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Abstract

Rheumatoid arthritis (RA) increases the risk of atherosclerotic cardiovascular disease (CVD) to a
similar extent as diabetes. RA is a prototypic high-grade systemic inflammation disease. In RA,
systemic inflammation and its related adverse traditional cardiovascular risk factor profiles are
each associated with cardiovascular event rates. @ The mechanisms whereby systemic
inflammation enhances CVD risk in RA are currently under investigation. In this regard, impaired
arterial function mediates cardiovascular events in non-RA persons. Apelin improves arterial
function and reduces atherosclerosis.

This thesis comprises a series of investigations that explored the potential role of impaired
arterial function and apelin in cardiovascular risk and its stratification amongst patients with RA.
Associations were consistently determined in multivariate regression models.

RA patients experience arterial stiffness. We firstly assessed the relationships of
comprehensively assessed traditional cardiovascular risk factors and RA disease characteristics
with measures of arterial function including arterial stiffness as well as wave reflection and
pressure pulsatility in 177 patients that met the American College of Rheumatology/European
League Against Rheumatism classification RA criteria. Recorded characteristics explained 37%
(arterial stiffness) to 71% (reflected wave pressure) of variability in arterial function. RA duration
(p=0.04), rheumatoid factor status (p=0.01 to 0.03), leukocyte counts (p=0.02 to 0.05) and total
cholesterol concentrations (p=0.00 to 0.03) were associated with increased central systolic
pressure (cSP) and/or wave reflection markers. Body mass index (p=0.00 to 0.02) and insulin
resistance (p=0.00 to 0.01) were related to reduced wave reflection and peripheral pulse pressure.
Tumour necrosis factor-a inhibition (p=0.00) was related to reduced arterial stiffness and
tetracycline use (p=0.02) to decreased peripheral pulse pressure (pPP). This study showed that
traditional cardiovascular risk factors and RA characteristics are independently associated with
measures of arterial function.

Secondly, we evaluated the potential impact of impaired arterial function on atherosclerosis in
patients with RA. Carotid intima-media thickness (c-IMT) and plaque were determined by

ultrasound. In 163 patients with RA, 1 SD increase in reflected wave pressure (Pb) (OR
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(95%CI)=2.54 (1.41-4.44), p=0.0001), reflection magnitude (Rm) (OR (95%Cl)=1.84 (1.17-2.89),
p=0.0008), central pulse pressure (cPP) (OR (95%CI)=1.89 (1.12-3.22), p=0.03) and pPP (OR
(95%ClI)=2.09 (1.23-3.57), p=0.007) were associated with carotid plaque. The association of wave
reflection with plaque was independent of arterial stiffness and pressure pulsatility, and was
present in both hypertensive and normotensive RA patients. In receiver operator characteristic
curve analysis, the optimal cutoff value for reflected wave pressure in predicting plaque presence
was 25 mmHg with a sensitivity, specificity, positive predictive value and negative predictive value
of 45.2%, 89.3%, 78.6% and 66.2%, respectively. Arterial function was not independently related
to c-IMT. We concluded that consideration and therapeutic targeting of wave reflection may
improve CVD prevention in RA.

Apelin causes vasodilation and reduces blood pressure but these effects are dependent on
endothelial integrity. Therefore, in the third investigation, we determined the association of apelin
concentrations with measures of arterial function in 170 RA patients. Apelin concentrations were
not associated with arterial function in all patients. Inflammation impacted the apelin-arterial
function relations (interaction p <0.05). In stratified analysis, apelin levels were associated with
decreased cSP (partial r =-0.33, p=0.01), cPP (partial r =-0.26, p=0.04) and forward wave pressure
(partial r =-0.33; p=0.01) in patients without but not with joint deformities; apelin concentrations
were related to reduced cSP in those with a Disease Activity Score in 28 joints (DAS 28) below but
not 22.8 (median value) (partial r =-0.24, p=0.05) and in those with an erythrocyte sedimentation
rate (ESR) below but not 213 mm/h (median value) (partial r=-0.30, p=0.01). Taken together,
apelin may improve arterial function in RA but this potential effect may be lost among patients with
a large inflammatory burden.

