-C concentrations were lower in the inflammation
(6.16 + 0.34pM; p<0.0001) and TNF-a inhibitor groups (7.07 £ 0.37uM; p=0.0004) compared
to the control group (9.17 = 0.32uM). The HDL-C concentrations were higher in the IL-6
blocker group (8.10 £ 0.43uM; p=0.004) compared to the inflammation group (6.16 +
0.34uM). The ABCAL1 concentrations were lower in the inflammation group (1.53 + 0.26
ng/ml; p=0.04) compared to the control group (2.44 = 0.22ng/ml). The ABCAl
concentrations were higher in the TNF-a inhibitor (3.00 £ 0.25 ng/ml; p=0.0007) and IL-6
blocker groups (3.28 + 0.26 ng/ml; p<0.0001) compared to the inflammation group (1.53 +
0.26 ng/ml; p=0.04). There were no differences in serum concentrations of glucose,
triglycerides, LDL-C or markers of liver steatosis between the groups (all p>0.05). Liver lipid
content was significantly lower in the inflammation (6.79 £ 0.40%; p<0.0001), TNF-a inhibitor
(6.90 £ 0.40%; p<0.0001) and IL-6 blocker (8.03 + 0.35%; p=0.01) groups compared to the
control group (9.68 = 0.36%). There were no significant differences in liver fibrosis or liver
toxicity enzyme markers between the control and inflammation groups (all p>0.05). Markers
of liver fibrosis were significantly higher in the TNF-a inhibitor (Masson’s trichrome collagen
area fraction: 2.81 + 0.31%; <0.0001, picrosirius red collagen area fraction: 2.37 + 0.23%;
p=0.03) and IL-6 blocker (Masson’s trichrome collagen area fraction: 3.04 + 0.25%;
p<0.0001, picrosirius red collagen area fraction: 2.91 + 0.21%; p<0.0001) groups compared
to the control group (Masson’s trichrome collagen area fraction: 1.19 + 0.12%, picrosirius red
collagen area fraction: 1.51 + 0.18%; p=0.03 and p<0.0001 respectively) and the
inflammation group (Masson’s trichrome collagen area fraction: 1.82 = 0.24%, picrosirius
red collagen area fraction: 1.95 + 0.16%, p=0.03 and p=0.004 respectively). The serum

concentrations of ALP were significantly higher in the TNF-a inhibitor (116 + 5.81ul; p=0.02)
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and IL-6 blocker (141.85 £ 9.38uL; p<0.0001) groups compared to the control group (87.16 +
4.96ul). The serum concentrations of ALP were significantly higher in the IL-6 blocker group

(141.85 + 9.38ul) compared to the inflammation group (103.16 + 6.97pl; p=0.001).

In conclusion, chronic inflammation impaired the serum concentrations of HDL-C, ABCA1
and liver lipid content in the CIA rat model. Although TNF-a inhibitor therapy improved the
inflammation-induced changes in ABCA1, TNF-a inhibitors induced liver fibrosis and
increased the ALP concentration. Despite improving the overall lipid profiles of rats exposed
to CIA, IL-6 receptor blockers also induced liver fibrosis and liver toxicity. Although biologic
anti-inflammatory drugs may ameliorate inflammation-induced alterations in lipid metabolism,

the potential adverse effect on the liver highlights the need for further investigation.
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Chapter 1

Introduction



Cardiovascular disease (CVD) is a major health burden and a leading cause of death
worldwide (Bansilal et al., 2015; Liu et al., 2019). CVD represents more than 50% of the non-
communicable disease burden and contributes to a substantial portion of the global mortality
rates (The Lancet Global Health, 2018). In 2015, an estimated 17.5 million CVD related
deaths were reported, constituting approximately 31% of global deaths (Kapwata and
Manda, 2018). In South Africa, deaths attributed to non-communicable diseases are
equivalent to deaths as a consequence of human immunodeficiency virus and tuberculosis
combined (Nojilana et al., 2016). In this regard, stroke and ischaemic heart disease account

for approximately 19% of the total mortality rates in South Africa (Peer et al., 2018).

It is well known that traditional risk factors such as age, obesity, smoking, hypertension and
dyslipidaemia contribute to CVD risk (Liao and Solomon, 2013). However, traditional risk
factors do not fully account for all cardiovascular events (Zhang et al., 2014). Emerging
evidence suggests that high-grade systemic inflammation plays a key role in the
pathogenesis of CVD (Garcia-Gémez et al., 2014; Mehta and Li, 1999). Irrespective of
traditional risk factors, elevated circulating inflammatory cytokines have been associated
with an increased risk for CVD (Bartunek and Vanderheyden, 2012; Kaptoge et al., 2010;
Testa et al., 1996). Several circulating cytokines, including C-reactive protein (CRP), tumour
necrosis factor alpha (TNF-a) and interleukin-6 (IL-6) have been associated with increased
risk of myocardial infarction, stroke, heart failure, and cardiovascular mortality (Schumacher
and Naga Prasad, 2018). Recently, it has been proposed that microvascular inflammation
induced by comorbidities such as hypertension, diabetes mellitus and obesity provide the
pathophysiological link between these disease states and subclinical CVD (Paulus and
Tschope, 2013; Tschope and Van Linthout, 2014). Moreover, the increased CVD risk in
chronic high-grade inflammatory conditions is well established (Choy and Sattar, 2009). In
this regard, CVD is a major cause of morbidity and mortality in high-grade chronic

inflammatory disorders such as systemic lupus erythematosus and rheumatoid arthritis (RA)
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(Choy et al., 2014). Although the pathophysiological mechanisms leading to the increased
CVD risk in these conditions are not fully understood, the heightened immune response is
known to play a key role (Arida et al., 2018; Choy and Sattar, 2009). Consequently, the
mechanisms whereby chronic inflammation contributes to increased CVD risk in RA is

currently under investigation.

The complex interaction between traditional risk factors and chronic systemic inflammation in
RA patients play a significant role in the increased CVD risk (Choy et al., 2014; Hurt-Camejo
et al.,, 2001; Liao and Solomon, 2013; McFarlane et al., 2019; Popa et al., 2007b). In this
regard, systemic inflammation has been linked to altered traditional CVD risk profiles in RA
patients (Choy et al., 2014). Systemic inflammation causes changes in the body composition
and metabolic profiles of RA patients compared to the general population (Urman et al.,
2018). Furthermore, the association between traditional risk factors and CVD risk in RA is
impacted by systemic inflammation (Choy et al., 2014). RA patients have an altered lipid
profile, a phenomenon known as the “lipid paradox” where decreased total cholesterol (TC)
and low-density lipoprotein (LDL) concentrations and increased high-density lipoprotein
(HDL) concentrations are not necessarily associated with reduced CVD risk (McGrath and
Young, 2015). Nevertheless, the presence of confounding factors, including pharmacological
treatment, in clinical studies makes it difficult to ascertain the independent effect of

inflammation on lipid metabolism in RA.

Traditionally, synthetic disease-modifying anti-rheumatic drugs (DMARDSs), including
methotrexate (MTX), have been used to manage RA (Gaffo et al., 2006; Sizova, 2008).
However, synthetic DMARDs have failed to fully control disease activity in patients which
has led to the development of biologic DMARDSs. Biologic DMARDs have occasionally
shown considerable benefits over synthetic DMARDs in controlling joint damage and

disease progression (Ginosyan, 2019; Taylor, 2003). However, there are contradictory

3



findings on the effects of biologic DMARDs on CVD risk markers (Curtis et al., 2012; Daien
et al.,, 2012; McGrath and Young, 2015; Nurmohamed, 2007; Schimmel and Yazici, 2009;
Souto et al., 2015; van den Oever et al., 2013). Recent studies showed improvements in the
lipid profiles and cardiovascular outcomes of RA patients treated with biologic DMARDs
(Bortoluzzi et al., 2018; Cacciapaglia et al., 2018; Gabay et al., 2016; Rein and Mueller,
2017). Despite the improvement in lipid profiles, some studies have reported liver injuries in
patients treated with biologic DMARDs (Leise et al., 2014; Rigby et al., 2017; Weiler-
Normann and Schramm, 2011). Because of several confounding factors in these clinical
studies, it is uncertain whether the liver injuries in RA patients are a direct result of the
systemic inflammation or the biologic DMARDs (Brass, 1993; Cacciapaglia et al., 2014;
Chen et al., 2015; Pandit, 2012; Popa et al., 2007b; Rigby et al., 2017). Therefore, the
independent effects of inflammation and biologic DMARDSs on liver injuries warrant further

investigation.

This dissertation begins with a literature review in chapter 2, which summarises the current
knowledge in the literature on the effects of inflammation on CVD, specifically the risk for
dyslipidaemia in RA. Chapter 2 will further highlight the effects of anti-inflammatory treatment
on lipid metabolism in RA. Chapter 3 outlines the methodological procedures used and
Chapter 4 presents the results obtained in the current study. Chapter 5 will discuss the
findings in the context of the current literature and will highlight the conclusion and limitations

of the current study.



Chapter 2

Literature review



2.1 Rheumatoid arthritis

Rheumatoid arthritis (RA) is the most common chronic, inflammatory arthritic disorder
(Firestein and Mclnnes, 2017), affecting approximately 0.5-1% of people globally (Garcia-
Gomez et al.,, 2014, Srivastava et al., 2018). Data on the prevalence of RA in Africa is
limited, largely because the healthcare systems in African countries are rudimentary
(Usenbo et al., 2015). In South Africa, the prevalence of RA ranges from 0.07 to 2.5%
(Usenbo et al., 2015). This large range in prevalence is largely ascribed to urbanisation and

the resultant epidemiological transition in a developing nation (Elshafie et al., 2016).

RA is characterised by persistent inflammation of the synovium, leading to joint destruction,
which can significantly affect the quality of life (Daffner and Watkins, 2014; Souto et al.,
2015; Urman et al., 2018). Although RA is a synovial-joint inflammatory disease, it also
causes chronic systemic inflammation that can affect other organ systems (Hasan et al.,
2018; McFarlane et al., 2019; Ridgley et al., 2018). Extra-articular manifestations in RA are
associated with severe disease activity and premature mortality (Cojocaru et al., 2010;
McFarlane et al., 2019). In RA, the chronic inflammatory state is associated with several
diseases, including CVD (Kitas and Gabriel, 2011), which may partly account for the
increased risk of premature mortality in this population (Dessein et al., 2016; Pérez-Baos et

al., 2017; Urman et al., 2018).

2.2 Cardiovascular disease in rheumatoid arthritis

Compared to the general population, RA patients experience double the risk of developing
CVD (Ormseth and Stein, 2016; Zhang et al., 2014). Although traditional cardiovascular risk
factors including age, obesity, hypertension, smoking and dyslipidaemia contribute to the
increased risk of developing CVD in RA patients, they do not fully account for all

cardiovascular events in RA (Crowson et al., 2018; Hameed and Al-Barzinjy, 2017; Liao and
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Solomon, 2013; van den Oever et al., 2013). Chronic high-grade systemic inflammation
contributes to the increased CVD risk (Gonzélez-Gay and Gonzalez-Juanatey, 2014;
Schumacher and Naga Prasad, 2018). Indeed, markers of systemic inflammation, such as
C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) have been associated
with a high incidence of cardiovascular events, independent of traditional risk factors in
patients with RA (Lépez-Mejias et al., 2016; McFarlane et al., 2019; Zhang et al., 2014a).
Although both traditional risk factors and inflammation play a role in the increased risk of
CVD in RA, the high burden of CVD in RA is largely attributable to the interaction between
traditional CVD risk factors and disease characteristics specific to RA (Crowson et al., 2018).
Hence it is not surprising that the control of systemic inflammation is central to the guidelines
for the treatment and management of not only disease progression and joint damage, but

also comorbidities and risk of CVD in RA.

With regards to the pathogenesis of CVD, RA patients have a significant increased risk of
mortality from ischaemic heart disease and stroke (Dessein et al.,, 2016; Jagpal and
Navarro-Millan, 2018; Urman et al., 2018). Ischaemic pathologies, largely attributable to
atherosclerosis, are common in RA patients and confer the greatest risk for increased
cardiovascular related mortality (Avina-Zubieta et al., 2012). Compared to age and sex-
matched control subjects, RA patients have more unstable carotid plaques that are more
prone to rupture (Urman et al., 2018). Both traditional risk factors and RA disease-related
systemic inflammation contributes to the accelerated atherosclerosis in this population
(Gonzalez-Gay et al., 2005; McFarlane et al., 2019; Gonzalez-Juanatey et al., 2011; Jagpal
and Navarro-Millan, 2018; Youssef et al., 2018). Atherosclerosis often presents atypically in
RA, which makes it difficult to diagnose (Crowson et al., 2018) and manage (Gonzalez-Gay
and Gonzalez-Juanatey, 2014). Although a detailed discussion of the process of
atherosclerosis is beyond the scope of this dissertation, the subsequent section will briefly

highlight the role of dyslipidaemia in the pathogenesis of atherosclerosis.



2.3 The role of dyslipidaemia in the pathogenesis of atherosclerosis

Atherosclerosis is a chronic disease affecting sites on aortic, carotid and coronary vessel
walls that are prone to turbulent or oscillatory shear stress (Marchio et al., 2019). In
atherosclerosis, fatty streaks in the arterial walls gradually develop into atheroma and
characteristic atherosclerotic plaques (Mahmoudi et al., 2017; Toms et al., 2011). Clinical
events of atherosclerosis stem from the acute rupture of these plaques causing thrombosis,
which ultimately leads to obstruction of blood vessels (Herrington et al., 2016; Mahmoudi et
al., 2017). The development of atherosclerosis is complex and depends on the involvement
of multiple interacting factors. In the general population, an atherogenic lipid profile, which is
characterised by increased total cholesterol and low-density lipoprotein cholesterol (LDL-C)
concentrations and a decreased high-density lipoprotein cholesterol (HDL-C) concentration,
are well-known causes of atherosclerosis (Nurmohamed, 2007). The section below will
briefly explain lipid metabolism and the contribution of altered lipid metabolism to the

development of atherosclerosis.

Lipid metabolism involves the synthesis and degradation of plasma lipoproteins through
exogenous and endogenous pathways (Remmerie and Scott, 2018). Lipoproteins, including
HDL and LDL, contain apolipoproteins embedded in their phospholipid monolayer
membrane, which transport poorly-soluble cholesterol and triglycerides in the body (Hussain,
2014; Remmerie and Scott, 2018; Stoffel, 1984). During lipid metabolism, chylomicrons are
hydrolysed by lipoprotein lipase, losing some triglycerides into recipient cells as lipoprotein
lipase anchors lipoproteins to vessel walls and facilitates fatty acid uptake (Wang and Eckel,
2009; Yang et al.,, 2012). The resulting remnant particles are then removed from the
circulation via hepatic uptake (Nordestgaard, 2017; Remmerie and Scott, 2018). Very low-
density lipoprotein (VLDL) is synthesised in the liver following the translation of

apolipoproteins and undergoes a process of maturation, by acquiring triglycerides and

8



cholesteryl esters (Nordestgaard, 2017). Following the hydrolysis of the triglyceride-rich core
by lipoprotein lipase, VLDL is secreted into the plasma and converted to LDL (Tall and Yvan-
Charvet, 2015; Yang et al.,, 2012). Dyslipidaemia is a disorder of lipoprotein metabolism
consisting of deficiencies or overproduction of lipoproteins and can be characterised by
increases in total cholesterol, triglycerides, LDL-C and reductions in HDL-C (Hedayatnia et
al., 2020). Dyslipidaemia is associated with almost all known risk factors for CVD and is an
independent risk predictor of future cardiovascular events (Hameed and Al-Barzinjy, 2017;

Jagpal and Navarro-Millan, 2018).

Dyslipidaemia is one of the main risk factors for the development of atherosclerotic CVD. In
this regard, several lipid abnormalities have been associated with endothelial dysfunction (Pi
et al., 2018), which is considered one of the earliest vascular changes in the process of
atherosclerosis (Toms et al.,, 2011). Endothelial dysfunction is characterised by an
imbalance between vasodilatory and vasoconstrictive responses of the vascular endothelium
that results in damage to the endothelium (Ghosh et al., 2017). The endothelium is
composed of a monolayer of cells lining the circulatory system. It plays an important role in
the maintenance of vascular homeostasis by releasing endothelial-derived vasodilatory
factors including nitric oxide (NO), prostacyclin, bradykinin and endothelium-derived
hyperpolarising factor (EDHF) and endothelium-derived contracting factors (EDCFs),
including angiotensin I, endothelin 1 and vasoconstrictor prostanoids (Godo and
Shimokawa, 2017). Nitric oxide, bradykinin and prostacyclin have vasoprotective effects, that
limit the process of atherosclerosis by inhibiting the oxidation of LDL (Ghosh et al., 2017;
Gonzalez-Gay and Gonzélez-Juanatey, 2012). In contrast, an overproduction of
endothelium-derived contracting factors has proatherogenic effects by promoting smooth

muscle cell proliferation and pro-oxidant effects on LDL (Toms et al., 2011).



LDL is the major carrier of cholesterol in blood, from the liver to peripheral tissues, where the
cholesterol is absorbed into target tissue (Remmerie and Scott, 2018). Under conditions of
excess LDL in circulation, the LDL can undergo structural changes by attaching to proteins
secreted by the liver that increase its ability to bind to the extracellular matrix and increase
LDL deposition in vessels (Remmerie and Scott, 2018). Increased accumulation of LDL-C in
cells poses a high risk for developing CVD (Garcia-Gomez et al., 2014). Particularly,
accumulation and oxidation of LDL-C in endothelial cells are the underlying causes of the

formation of atherosclerotic plaque (Toms et al., 2011).

High levels of oxidised LDL directly inhibit the synthesis of endothelial nitric oxide synthase
(eNOS) (Gliozzi et al., 2019), a key factor in the production of NO in the vascular wall
(Norata and Catapano, 2005; Shi et al., 2014). The decreased production of eNOS facilitates
the activation of its inducible isoform (iNOS) (Gliozzi et al., 2019). This altered eNOS/INOS
balance in endothelial cells reduces NO bioavailability and increases the production of free
radicals. The reduced NO bioavailability and increased production of free radicals amplifies
the oxidative damage, which enhances vascular wall inflammatory processes responsible for
the development of atherosclerosis (Gliozzi et al., 2019). Furthermore, oxidised LDL also
initiates the expression of inflammatory proteins associated with endothelial activation, such
as vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1
(ICAM-1) (Salisbury and Bronas, 2014). Endothelial activation initiate monocyte-endothelial
interaction, differentiation of monocytes into macrophages and stimulate biochemical
processes where chemokines and foam cells (lipid-laden macrophages) accumulate in the
intima of blood vessels (Salisbury and Bronas, 2014; Toms et al., 2011). In macrophages,
digestion of excess lipids and oxidised lipoproteins in the lysosomes generates free
cholesterol and free fatty acids. The free cholesterol is then re-esterified in the endoplasmic
reticulum to cholesterol fatty acid esters and stored in lipid droplets in the cytosol, causing

the development of foam cells (Remmerie and Scott, 2018). Taken together, the processes
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associated with excess LDL results in the formation of a fatty streak in the vessels, which is
one of the earliest signs of atherosclerotic plague formation (Chistiakov et al., 2016;

Jaipersad et al., 2014; Toms et al., 2011).

HDL is responsible for clearing cholesterol from the circulation via reverse cholesterol
transport, which involves the removal and transportation of excess cholesterol from
macrophages to the liver (Tran-Dinh et al., 2013). HDL plays an important role in
counteracting the effects of oxidised LDL, and hence have atheroprotective properties
(Cuchel and Rader, 2006; Garcia-Gémez et al., 2014; Howes et al., 1997; Marz et al., 2017,
Navab et al.,, 2009; Norata and Catapano, 2005; Yvan-Charvet et al., 2010). During lipid
metabolism, nascent HDL particles synthesized in the liver are transported into the
bloodstream where they can cross the vascular endothelium to collect cholesterol from
vascular intima cells. Nascent HDL can accept free cholesterol in vascular cells using the
ATP-binding cassette transporter (ABCA1) (Bag-Ozbek and Giles, 2015; Ben-Aicha et al.,
2020; Sorci-Thomas and Thomas, 2013; Zhou et al., 2015). The free cholesterol bound to
nascent HDL is then esterified with a fatty acid from lecithin by lecithin-cholesterol
acyltransferase forming cholesteryl esters and generating mature HDL particles (Hernaez et
al., 2019; Lewis and Rader, 2005; Sorci-Thomas and Thomas, 2013). The newly formed
mature HDL particle is responsible for the systemic removal of excess cholesterol, for
excretion in the liver (Garcia-Gomez et al.,, 2014; Sorci-Thomas and Thomas, 2013).
Considering the essential role of ABCAL in lipid metabolism, dysfunction of this transporter
and lipid transport impairments may result in the accumulation of cholesteryl-esters in
various reticuloendothelial cells and significantly reduce the serum HDL concentration
(Schumacher and Benndorf, 2017). In this regard, reduced HDL levels decrease the
clearance of systemic LDL particles, resulting in a greater accumulation and oxidation of LDL

(Mérz et al., 2017; Yu et al., 2018).
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Furthermore, HDL promotes eNOS activation and vessel relaxation by increasing cholesterol
efflux (Gong et al., 2003; Norata and Catapano, 2005; Tran-Dinh et al., 2013). HDL also
induces the release of prostacyclin which is vasoprotective and atheroprotective (Norata and
Catapano, 2005). Ultimately, HDL regulates vascular tone, promotes endothelial protection,
and is closely associated with a greater endothelial release of NO (Hernaez et al., 2019).
Hence, reduced HDL concentrations contribute to the pathogenesis of atherosclerosis. The
imbalance of HDL and oxidized LDL may lead to increased concentrations of total
cholesterol. Increased total cholesterol: HDL-C ratio (total cholesterol/HDL-C) is considered
an atherogenic lipid profile and an important prognostic marker for CVD risk (Parveen et al.,
2017). Although the association between dyslipidaemia and atherosclerotic CVD is well
characterised in the general population, this relationship between dyslipidaemia and
atherosclerosis in RA is complex and atypical. The section below highlights the impact of RA

on the relationship between dyslipidaemia and atherosclerosis.

2.4 Altered lipid metabolism and its association with atherosclerosis in rheumatoid

arthritis

Compared to the general population, RA patients have a higher prevalence of dyslipidaemia
(Hameed and Al-Barzinjy, 2017). Nevertheless, decreased concentrations of total
cholesterol, LDL-C and HDL-C have been reported in RA compared to the general
population. Despite the reductions in lipid concentrations, RA patients are at an increased
risk of developing atherosclerotic CVD (Cacciapaglia et al., 2018; Charles-Schoeman et al.,
2015; Pérez-Baos et al., 2017). In this regard, RA patients with lower total cholesterol, HDL-
C and LDL-C concentrations have an increased risk of atherosclerosis (Choy et al., 2014;
Choy and Sattar, 2009; McGrath and Young, 2015; Myasoedova et al., 2011; Nassir et al.,
2007). This increased atherosclerotic risk is largely attributed to the unbalanced ratio

between total cholesterol and HDL-C concentrations (total cholesterol/HDL-C), and hence an
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increased atherogenic index (Cacciapaglia et al., 2018; Curtis et al., 2012; Pérez-Baos et al.,
2017; Peters et al., 2010). Consistent evidence suggests that systemic inflammation is
central to the altered lipid metabolism and its relation to atherosclerosis in RA (Charles-
Schoeman et al., 2015; Gabay et al., 2016; Garcia-Gomez et al., 2014; Jukema et al., 2019;
van Halm et al., 2006). High circulating inflammatory marker concentrations, including IL-6,
CRP and ESR have been associated with low total cholesterol, HDL-C and triglyceride
concentrations and an increased atherogenic index ratio (Bag-Ozbek and Giles, 2015;
Chung et al.,, 2010; Dabeer et al., 2019; Georgiadis et al., 2006; Nassir et al., 2007;
Nurmohamed, 2007; Park et al., 1999; Peters et al., 2010; Steiner and Urowitz, 2009; van
Halm et al., 2006; Zhang et al.,, 2014b). Reducing inflammatory cytokines coincide with
increases in serum lipid concentrations and reduces the risk of CVD in RA patients
(Robertson et al., 2013; Steiner and Urowitz, 2009). This inverse relationship between
inflammation, lipid concentrations and atherosclerotic CVD in RA is known as the lipid
paradox. The bi-directional interaction between dyslipidaemia and chronic inflammation in
RA is fundamental to all stages of atherosclerotic plaque formation (Toms et al., 2011).

Hence inflammation plays a central role in accelerating atherosclerosis (Naerr et al., 2016).

The suppression of HDL is the most consistently reported lipid metabolism abnormality in RA
(Chung et al., 2010; Georgiadis et al., 2006; Guo et al.,, 2017; Hameed and Al-Barzinjy,
2017; Kim et al., 2016; Lazarevic et al., 1992; Nassir et al., 2007; Park et al., 1999; Roy and
Das, 2016). The degree of HDL reduction is associated with RA disease activity and severity
(Chung et al.,, 2010; Georgiadis et al., 2006). Although several studies have reported
suppressed total cholesterol concentrations (Guo et al., 2017; Lazarevic et al., 1992), it is
not as substantial as that seen in HDL concentrations (Georgiadis et al.,, 2006).
Consequently, this produces an increased atherogenic index (total cholesterol/HDL-C ratio)
in RA patients (Guo et al., 2017). Moreover, RA patients have reduced apolipoprotein A-l

levels, reduced levels of HDL-associated enzymes and their HDL particles have oxidative
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structural changes compared to the general population (Dessein et al., 2016; Gonzélez-Gay
and Gonzalez-Juanatey, 2014; Ronsein and Vaisar, 2017). These changes in HDL
metabolism associated with RA hinders its ability to facilitate cholesterol efflux in reverse
cholesterol transport (Dessein et al., 2016) and ultimately impairs the antioxidant, anti-
inflammatory and cardioprotective effects of HDL (Dessein et al., 2016; Gonzalez-Gay and

Gonzélez-Juanatey, 2014).

Contradictory findings on the associations between LDL-C and disease activity in RA
patients have been reported. Although several studies reported a decrease in LDL-C (Chung
et al., 2010; Lazarevic et al., 1992), some reported a significant elevation in LDL-C
concentrations (Georgiadis et al., 2006; Guo et al., 2017; Hameed and Al-Barzinjy, 2017;
Roy and Das, 2016). Although lower LDL-C concentrations may appear to produce a less
atherogenic lipid profile, chronic inflammation causes structural and oxidative changes in the
LDL particle which may promote atherogenesis (Khovidhunkit, et al., 2000). LDL has a
complex lipid-protein structure consisting of polyunsaturated fatty acyl chains, making it
highly susceptible to oxidative modification by free radicals (Choi et al.,, 2017b; Garcia-
Gomez et al., 2014; Khovidhunkit, et al., 2000; Levitan et al., 2010; Parthasarathy, 2010),
which also oxidize its major apolipoprotein B component (Steinberg, 1997; Yang et al.,
2012). In chronic inflammatory conditions, a decrease in LDL-C concentrations is associated
with a decrease in LDL particle size, resulting in small dense LDL particles that are more
pro-atherogenic as they have a lower binding affinity for the LDL receptor (Hurt-Camejo et
al., 2001; Jones, 2000). This leads to increased circulation time for LDL particles, increasing
the potential for oxidation (Borén et al., 2020). Oxidation of these LDL particles takes place
in the subendothelial space where antioxidants are much less compared to the circulation
(Afonso and Spickett, 2019; Gianazza et al., 2019; Khovidhunkit et al., 2004; Levitan et al.,
2010; Toms et al., 2011). Small, dense LDL particles can easily cross the endothelial barrier

and bind to proteoglycans in the vascular wall intima, resulting in LDL retention (Chait et al.,
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1993; Toms et al., 2011). These oxidised LDL particles are then no longer cleared from the
subendothelial space during lipid metabolism (Garcia-Gémez et al., 2014; Pignatelli et al.,

2018).

Similar to LDL-C concentrations, the precise relationship between triglycerides and disease
activity in RA remains controversial. While most studies have focused on the role of
lipoproteins in CVD risk in RA, the role of triglycerides and its clinical relevance have not
been clearly defined in RA (Rodriguez-Carrio et al., 2017). Some studies have reported high
triglyceride concentrations (Hameed and Al-Barzinjy, 2017; Kim et al., 2016; Roy and Das,
2016), while others report no changes in triglyceride concentrations in untreated RA patients
(Hurt-Camejo et al., 2001). While triglycerides are generally not directly atherogenic, its
association with atherogenic remnant particles necessitates its consideration as a biomarker
of CVD risk (Bag-Ozbek and Giles, 2015; Talayero and Sacks, 2011). The relationship
between hypertriglyceridemia and increased CVD risk is possibly explained by the altered
HDL functionality. Elevated triglyceride concentrations induce a greater cholesteryl ester
exchange between triacylglycerol-rich lipoproteins and nascent HDL leading to smaller and
more dense HDL particles that have a reduced functionality (Rodriguez-Carrio et al., 2017).
The reduced HDL functionality reduce cholesterol efflux capacity (Rodriguez-Carrio et al.,

2017), and hence reduce LDL-C clearance.

Taken together, inflammation plays a central role in the altered lipid metabolism and its
association with atherosclerosis in RA. RA patients develop a pro-atherogenic lipid profile
compared to healthy individuals without RA and remain at higher risk for CVD regardless of
the reduced lipid levels (Crowson et al., 2018). Inflammation induces deleterious
consequences on lipid metabolism which ultimately produces this unique pro-atherogenic
lipid profile. The pro-atherogenic lipid profile accelerates atherosclerosis progression and

increases the risk of CVD in this population. However, the true effect of inflammation on lipid
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metabolism in RA is still controversial as findings are inconsistent and the mechanisms
responsible for these changes remain largely unknown. The discrepancies in the reported
findings may be attributed to small sample sizes, the cross-sectional nature of studies where
cause and effect cannot be inferred and the large number of confounding factors in human
RA studies (Bag-Ozbek and Giles, 2015; Choy and Sattar, 2009; Hassen Zrour et al., 2011,
Nurmohamed, 2007; Toms et al., 2011). In this regard, animal studies have been done to
gain a better understanding of the effects of inflammation on lipid metabolism, independent
of confounding factors. The section below briefly describes findings of inflammation-induced

changes in lipid metabolism in pre-clinical models of high-grade inflammation.

2.5 Lipid profiles in animal models of RA

Table 2.1 shows a summary of animal studies that have investigated the effects of
inflammation on lipids. In the adjuvant-induced arthritis (AIA) model, studies have reported
contradictory findings on the effects of inflammation on lipid metabolism (Abdin et al., 2012;
El-Ashmawy et al., 2019; El-Gaphar et al., 2018; Kunitomo et al., 1987, 1986; Patel and
Pundarikakshudu, 2016; Wendt et al., 2019; Yamaguchi et al., 2007). Some (Abdin et al.,
2012; ElI-Ashmawy et al., 2019; El-Gaphar et al., 2018; Patel and Pundarikakshudu, 2016;
Wendt et al., 2019; Yamaguchi et al., 1989) but not others (EI-Ashmawy et al., 2019; He et
al., 2013; Kunitomo et al., 1986) have reported reduced serum concentrations of HDL, LDL
and total cholesterol. These discrepancies could possibly be explained by differences in rat
strain and the onset, severity and duration of the different arthritic protocols used. Although
the adjuvant-induced arthritis model is an established animal model of RA, the animal model
generally shows less severe symptoms and is transient (Bendele, 2001). The collagen-
induced arthritis (CIA) rat model on the other hand, is a model that closely resembles the
disease activity in RA (Bendele, 2001). The CIA model shares many pathological features

with RA including mononuclear cell infiltration, synovial hyperplasia, cartilage degradation,
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and collagen type lI-specific antibodies and rheumatoid factor production (Bendele, 2001).
However, to the best of our knowledge, there is currently no direct evidence to support the
role of chronic exposure to inflammation in the development of dyslipidaemia in the CIA
model. CIA studies have only reported decreased plasma triglycerides and total cholesterol
concentrations (Srivastava et al., 2018, 2014). Currently, no studies have investigated the

effects of inflammation on HDL-C or LDL-C concentrations. Hence in the present study, |

aimed to determine whether exposure to chronic inflammation alters serum lipid

concentrations in the CIA rat model.

Considering the evidence that circulating inflammatory markers are associated with
abnormal lipid metabolism (Cacciapaglia et al., 2018; Hashizume and Mihara, 2011;
Nurmohamed, 2007; Seriolo, 2006), the question remains what are the possible
mechanisms explaining the relationship between inflammation and altered lipid metabolism?
The section below briefly highlights the mechanisms whereby inflammation may mediate

abnormal lipid metabolism.
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Table 2.1 Summary of animal studies showing the effects of inflammation on lipid profiles.

Authors Animal | Duration | Sample size Findings
model

Abdin et al., (2012) AlA 35 days Control=10, AIA=10 | Serum levels of LDL-C, TC and triglycerides increased, and HDL-C
levels decreased in AIA group.

El-Ashmawy et al., (2019) AlIA 31 days Control=21, AIA=21 | Serum levels of LDL-C, TC and triglycerides increased, and HDL-C
levels decreased in AlA group.

El-Gaphar et al., (2018) AlA 28 days Control=10, AIA=10 | Serum levels of TC, LDL-C and triglycerides increased, and HDL-C
levels decreased in AlA group.

Kunitomo et al., (1986) AlIA 8 weeks Control=6, AIA=9 Serum levels of TC and HDL-C increased, and serum triglyceride
levels decreased in AIA group.

Kunitomo et al., (1987) AlA 4 weeks Control=6, AIA=9 Serum levels of TC increased, and serum triglyceride levels
decreased in AIA group.

Patel and AlA 4 weeks Control=6, AlA=6 Serum levels of HDL-C decreased, and LDL-C, TG and

Pundarikakshudu, (2016) triglycerides increased in the AIA group despite unchanged body
weight

Wendt et al., (2019) AlA 18 days Control=5, AIA=5 Serum levels of HDL-C, LDL-C, VLDL, TC and triglycerides
decreased in AIA group.

Yamaguchi et al., (1989) AlIA 6 weeks Control=6, AIA=6 Serum levels of HDL-C, TC and triglycerides decreased in the first
4 weeks but increased after the last 2 weeks in AIA group.

He et al., (2013) CIA 8 weeks Control=16, CIA=16 | No change in body weight, blood glucose and serum levels of TC
and triglycerides in CIA group.

Srivastava et al., (2014) CIA 4 weeks Control=10, CIA=10 | Plasma levels of TC and triglycerides decreased in CIA group.
HDL-C and LDL-C were not reported.

Srivastava et al., (2018) CIA 4 weeks Control=5, CIA=5 Plasma levels of TC and triglycerides decreased in CIA group.

HDL-C and LDL-C were not reported.

HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol, TC: total cholesterol, VLDL: very low-density lipoprotein;
AlA: adjuvant-induced arthritis, CIA: collagen-induced arthritis.
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2.6 Mechanisms of inflammation-induced changes in lipid metabolism

2.6.1 The role of inflammation on impaired HDL metabolism

Although chronic inflammation is associated with reduced concentrations of HDL-C in RA
patients, the mechanisms underlying this relationship remain controversial. Evidence
suggests that chronic exposure to inflammation alters the HDL structure and functional
capacity. Inflammation-induced structural changes in the HDL particle may impair its ability
to mediate reverse cholesterol transport (Ronsein and Vaisar, 2017). In this regard, one
possible mechanism that could explain the reduced HDL-C in RA is the effect of
inflammation on apolipoprotein A-l. Apolipoprotein A-l is a lipid-poor protein, synthesized in
the liver and intestines (Hui et al., 2019). It is the main constituent of HDL, that actively
removes cholesterol and phospholipids from cells (Hui et al., 2019; Oram et al., 2000; Wang
et al, 2017). Indeed, inflammatory cytokines decrease the mMRNA expression of
apolipoprotein A-l in pre-clinical and in vitro studies (Beers et al., 2006; Ettinger et al., 1994,
Haas et al., 2003; Navarro et al., 2005; Parseghian et al., 2014). Several cohort studies in
RA have reported that apolipoprotein A-l is reduced in the presence of increased CRP
concentration and decreased HDL-C (Liao et al., 2015; Oliviero et al., 2009; Tanimoto et al.,
2003). However, not all studies reported a reduced apolipoprotein A-l in conjunction with
increased CRP concentrations (Cigliano et al., 2005) or with reduced HDL-C concentrations
(Charles-Schoeman et al., 2012). Hence this suggests that other mechanisms may be

involved.