Fourthly, we evaluated the potential effects of apelin on ultrasound determined atherosclerosis
and markers of plaque stability (matrix metalloproteinase (MMP)-2 and MMP-9) in 235 patients
with RA. Apelin concentrations were inversely associated with those of MMP-9 (B (SE) = -0.239
(0.060), p=0.000). Apelin concentration-subclinical CVD relations were influenced by population
origin, RA disease activity, ESR and interleukin-6 concentrations (interaction p = 0.001 to 0.04).

Accordingly, apelin concentrations were directly associated with those of MMP-2 in white but not
8



black patients (B (SE) = 0.367 (0.146), p=0.01), in those with an ESR below but not 212 mm/h
(median value) (B (SE) = 0.428 (0.143), p=0.0003), and in those with an interleukin-6 concentration
of below but not 23.25 pg/ml (median value) (B (SE) = 0.485 (0.288), p=0.04); apelin levels were
inversely related to cIMT in patients with RA remission or mild (B (SE) =-0.068 (0.033), p = 0.04)
but not moderate or high disease activity (B (SE)=0.015 (0.112), p=0.7). This investigation
revealed that apelin concentrations are associated with altered plaque stability mediator levels and
atherosclerosis in RA. These relationships are partially dependent on population origin and
systemic inflammatory status.

Taken together, the findings reported in this thesis advance our understanding of the
mechanisms by which CVD risk is increased in patients with RA. Evidence is provided that
disease characteristics including particularly inflammation and traditional cardiovascular risk
factors are strongly associated with measures of arterial function in RA. Impaired arterial function
is independently related to atherosclerosis in patients with RA. Impaired arterial function may
therefore link cardiovascular risk factor exposure to CVD outcomes in patients with RA.
Additionally, apelin may protect against impaired arterial function and atherosclerosis in RA. In this
regard, a loss of beneficial apelin effects on the vasculature may contribute to the reported
relationship between disease severity and enhanced cardiovascular risk in RA. Apelin holds
promise as a therapeutic target in the present context. Our findings further reiterate the need for

adequate disease control and CVD risk management in patients with RA.
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HOMA-IR Homeostatic Model Assessment of insulin resistance
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IL-6 Interleukin-6

IQR Interquartile range
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LVESD Left ventricular end systolic diameter
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PPamp Pulse pressure amplification
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PWT Posterior wall thickness
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RF Rheumatoid factor

ROC Receiver operator characteristic

Rm Reflection magnitude

S Systole
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Introduction

Cardiovascular disease (CVD) is a principle cause of death worldwide (Mozaffarian et al., 2016).
Although known CVD risk factors including smoking, hypertension, diabetes, physical inactivity,
dyslipidemia and a Western diet contribute to CVD (O’Donnell et al., 2010, Lloyd-Jones et al.,
2010), emerging evidence suggests that these factors cannot fully account for all cardiovascular
events (Menotti et al.,, 2009; Mack et al., 2014; Goff et al., 2014). Beside traditional risk factors,
the presence of chronic systemic inflammation is strongly implicated in CVD morbidity and
mortality (Ridker et al., 2000, 2003; Libby et al., 2002; Mason et al., 2014). High levels of
circulating inflammatory cytokines may therefore also provide a pathophysiological link between

diseases characterized by high levels of inflammation and the noted increase in risk of CVD.

Cardiovascular disease and risk factors in rheumatoid arthritis

It is well established that persons with rheumatoid arthritis (RA) demonstrate increases of up to
50% in cardiovascular event and mortality rates (Avina-Zubeita et al., 2012; Avina-Zubeita et al.,
2008; Agca et al., 2017), resulting in similar CVD risk rates as in the diabetic population (Van Halm
et al., 2009). Although certain traditional cardiovascular risk factors are more prevalent in RA
(Boyer et al, 2011; Chung et al., 2012), conventional CVD risk stratification significantly
underestimates the extent of CVD risk in RA (Dessein et al., 2013%). High-grade inflammation and
genetic polymorphisms also contribute to enhanced cardiovascular risk in RA (Sattar et al., 2003;
Palomino-Morales et al., 2010; Gonzalez-Gay et al., 2008; Rodriguez-Rodriguez et al., 2011;
Lopez-Mejias et al., 2016). The mechanisms whereby CVD risk is increased in RA are currently
undergoing elucidation (Castaneda et al., 2016). In this regard, one of the possible mechanisms
whereby systemic inflammation may influence cardiovascular health adversely is by impairing

arterial function.
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Arterial function and its relation to CVD