Another possible link between inflammation and HDL-C is serum amyloid A. Chronic
inflammation increases the production of serum amyloid A, which displace apolipoprotein A-
1 from HDL (Kisilevsky and Manley, 2012; Prifer et al., 2015). HDL particles containing
serum amyloid A have a reduced ability to carry out reverse cholesterol transport (Kisilevsky

and Manley, 2012; Prifer et al., 2015). Although one study has shown an increased serum
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amyloid A in RA as a potential cause of the reduced HDL-C (Tanimoto et al., 2003), this has
not been confirmed by others. Others showed increased serum amyloid A in the presence of
increased CRP concentrations, but HDL-C was not significantly reduced (Oliviero et al.,

2009; Ormseth et al., 2016).

Another possible mechanism that may explain the reduced functionality of HDL-C in chronic
inflammation is the conversion of nascent HDL to mature HDL. In this regard, lecithin-
cholesterol acyltransferase is an essential enzyme involved in the synthesis of mature HDL
particles (Zhou et al., 2015). Reduced lecithin-cholesterol acyltransferase impairs the ability
to esterify cholesterol leading to decreased synthesis of mature HDL patrticles (Popa et al.,
2007a; Zannis et al.,, 2017). In pre-clinical models, the administration of inflammatory
cytokines reduced lecithin-cholesterol acyltransferase activity (De La et al., 2012; Ettinger et
al., 1994, 1992; Ly et al., 1995). In RA patients, lecithin-cholesterol acyltransferase is also
reduced (Charles-Schoeman et al., 2015, 2009; Tanimoto et al., 2003). However, there is
still uncertainty about the contribution of reduced lecithin-cholesterol acyltransferase activity
in decreasing HDL-C concentrations in RA. In the presence of increased CRP and ESR,
lecithin-cholesterol acyltransferase activity remained unchanged while HDL-C insignificantly

increased in RA patients (Cigliano et al., 2005).

Another mechanism involved in HDL maturation that may explain the reduced HDL-C
concentration in inflammation is the expression and activity of ABCA1. ABCAL is involved in
the conversion of nascent HDL to mature HDL (Bag-Ozbek and Giles, 2015; Ben-Aicha et
al., 2020; Sorci-Thomas and Thomas, 2013; Zhou et al., 2015). Several in vitro and pre-
clinical studies have shown that inflammation downregulates the expression of ABCA1 in a
variety of cells (Chen et al.,, 2009; Dragoljevic et al., 2018; Field et al., 2010; Ma et al.,
2013). Nevertheless, the evidence of a reduced ABCA1 in RA patients and its relations to

inflammation and HDL-C concentrations are controversial. Ronda et al. (2014) showed no
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differences in ABCAL concentrations between RA and non-RA patients. Furthermore, these
authors showed no associations between inflammatory cytokine concentrations and ABCAl
concentrations, or any change in ABCA1 concentration after anti-inflammatory treatment
(Ronda et al., 2014; Ronda et al., 2015). Moreover, the serum HDL-C concentrations were
not correlated with ABCAL concentrations in RA patients (Ronda et al., 2014; Ronda et al.,
2015). Despite the potential of ABCAL as a mediator of the functionality of HDL-C in high-
grade inflammation shown in basic studies, RA studies in humans have not confirmed these
results. The discrepancies in these studies may be explained by the confounding factors in
cross-sectional studies. Hence, the role of ABCAL in inflammation-induced lipid metabolism

requires elucidation in pre-clinical models.

2.6.2 The role of inflammation on impaired LDL metabolism

While reductions in HDL-C are mostly consistent in studies, LDL-C levels remain
controversial in RA. One possible mechanism to explain the relationship between high-grade
inflammation and reduced LDL-C is apolipoprotein B. Apolipoprotein B is the major protein
found on the surface of LDL particles and is responsible for LDL-C clearance via the LDL
receptor pathway. Apolipoprotein B is used for VLDL formation in hepatocytes and plays a
central role in maintaining the lipoprotein structure (Ismaili et al., 2019; Morita, 2016).
Altering the normal structure and composition of LDL decreases their uptake by hepatocytes
and increases their uptake by macrophages (Dabeer et al., 2019). In vitro, some studies
reported that cytokines decreased the concentrations of apolipoprotein B by reducing
secretion rates of apolipoproteins, while other studies reported that apolipoprotein B
reduction was by marginally increased LDL reuptake in cells (Ettinger et al., 1994; Grove et
al., 1991; Popa et al., 2007a). Administration of cytokines in healthy subjects decreased
LDL-C and apolipoprotein B levels by reducing the apolipoprotein B production rate

(Schectman et al., 1992). While inflammation mostly reduced LDL-C and apolipoprotein B in
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basic studies, the effect of apolipoprotein B on LDL-C in RA patients is controversial. Some
cohort studies have reported significant reductions in apolipoprotein B and LDL-C in the
presence of increased CRP in RA patients (Kremer et al., 2017). Others showed increased
apolipoprotein B when CRP was decreased (Ismaili et al., 2019). However, others found
increased (van Halm et al., 2006) or unchanged apolipoprotein B in the presence of

increased CRP (Peters et al., 2007).

Other mechanisms possibly altered in LDL lipid metabolism are the activity and expression
of lipoprotein lipase and endothelial lipase in chronic inflammation. Lipoprotein lipase
hydrolyses triacylglycerol-rich lipoproteins and releases the free fatty acids for usage or
storage in cells (Alves-Bezerra and Cohen, 2017; Olivecrona, 2016), thus reducing
circulatory concentrations. Reduced lipoprotein lipase activity in chronic inflammation causes
a rise in systemic triglycerides and LDL-C (Dabeer et al., 2019). Pre-clinical and in vitro
studies demonstrated that cytokines suppressed the mRNA expression, activity or secretion
of lipoprotein lipase (Albalat et al., 2005; Chen et al., 2009; Greenberg et al., 1992; Lubrano
et al., 2015; Zhang et al., 2002). Data on the effects of inflammation on lipoprotein lipase in
RA are limited. An inverse relationship has been reported between CRP concentrations and
lipoprotein lipase mass in RA patients (Wallberg-Jonsson et al., 1996). This demonstrates a
possible relationship between inflammation and lipoprotein lipase activity in these patients.
However, these authors failed to show an association between lipoprotein lipase and LDL-C,

therefore the direct relationship remains uncertain.

Lastly, endothelial lipase is an enzyme involved in phospholipase activity and triglyceride
hydrolysis to a lesser extent during lipid metabolism (Huang et al., 2010; Robert et al., 2013;
Yu et al.,, 2018). Increased endothelial lipase results in increased uptake of cholesteryl
esters into vasculature cells and mediates the binding and uptake of LDL (Kojma et al.,

2004; Yue et al., 2016), which lowers the levels in circulation. In this regard, endothelial
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lipase contributes to VLDL and LDL metabolism and reduces their serum concentrations
during inflammation (Yu et al., 2018). In in vitro studies, cytokines upregulated the
expression of endothelial lipase mMRNA and the endothelial lipase plasma concentrations
were positively correlated with increased inflammatory marker concentrations (Paradis et al.,
2006; Yue et al, 2016). In humans, one study showed a correlation between high
inflammatory cytokine concentrations and increased endothelial lipase concentrations in
plasma of 858 human subjects with endotoxin-induced inflammation (Badellino et al., 2008).
To the best of our knowledge, studies have not reported on endothelial lipase in RA patients,
therefore the relationship between endothelial lipase and LDL-C remains undefined in this
population. However, increased endothelial lipase activity may possibly contribute to
atherogenesis in RA. Endothelial lipase expression has been detected in atheromatous
plague macrophages in human coronary arteries (Kojma et al., 2004). Taken together,
several possible mechanisms may explain the altered lipid metabolism in RA. However, the
cross-sectional nature of the human RA studies precludes the inference of cause and effect.
Hence, the mechanisms of inflammation-induced alterations in lipid metabolism required

further investigation.

2.7 Effects of anti-inflammatory treatment on lipid profiles in high-grade inflammation

Inflammation is at the centre of driving disease activity, joint damage, clinical symptoms and
comorbidities in RA therefore reducing inflammation is the major therapeutic target in RA
disease management (Smolen et al., 2016). Disease-modifying antirheumatic drugs
(DMARDS) are used in the management of RA, as they reduced inflammation and reduce
structural joint damage progression (Smolen et al., 2016). There are two major classes of
DMARDSs, namely synthetic and biologic. According to the current European League Against
Rheumatism (EULAR) recommendations, treatment in RA patients should be initiated with

conventional synthetic DMARDs (Smolen et al., 2017). Synthetic DMARDs such as

23



methotrexate, sulfasalazine, leflunomide and hydroxychloroquine are prescribed to reduce
disease activity and severity in RA patients (Sizova, 2008; Smolen et al., 2016). However,
not all patients tolerate synthetic DMARDs well, and some patients do not achieve a
decrease in disease activity and severity when receiving synthetic DMARDs (Rigby et al.,
2017). In patients with an intolerance to synthetic DMARDSs, in those who have severe
disease, presence of autoantibodies or early joint damage despite synthetic DMARD
treatment, it is recommended that a biologic DMARD be given as monotherapy or that it be
added to the synthetic DMARD treatment regimen (Smolen et al., 2017). Biologic DMARDs
have been introduced as an alternative monotherapy, but mostly additive therapy to
synthetic DMARDs over the past decade (Harmse and Reuter, 2016). Biologic DMARDs
have markedly improved RA treatment strategies for patients with severe disease and have
provided benefits in those who do not tolerate synthetic DMARDs (Rein and Mueller, 2017;
Rigby et al., 2017). Several classes of biologic DMARDs are available, each with a different
mode of action. The different classes of biologic DMARDs include TNF-a inhibitors
(etanercept, certolizumab pegol, adalimumab, golimumab and infliximab), IL-6 receptor
blockers (tocilizumab), IL-1 receptor blockers (anakinra), T-cell stimulation blockers
(abatacept), and B-cell depletion (rituximab) (Monti et al., 2017; Smolen et al., 2016).
Although these different classes of drugs are mechanistically discrete, the overall effects of
the drugs are mediated by interfering with pro-inflammatory cytokine effects (Smolen et al.,

2016).

Although synthetic DMARDs improve disease activity by suppression of the immune system,
their effects on lipid metabolism have been controversial (Naerr et al., 2016). Some studies
have shown improved lipid metabolism and reduced CVD risk (Balanescu et al., 2018;
Charles-Schoeman et al., 2017, 2016; Karimifar et al., 2018; Naerr et al., 2016; Rigby et al.,
2017) but not all studies support this (Cacciapaglia et al., 2018; Chen et al., 2015; Ghosh et

al., 2009; Singh et al., 2020). Synthetic DMARDs are often used as first-line therapy and as
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a result, their effects on lipid metabolism and liver toxicity are well-studied. However,
because biologic DMARDs are mostly prescribed in conjunction with synthetic DMARDs,

their independent effects on lipid metabolism are not as well categorised.

Some clinical trials that have determined the effects of biologic DMARDSs on the lipid profiles
of RA patients are summarised in Table 2.2. Majority of the studies reported that TNF-a
inhibitors improved lipid metabolism by increasing HDL-C concentrations in RA patients
(Allanore et al., 2006; Chen et al., 2015; Gabay et al., 2016; Nishida et al., 2008; Peters et
al., 2007; Popa et al., 2005; Seriolo, 2006; Spanakis et al., 2006; Vis et al., 2005; Wijbrandts
et al., 2009; Yeh et al., 2014). Other studies reported worsened LDL-C (Allanore et al., 2006;
Gabay et al.,, 2016; Popa et al., 2007b; Wijbrandts et al., 2009; Yeh et al., 2014), total
cholesterol (Allanore et al., 2006; Gabay et al., 2016; Nishida et al., 2008; Peters et al.,
2007; Popa et al., 2007b, 2005; Saiki et al., 2007; Seriolo, 2006; Soubrier et al., 2008; Vis et
al., 2005; Wijbrandts et al., 2009; Yeh et al., 2014) and triglycerides (Allanore et al., 2006;
Gabay et al., 2016; Saiki et al., 2007; Wijbrandts et al., 2009) compared to baseline values
or control groups. A single study reported improved total cholesterol and triglycerides,
although HDL-C remained unchanged (De Sanctis et al., 2013). A meta-analysis reported
that the administration of TNF-a inhibitors increased total cholesterol and HDL-C
concentrations and may be associated with an increased apolipoprotein A-I level without
changes in LDL-C levels (Daien et al., 2012). In contrast, others have reported no changes
in lipid metabolism with the administration of TNF-a inhibitors, despite an effective reduction
in disease activity (Soubrier et al., 2008). However, some authors reported that TNF-a
inhibitors reduce CVD risk and improve cardiovascular outcomes in RA patients despite

some elevations in lipids (de La Forest Divonne et al., 2017; Tocci et al., 2016).

Similar to the effects of TNF-a inhibitors, studies that have investigated the effects of IL-6

blockers (tocilizumab) on lipid metabolism in RA have reported conflicting results. Majority of
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the studies have reported that IL-6 blockers moderately improved the atherogenic profiles of
RA patients by increasing HDL-C concentrations (Genovese et al., 2008; Jones et al., 2010;
Kawashiri et al., 2011; Maini et al., 2006; Schultz et al., 2010; Tournadre et al., 2017).
However, some studies have reported that IL-6 blockers worsen the atherogenic profile by
increasing total cholesterol, LDL-C concentrations and triglycerides without improvements in
HDL-C concentrations (Cacciapaglia et al., 2018; Chen et al., 2015; Mclnnes et al., 2015). In
other studies, administrations of IL-6 blockers in RA patients resulted in unchanged lipid

profiles (Farah et al., 2016; Provan et al., 2015).

Taken together, the effects of biologic DMARDs on lipid metabolism are contradictory. These
discrepancies may be explained by the differences in disease activity and severity in
different study cohorts and the heterogeneity in the dosage, duration and follow-up after
DMARD treatment. Furthermore, the relatively small sample sizes, the lack of control groups
and the heterogeneity in the study population may also impact the outcomes. Lastly, the
confounding effect of other cardiovascular drugs in these studies limit the interpretability of
the independent effects of the DMARDs on lipid profiles. Therefore, animal models of
chronic inflammation remain the prime setting to assess the direct effects of biologic
DMARDs on lipid metabolism, independent of confounding factors. Currently, studies
investigating the effects of biologic DMARDs on lipid metabolism in animal models of RA are
limited. To the best of our knowledge, only one study has evaluated the effects of TNF-a
inhibitors on lipid metabolism, which demonstrated etanercept did not affect the lipid profiles
in an AIA rat model (EI-Ashmawy et al., 2019). There are currently no studies that have
investigated the effects of IL-6 blockers on lipid metabolism in the AIA or CIA rat models.

Hence, in the present dissertation, | aimed to determine the effects of a TNF-a inhibitor and

an IL-6 receptor blocker on inflammation-induced lipid abnormalities in the CIA rat model.
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Table 2.2 Summary of clinical studies showing the effects of biologic DMARDSs on lipid metabolism in RA

Authors

Study design

Dosage and duration

Findings

Chen et al., (2015)

Control=20 (RA patients receiving
synthetic DMARDs Without
biologic),Tx=16 (SDMARD+ oral
corticosteroids+ etanercept)

Twice weekly for 24 weeks

Etanercept increased HDL-C but LDL-C and TC
remained unchanged compared to baseline.

De Sanctis et al., (2013)

Tx=30 (sDMARD + NSAID +
etanercept)

Once weekly for 48 weeks

Etanercept decreased TC and triglycerides but
HDL-C remained unchanged compared to
baseline. LDL-C was not reported.

Seriolo, (2006)

Tx=16 (SDMARD + NSAID +
prednisone + etanercept)

Twice weekly for 24 weeks

Etanercept increased HDL-C and TC but
triglycerides remained unchanged compared to
baseline. LDL-C was not reported.

Soubrier et al., (2008)

Tx=6 (sSDMARD + NSAID +
etanercept)

Twice weekly for 14 weeks

Etanercept did not change HDL-C, LDL-C, TC
and triglycerides compared to baseline.

Yeh et al., (2014)

Tx=23 (sDMARD + prednisolone +
etanercept)

Twice weekly for 48 weeks

Etanercept increased HDL-C, LDL-C and TC but
triglycerides decreased compared to baseline.

Gabay et al., (2016)

Tx=163

Once every 2 weeks for 24
weeks

Adalimumab increased HDL-C, LDL-C, TC and
triglycerides compared to baseline.

Popa et al., (2005)

Tx=33 (NSAID + prednisone+
adalimumab)

Once-off for 2 weeks

Adalimumab increased HDL-C and TC but LDL-
C and triglycerides remained unchanged
compared to baseline.

Wijbrandts et al., (2009)

Tx=50 (NSAID + prednisone +
adalimumab)

Once every 2 weeks for 52
weeks

Adalimumab increased the HDL-C, LDL-C, TC
and triglycerides compared to baseline.

Allanore et al., (2006)

Control= 112 (RA patients not
receiving anti-TNF-a therapy and
healthy controls not on treatments),
Tx=59 (sDMARD + infliximab)

Once every 8 weeks for 30
weeks

Infliximab increased HDL-C, LDL-C, TC and
triglycerides compared to control groups.

Popa et al., (2007b)

Control=55 (Healthy controls not on
treatments), Tx=55 (sDMARD + oral

Once every 8 weeks for 48
weeks

Infliximab increased HDL-C, LDL-C, and TC
compared to control groups.
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corticosteroids + infliximab)

Nishida et al., (2008)

Tx=97 (sDMARD + oral
corticosteroids + infliximab)

Once every 8 weeks for 58
weeks

Infliximab increased HDL-C and TC but
triglycerides remained unchanged compared to
baseline. LDL-C was not reported.

Peters et al., (2007)

Tx=80 (sDMARD + prednisone +
infliximab)

Once every 8 weeks for 48
weeks

Infliximab increased HDL-C and TC but
triglycerides remained unchanged compared to
baseline. LDL-C was not reported.

Saiki et al., (2007)

control= 64 (RA patients with
successful outcome after
methotrexate and healthy controls
not on treatments), Tx=32 (SDMARD
+ prednisolone + infliximab)

Once every 8 weeks for 24
weeks

Infliximab increased TC and triglycerides
compared to control groups. LDL-C was not
reported.

Spanakis et al., (2006)

Tx=24 (sDMARD + prednisolone +
infliximab)

Once at week 0, 2, 6 and every 8
weeks for 24 weeks

Infliximab increased HDL-C but TC, LDL-C and
triglycerides remained unchanged compared to
baseline.

Vis et al., (2005)

Tx=69 (sDMARD + corticosteroids +
infliximab)

Once at week 0, 2 and 6 week

Infliximab increased HDL-C and TC but
triglycerides remained unchanged compared to
baseline. LDL-C was not reported.

Chen et al., (2015)

Control=20 (RA patients receiving
synthetic DMARDs Without biologic),
Tx=24 (sDMARD + oral
corticosteroids + tocilizumab)

Once weekly for 24 weeks

Tocilizumab increased LDL-C, TC and
triglycerides but HDL-C remained unchanged
compared to baseline.

Cacciapaglia et al., (2018)

Control=20 (RA patients treated with
methotrexate for at least 52 weeks),
Tx=40 (sDMARD + tocilizumab)

Once every 28 days for 52 weeks

Tocilizumab increased TC and triglycerides but
HDL-C and LDL-C remained unchanged
compared to baseline.TC, LDL-C and
triglycerides increased but HDL-C remained
unchanged compared to control group.

Genovese et al., (2008)

Control=370 (RA patients on placebo
and DMARDSs), Tx=751(sDMARD +
oral corticosteroids + NSAID +
tocilizumab)

Once every 4 weeks for 24
weeks

Tocilizumab increased HDL-C, LDL-C and TC
compared to baseline.

Farah et al., (2016)

Tx=15 (lipid lowering agents +

144 weeks, frequency of

Tocilizumab resulted in a trend towards
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tocilizumab)

treatment administration not
defined

increased LDL-C but HDL-C, TC and
triglycerides remained unchanged compared to
baseline.

Jones et al., (2010)

Tx=268 (NSAID + oral
corticosteroids + tocilizumab)

Once every 4 weeks for 24
weeks

Tocilizumab increased HDL-C, LDL-C and TC
compared to baseline.

Kawashiri et al., (2011)

Control=10 (RA patients on
conventional DMARDS), Tx=9
(prednisolone + tocilizumab)

Once every 4 weeks for 12
weeks

Tocilizumab increased HDL-C, LDL-C, TC but
not triglycerides compared to baseline.

Maini et al., (2006)

Control=49 (RA patients receiving
placebo infusions and methotrexate),
Tx= 52 (sDMARD + tocilizumab)

Once every 4 week for 20 weeks

Tocilizumab increased HDL-C, TC and
triglycerides compared to control groups. LDL-C
was not reported.

Mclnnes et al., (2015)

Control=63 (RA patients receiving
placebo and methotrexate),

Tx=69 (sSDMARD + glucocorticoids +
tocilizumab)

Once every 4 weeks for 24
weeks

Tocilizumab increased TC, LDL-C and
triglycerides but HDL-C remained unchanged
compared to control groups.

Provan et al., (2015)

Tx=7

12 weeks, frequency of treatment
administration not defined

Tocilizumab did not change HDL-C, LDL-C, TC
and triglycerides compared to baseline.

Schultz et al., (2010)

Tx=11(SDMARD + prednisone+
tocilizumab)

12 weeks, frequency of treatment
administration not defined

Tocilizumab increased HDL-C, LDL-C and
triglycerides but not significantly compared to
baseline.

Tournadre et al., (2017)

Control=21 (Healthy subjects not on
any treatments), Tx=21(sDMARD +
lipid lowering agents + hypertensive
medication + oral corticosteroids +
tocilizumab)

24 weeks, frequency of treatment
administration not defined

Tocilizumab increased HDL-C and TC but LDL-C
and triglycerides remained unchanged compared
to baseline.

Tx: treatment groups, SDMARD: synthetic DMARD, NSAID: non-steroidal anti-inflammatory drugs, HDL-C: high-density lipoprotein cholesterol,

LDL-C: low-density lipoprotein cholesterol, TC: total cholesterol.
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2.8 Liver damage associated with DMARD treatment

Liver injuries are not a common extra-articular manifestation in rheumatic diseases (Carlo et
al.,, 2011; Wagan et al., 2020). In treatment naive RA patients, liver fibrosis is present in a
small number of patients (4-8%) (Kremer et al., 1994; Ruderman et al., 1997). However, the
risk of liver injury with DMARD treatment increases substantially (Osuga et al., 2015). Long-
term use of methotrexate monotherapy has been associated with aminotransferase
elevations more than three times the upper limit of normal in 32% of RA patients (Akhlaghi et
al., 2018; Curtis et al., 2010; Dehestani et al., 2015; Jones et al., 2010; Oan et al., 2000;
Schiff et al., 2011; Sotoudehmanesh et al., 2010). Synthetic DMARD combination therapy
has been associated with elevated liver enzymes in up to 43% of RA patients (Akhlaghi et

al., 2018; Cuirtis et al., 2010; Dubey et al., 2016).

Despite the benefits of biologic DMARDSs on disease progression and some positive reports
on lipid metabolism, liver damage has also been reported as a result of biologic DMARD
treatment (Fisher et al., 2015; Lopetuso et al., 2018). Since RA patients mostly receive
biologic DMARDSs in conjunction with synthetic DMARDs and concomitant treatments, such
as non-steroidal anti-inflammatory drugs, oral glucocorticoids and anti-hypertensive drugs,
the independent effects of biologic DMARDs on hepatotoxicity in RA are not well
established. The administration of TNF-a inhibitors have been associated with significantly
elevated hepatic transaminase levels in RA patients (Oan et al., 2000; Rubbert-Roth, 2012).
Aminotransferase elevations from TNF-a inhibitors are usually mild to moderate, and severe
elevations have been reported in <1% of patients (Rubbert-Roth, 2012). However, there
seems to be a difference in the extent of hepatotoxicity for different types of TNF-a inhibitors.
In 6861 RA patients, aspartate aminotransferase (AST) and alanine aminotransferase (ALT)

concentrations were elevated in 5.9% of patients with the administration of infliximab or
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adalimumab compared to etanercept, which had a lower hepatotoxicity risk (<1%) (Nanau

and Neuman, 2014; Sokolove et al., 2010).

Moderate increases in liver transaminase were also observed with the administration of IL-6
blockers in RA patients (Baek et al., 2019; Emery et al., 2008; Genovese et al., 2017, 2008;
Jones et al., 2010; Maini et al., 2006; Schiff et al., 2011). However, severe transaminase
elevations are rare with tocilizumab (Genovese et al., 2017) and occur primarily in the first
year of treatment (Ogata et al.,, 2019). In 4171 RA patients receiving tocilizumab with
concomitant DMARDSs, ALT and AST were moderately elevated in 24% and 13% of patients
respectively and severely elevated in 0.2% and 0.3% of patients respectively (Genovese et
al.,, 2017). Following the cessation of tocilizumab therapy, abnormal transaminase

concentrations are likely to return to normal (Genovese et al., 2017).

In addition to increasing liver transaminases, biologic DMARDs have been associated with
the development of liver fibrosis. Cirrhosis has been reported in patients receiving TNF-
a inhibitors (Tang et al., 2020). However, there is limited evidence of cirrhosis associated
with IL-6 receptor blocker use (Genovese et al., 2017). In most cases of reported liver
fibrosis, patients were receiving concomitant treatments including synthetic DMARDs (Ogdie
et al.,, 2018; Tang et al., 2020). However, patients receiving oral corticosteroids and non-
steroidal anti-inflammatory drugs were at a higher risk of developing cirrhosis compared to
those taking concomitant synthetic DMARDs (Ogdie et al., 2018) and RA patients had the
least cirrhosis incidences compared to patients with other immune-related diseases (Ogdie
et al., 2018; Tang et al., 2020). These findings indicate that multiple interacting factors may
contribute to the development and progression of fibrosis in patients with immune-related

diseases.

Taken together, some evidence suggests that biologic DMARDs may induce liver injury in

chronic inflammatory disorders. However, the direct contribution of biologic DMARDs on
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underlying hepatic injury in RA is uncertain as a result of the confounding hepatotoxic effects
of other drugs used in the management of RA. Therefore, the independent effect of biologic

DMARDSs on liver morphology, injury and toxicity needs investigation. Hence, in the present

study, | aimed to determine the effects of etanercept and tocilizumab on liver morphology in

the CIA rat model.

2.9 Problem statement

RA patients are at greater risk of developing atherosclerotic CVD compared to the general
population. Traditional CVD risk factors and systemic inflammation comprise the majority of
the increased CVD risk in RA. In RA patients, the bi-directional relationship between
inflammation and abnormal lipid metabolism is believed to increase the risk of
atherosclerosis. Nevertheless, confounding factors in human studies limit the ability to
determine the independent role of inflammation on the altered lipid metabolism in RA. In
animal studies of high-grade inflammation, the contribution of inflammation to altered lipid

metabolism is controversial and requires elucidation.

The management of systemic inflammation constitutes the cornerstone of RA therapy.
Current DMARDs are aimed at controlling inflammation and slowing disease progression
and joint damage. The effects of DMARDs on CVD in RA patients are inconsistent. Biologic
DMARDs are mostly given as adjunct therapy to synthetic DMARDs, hence their
independent role in the prevention of CVD are uncertain. Clinical studies have reported
conflicting results on the effects of biologic DMARDs on lipid profiles in RA. Moreover,
biologic DMARDSs have been associated with hepatotoxicity and liver morphological changes
in clinical studies. However, due to confounding factors in clinical studies, the direct impact
of TNF-a inhibitors and IL-6 receptor blockers on the liver morphology remains largely

unknown. Therefore, a better understanding of the role of inflammation and biologic
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DMARDs on lipid metabolism and liver morphology may contribute to the prevention and

management of atherosclerosis and CVD risk stratification in RA patients.

2.10 Aims

The aim of this study was to determine the effect of high-grade inflammation on lipid
metabolism in Sprague-Dawley rats exposed to collagen-induced arthritis (CIA). In addition,
this study aimed to assess whether biologic DMARDs alter the outcomes of inflammation-
induced changes in lipid metabolism and whether they are associated with drug-induced

liver morphological changes in Sprague-Dawley rats exposed to CIA.

The specific objectives of the current study were to determine

1. the lipid concentrations in Sprague-Dawley rats exposed to CIA.

2. whether treatment with Etanercept (a TNF-a inhibitor) and Tocilizumab (an IL-6
receptor blocker) alters inflammation-induced lipid concentration in Sprague Dawley

rats exposed to CIA.
3. whether the administration of Etanercept (a TNF-a inhibitor) and Tocilizumab (an IL-6

receptor blocker) are associated with liver injuries in Sprague Dawley rats exposed to
CIA.
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Chapter 3

Methods
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3.1 Animals and ethical clearance

Sixty-eight, male (nh =38) and female (n=30), three-month-old Sprague Dawley rats were
obtained from the Central Animal Services at the University of the Witwatersrand. The rats
were housed individually, in temperature-controlled rooms with a 12-hour light-dark cycle
and allowed free access to food and water. Male and female rats were kept in separate
rooms. All experimental procedures were approved by the Animal Ethics Screening
Committee of the University of the Witwatersrand (AESC approval number: 2017/03/21C
and 2019/02/10C). This study was a part of a larger; ongoing study aimed at elucidating the

mechanisms of inflammation-induced cardiometabolic changes.

3.2 Experimental design

The rats underwent a two-week habituation period, where body weight and arthritis scores
were measured once a week and blood pressure was measured twice a week. After the two-
week habituation period, rats were randomly divided into the control (n=20, 9 females and 11
males), inflammation (n=18, 7 females and 11 males), tumour necrosis factor-alpha inhibitor
(TNF-a inhibitor; n=15, 7 females and 8 males) or interleukin-6 blocker (IL-6 blocker; n=15, 7
females and 8 males) groups. The control group received intraperitoneal injections of saline
solution. The inflammation, TNF-a inhibitor, and IL-6 blocker groups were injected with an
arthritis inducing emulsion. Following the onset of arthritis, rats in the TNF-a inhibitor group
received a TNF-a inhibitor (etanercept; Enbrel) for six weeks and the rats in the IL-6 blocker
group received an IL-6 receptor blocker (tocilizumab; Actemra), for six weeks. Body weight,
blood pressure, and arthritis scores were measured once every two weeks. After six weeks
of treatment, the rats were anaesthetised by intramuscular injections of ketamine (100
mg.kg?) and xylazine (5 mg.kg™) and were terminated by thoracotomy. Blood samples were
obtained and the liver and adipose tissue were removed and weighed before being frozen (-

80°C) until further analysis. A summary of the experimental design is outlined in Figure 3.1.
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Induction of high-grade inflammation (Day 0)

Booster injection (Day 7)
2™ booster injection (Day 21) End of experiments
Habituation ‘ Treatments administered for 6 weeks - ‘
— > ] < > |
q At the end of the 6 weeks
Start of TNF-a inhibitor treatment: every 3" day
Start of IL-6 blocker treatment: once a week Blood glucose measurements
(4 groups of 3-month old SD rats) Triglyceride measurements
Control: (0.2ml Saline injections), (n = 20) Blood lipid profile determination
Inflammation: (0.2ml BCIl emulsified in FIA), (n = 18) Liver histology
TNF-a inhibitor: (Enbrel at a dosage of 10mg/kg), (n = 15) Liver toxicity tests
IL-6 blocker: (Actemra at a dosage of 8mg/kg), (n = 15) Circulating inflammatory marker

Figure 3.1 Experimental design
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3.2.1 Induction and monitoring of arthritis

After the two-week habituation period, systemic inflammation was induced in rats in the
inflammation, TNF-a inhibitor, and IL-6 inhibitor groups, as previously described (Jasemiam
et al., 2011). Briefly, bovine type Il collagen (BCIl) (Chondrex cat. #20021, Redmond, WA,
USA) was dissolved in 0.05M acetic acid by gently stirring overnight at 4°C. Equal amounts
of dissolved bovine type Il collagen (2mg/ml) and incomplete Freund’s adjuvant (FIA)
(2mg/ml) (Chondrex cat. #7002, Redmond, WA, USA) were mixed using an electric
homogenizer. The arthritis-inducing emulsion was prepared immediately before
immunisation. Under general anaesthesia (2.5-3.5% isoflurane), the rats were immunised
with 0.2ml (200ug) of the arthritis inducing emulsion by subcutaneous injection at the base of
the tail. To ensure a high incidence and severity of arthritis, 0.1ml (100ug) booster injections
were administered seven and 21 days after the first immunisation. Control rats received a

subcutaneous injection of 0.1ml (100ug) of saline at the base of the tail.

3.2.2 Drug intervention

Following the onset of arthritis, the rats in the TNF-a inhibitor group received a
subcutaneous injection of etanercept, a TNF-a inhibitor (Enbrel) at a dosage of 10 mg/kg
every third day for six weeks. The rats in the IL-6 blocker group received a subcutaneous
injection of tocilizumab, an IL-6 receptor blocker (Actemra) at a dosage of 8 mg/kg once a
week for six weeks. Following the onset of arthritis, rats in the inflammation, TNF-a inhibitor
and IL-6 blocker groups received 2mg/kg Tramazec injected subcutaneously daily for pain

relief.
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3.3 Measurement of arthritis scores and paw thickness

To quantitatively evaluate the severity of arthritis, rat paws were scored once a week using a
previously described five-point scoring system (Kim et al., 2010). In the scoring system, a
score of 0 indicates no swelling or focal redness (normal); 1 indicates slight swelling and/or
focal redness; 2 indicates low-to-moderate oedema, 3 indicates pronounced oedema with
reduced paw function and 4 indicates excessive oedema with deformity and joint rigidity. The
cumulative score for the two hind paws of each rat (a maximum score of eight) was used to
represent the overall disease severity. To include a more objective measure of swelling, the
paw thickness at the ankle joints and the tarsometatarsal joints of the hind paws were
measured using a digital calliper (GS5071523 Vernier Caliper Mastercraft, Cape Town,

South Africa).

3.4 Determination of blood pressure

Blood pressure was measured every two weeks by a tail-cuff technique employing non-
evasive blood pressure (NIBP) amplifiers (Biopac Systems, Santa Barbara, CA, USA). Three
measurements were taken for blood pressure and the average of the last two measures
were used. The rats were placed in restrainers and tails were heated for ten minutes in order
to obtain the blood pressure. To avoid diurnal variation, blood pressure measurements were
taken at midday. The rats were habituated to the restrainers during the two-week habituation

period prior to the first measurement being obtained.

3.5 Measurement of blood glucose and triglyceride concentrations

To ensure that differences in lipoproteins between the groups were not as a result of
metabolic changes, blood glucose and triglyceride concentrations were measured in a sub-
set of the control (n=15) and inflammation (n=15) group rats. Three days before termination,

rats were fasted overnight, and fasting blood glucose and triglyceride concentrations were
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determined from a drop of blood obtained from the tail vein via a pinprick. Glucose
concentrations were determined using a calibrated glucometer (Ascensia EliteTM Blood
glucose meter, Bayer Corporation, Mishawaka, USA) and triglyceride concentrations were
determined using a calibrated Accutrend triglyceride analyzer (Roche, Mannheim,

Germany).