Aging as well as cardiovascular risk factor exposure result in arteriosclerosis, which involves in-
part destruction of elastic tissue, hypertrophy and hyperplasia of smooth muscle cells and an
increase in collagen deposition in the interstitium of large vessels such as the aorta (Barodka et al.,
2011). These changes have been associated with increases in large vessel stiffness (Dart et al.,
2001; Domanski et al., 2002; Lemogoum et al., 2004; Nair et al., 2005; Vlachopoulos et al., 20107
Vlachopoulos et al., 2010%;Wang et al., 2010; Chirinos et al., 2012; Cecelja et al., 2012; Townsend
et al., 2015). In the section below | will highlight the various measures of arterial stiffness and the

evidence that they relate to cardiovascular outcomes.

Pulse wave velocity (PWV) measures the rate of wave transmission and is a validated index of
arterial stiffness that is considered the ‘gold standard’ measurement (Laurent et al, 2006;
Townsend et al., 2015). The index of PWV relates the velocity by which the pulse wave travels
within a vessel, to the distensibility of that vessel and therefore, a stiffer vessel will have a faster
PWV. PWYV is obtained by measuring the time taken for a pulse wave to travel a specified
distance, divided by the time to attain the distance. Carotid-femoral PWV is the most frequently
studied arterial function measure and has been used in several landmark studies on arterial
stiffness (Mancia et al., 2007; Boutouyrie et al., 2015) including the Framingham Heart Study

(Mitchell et al., 2005).

Carotid-femoral PWV is considered to be the only accurate index of aortic stiffness (Laurent et al.,
2006, Boutouyrie et al., 2002) and most consistently relates to cardiovascular outcomes in both the
general and clinical populations, independent of confounders (Blacher et al., 1999, 2003; Laurent
et al., 2001, Meaume et al., 2001, London et al., 2001, Boutouyrie et al., 2002, Cruickshank et al.,
2002, Sutton-Tyrrell et al., 2005; Mattace-Raso et al., 2006, Mitchell et al., 2010). In this regard, a
meta-analysis of 17 longitudinal studies showed that an increase in aortic PWV of 1 m/s increases
the relative risk of both all cause and cardiovascular mortality by 15% (p<0.001) and independently

of other risk factors (Vlachopoulos et al., 2010%).
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One of the major consequences of increased arterial stiffness is that the impedance against which
the heart has to pump is increased. This augments central systolic pressure. Indeed, increases in
central aortic blood pressure are associated with subclinical CVD (Roman et al., 2007; Subherwal
et al., 2010) and cardiovascular events (Safar et al.,, 2002; Roman et al., 2007; Pini et al., 2008;
Jankowski et al., 2008; Vlachopoulos et al., 2010"; McEniery et al., 2014). This increase in central
aortic pressure in turn increases central pulse pressure and reduces coronary blood flow (Chae et
al., 1999; Dart et al.,, 2001; Domanski et al.,, 2002; Nair et al., 2005; Townsend et al., 2015;
Vlachopoulos et al., 2010b). Likewise, increases in central pulse pressure have been associated

with cardiovascular events (Pini et al., 2008; Roman et al., 2009; Vlachopoulos ef al., 2010b).