3.6 Determination of circulating inflammatory marker concentrations

After thoracotomy, blood was sampled and allowed to clot for 2 hours at room temperature.
Blood samples were centrifuged and serum was collected and stored at -80°C until assayed.
Enzyme-linked immunosorbent assay (ELISA) kits (Elabscience Biotechnology Co. Ltd,
Wuhan, China) were used to measure serum levels of TNF-a, IL-6, and CRP according to
the instructions of the manufacturer (Elabscience Biotechnology Co. Ltd, Wuhan, China).
The lower detection limit for TNF-a, IL-6, and CRP were 78.13 pg/ml, 62.50 pg/ml and 0.31

ng/ml respectively, all with coefficients of variation of <10%.

3.7 Determination of blood lipid profile

The HDL and LDL/VLDL Cholesterol Assay Kit (Cell Biolabs Inc., San Diego, CA, USA) was
used to measure serum concentrations of HDL-C and LDL-C according to the manufacturer
instructions. Absorbance was read at 570 nm with a microplate spectrophotometer and

sample cholesterol concentrations were determined by interpolation from a standard curve.

3.8 Determination of ATP-binding cassette transporter Al

Serum concentration of ATP-binding cassette transporter A1 (ABCA1l), a regulator of
cholesterol metabolism, was measured by enzyme-linked immunosorbent assay (ELISA)

(Elabscience Biotechnology Co. Ltd, Wuhan, China), according to the manufacturer
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instructions}. The lower detection limit for the ABCA1 kit was 0.16 ng/ml with a coefficient of

variation <10%.

3.9 Determination of hepatic lipid content

3.9.1 Liver sample collection and storage

At termination, the liver was removed and weighed. The left lateral and medial lobes of the
liver were stored at -80°C. A section of the left lateral lobe was used for liver lipid
extractions. A section of the right median lobe was stored in 10% formalin and used for

histology.

3.9.2 Liver lipid extraction

Liver lipid extractions were performed using the Tecator Soxtec method (Official Methods of
Analysis of Analytical Chemists, 2005). Briefly, 0.5g of freeze-dried ground liver was packed
into paper extraction thimbles (Whatman™, Buckinghamshire, United Kingdom) and placed
into the extraction chamber of the Soxhlet apparatus. Laboratory distillation flasks (250ml)
were weighed when empty and then filled with 200ml petroleum ether solvent and positioned
onto the heating pads. The extraction procedure ran for 2 hours at the boiling point of the
solvent (50 + 10°C), while cool water was continuously supplied to the condensers.
Thereafter, petroleum ether was evaporated with a rotary vacuum evaporator (Labex®,
Krugersdorp, South Africa) and the oil remained in the flask. Flasks were dried in an oven at
60°C (Salvis Lab, Rotkreuz, Switzerland) for 20 minutes and then weighed. To obtain the
lipid mass, the flask weight prior to the experiment was subtracted from the weight after the
experiment. The lipid mass was expressed as a function of the total liver mass (% of liver

mass).

40



3.10 Hepatic histological analysis

3.10.1 Tissue processing and sectioning

Liver tissue fixed in 10% formalin underwent a series of dehydration steps followed by the
infiltration of Paraplast using a tissue processor (Thermo Fischer Scientific™, Citadel 2000
Tissue Processor). Once embedded onto cassettes, tissues were sectioned into 5um thick
sections with a microtome and were placed onto glass microscope slides. The slides were

allowed to air-dry and adhere onto a 20°C heating block.

3.10.2 Haematoxylin and Eosin stain

The Haematoxylin and Eosin (H&E) stain was used to quantify the degree of steatosis (the
accumulation of fat droplets) in liver tissue samples. Briefly, samples were deparaffinised
with xylene, rehydrated through a graded series of ethanol and stained with Harris’
haematoxylin and alcoholic eosin solution. The slides were then washed (dehydrated)
through ethanol and xylene and a coverslip was placed with DPX mountant. The slides were
viewed using a Zeiss Axioskop 2 Plus microscope equipped with a Zeiss AxioCam (Zeiss,

Peabody, MA, USA) to examine the degree of steatosis.

Steatosis was scored by an experienced observer using a grid method (Biesterfeld et al.,
2012; Franzén et al., 2005) whereby a grid consisting of several squares was superimposed
on the images using ImageJ software (ImageJ version 1.4.3.67, NIH, Bethesda, USA). The
steatosis touching the grid lines and the steatosis adjacent to the grid intersections were
considered. The numbers of micro and macro steatosis per image were counted on a 400x
magnification on a computer screen. Microsteatosis was characterised by the cytoplasmic
appearance of small foamy fat droplets that do not displace the nucleus whereas
macrosteatosis was characterised by the cytoplasmic appearance of enlarged vacuole sized

fat droplets that displace the nucleus to the edge of the cell (Brown and Kleiner, 2016).
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3.10.3 Masson’s trichrome stain

To quantify the degree of liver fibrosis (the accumulation of collagen fibers), liver tissue
samples were deparaffinised, rehydrated and fixed in Bouins solution for one hour and
rinsed under running tap water. Samples were immersed in Weigert's iron hematoxylin
working solution for 10 minutes and washed in distilled water. Thereafter, samples were
immersed in Biebrich scarlet-acid fuchsin solution for 10 minutes, washed in distilled water
and then differentiated in phosphomolybdic-phosphotungstic acid for 10 minutes. Samples
were transferred to an aniline blue solution for 5-10 minutes, dehydrated in a 1% acetic acid
solution for five minutes and washed in distilled water. Slides were dehydrated, cleared with
xylene and mounted with DPX mounting medium. The samples were analysed using a Zeiss
Axioskop 2 Plus microscope equipped with a Zeiss AxioCam (Zeiss, Peabody, MA, USA).
Tissue sections were viewed with a 10x objective lens (100x magnification) under bright-
field. The collagen area fraction was calculated for each tissue section by dividing the
collagen area by the total tissue area using ImageJ software (ImageJ version 1.4.3.67, NIH,

Bethesda, USA).

3.10.4 Picrosirius-Red stain

The Picrosirius red stain was used in the present study as an additional measure to quantify
the degree of liver fibrosis. The Picrosirius red stain is highly specific and differentiates
between different collagen fibre types when viewed under polarised light. Briefly, liver
samples were deparaffinised, rehydrated and stained with a 0.1% Sirius Red solution
dissolved in aqueous saturated picric acid for 60 minutes at room temperature. After
washing in two changes of acidified water, slides were dehydrated, cleared with xylene and
mounted with DPX mounting medium. The samples were analysed using a Zeiss Axioskop 2
Plus microscope equipped with a Zeiss AxioCam (Zeiss, Peabody, MA, USA). Tissue

sections were viewed with a 10x objective lens (100x magnification) under bright-field and
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polarized light. The collagen area fraction was calculated for each tissue section by dividing
the collagen area by the total tissue area using ImageJ software (ImageJ version 1.4.3.67,

NIH, Bethesda, USA).

3.11 Determination of surrogate markers of liver function

To evaluate potential drug-induced toxic effects on the liver, the serum concentrations of
aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline
phosphatase (ALP), surrogate markers of liver function, were determined as previously
described (Arhoghro et al., 2009). Briefly, 150 pyL of plasma was placed on the IDEXX
panels and inserted in the colorimetric chemistry analyser (IDEXX, VetTest® Chemistry

Analyzer, Netherlands) to determine the concentration of the liver enzymes.

3.12 Statistical Analysis

Statistical analysis was performed using the SAS software, version 9.4 (SAS Institute Inc.,
USA). Parametric data are expressed as means * standard error of the mean (SEM) and
nonparametric data are expressed as median (interquartile range, IQR). Differences in body
weight, arthritis scores and blood pressure at baseline and termination were determined by
repeated measures analysis of variance (ANOVA) followed by a Tukey post-hoc test.
Differences in circulating inflammatory markers, lipid profile measurements (HDL-C and
LDL-C, ABCAL, hepatic lipid content), liver morphology (degree of fibrosis), and liver toxicity
enzymes between the groups were determined using a two-way ANOVA, followed by a
Tukey post-hoc test. Differences in fasting glucose and triglyceride concentrations were
determined using a student’s unpaired t-test. The Kruskal-Wallis test followed by Dunn’s
post-hoc test was used to determine the differences in the degree of steatosis between the
groups. Except for body weight, there were no sex differences in lipid profile measurements,

hence the male and female data were pooled to increase statistical power. Associations
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between circulating inflammatory marker concentrations and markers of fibrosis and liver
toxicity enzymes were determined by Pearson's correlation coefficients in all the groups and
in the control and CIA groups only. Because of the differences in body mass between the
male and female rats, correlations were adjusted for body mass and sex. Differences were

considered statistically significant if p<0.05.
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Chapter 4

Results
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4.1 Body weight, liver and adipose tissue weight, blood pressure, arthritis scores and

circulating inflammatory marker concentrations

Table 4.1 shows the body weight, liver and adipose tissue weight, tail-cuff blood pressure
and arthritis scores at baseline and termination as well as the circulating inflammatory
marker concentrations at termination in the control, inflammation, TNF-a inhibitor, and IL-6
blocker groups. The body weight, systolic and diastolic blood pressures were similar
between the groups at baseline and termination (all p>0.05). At termination the liver weight
was similar between the groups (all p>0.05), however the adipose tissue weight was
significantly lower in the inflammation (9.3 = 0.7; p=0.048), TNF-a inhibitor (6.8 +0.8;
p=0.001) and IL-6 blocker (6.7 £0.8; p<0.0001) groups compared to the control group (11.8
+ 0.7). When adjusting the adipose tissue weight for body weight, there were no longer
differences between the control and inflammation groups (p=0.23) however differences
between the control and TNF-a inhibitor (p=0.0004) and IL-6 blocker (p=0.0008) were
materially unaltered. At termination, the mean (z SEM) arthritis scores were significantly
higher in the inflammation (5.04 + 0.32), TNF-a inhibitor (3.62 + 0.46) and IL-6 blocker (4.87
+ 0.43) groups compared to the control group (0.00 £ 0.34; all p<0.0001). There were no
significant differences in the arthritis scores between the inflammation, TNF-a inhibitor, and
IL-6 blocker groups at termination (all p>0.05). The paw thickness at the ankle joints and
tarsometatarsal joints were similar between the groups at baseline (p>0.05). At termination,
the paw thickness at the ankle joint was significantly increased in the inflammation group
compared to the control group (p=0.01). There were no differences in the paw thickness at
the ankle joint between the control, TNF-inhibitor and IL-6 blocker groups (p>0.05). At
termination, the paw thickness at the tarsometatarsal joint was significantly increased in the
inflammation group compared to the control group (p=0.03). There were no differences in
the paw thickness at the tarsometatarsal joint between the control, TNF inhibitor and IL-6

blocker groups (p>0.05).



The mean (*xSEM) serum concentrations of CRP were significantly higher in the
inflammation (0.64 £ 0.04 pg/ml; p<0.0001), TNF-a inhibitor (0.43 + 0.05 pg/ml; p<0.0001)
and IL-6 blocker (0.66 + 0.06 pg/ml; p<0.0001) groups compared to the control group (0.14 +
0.04 pg/ml). The mean (xSEM) serum concentrations of TNF-a were significantly higher in
the inflammation (179.06 + 9.48 pg/ml; p<0.0001), TNF-a inhibitor (145.58 + 11.07pg/mi;
p=0.006) and IL-6 blocker (162.08 + 11.55pg/ml; p=0.0001) groups compared to the control
group (96.21 = 9.43 pg/ml). The mean (xSEM) serum concentrations of IL-6 were
significantly higher in the inflammation (33.17 + 2.17 pg/ml; p<0.0001), TNF-a inhibitor
(27.79 + 2.42 pg/ml; p=0.02) and IL-6 blocker (31.28 + 2.53 pg/ml; p=0.0008) groups
compared to the control group (18.19 £ 2.03 pg/ml). There were no significant differences in
the serum concentrations of CRP, TNF-a and IL-6 between the inflammation, TNF-a

inhibitor, and IL-6 blocker groups at termination (all p>0.05).
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Table 4.1 Body weight,

inflammation, TNF-a inhibitor, and IL-6 blocker groups.

tail-cuff blood pressure,

arthritis scores

and circulating inflammatory marker concentrations in the control,

Control Inflammation TNF-a inhibitor IL-6 blocker

n 20 18 15 15
Male n (%) 17 (65) 14 (70) 8 (53) 8 (53)
Baseline
Body weight (g) 403 + 8 391+9 391+ 10 399+ 11
Systolic blood pressure (mm Hg) 129+ 2 127 +£2 129+ 2 1312
Diastolic blood pressure (mm Hg) 8912 89+ 2 862 88+2
Arthritis score 0 0 0 0
Paw thickness

Ankle joint (mm) 8.08 + 0.20 8.30+0.18 8.09+0.24 7.93+0.24

Tarsometatarsal joint (mm) 4,98 £0.15 4.71+0.13 4.86+0.18 4.73+0.18
Termination
Body weight (g) 478 £ 25 451+ 24 393 + 33 386+ 31
Adipose tissue weight (g) 11.8+0.7 9.3+0.7* 6.8 +0.8* 6.7 +0.8*
Liver weight (g) 17.0+£0.9 149+1.1 14111 13911
Systolic blood pressure (mm Hg) 127+ 2 128+ 2 130+ 2 129+ 2
Diastolic blood pressure (mm Hg) 871 88+2 86+2 90+£2
Arthritis score 0.00+0.34 5.04 + 0.33* 3.62 + 0.46* 4.87 + 0.43*
Paw thickness

Ankle joint (mm) 8.58 +0.24 9.59 + 0.22* 9.14 + 0.29 9.23+0.29

Tarsometatarsal joint (mm) 5.04 £ 0.25 6.00 £ 0.23* 5.75+0.30 5.68 + 0.30
Inflammatory cytokines

C-reactive protein (ng/ml) 0.14 £ 0.04 0.64 + 0.04* 0.43 £ 0.05* 0.66 + 0.06*

Tumour necrosis factor-alpha (pg/ml) 96.2+94 179.1 £ 9.4* 1456 + 11.1* 164.1 + 11.6*

Interleukin 6 (pg/ml) 182+1.9 33.2+2.2* 27.8 + 2.4* 31.3+25*

Data presented as mean + SEM. * p<0.05 compared to control.
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4.2 Fasting glucose and triglyceride concentrations

Table 4.2 shows fasting glucose and triglyceride concentrations measured prior to
termination in a subset of the rats of the control and inflammation groups. There were no
significant differences in the mean (xSEM) fasting glucose concentrations between the
control (3.93 £ 0.17 mmol/l) and inflammation (3.55 + 0.25 mmol/l; p=0.21) groups. There
were no differences in the mean (xSEM) triglyceride concentrations between the control

(3.35 £ 0.34 mmol/l) and inflammation (2.67 + 0.38 mmol/l; p=0.18) groups.

Table 4.2 Fasting glucose and triglyceride concentrations in a subset of the control and

inflammation group rats

Control Inflammation p-value
n 15 15
Glucose (mmol/l) 3.93+£0.17 3.55+0.25 0.21
Triglycerides (mmol/l) 3.35+£0.34 2.67 +£0.38 0.18

Data presented as mean + SEM.
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4.3 Blood lipids and ATP-binding cassette transporter A1 (ABCAL) concentrations

Serum HDL-C concentrations (mean + SEM) were significantly lower in the inflammation
(6.16 = 0.34 pM; p<0.0001) and TNF-a inhibitor groups (7.07 = 0.37 pM; p=0.0004)
compared to the control group (9.17 = 0.32 uM; Figure 4.1A). Serum HDL-C concentrations
were significantly higher in the IL-6 blocker group (8.10 + 0.43 uM) compared to the
inflammation group (p=0.004; Figure 4.1A). There were no significant differences in the

serum HDL-C concentrations of the control and IL-6 blocker groups (p>0.05; Figure 4.1A).

Serum ABCAL concentrations (mean = SEM) were significantly lower in the inflammation
group (1.53 + 0.26 ng/ml) compared to the control group (2.44 + 0.22 ng/ml; p=0.0448;
Figure 4.1 B). Serum ABCA1 concentrations were significantly higher in the TNF-a inhibitor
group (3.00 = 0.25 ng/ml; p=0.0007) and IL-6 blocker group (3.28 + 0.26 ng/ml; p<0.0001)
compared to the inflammation group (Figure 4.1B). There were no significant differences in
the serum ABCA1 concentrations between the control, TNF-a inhibitor and IL-6 blocker

groups (p>0.05).

There were no significant differences in the serum LDL-C concentrations between the
control (4.22 + 0.22 yM), inflammation (5.02 £ 0.25 yM), TNF-a inhibitor (4.53 + 0.26 yM) or
IL-6 blocker (4.33 = 0.3 uM) groups (p>0.05; Figure 4.1C) groups. However, there was a
trend towards an increased LDL-C concentration in the inflammation group compared to the

control group (p= 0.06).
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Figure 4.1 The serum concentrations of (A) HDL-C, (B) ABCAl1 and (C) LDL-C in the
control, inflammation, TNF-a inhibitor and IL-6 blocker groups. Data presented as mean +
SEM. HDL-C, high-density lipoprotein cholesterol; ABCA1, ATP-binding cassette transporter
Al; LDL-C, low-density lipoprotein cholesterol. * p<0.05 compared to control. # p<0.05

compared to Inflammation
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4.4 Liver lipid content

Compared to the control group (9.68 + 0.36 %), the liver lipid content, expressed as a
percentage of liver mass (mean + SEM) was significantly lower in the inflammation (6.79 +
0.40 %; p<0.0001), TNF-a inhibitor (6.90 + 0.40 %; p<0.0001) and IL-6 blocker (8.03 + 0.35
%; p=0.01) groups (Figure 4.2). There were no significant differences in the liver lipid content

between the inflammation, TNF-a inhibitor, and IL-6 blocker groups (p>0.05; Figure 4.2).

H
g

=
N
1

<
00 g O
o o o
*
>
>>
Sl
>

Liver lipid content (% liver mass)

9g0e00
- ° A
°
3--
OT
Control Inflammation  TNF-g inhibitor IL-6 blocker

Figure 4.2 The lipid liver lipid content in the control (n=12), inflammation (n=10), TNF-a
inhibitor (n=10) and IL-6 blocker (n=13) groups.* p<0.05 compared to control.
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4.5 Degree of steatosis

There were no significant differences in the degree of steatosis, as indicated by micro or
macro steatosis, between the control, inflammation, TNF-a inhibitor and the IL-6 blocker
groups (p>0.05) (Table 4.3). Figure 4.3 shows that there were no differences in the
representative liver histology sections stained with hematoxylin and eosin (400x

magnification) between the groups.

Table 4.3 The degree of steatosis in liver samples of the control, inflammation, TNF-a

inhibitor, and IL-6 blocker groups.

Control Inflammation  TNF-a inhibitor IL-6 blocker
n 20 18 15 11
Micro steatosis 0(0-0) 0(0-0) 0(0-0) 0(0-0)
Macro steatosis 0(0-0) 0(0-0) 0(0-0) 0(0-0)

Data presented as median (interquartile range)
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Figure 4.3 Representative liver histology stained with hematoxylin and eosin (400x
magnification) from the control, inflammation, TNF-a inhibitor and IL-6 inhibitor groups. Scale
bar = 20 um
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4.6 Degree of fibrosis

4.6.1. Masson’s trichrome

There was greater collagen accumulation (more fibrosis) in the TNF-a inhibitor and IL-6
blocker groups compared to the control and inflammation groups, as evidenced by the
increased blue staining of liver tissue sections visualised under bright-field microscopy
(Figure 4.4A). Figure 4.4B shows that the collagen area fraction (mean * SEM) was
significantly greater in the TNF-a inhibitor (2.81 £ 0.31 %; p<0.0001) and IL-6 blocker (3.04 +
0.25 %; p<0.0001) groups compared to the control group (1.19 £ 0.12 %; both p<0.0001)

and the inflammation group (1.83 + 0.27; p=0.03 and p=0.006 respectively).

4.6.2. Picrosirius red

There was greater collagen accumulation (more fibrosis) in the TNF-a inhibitor and IL-6
blocker groups compared to the control and inflammation groups, as evidenced by the
increased red staining of liver tissue sections visualised under bright-filed microscopy
(Figure 4.5A). Under polarized light, hepatic tissue sections of the TNF-a inhibitor and IL-6
blocker groups showed increased presence of large and thin collagen fibres, where large
collagen fibres appear orange or yellow and thin fibres appear green (Figure 4.5B). The
collagen area fraction (mean £ SEM) was significantly greater in the TNF-a inhibitor (2.37 +
0.23 %; p=0.03) and IL-6 blocker (2.91 £ 0.21 %; p<0.0001) groups compared to the control
group (1.51 £+ 0.18 %; Figure 4.5C). There were no significant differences between the
collagen area fraction of the control and inflammation groups (1.95 + 0.16 %; p=0.30; Figure
4.5C). The collagen area fraction was significantly greater in the IL-6 blocker group
compared to the inflammation group (p=0.004; Figure 4.5C). There were no significant
differences in the collagen area fraction between the inflammation and TNF-a inhibitor

groups (p=0.47; Figure 4.5C).
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Figure 4.4 (A) Representative liver histology sections stained with Masson'’s trichrome (100x magnification) viewed in bright field.
(B) Collagen area fraction (degree of fibrosis) calculated from the stained liver sections of the control (n=16), inflammation
(n=17), TNF-a inhibitor (n=12) and IL-6 blocker (n=11) groups. * p<0.05 compared to control. ¥ p<0.05 compared to inflammation.
Scale bar = 200um
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Figure 4.5 Representative liver histology sections stained with picrosirius red (100x magnification) viewed in (A) bright field and (B) under
polarized light. (C) Collagen area fraction (degree of fibrosis) calculated from the stained liver sections of the control (n=16), inflammation
(n=20), TNF-a inhibitor (n=10) and IL-6 blocker (n=12) groups. * p<0.05 compared to control. # p<0.05 compared to inflammation. Scale bar =
200pum
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4.7 Associations between circulating inflammatory markers and liver fibrosis

4.7.1 Masson’s trichrome collagen area fraction

When including all the groups in the analysis, no significant associations were observed
between the serum concentrations of CRP (r=0.21, p=0.12), TNF-a (r=0.11, p=0.49) or IL-6
(r=0.27, p=0.05) with the degree of fibrosis (Table 4.4). These associations were materially

unaltered when adjusting for body weight and sex (Table 4.4).

When including only the control and inflammation groups in the analysis, no significant
associations were observed between the circulating inflammatory markers and the degree of

fibrosis (Table 4.4).

4.7.2 Picrosirius red collagen area fraction

When including all the groups in the analysis, higher serum concentrations of CRP were
associated with a greater degree of fibrosis (r=0.31, p=0.02; Table 4.4). This association
remained unaltered when adjusting for body weight and sex (CRP: partial r=0.29, p=0.04;
Table 4.4). There were no significant associations between the serum concentrations of
TNF-a (r=0.08, p=0.56) or IL-6 (r=0.11, p=0.47) and the degree of fibrosis (Table 4.4). These

associations were materially unaltered when adjusting for body weight and sex (Table 4.4).

When including only the control and inflammation groups in the analysis, no significant
associations were observed between the circulating inflammatory markers and the degree of

fibrosis (Table 4.4).
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Table 4.4 Associations between circulating inflammatory markers with the degree of liver fibrosis in all groups and in the control and

inflammation groups only

Unadjusted

Body weight and sex adjusted

Masson’s trichrome
collagen area fraction

Picrosirius red

collagen area fraction

Masson’s trichrome
collagen area fraction

Picrosirius red
collagen area fraction

r(95% CI) p-value r(95% Cl) p-value partial r (95%Cl) p-value partial r (95%Cl) p-value

All groups

CRP 0.21(-0.06-0.46) 0.12 0.31(0.12 - 0.51) 0.02 0.25(-0.05-0.51) 0.11 0.29(0.04 - 0.54) 0.04
TNF-a 0.11(-0.18-0.37) 0.49 0.08(-0.19 - 0.34) 0.56 0.14(-0.17-0.42) 0.38 0.05(-0.25 - 0.34) 0.74
IL-6 0.27(-0.001-0.50) 0.05 0.11(-0.18 - 0.37) 0.47 0.22(-0.08-0.49) 0.15 -0.03(-0.33 - 0.27) 0.84
Control and inflammation groups only

CRP 0.05(-0.31-0.39) 0.81 0.25(-0.10 - 0.54) 0.17 0.14(-0.27-0.50) 0.52 0.21(-0.20 - 0.56) 0.32
TNF-a 0.04(-0.34-0.42) 0.83 0.11(-0.26 - 0.46) 0.56 0.12(-0.29-0.49) 0.59 0.08(-0.32 - 0.47) 0.68
IL6 0.33(-0.04-0.61) 0.08 0.09(-0.25 - 0.45) 0.61 0.24(-0.17-0.58) 0.25 0.003(-0.41 - 0.39) 0.99

Significant values are represented in bold. r(95% CI), r-value (95% confidence interval). CRP: C- reactive protein, TNF-a: tumor necrosis factor

alpha, IL-6: interleukin 6
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4.8 Liver toxicity

The serum concentrations (mean + SEM) of alkaline phosphatase (ALP) were significantly
higher in the TNF-a inhibitor (116 + 5.81 pl; p=0.02) and IL-6 blocker (141.85 + 9.38 pl;
p<0.0001) groups compared to the control group (87.16 + 4.96 ul; Table 4.5). There were no
significant differences between the serum concentrations (mean + SEM) of ALP of the
inflammation group (103.16 + 6.97 pl) and the control group (p=0.26; Table 4.5). The serum
concentrations of ALP were significantly higher in the IL-6 blocker group compared to the
inflammation group (p=0.001; Table 4.5). There were no significant differences between the
serum concentrations of ALP in the inflammation and TNF-a inhibitor groups (p>0.05; Table

4.5).

There were no significant differences in the serum concentrations (mean + SEM) of alanine
aminotransferase (ALT) in the control (61.93 = 3.41 pl), inflammation (64.73 + 3.45 pl), TNF-

a inhibitor (65.85 £ 5.77 pl) or IL-6 blocker (54.75 + 1.55 pl) groups (p>0.05; Table 4.5).

There were no significant differences in the serum concentrations of aspartate transaminase
(AST) in the control (182.12 + 9.75 ul), inflammation (182.12 + 10.66 ul), TNF-a inhibitor

(162.23 + 9.54 pl) or IL-6 blocker (155.57 £ 6.63 ul) groups (p>0.05 Table 4.5).
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Table 4.5 Serum concentrations of liver toxicity enzymes in the control, inflammation, TNF-a

inhibitor, and IL-6 blocker groups

Control Inflammation TNF-a inhibitor IL-6 blocker
n 20 18 13 14
ALP (ul) 87.16 + 4.96 103.16 + 6.97 116 +5.81* 141.85 + 9.38*
ALT (ul) 61.93 £ 3.41 64.73 £ 3.45 65.85 £ 5.77 54.75 + 1.55
AST (ul) 182.12+9.75 182.18 +£10.66 162.23 + 9.54 155.57 + 6.63

Data presented as mean * SEM. * p<0.05 compared to control, ¥ p<0.05 compared to

inflammation. ALP, alkaline phosphatase; ALT, Alanine aminotransferase; AST, Aspartate

transaminase.
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4.9 Associations between circulating inflammatory markers and liver toxicity

When including all the groups in the analysis, higher serum concentrations of CRP was
associated with higher serum concentrations of ALP (r=0.31, p=0.03; Table 4.6). This
association remained unaltered when adjusting for body weight and sex (partial r=0.28;
p=0.04; Table 4.6). There were no significant associations between the serum
concentrations of TNF-a (r=0.14, p=0.28) or IL-6 (r=0.11, p=0.46) with serum concentrations
of ALP (Table 4.6). These associations were materially unaltered when adjusting for body
weight and sex (Table 4.7). There were no associations between circulating inflammatory

markers and serum concentrations of AST or ALT (all p>0.05; Table 4.6).

When including only the control and inflammation groups in the analysis, no significant
associations were observed between circulating inflammatory markers and serum

concentrations of ALP, AST or ALT (all p>0.05; Table 4.6).
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Table 4.6 Associations between circulating inflammatory markers with markers of liver toxicity in all groups and in the control and inflammation

groups only

ALP versus ALT versus AST versus

r(95% ClI) p-value r(95% ClI) p-value r(95% ClI) p-value

In all groups
CRP 0.31(0.05-0.52) 0.03 -0.11(-0.33-0.15) 0.45 0.01(-0.23-0.25) 0.94
TNF-a 0.14(-0.12-0.38) 0.28 -0.07(-0.32-0.19) 0.59 -0.13(-0.38-0.12) 0.31
IL-6 0.11(-0.17-0.35) 0.46 -0.09(-0.33-0.16) 0.48 -0.05(-0.29-0.21) 0.73
In control and inflammation groups only
CRP 0.07(-0.28-0.40) 0.71 0.03(-0.29-0.34) 0.85 0.03(-0.29-0.34) 0.85
TNF-a 0.07(-0.28-0.40) 0.71 -0.02(-0.35-0.32) 0.91 -0.23(-0.54-0.11) 0.18
IL-6 0.12(-0.22-0.43) 0.48 0.001(-0.32-0.33) 0.99 -0.09(-0.41-0.24) 0.58

Significant values are represented in bold. r(95% ClI), r-value (95% confidence interval). ALP, alkaline phosphatase; ALT, Alanine

aminotransferase; AST, Aspartate transaminase; CRP. C- reactive protein; TNF-a, tumor necrosis factor-alpha; IL-6, interleukin 6.
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Table 4.7 Body weight and sex adjusted associations between circulating inflammatory markers with markers of liver toxicity in all groups and

in the control and inflammation groups only

ALP (ul) ALT (pl) AST (ul)
Partial r(95% CI) p-value Partial r(95% CI) p-value Partial r(95% Cl) p-value
In all groups
CRP 0.28(0.02 - 0.48) 0.04 -0.08(-0.33 - 0.19) 0.56 -0.01(-0.27 - 0.25) 0.94
TNF-a 0.03(-0.24 - 0.31) 0.83 -0.22(-0.46 - 0.04) 0.10 -0.12(-0.37 - 0.15) 0.39
IL-6 0.08(-0.19 - 0.34) 0.57 -0.11(-0.36 - 0.16) 0.42 -0.01(-0.27 - 0.26) 0.95

In control and inflammation groups only

CRP 0.19(-0.18 - 0.51) 0.32 -0.13(-0.46 - 0.24) 0.50 -0.33(-0.61 - 0.02) 0.07
TNF-a 0.09(-0.27 - 0.44) 0.62 -0.01(-0.36 - 0.35) 0.96 -0.14(-0.47 - 0.22) 0.44
IL-6 0.16(-0.22 - 0.49) 0.41 -0.13(-0.47 - 0.23) 0.47 -0.16(-0.49 - 0.21) 0.39

Significant values are represented in bold. r(95% CI), r-value (95% confidence interval). ALP, alkaline phosphatase; ALT, Alanine

aminotransferase; AST, Aspartate transaminase; CRP. C- reactive protein; TNF-a, tumor necrosis factor-alpha; IL-6, interleukin 6.

64



Chapter 5

Discussion
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The present study investigated the effects of inflammation and anti-inflammatory drug
treatment on lipid metabolism and liver morphology in rats exposed to CIA. The main
findings of the current study are that exposure to high-grade inflammation impaired lipid
metabolism by reducing the serum concentrations of HDL-C and ABCAL1 and the total liver
lipid content. These findings indicate that lipid metabolism is adversely affected in rats
exposed to high-grade inflammation. Treatment with TNF-a inhibitors marginally improved
circulating ABCA1l concentrations, but that did not translate into increased HDL-C
concentrations. TNF-a inhibitors induced liver injury in rats exposed to CIA as evidenced by
the increased degree of fibrosis and ALP concentrations. Treatment with IL-6 blockers
improved the overall lipid profiles of rats exposed to CIA as evidenced by increased
concentrations of ABCA1 and HDL-C. Despite the improved lipid profiles, IL-6 blockers
resulted in increased liver fibrosis and liver toxicity. These findings suggest that treatment
with TNF-a inhibitors and IL-6 blockers have beneficial effects on inflammation-induced lipid

profiles but may induce hepatotoxicity.

5.1 The effects of high-grade inflammation on lipid profiles

In the present study, exposing Sprague-Dawley rats to CIA, resulted in changes in lipid
profiles as evidenced by reduced serum concentrations of HDL-C, ABCAL1 and total hepatic
lipid content. Despite the changes in HDL-C, findings from the current study showed no
changes in the LDL-C concentrations after exposure to inflammation. Similarly, previous
animal models of high-grade inflammation also reported no changes in LDL-C
concentrations following exposure to high-grade inflammation (Carbajo-Pescador et al.,
2019). In contrast, others have shown reduced LDL-C concentrations in rats exposed to
inflammation (Pérez-Baos et al., 2017; Wendt et al., 2019). Available data on the effects of
inflammation on the LDL-C concentrations in clinical RA studies are controversial. Some RA

studies have reported reduced LDL-C concentrations (Charles-Schoeman et al., 2015;
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Chung et al., 2010; Lazarevic et al., 1992; Wendt et al., 2019), while others reported no
changes in LDL-C concentrations (Cacciapaglia et al., 2018; Chen et al., 2015; Kim et al.,
2016; Nassir et al.,, 2007; Popa et al.,, 2005; Serhan et al., 2015; Spanakis et al., 2006;
Tournadre et al., 2017). Regardless of the LDL-C changes in clinical and experimental
studies of RA, there is an agreement that chronic high-grade inflammation in RA leads to a
more atherogenic lipid profile (total cholesterol/HDL-C), largely as a result of reduced HDL-C

concentrations (Guo et al., 2017; Nurmohamed, 2007; Yeh et al., 2014).

The reduced HDL-C, ABCAL1 and liver lipid content in the inflammation group in the current
study is consistent with previous clinical studies that reported reduced serum concentrations
of HDL-C, ABCAL, total lipids and total cholesterol in patients with RA compared to healthy
controls (Field et al., 2010; Guo et al.,, 2017; Hameed and Al-Barzinjy, 2017; Kim et al.,
2016; Lazarevic et al., 1992; Machado et al., 2012; Nassir et al., 2007; Nurmohamed, 2007;
Ronda et al., 2015, 2014; Sha Ma et al., 2013; Voloshyna et al., 2013; Yin et al., 2010).
Similar to the current findings, previous animal studies of high-grade inflammation also
reported reduced HDL-C of rats exposed to AlIA despite unchanged body weight, glucose or
triglyceride concentrations (El-Gaphar et al., 2018; He et al, 2013; Patel and

Pundarikakshudu, 2016; Wendt et al., 2019).

Besides the change in HDL-C concentrations, it has been shown that the HDL lipidome and
proteome, and hence its function, are significantly altered under conditions of inflammation
(Kajani et al., 2018). The inflammation-induced changes in the HDL lipidome and proteome
reduces its cholesterol efflux capacity (Kajani et al., 2018). Although several functional
features contribute to the cholesterol efflux capacity of HDL particles (Genest and Choi,
2017; Kajani et al., 2018) one of the factors that determine HDL-C concentration and

functionality is ABCA1 expression.
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ABCAL1 is predominantly expressed in tissues that maintain lipid homeostasis or in tissues
involved in lipid turnover including the liver, adipose tissue, small intestine and macrophages
(Kang et al.,, 2013; Yin et al., 2010). ABCA1l functions by forming an extracellular
hydrophobic tunnels or pathways that facilitate the transfer of phospholipids (Qian et al.,
2017). Apolipoproteins such as apolipoprotein A-l, the backbone of HDL, then bind to the
ABCA1 to form complexes between the apolipoprotein A-1 and lipids, which form the nascent
HDL particles (Segrest et al., 2015). These nascent HDL particles are then able to interact
with other lipid transporters to take up more cholesterol (Rosenson et al., 2012). Hence the
binding of apolipoprotein to ABCA1 is considered a key step in the functionality of HDL
cholesterol efflux capacity (Segrest et al., 2015). Therefore, the expression of ABCAL is

considered a major determinant of the functionality of HDL particles.