Pulse pressure (SBP-DBP) is regarded as the simplest surrogate measure of arterial dysfunction.
Pulse pressure provides an indication of the degree of impairment of the buffering capacity of
larger arteries, and has been shown to predict CVD in both the general (Assmann et al., 2005) and
clinical populations (Blacher et al., 2000; Safar et al., 2002; Mannucci et al., 2006; Nilsson et al.,
2009; Liu et al., 2016). Two important determinants of pulse pressure are stroke volume and
proximal aortic stiffness or distensibility (Dart et al., 2001). Yet, although stroke volume contributes
to pulse pressure, it is not regarded as a marker of aortic stiffness by all (Lemogoum et al., 2004).
It is also well established that central aortic pressure and central pulse pressure predict CVD risk
beyond that of brachial blood pressure and brachial pulse pressure (Roman et al., 2007; Pini et al.,

2008).

Moreover, as one moves distally along the arterial tree, the elastic properties change resulting in a
progressive amplification of the pressure waveform (Wilkinson et al., 2001; Laurent et al., 2006;
Nichols et al., 2008; Avolio et al., 2009; Mitchell et al., 2010; Barodka et al., 2011). This gives rise
to a higher pulse pressure in the small to medium vessels compared to the large central arteries
and is known as peripheral-to-central pulse pressure amplification. Ageing related reductions in

proximal arterial compliance reduce the difference between aortic and brachial pulse pressure
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leading to decreased pulse pressure amplification. Reductions in pulse pressure amplification
increase cardiac workload and have been associated with adverse cardiac remodeling (Benetos et
al., 2010), and cardiovascular outcomes (Benetos et al., 2010, Regnault et al., 2012, Benetos et

al., 2012).

Besides the increased workload to the heart, increased aortic stiffness may also contribute to
cardiovascular events by facilitating the transmission of pulsatile energy into end-organ circulatory
systems (Mitchell et al,, 2011). Thus, although increases in arterial stiffness, as indexed from
aortic PWV measurements, have been consistently associated with cardiovascular outcomes
beyond cardiovascular risk factors (Blacher et al., 1999, 2003; Laurent et al., 2001; Meaume et al.,
2001; London et al.,, 2001; Cruickshank et al., 2002; Mattace-Raso et al., 2006; Mitchell et al.,
2010), not all studies support the view that increases in aortic blood pressure or decreases in pulse
pressure amplification predict outcomes beyond brachial blood pressure (Dart et al, 2006,
Vlachopoulos et al., 2010°, Mitchell et al., 2010). Therefore, an alternative large artery change that
has been hypothesized to be of importance with respect to the pathogenesis of cardiovascular

events is increased wave reflection.

As pressure waves travel along the arterial tree, they are reflected off medium and small vessels
back to the central aorta (Mitchell et al., 2004). Therefore, the aortic pressure pulse waveform
consists of the sum of the incident (forward) and reflected waves (Avolio et al., 2009; Mitchell et al.,
2010; Barodka et al., 2011). Wave reflection back to the aorta can be altered by changes in blood
vessel composition and diameter, as well as branching points occurring distally. In younger
persons where arterial compliance is intact, reflected waves return to the central aorta during
diastole whereby they enhance diastolic perfusion pressure within the coronary circulation (Nichols
& Edwards, 2001). While general vasoconstriction causes reflection points to occur more proximal
to the heart, increased arterial stiffness also cause the reflected wave to travel more rapidly along
the arterial tree (Nichols & Edwards, 2001; Safar et al,, 2003). The net result is that the faster

traveling reflected wave arrives at the heart during systole, where it augments aortic systolic
17



pressures and reduces diastolic pressure, ultimately limiting coronary perfusion. The
consequences of increased wave reflection are far reaching in that central pulse pressure is
enlarged, pulse pressure amplification is reduced and the overall risk of cardiovascular events is
significantly increased (Dart et al., 2001). Wave reflection also returns a portion of pulsatile energy
content of the waveform to the central aorta, limiting the transmission of pulsatile energy into the
periphery where it might damage the microcirculation (Safar et al., 2003; Mitchell et al., 2011). In
this regard, these effects do not require increases in central aortic pressures. The measurement of
brachial blood pressure is not sensitive in determining the detrimental effects of increased wave

reflection on end organ circulatory systems (Sibiya et al., 2015).

Conventionally, the augmentation index (Alx) has been used as a marker of wave reflection (Wang
et al., 2010; Chirinos et al., 2012). The Alx is calculated as the increment in pressure after the first
systolic shoulder to the peak of the aortic pressure wave, which is then expressed as a percentage
of the pulse pressure (Kelly et al., 1989). The Alx is therefore a measure of the contribution of

wave reflections to the rise in central systolic and pulse pressure (Jain et al., 2014).

Although some have found a significant association between Alx and cardiovascular events
(London et al., 2001; Ueda et al., 2004; Weber et al., 2005; Chirinos et al., 2005; Vlachopoulos et
al., 2010°), this finding was not reproduced in all studies (Mitchell et al., 2010; Hayashi et al.,
2014). Also, due to various confounding factors, a number of studies have argued against reliance
on the Alx in various clinical settings and its use has additionally been discouraged in younger
populations (Wilkinson et al., 2002; Van Trijp et al., 2004, 2005; Tartiere et al., 2006; Hamilton et
al., 2007). Recently, it was recognized that augmentation pressure and hence Alx is not an
accurate index of wave reflection as it incorporates a significant proportion of the forward wave.
Indeed, more recent data show stronger relations between indices of wave reflection determined
using wave separation analysis (which segregates the forward and reflected waves) and

cardiovascular outcomes (Wang et al., 2010; Chirinos et al., 2012).

18



The measurement of the absolute reflected wave pressure using wave separation analysis is
independent of reflected wave transit time and has indeed been identified as a better measure of
wave reflection intensity than Alx (Segers et al., 2007; Wang et al.,, 2010). Hence, the impact of
wave reflection on central pulse pressure (Mitchell et al., 2008), central systolic pressure (Hope et
al., 2005), target organ damages and cardiovascular events may have been underestimated when
the Alx was used (Wang et al., 2010). Several large population based studies have confirmed that,
when using wave separation analysis, the reflected wave is independently predictive of long-term
cardiovascular mortality and target organ changes (Wang et al., 2010, Chirinos et al., 2012;
Booysen et al., 2015; Phan et al., 2016). The impact of wave reflection on CVD risk is thereby
becoming increasingly recognized (Townsend et al., 2015). Notably, these studies found the
reflected wave to be predictive of cardiovascular events, independent of arterial stiffness (Wang et

al., 2010) or brachial systolic, diastolic, and mean blood pressures (Weber et al., 2012).

In addition to the reflected wave, the forward wave as a marker of proximal arterial function and
peak aortic flow (Mitchell et al., 2008; 2015; Torjesen et al., 2014; Cooper et al., 2015) has shown
to contribute to elevated pulse pressure with ageing, whereas the reflected wave contributes only
modestly to the respective increase (Mitchell et al., 2010; Fok et al., 2014; Torjesen et al., 2014;
Cooper et al., 2015). It is also believed that the reflected wave is dependent on the forward wave.
Moreover, the reflection magnitude, expressed as the ratio of forward and backward traveling
components, was found to be strongly and independently predictive of all cardiovascular events

(Chirinos et al., 2012).

Taken together, arterial dysfunction increases the risk of cardiovascular events. Thus, chronic
inflammation could contribute towards cardiovascular events through increases in either large
artery (aortic) stiffness or by enhancing aortic wave reflection. Additionally, either of these
changes can mediate deleterious effects by increasing aortic blood pressure. These alterations

are not detected at the brachial artery and are associated with decreased pulse pressure
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amplification. What is the evidence to show an impact of chronic inflammation on large artery

stiffness, reflective wave function, aortic blood pressure or pulse pressure amplification?