Inflammatory cytokines have previously been shown to change ABCA1 expression. In this
regard, TNF-a downregulates ABCA1 gene expression in ABCA1l expressing cells by
decreasing promoter activity through activation of the nuclear factor-kappa B (NF-kB)
dependant pathways (Edgel et al., 2010; Field et al., 2010; Gerbod-Giannone et al., 2006;
Yin et al.,, 2010; Zhao and Dong, 2008). Furthermore, TNF-a has also been shown to
enhance the rate of ABCA1 protein degradation (Field et al., 2010). Indeed studies have
shown that incubating ABCA1 expressing cells with exogenous TNF-a downregulated
ABCA1 mRNA and protein expression in some human (Field et al., 2010; Jang et al., 2008;
Mei et al., 2007; Sha Ma et al., 2013; Zhang et al., 2010) and animal (Edgel et al., 2010; Ma
et al., 2008; Sato et al., 2018; Tang, 2012; Zhang et al., 2010; Zhao and Dong, 2008) cell
lines in a time and dose-dependent manner. Pre-clinical studies that have reported on the
administration of exogenous IL-6 to ABCALl expressing cells have been contradictory
(Frisdal et al., 2011; Mao et al., 2014; Stamatikos et al., 2019). While some have shown that
IL-6 downregulates the mRNA and protein expression of ABCAL1 via the Janus-activated

kinase-signal transducer and activator of transcription (Jak-STAT) signalling pathways
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(Frisdal et al., 2011, Mao et al.,, 2014), a different study failed to support these results
(Stamatikos et al., 2019). A study identified signal transducers and activators of the
transcription-3 element in the first intron of the human ABCAL1 gene (Frisdal et al., 2011),

which may be involved in the regulation of ABCA1 gene expression by IL-6.

Nevertheless, the downregulation of ABCA1l results in decreased ABCAl-mediated
cholesterol efflux which hinders the maturation process of nascent HDL to mature HDL
(Babashamsi et al., 2019). Thus, decreased HDL maturation may have contributed to the
reduced circulatory HDL-C in the current study. Furthermore, a reduction in HDL-C as a
result of reduced ABCAL activity may result in decreased clearance of excess cholesterol via
reverse cholesterol transport, which may explain the trend towards an increased LDL-C in

the inflammation group in the current study.

With regards to the total liver lipid content, the evidence of hepatic lipid accumulation in RA
is controversial. In arthritis, hyperlipidaemia is not common, as both HDL and total
cholesterol are decreased (Choy et al., 2014; Robertson et al., 2013). However, in arthritis
lipolysis in adipose tissue is increased, which results in increased plasma free fatty acids
(Wendt et al., 2019). Even in the fed state, adipose tissue lipolysis is increased in arthritis
(Wendt et al., 2019). Similar to previous reports (Wendt et al., 2019), in the current study, we
showed significantly reduced adipose tissue mass, independent of body mass in the rats
exposed to inflammation. Despite the evidence of increased plasma free fatty acids, there is
controversy regarding the uptake of free fatty acids in the liver and muscle (Frayn et al.,
2006; Wendt et al., 2019). Some suggest that free fatty acid uptake in the liver is decreased
(Frayn et al., 2006), while others reported increased uptake (Wendt et al., 2019; Delano et
al., 2006). Furthermore, it has been reported that inflammation induces hepatic de novo lipid
synthesis and suppresses fatty acid (-oxidation, which would further result in hepatic lipid

accumulation (Chen et al., 2009; Khovidhunkit et al., 2004).
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Nevertheless, it is well accepted that in RA, hepatic lipid metabolism is altered as a result of
the increased circulating inflammatory cytokines that increase oxidative stress in the liver
(Robertson et al., 2017; Strang et al., 2013). The current study showed that total liver lipid
content was reduced in the group exposed to inflammation compared to the control group.
These findings are in agreement with a previous study in AlA rats that reported that chronic
inflammation reduced the liver lipid content, despite an increased free fatty acid plasma
concentration and uptake in the liver (Wendt et al., 2019). Nevertheless, these authors
reported that total cholesterol, HDL-C and LDL-C, as well as triglycerides, were reduced in
rats exposed to inflammation (Wendt et al., 2019). Hence, the authors suggested that
despite increased free fatty acid uptake in the liver, fatty acid synthesis in the liver may also
be reduced, as the acetyl-CoA carboxylase enzyme activity, an important enzyme in fatty
acid synthesis, were downregulated (Wendt et al.,, 2019). Furthermore, oxidation of
endogenous and exogenous fatty acids were increased in the livers of rats exposed to
inflammation in the previous study, suggesting that the hepatic metabolism of fatty acids are
catabolic rather than anabolic, mainly as a result of increased oxidative stress (Wendt et al.,
2019). The current study supports previous findings, as there was no evidence of either
increased liver weight or micro or macro steatosis in any of the groups exposed to
inflammation in the current study. Although some studies have reported steatosis in RA
patients (Tang et al., 2020) steatosis is likely induced by methotrexate therapy rather than
the inflammation (Akhlaghi et al., 2018; Curtis et al., 2010; Dehestani et al., 2015; Jones et

al., 2010; Oan et al., 2000; Schiff et al., 2011; Sotoudehmanesh et al., 2010).

Taken together the current results show, in an animal model which closely resembles the
pathogenesis of RA in humans, that exposure to high-grade systemic inflammation
independently impairs lipid metabolism. In this regard, | showed a decreased production of
HDL, which may be attributed to a decreased ABCA1 expression. The current study further

confirms that liver lipid metabolism was altered, as liver lipid content was decreased in rats
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exposed to inflammation. However, since plasma free fatty acid concentrations or molecular
markers of liver metabolism were not measured in this study, the direct cause of lipid
metabolism impairments in chronic inflammation cannot be confirmed. Future studies should

investigate the mechanisms of inflammation-induced changes in lipid metabolism.

5.2 The effects of TNF-a inhibitor therapy on the lipid profiles

In the present study, treatment with TNF-a resulted in a significant increase in ABCAl
concentrations. Although there have been no previous reports on the effect of TNF-a
inhibitor treatments on circulating ABCA1 levels, previous pre-clinical studies have reported
that exogenous TNF-a administration directly reduced the expression of ABCAL (Field et al.,
2010; Gerbod-Giannone et al., 2006; Voloshyna et al., 2014). Furthermore, TNF-a
neutralizing antibodies improved the gene expression of ABCAL1 (Voloshyna et al., 2014).
Despite the improvement in ABCALl levels following TNF-a inhibitor treatment, this
improvement did not translate to increased HDL-C or LDL-C concentrations or liver lipid
content in the current study. Consistent with our findings, treatment with anti-TNF-a drugs
did not affect inflammation-induced lipid alterations in the adjuvant-induced rat model (El-

Ashmawy et al., 2019; Totoson et al., 2016).

Despite the well-known cardioprotective effects of HDL, it has been suggested that it may
not be the quantity of HDL that is predictive of atherosclerosis, but rather the quality of the
HDL particles (Genest and Choi, 2017). Indeed, it has been shown that increasing HDL-C
concentrations does not necessarily translate into reduced atherosclerotic CVD risk
(Boekholdt et al., 2013; Kingwell et al., 2014; Madsen et al., 2017). The mass of HDL is only
weakly correlated to the anti-inflammatory and anti-oxidative effects of HDL (Boekholdt et al.,
2013; Kingwell et al., 2014; Kontush et al., 2013; Madsen et al., 2017; Vaisar et al., 2015). In
contrast, the lipidome and proteome quality of HDL particles are more strongly related to

these cardioprotective effects of HDL (Boekholdt et al., 2013; Kingwell et al., 2014; Kontush
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et al., 2013; Madsen et al., 2017; Vaisar et al., 2015). Increasing HDL-C concentration as a
therapeutic target does not reduce the risk of atherosclerotic CVD, as an improved HDL-C
concentration does not guarantee improved functionality (Choi et al., 2017a; Luscher et al.,
2014). Indeed, it has been shown the functionality and cholesterol efflux capacity of HDL
particles are more strongly linked to atherosclerosis and cardiovascular events (Khera et al.,
2017, 2011; Rohatgi et al., 2014). Therefore, in disease states, it has been suggested that
HDL-C is not a reliable predictor of CV outcomes, but rather the HDL functional properties
(Genest and Choi, 2017). Hence, in the current study, even though HDL-C concentrations
did not increase after TNF-a inhibitor treatment, the increased ABCA1 concentrations
suggest that there may be greater amounts of mature HDL particles with greater cholesterol
efflux capacity. Indeed, studies have shown that a reduced breakdown of ABCA1 improves
HDL cholesterol efflux capacity and reduced the risk of atherosclerosis (Arakawa et al.,
2009; Huang et al., 2015). Nevertheless, the aforementioned studies showed an increased
HDL concentration when ABCAL breakdown was reduced. This raises the question, whether
the increased functionality of HDL particles, as evidenced by increased ABCAl
concentrations, independent of the HDL-C concentrations, translates into long term
protection against atherosclerosis. In this regard, in a murine model of atherosclerosis
(apolipoprotein E deficient mice), it has been shown that increased ABCAL1 concentrations
increases the cholesterol efflux capacity of HDL particles and reduced the risk of
atherosclerosis, despite very small changes in HDL-C concentrations (Singaraja et al.,
2002). Similarly, Wang et al (2017) reported that treatment with Tofacitinib, a JAK inhibitor,
increased ABCA1 expression without a change in HDL-C concentrations. These authors
showed reduced atherosclerosis in apolipoprotein E deficient mice, which was ascribed to
the change in ABCA1, independent of lipid concentrations (Wang et al., 2017b).
Furthermore, a clinical study using anti-inflammatory treatments (IL-1B blockers), showed

that reducing systemic inflammation decreased the incidence of cardiovascular events
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independent of a change in HDL or LDL cholesterol levels (Ridker et al., 2017).
Nevertheless, the clinical study did not report any markers of HDL functionality, hence
further studies need to elucidate the effect of anti-inflammatory treatment on the functionality

of HDL particles and specifically on ABCA1 concentrations.

There are several possible reasons why inhibiting TNF-a may have ameliorated the
inflammation-induced changes in lipid profiles in the current study. In this regard, TNF-a is a
pro-inflammatory cytokine that exerts its effects on lipid metabolism at varying cells, tissues
and organs (Chen et al., 2009). It exists biologically in the soluble and transmembrane TNF-
a form (which is the precursor form of soluble TNF-a) (Deora et al., 2017; Wullaert et al.,
2007). TNF-a mediates biological processes by acting on plasma membrane receptors:
tumor necrosis factor-alpha receptor 1 (TNFR1; also known as p55 or p60) and receptor 2
(TNFR2; p75 or p80) to initiate intracellular signalling transduction which regulate gene
transcription (Parameswaran and Patial, 2010; Schumacher and Naga Prasad, 2018).
TNFR1 and TNFR2 can be proteolytically cleaved to release the soluble receptor form
(STNFR) (Cawthorn and Sethi, 2008). TNF-a is deactivated when binding to the sTNFR
which dampens the inflammatory response (Narayanan et al., 2011), therefore this STNFR is
possibly involved in the neutralisation and excretion of TNF-a (Cawthorn and Sethi, 2008).
Soluble TNF-a acts primarily through TNFR1, which is constitutively expressed in most body
cells. Transmembrane TNF-a mediates its biological activities on both TNF-a receptors but
mainly through the highly regulated TNFR2 that is mostly expressed in certain neurons,
immune and endothelial cells (Deora et al., 2017; Parameswaran and Patial, 2010; Pegoretti

et al., 2018; Ruder et al., 2019; Wullaert et al., 2007).

Etanercept is a genetically engineered human dimetric fusion protein consisting of the
extracellular portion of the human p75 TNF receptor linked to the Fc portion of human

immunoglobulin G1 (IgG1) (Garrison and McDonnell, 1999). It functions as a TNF-a inhibitor
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and competitively binds to circulating TNF-a as it has a higher affinity for TNF-a than the
naturally occurring soluble TNF receptor. On this basis, etanercept blocks the interaction
between soluble TNF-a and the membrane-bound receptors, inhibiting TNF-a induced pro-
inflammatory activity (Garrison and McDonnell, 1999). Etanercept has a prolonged half-life in
the bloodstream and induces a greater biologic effect than the soluble TNF receptor,
showing more effectiveness in preventing activation of the inflammatory cascade
(Madhusudan et al., 2005). For this reason, TNF-a inhibitors have been used as a treatment
strategy to alleviate inflammation in RA. However, etanercept has a lower binding affinity for
the transmembrane TNF-a and shows 2-fold less activity on transmembrane TNF-a
compared to competitor TNF inhibitors (Deora et al., 2017; Horiuchi et al., 2010). While
etanercept may successfully inhibit the effects of soluble TNF-a in cells predominantly
expressing TNFR1, it is less effective in inhibiting biological activity mediated by
transmembrane TNF-a acting on TNFR2 expressing cells which include macrophages. In
this regard, etanercept will not effectively inhibit the downregulation of ABCA1 expression in
these particular cells as compared to other ABCAL cells predominately expressing TNFRL1.
Therefore, since macrophages are one of the sites for ABCAl-mediated HDL-C efflux
activity, this mechanism of etanercept possibly explains the significant improvement in
ABCA1 while HDL-C concentrations were unaffected. The continued downregulation of
ABCA1 expression in hepatocytes due to transmembrane TNF-a binding on hepatocyte

TNFR1 may explain why total liver lipid content was not improved.

Taken together, TNF-a inhibitors ameliorated the inflammation-induced reductions in ABCA1
concentration but not HDL-C, LDL-C concentrations or liver lipid content. Hence it may be
possible that the functionality of the HDL particles may have been improved. Nevertheless,
the functionality of the HDL particles in this study can only be implied. A direct measure of
HDL functionality should be included in future investigations. Furthermore, the lack of TNF-a

inhibitor effects on HDL-C concentrations and overall lipid metabolism may be as a result of
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the short duration of the intervention or as a result of the specific binding of etanercept to
TNF-a receptors. Further investigations are required to determine the molecular effects of
specific anti-TNF-a drugs on inflammation-induced changes in ABCA1 expression, HDL

functionality and liver lipid metabolism.

5.3 The effects of IL-6 inhibitor therapy on the lipid profiles

In the present study, treatment with an IL-6 inhibitor improved the serum concentrations of
HDL and ABCA1 compared to the inflammation rats. Pre-clinical studies have demonstrated
that exogenous IL-6 reduces the concentrations of HDL and ABCAl (Mao et al., 2014,
Stamatikos et al., 2019). Furthermore, a previous animal study showed that downregulating
inflammation via the NF-kB pathway, increased HDL-C concentrations (Hadi et al., 2013).
Also, decreasing circulating levels of IL-6 by administering other anti-inflammatory
substances, have been associated with increased expression of ABCAL, which led to
decreased atherosclerotic plagues in apolipoprotein E deficient mice (Jia et al., 2019; Li et
al., 2020; Zhang et al., 2018). However, to my knowledge, there has been no evidence on
the direct effects of IL-6 receptor blockers on either HDL or ABCAL concentrations in pre-

clinical models of high-grade inflammation.

In clinical RA studies, while some studies have reported that tocilizumab treatment improved
the atherogenic lipid profiles (Cacciapaglia et al., 2018; Genovese et al., 2008; Jones et al.,
2010; Kawashiri et al., 2011; Maini et al., 2006; Schultz et al., 2010; Tournadre et al., 2017),
others have not reported any changes (Chen et al., 2015; Farah et al., 2016; Mclnnes et al.,
2015; Provan et al., 2015; Tournadre et al., 2017). With regards to the cholesterol efflux
capacity, a recent study showed that despite unchanged HDL concentrations, cholesterol
efflux capacity was increased in RA patients after 12 weeks of tocilizumab treatment (Greco
et al., 2020). The authors reported that the cholesterol efflux capacity was mediated by an

increase in the scavenger receptor class B type 1 transporter, and not ABCAL expression
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(Greco et al., 2020). Nevertheless, this study was confounded by a small sample size (n =
8). Similarly, others have shown that despite unchanged HDL concentrations, the
composition of HDL particles are improved after tocilizumab treatment, which exhibits
greater anti-inflammatory properties (Mclnnes et al., 2015). These positive results
necessitate briefly discussing the effect of IL-6 and its inhibition on the signalling pathways

involved in lipid metabolism.

IL-6 is a pleiotropic cytokine with various pathophysiologic functions in several target cells
that regulate the inflammatory response (Naka et al., 2002; Papanicolaou, 2000). The IL-6
receptor exists in two forms namely the membrane-bound IL-6 receptors on cells or the
soluble IL-6 receptors that circulates in the blood (Cronstein, 2007; Witte, 2015). IL-6 binds
to either the membrane-bound IL-6 receptor or the soluble IL-6 receptor, forming a complex
that associates with a signal-transducing glycoprotein 130 (gp130) subunit resulting in the
dimerization of gp130 (Sebba, 2008). This gp130 dimerisation then triggers downstream
trans-signalling via several members of the Jak-STAT pathways on target cells and initiating
a pro-inflammatory response (Sebba, 2008). While gp130 is expressed in all cell types, the
membrane-bound IL-6 receptor is expressed on fewer types of cells including hepatocytes,
hepatic stellate cells, some immune cells and epithelial cells (e.g. biliary epithelial cells)
(Mudter and Neurath, 2007; Schmidt-Arras and Rose-John, 2016). Therefore, gp130
enables IL-6 signaling in a broad range of cells that do not express the membrane-bound

receptor on their surface.