Researchers have utilized chronic high-grade inflammatory conditions such as RA as models to
investigate the effects of inflammation on arterial function. Chronic systemic inflammation causes
vascular smooth muscle cell proliferation, as well as destruction of elastin fibers with a concomitant
increase in collagen deposition within the aorta and other large arteries (Hattori et al., 2003; Hirsch
et al., 2014). As previously mentioned, these vascular remodeling processes promote increases in
arterial stiffness. Several studies, including a recent meta analysis, have documented that PWV
(Maki-Petaja et al., 2006; Arosio et al., 2007; Pieringer et al., 2009; Bazzichi et al., 2009; Kim et al.,
2012; Turkyilmaz et al., 2013; Lo Gullo et al., 2014, 2015; Ambrosino et al., 2015), central systolic
pressure (Klocke et al., 2003) and Alx (Klocke et al., 2003; Avalos et al., 2007; Wallberg-Jonsson
et al., 2008; Cypiené et al 2010; Pieringer et al., 2012; Lo Gullo et al., 2014; Ambrosino et al.,
2015) are significantly increased in RA patients, when compared to controls. However, there are
presently no studies that have evaluated the impact of RA on wave reflection as determined using

wave separation analysis.

Although, as discussed in the above, a number of studies have demonstrated relationships
between indices of aortic function and RA, the question that arises is whether these relationships
can be attributed to chronic inflammation or to RA co-morbidities including metabolic abnormalities
and the adverse effects of drug therapy? In regard to traditional cardiovascular risk factors, age
and blood pressure are certainly the strongest determinants of aortic function (Safar et al., 2003;
Mitchell et al., 2004). Indeed, two recent RA studies reported that after controlling for traditional
cardiovascular risk factors, PWV was not increased compared to controls (Fan et al., 2014; Arida
et al.,, 2015). The authors further reported that traditional cardiovascular risk factors, rather than
inflammatory markers predict arterial stiffness in RA. Although age and blood pressure most
strongly predict pulse wave velocity, numerous other population characteristics may further impact

on arterial function. In this regard, studies have reported that besides age and blood pressure
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kidney function (Wang et al., 2005; Ohya et al., 2006), hypothyroidism (Nagasaki et al., 2006),
metabolic syndrome components (Kim et al., 2006), antioxidant status (Nakamura et al., 2006),
smoking (Lemoguom et al., 2006), excessive coffee consumption (Vlachopoulos et al., 2005) and
mental stress (Vlachopoulos et al., 2006) can all impact on arterial stiffness and thus should not be
overlooked. Nevertheless arterial stiffness was recently reported to predict incident cardiovascular
events in patients with RA (lkdahl et al., 2016). The relative impact of traditional cardiovascular
risk factors and disease characteristics on comprehensively evaluated arterial function thus needs

further exploration.

In this thesis, we hypothesized that RA characteristics and traditional CVD risk factor exposure can
each significantly affect measures of arterial function, including PWV, wave reflection and pressure

pulsatility.

Association between arterial function and atherosclerosis

It is well established that persons with RA demonstrate an increased prevalence of atherosclerotic
CVD (Avina-Zubeita et al., 2008; Agca et al., 2017). For this reason, the EUropean League
Against Rheumatism (EULAR) have recommended to use a multiplier of 1.5 when calculating the
modified Systematic COronary Risk Evaluation (mSCORE) for all patients with RA, in order to
more accurately predict CVD risk in this population (Agca et al., 2017). EULAR also recently
recommended the additional use of carotid ultrasound screening for plaque in patients with RA.
This was proven to be useful in reclassifying a large proportion of RA patients into an appropriately
higher CVD risk group (Corrales et al., 2014). The subclinical atherosclerotic burden may have
been markedly underestimated in the RA population until recently. Nevertheless, the increased
rates of cardiovascular mortality in RA are not fully accounted for by either systemic vasculitis or
classical cardiovascular risk factors (Del Rincon et al., 2001; Van Doornum et al., 2002). Whereas
arterial stiffness induces CVD by means of increasing central pressures and facilitating the

transmission of pulsatile energy into end-organ circulatory systems, it may additionally contribute
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to the atherosclerotic process. What then is the evidence that arterial stiffness increases

atherosclerosis?

Frequently employed measures used to define atherosclerosis include ultrasound determined
carotid intima-media thickness (cIMT) and plaque presence. Although both these measures are
well-validated markers of cardiovascular risk, they comprise phenotypes that can be differentiated
both on a biological and genetic basis (Spence et al., 2004; Riccio et al., 2006; Johnsen et al.,
2009), and represent different stages of atherosclerosis progression. Intima-media thickening
occurs mostly due to proliferation within the tunica media, as a result of aging and particularly
hypertension (Riccio et al., 2006). Intima-medial thickening is also significantly associated with risk
factors for stroke as well as the incidence of stroke events (Spence et al., 2004; Johnsen et al.,
2009). Contrary to this, carotid plaque originates in vascular pathological processes occurring
within the arterial intimal lining (Simon et al., 2010), and reflects more advanced atherosclerosis
that is associated with coronary artery disease (CAD) risk factors and prevalence (Spence et al.,

2004; Riccio et al., 2006; Dessein et al., 2014).

Studies investigating the association between arterial stiffness and cIMT in the general population
have however produced conflicting results (Cecelja et al., 2012). Positive associations between
PWYV and cIMT (Van Popele et al., 2001) as well as reflected wave and cIMT (Sibiya et al., 2015)
have been reported. In contrast, two other large studies (n=564 and n=605, respectively) found no
associations between IMT and measures of arterial distensibility (Zureik et al., 2002; Juo et al.,
2005). Positive associations were reported more consistently between PWV and aortic
calcification (London et al., 2003; Odink et al., 2008; McEniery et al., 2009), as well as with the
total plaque burden in the carotid artery (Van Popele et al., 2001). However, further studies are
required to confirm these findings. Apart from age and blood pressure, traditional cardiovascular
risk factors correlate weakly with arterial stiffness. Alternative mechanisms are likely responsible

for associations between arterial stiffness and atherosclerosis.
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In this regard, chronic systemic inflammation is strongly implicated in RA, as it is associated with
the development and progression of atherosclerosis (Dessein ef al., 2005). Systemic inflammation
also causes destabilization of former stable plaques, as well as superimposed thrombosis that
typically precipitates acute vascular events (Van Doornum et al., 2002; Libby et al., 2006).
Similarly, as discussed above, inflammation was shown to be associated with arterial stiffness.
More specifically, systemic inflammation causes endothelial activation and dysfunction, which is
implicated in the development of both arterial stiffness and atherosclerosis in RA (Dessein ef al.,
2005; Dessein & Joffe, 2006; Sodergren et al., 2010; Dessein et al., 2013"). Traditional
cardiovascular risk factors may also exert their detrimental effects on arterial stiffness and

atherosclerosis by inducing endothelial dysfunction (Oliver & Webb, 2003).

However, the evidence that arterial dysfunction is associated with atherosclerosis in RA, and the
role of traditional risk factors and inflammation in this process are controversial. One study found a
marginal association between Alx and coronary artery calcification (Avalos et al., 2007), while a
more recent study concluded that neither PWV nor Alx were independently associated with carotid
atherosclerosis (Robustillo-Villarino et al., 2017). In addition, the association between wave
reflection as assessed by wave separation analysis and atherosclerosis in RA patients, has not
been investigated so far. As wave reflection depends on blood vessel composition and diameter,
and particularly occurs at different arterial locations due to vessel branching, bending and
bifurcating, it may be more closely related to atherosclerotic lesions than other arterial properties.
Indeed, atherosclerosis also develops predominantly at branches, bends, and bifurcations within
the arteries as disturbed or reduced blood flow imparts lower or oscillatory shear stress on the
vessel wall (Zarins et al., 1983; Warboys et al., 2011). In contrast, other areas experiencing higher
shear stress and unidirectional blood flow are protected from lesion development. The relationship
between comprehensively assessed arterial function and atherosclerosis in RA requires further

investigation.
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We therefore hypothesized that reflected wave pressure as determined in separation analysis is
associated with atherosclerosis in RA. Additionally, we aimed to confirm the previously reported
finding that conventional measures of arterial function including Alx and PWV, are not associated

with atherosclerosis in patients with RA (Robustillo-Villarino et al., 2017).