Tocilizumab is a humanised monoclonal antibody that functions as an IL-6 receptor
antagonist and prevents IL-6 from binding to the IL-6 receptor (Scott, 2017). In this regard,
tocilizumab disrupts the Jak-STAT pathways in IL-6 signhal transduction by competitively
binding to soluble IL-6 and membrane-bound receptors which inhibits the classical (via

membrane-bound receptors) and tans-signaling (gpl30 dimerization) pathways and
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subsequently suppresses the pro-inflammatory effects of IL-6 in cells (Hennigan and
Kavanaugh, 2008; Sebba, 2008). However, tocilizumab bound to the IL-6 receptor hinders
the clearance of IL-6 from the circulation (Sakkas, 2016). Therefore, tocilizumab does not
necessarily reduce the circulating IL-6 concentrations but rather increases the
concentrations of IL-6 through negative feedback even though its pro-inflammatory effects
are reduced. In this regard, the results in the current study suggest that tocilizumab may
induce a significant improvement in HDL-C by restoring ABCAl-mediated cholesterol efflux
in cells expressing ABCA1, therefore enabling maturation of nascent HDL and increasing
concentrations of mature HDL in circulation. Indeed, exogenous administration of IL-6 to
ABCAL expressing cells have shown altered ABCAL expression via activation of Jak-STAT
signalling pathways (Frisdal et al., 2011; Mao et al., 2014; Stamatikos et al., 2019). Hence,
blocking IL-6 signalling may increase ABCAL expression in these cells, which may have
increased the HDL-C concentration. Despite improvements in ABCAl1 and HDL-C
concentrations, tocilizumab did not restore the liver lipid content to the pre-inflammatory
state. Although the liver lipid content in the IL-6 blocker group was higher than the
inflammation group, this result was not statistically significant. Considering the abundance of
IL-6 receptors expressed on the liver, it is possible that blocking IL-6 may have influenced
normal liver function. In this regard, IL-6 is important in the protection against liver damage
as it stimulates regeneration of the liver (Streetz, 2000). Hence blocking IL-6 may have
prevented the regeneration of the liver to restore normal function. These potential negative
effects of blocking IL-6 on liver function will be further discussed in sections 5.4 and 5.5
below. Taken together, blocking IL-6 increased the concentration of HDL-C and possibly
functionality of HDL particles, as evidenced by increased ABCA1 concentrations. Despite
unchanged circulating IL-6 concentrations, IL-6 blockers effectively improved lipid profiles in
rats exposed to arthritis. However, the improved lipid profiles were not reflected in the liver

lipid content. Hence IL-6 blockers may interfere with normal liver function. Future studies
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should elucidate the mechanisms whereby IL-6 inhibitors alter inflammation-induced lipid

metabolism in animals and investigate the role of blocking IL-6 on liver lipid metabolism.

5.4 Effects of inflammation and anti-inflammatory treatment on liver fibrosis

In the present study, the total collagen area fraction, a marker of liver fibrosis, was
significantly increased in the TNF-a inhibitor and IL-6 blocker rats compared to control and
inflammation group rats. In addition, these results showed that increased concentrations of
CRP were associated with increased total collagen area fraction as measured by Masson’s
trichrome and picrosirius red staining when including all the groups in the correlation
analysis. However, the association between CRP and fibrosis were abrogated when
including only the control and inflammation groups in the correlation analysis. These results
suggest that it is the treatment rather than the exposure to inflammation that likely caused
the fibrosis. Consistent with our results, others have reported that TNF-a inhibitors and IL-6
blockers caused liver fibrosis in RA patients (Ghabril et al., 2013; Leise et al., 2014; Weiler-
Normann and Schramm, 2011). However, animal models have not reported liver fibrosis

caused by TNF-a inhibitors and IL-6 receptor blockers.

Although the mechanisms of biologic DMARD-induced fibrosis have not been defined,
studies have reported that sSTNFR can reduce matrix metalloproteinases (MMPSs) expression
in synovial fluid and anti-TNF-a antibody may cause similar effects (Aggarwal, 2004; Catrina
et al., 2002). MMPs are matrix-degrading enzymes with proteolytic abilities and are able to
cause tissue destruction (Aggarwal, 2004). TNF-a inhibitors in RA patients significantly
downregulated the serum levels of MMP-1 (collagenase), MMP-2, MMP-3 and MMP-9
(Brennan et al.,, 1997; Catrina et al., 2002; Klimiuk et al., 2015, 2004), while etanercept

specifically has been shown to downregulate MMP-1 (Aggarwal, 2004; Catrina et al., 2002).
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Tissue destruction occurs when there is an imbalance between MMPs and tissue inhibitor of
MMP (TIMP) which regulate MMPs activity (Aggarwal, 2004; Klimiuk et al., 2004). In
hepatocyte injury, fibrogenesis prevails over fibrolysis which is accompanied by a
downregulation of MMPs (Zhang et al., 2016). Myofibroblasts are the primary collagen
source in the liver and they secrete essential components required for tissue remodelling
including extracellular matrix proteins for collagen deposition (Arthur, 2000; Zhang et al.,
2016). The excess fibrillar matrix deposited by myofibroblasts during remodelling consists
mainly of fibrillary collagens, such as collagen types | and Il (Zhang et al., 2016). Collagen
type-I fibres form a greater proportion of the total collagen compared to the collagen type-Ili
fibres (Zhang et al., 2016). Collagen type-l fibres increase the tensile stiffness of the
extracellular matrix in tissues, compared to the more flexible properties of the thinner type-lIii
collagen fibres resulting in excess collagen deposition and tissue fibrosis (Zhang et al.,
2016). Downregulation of MMPs causes a reduction in collagen degradation which results in
the development of fibrosis (Zhang et al., 2016). Therefore, it is possible that etanercept may
have downregulated the serum MMP levels and upregulated TIMP levels in CIA rats,
resulting in increased liver tissue fibrosis. Indeed etanercept has shown to decrease serum
levels of MMPs in animal models of arthritis (EI-Ashmawy et al., 2019; Kaneko et al., 2016;

Seki et al., 2019).

The effect of IL-6 inhibitors on fibrosis in RA has not been extensively documented, hence
the mechanisms that are responsible for liver fibrosis are not yet defined. High IL-6 levels
have been associated with high synovial MMP levels (Aoki et al., 2014) and tocilizumab
decreased MMP levels in juvenile idiopathic arthritis and RA patients (Aoki et al., 2014;
Avdeeva et al., 2013). Therefore, IL-6 inhibitors may induce similar effects on MMPs in CIA

and subsequently increase collagen deposition.
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The present study demonstrates that administration of biologic DMARDSs, rather than the
presence of inflammation induces liver injury in the CIA model. Future studies should

elucidate the mechanisms whereby TNF-a inhibitors and IL-6 blockers induce liver fibrosis.

5.5 Effects of inflammation and anti-inflammatory treatment on hepatotoxicity

In the present study, treatment with TNF-a inhibitors and IL-6 inhibitors significantly
increased the concentrations of ALP, but not AST or ALT. In addition, the associations
between circulating CRP concentrations with ALP were abrogated when including only the
control and inflammation groups in the correlation analysis. These results suggest that it is
more likely the biologic DMARD treatment and not the inflammation that caused the
hepatotoxicity. Several clinical studies have reported that TNF-a inhibitors and IL-6 blockers
increase serum activity of ALT, AST and ALP in RA (Brazdilova et al., 2019; French et al.,
2016; Frider et al., 2013; Genovese et al., 2017; Pandit, 2012; Yazici and Curtis, 2012).
Currently, no studies have investigated the impact of TNF-a inhibitors and IL-6 blockers on
liver transaminases in animal models of RA. To my knowledge, this is the first study to report

on the effects of etanercept and tocilizumab on liver toxicity enzymes in the CIA rat model.

The mechanisms whereby biologic DMARDSs induce hepatotoxicity are not well established
(Weiler-Normann and Schramm, 2011). Drug-induced hepatotoxicity may occur via
hepatocellular necrosis (Brass, 1993; Pandit, 2012). Anti-inflammatory drugs may potentially
induce cell apoptosis or necrosis and this is possibly due to the drugs ability to induce
harmful events such as mitochondrial toxicity, oxidative stress, metabolite instability,
alterations of transporters involved in drug metabolism, protein composition abnormalities
and immunoallergic reactions which ultimately contributes to liver cell injury (Weiler-
Normann and Schramm, 2011). When hepatocytes are damaged, hepatic enzymes leak into
the bloodstream and elevate serum liver enzyme activity (Sookoian et al., 2016). Anti-

inflammatory drugs may induce idiosyncratic drug reactions that generate reactive
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compounds, either as a derivative of the drug or ROS, which can lead to hepatocyte protein
covalent modifications that induce hepatocellular necrosis and damages hepatocytes (Brass,

1993).

TNF-a inhibitors, containing the Fc portion of human IgG, display opsonizing capabilities and
promote antibody-dependent cell-mediated cell death of cells that produce TNF-a (French et
al., 2016). In the case of etanercept, immune complexes are cleared via Fc receptor-
mediated interactions in a process involving hepatic sinusoids which may lead to the
activation of kupffer cells that subsequently release ROS or induce local liver cell damage
(Pandit, 2012). However, etanercept forms immune complexes less frequently (Pandit, 2012;
Parekh and Kaur, 2014) and is least associated with liver transaminase elevations (Fisher et
al., 2015; Ghabril et al., 2013) compared to other monoclonal antibody TNF-a inhibitors,

hence its less harmful to the liver.

On the other hand, since hepatocytes express abundant IL-6 receptors, it would be expected
that these receptors may reflect a potential route of liver damage for tocilizumab in these
cells. However, tocilizumab does not induce cellular damage from antibody-dependant
cellular cytotoxicity (Ogata et al., 2019). Serum liver enzyme elevation incidences are similar
in sirukumab (an IL-6 ligand antibody) and tocilizumab, suggesting that liver damage may
result from IL-6 signal interference as opposed to direct toxicity (Ogata et al., 2019; Takeuchi
et al., 2017). Furthermore, tocilizumab may also interfere with the IL-6 mediated

regeneration of the liver (Streetz, 2000).

Liver damage in RA has frequently been reported as a result of combination therapy (Xiang
et al., 2015). However, the current study provides further evidence that biological DMARDs
induce liver toxicity, independent of inflammation, confounding factors or concomitant
treatments. Furthermore, this study confirmed that biologic DMARDs have varying effects on

liver enzymes as only ALP activity was significantly raised while ALT and AST activity
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remained unchanged after both therapies. Most previous studies with DMARDs have shown
elevations in AST and ALT activity (Curtis et al., 2010; Genovese et al., 2017; Gupta et al.,
2011; Sokolove et al., 2010). The differential effect on the different liver enzymes may be
explained by the interpretation of these enzymes. Elevations in AST and ALT activity are
associated with a hepatocellular pattern of liver damages, such as with viral hepatitis or
cirrhosis (Lala et al., 2020). Elevations in ALP, without elevations in AST and ALT are
associated with either hepatobiliary causes such as bile duct obstruction, infiltrating diseases
of the liver such as sarcoidosis, cystic fibrosis and cholestasis (Lala et al., 2020). However,
there may also be non-hepatic causes of elevated ALP, such as heart failure, renal failure,
infection or inflammation (Lala et al., 2020). Hence, in the current study, the increased ALP
may be as a result of inflammation. Nevertheless, this is unlikely as the inflammation group
did not show an increased ALP concentration. Furthermore, this study showed that IL-6
inhibitor therapy increased the ALP concentrations more than the TNF-a inhibitor therapy.
Therefore, it is likely that the increased ALP may be as a result of the liver damage caused
by the medication, rather than non-hepatic causes. Future studies should investigate the

mechanisms responsible for the biological DMARD induced changes in ALP.

5.6 Limitations

The present study had several limitations. Including both male and female rats may have
impacted the results. However, there were no differences in any of the lipid markers or
fibrosis makers between males and females. Furthermore two-way ANOVAs, with group and
sex as main effects were used to account for the potential sex difference. In the data
analysis, sex and body weight were included as potential confounders in all correlation
analysis, which did not materially alter the results. In the current study glucose and
triglyceride concentrations were measured in the control and inflammation rats, hence the

effects of the biologic DMARDs on glucose and triglyceride concentrations are not known.
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Furthermore, LDL-C, HDL-C and ABCA1 serum concentrations were measured, however,
the functionality of the LDL and HDL patrticles can only be implied in the current study. The
expression of ABCA1 on different tissues may have improved the interpretations of the
current study. Furthermore, the cellular mechanisms responsible for the changes in liver
metabolism were not measured and should be included in future studies. Moreover, whether
the changes in the lipid profiles translated into a reduced risk of atherosclerosis were not

measured and should be included in future studies.

The present study investigated the role of biologic DMARDs on lipid metabolism, liver
morphology and liver toxicity using a humanised soluble TNF-a inhibitor and a humanised
anti-IL-6 monoclonal antibody. Although these biologic DMARDs had significant effects on
lipid profiles, ABCAL, liver fibrosis and liver enzymes, these humanised drugs may have
been suboptimal as it is possible that these treatments did not bind effectively to the rat
cytokines and the receptors. In the current study, | showed no decrease in circulating
inflammatory markers in the drug-treated group. However, receptor inhibition is usually
accompanied by increased serum activity of the cognate ligand, in this instance circulating
concentrations of TNF-a and IL-6 (Gibiansky and Frey, 2012; Mann et al., 2008; Nishimoto
et al., 2008). Nevertheless, CRP concentrations were not reduced, which was a surprising
finding. The lack of white blood cell measures prohibited the confirmation of effective drug
effects. Nevertheless, previous studies animal studies using etanercept (Totoson et al.,
2016) and tocilizumab (Abdel-Maged et al., 2018) have shown significant effects of these
drugs on inflammation-induced outcomes in rats. Future studies should nevertheless

consider using rat specific TNF-a inhibitors and IL-6 blocker therapy.

5.7 Conclusion

The results presented in this work increase our understanding of the role of high-grade

inflammation and biologic DMARDSs on lipid metabolism, liver morphology and toxicity. In this
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regard, the present study showed that collagen immunisation resulted in the development of
high-grade systemic inflammation in vivo which impaired lipid metabolism. High-grade
inflammation impaired lipid profiles, however, inflammation was not associated with fibrosis
and toxicity markers in the CIA rat model. The use of TNF-a inhibitor therapy effectively
reversed inflammation-induced changes ABCAL, but this improvement did not translate into
an increase in HDL-C concentration and it resulted in significant liver fibrosis and increased
ALP concentration. IL-6 receptor blocker therapy effectively reversed the inflammation-
induced decreases in HDL-C and ABCAL1 concentrations. This suggests that blocking the
effects of circulating IL-6 may improve the functionality and the concentration of HDL
particles. Despite the positive effects on lipid profiles, IL-6 receptor blockers induced
significant liver fibrosis and increased ALP concentrations. IL-6 blockade appears to have
more favourable outcomes on lipid metabolism compared to TNF-a inhibitors. However, it is
uncertain whether their harmful effects on the liver outweigh their beneficial effect on lipid
metabolism. The mechanism whereby biologic DMARDs improve lipid metabolism and

induce liver injury in RA requires further investigation.
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Appendix
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inhibitors and Interleukin-g inhibitors (1). However the mechanisms whereby these drugs
improve cardiac function is currently unknown. These drugs have also shown benefits in
previous animal models of rheumatoid (2) and osteoarthritis (3), with no reported side-effects.
The drugs will be administered intraperitoneally upon the first sign of arthritis (roughly 12 days
after immunization) and given as indicated (below) until the termination of the study. The other
wo groups will receive intraperitoneal injections of phosphate buffered saline solution. The
TMFa inhibitor (Enbrel) will be given at a dosage of 10 mg/kg (2) three time a week and the IL-6
inhibitor (Actemra (tocilizumab)) will be given at a dosage of 8 mg/kg once a week as previously
described (4,5). The use of these drugs will provide us with a further understanding of the effect
of inflammation on vascular and cardiac function and possibly identify novel targets for the
treatment of diastolic dysfunction in inflammation induced heart disease. The protocol of
inducing inflammation in the rats will not change from the previous application. The addition
of these drugs will in all likelihood reduce inflammation and hence limit the discomfort of the
animals.

Use of pulse-pen to measure pulse wawve velocity at termination:

At termination we would like to measure aortic pulse wave velocity (PWWV) by applanation
tonometry (PulsePen device, DiaTecne, Milan, Italy). The measurement of PWV is non-invasive
and will provide a further understanding to the arterial function of the animals and the effect of
inflammation on aortic stiffness. This procedure will happen during the period when the rats are
anesthetized for echocardiography (as per the initial application). In order to obtain the
measurement the neck and inner right thigh will be shaved and animals will be placed on a
heating pad in the supine position. Briefly, the carotid and femoral pulse wave velocities will be
recorded simultaneously by placing one probe on the common carotid artery and one probe on
the femoral artery. The two probes will be positioned and fixed on the arteries by means of
mechanical arms, equipped with micro-regulators. After that, pressure signals will be
transmitted to a computer by means of an optical fiber that ensures the electromagnetic
isolation for the rat undergeing the test. After the tonometric pulse wave acquisition, the sites
where probes will be placed will be marked on the skin and the distance from the carotid to the
femoral will be measured. PWYV will be calculated as the distance between the two recording
sites divided by the time delay between the two arterial waveforms at each site (6).
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undertake the work titled “Liver metabolic regulation changes in chronic
inflammation exposure as a risk for atherosclerotic cardiovascular disease®.

Reason for waiver
Data from the project entitled "Cardiovascular morphology and function in a rat
model of rheumatoid arthritis” has been collected from 2017 to 2018 on 125 rats.
From these experiments, specimen samples were collected for future analysis.
tdangi Denga will be using these specimen samples (liver and blood samples) as part
of her M5C degree.

Details of the study

The aim of the study is to determine the effect of RA biologic anti-inflammatory
treatment on lipid metabolism and to assess the effect of treatment on
morphological changes of liver samples in Sprague Dawley rats exposed to collagen
induced arthritis. Liver and blood samples collected from the previous approved
ethics application will be used for this study. Liver samples will be used for
histological measurements and blood samples will be used to measure circulating
high density-lipoprotein, low-density lipoprotein, very-low density lipoprotain and
cholestarol concentrations using ELIZA kits

Please contact me should you require further information.

Yours sincerely
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Geoffrey Candy

Chair : Animal Ethics Research Committee, University of the Witwatersrand
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