Apelin

The endogenous peptide apelin has received much attention recently, particularly in view of its
beneficial effects on the cardiovascular system. Apelin acts on the APJ receptor, which is
classified as a 7-transmembrane G-protein coupled receptor (O’Carroll et al., 2013). The APJ
receptor was identified in 1993 by O’'Dowd and colleagues, and remained an orphan receptor until
1998 when Tatemoto and others identified its endogenous ligand, apelin-36, from isolated bovine
stomach extracts. Apelin-36 originates from the C-terminal portion of the 77-aminoacid pre-
protein. Apelin-36 is cleaved into short peptides with 13 to 19 aminoacids, which exhibit
significantly higher activity than apelin-36 (Tatemoto et al., 1998; Kawamata et al., 2001). More
specifically, the apelin-13 isoform demonstrates the greatest capacity to regulate the

cardiovascular system (Folino et al., 2015).

Apelin and APJ mRNA are widely expressed in peripheral bodily tissues, including the cerebellum,
lungs, kidneys, and especially peripheral adipocytes and endothelial cells (Boucher et al., 2005).
There are also notably high concentrations observed in the cardiovascular system (Kawamata et
al., 2001; Lee et al., 2000; Hosoya et al., 2000; Barnes et al., 2010; O’Carroll et al., 2000). APJ
receptors are expressed significantly in various cell types within the heart, including the
endothelium, smooth muscle cells and myocytes (Kleinz et al., 2005). Also, apelin was shown to
be to be produced in the endothelial linings to a significantly greater extent compared to
cardiomyocytes and vascular smooth muscle cells (Kleinz et al., 2004). Endothelial apelin thereby
plays a role as a locally secreted cardiovascular mediator acting on APJ receptors to regulate

vascular tone and cardiac contractility.
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The role of apelin in the cardiovascular system

The therapeutic potential of the apelin/APJ pathway is evident when observing its various
beneficial effects on vascular and cardiac function (Ashley et al., 2005). Firstly, apelin has been
shown to produce a potent inotropic effect on animal preparations (Szokodi et al., 2002; Berry et
al., 2004; Ashley et al, 2005). Chronic administration of apelin increased the velocity of
circumferential shortening and increased cardiac output, without causing hypertrophy (Ashley et
al., 2005). Apelin effectively reduces left ventricular preload and afterload and increased
contractile reserve (Ashley et al., 2005). The inotropy induced by apelin is thought to be brought

about by enhancing myofilament sensitivity to calcium (Farkasfalvi et al., 2007; Perjés et al., 2014).

Secondly, apelin has direct beneficial effects on the vasculature, which has been the subject of
recent research. In vitro experiments have demonstrated how apelin can act as either a
vasodilator or vasoconstrictor. In isolated rat aortas, the mechanism of vasodilation was shown to
involve the L-arginine/nitric oxide synthase pathway, whereby nitric oxide synthase expression and
sensitivity was effectively increased resulting in vasodilation and associated reductions in blood
pressure (Jia et al., 2007; Japp et al., 2010). These findings were also confirmed in humans (Japp
et al., 2008%. Apelin  additionally antagonizes vasoconstriction brought about by
angiotensinogen/angiotensin Il pathway (Chun et al., 2008). Importantly however, the vasodilatory
effects of apelin depend on endothelial integrity (Tatemoto et al., 2001; Ishida et al., 2004; Japp et
al., 2008% Han et al., 2013). In this regard, Hashimoto and colleagues (2006) demonstrated that
following endothelial injury, apelin crosses the endothelial border and binds to receptors in
vascular smooth muscle cells, where it induces phosphorylation of the myosin light chains. These
findings were confirmed in humans where apelin was shown to induce vasoconstriction in a
saphenous vein denuded of a functional endothelium (Katugampola et al.,, 2002). This suggests
that the primary vasodilatory effects of apelin are mediated by nitric oxide production from an intact
endothelium. Although the positive inotropic and vasodilatory effects of apelin have been well

established, further evidence is required to clarify its role in the pathogenesis of CVD.
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Apelin and the pathogenesis of CVD

Apelin is believed to play a cardioprotective role in various CVD conditions. In this regard, apelin is
reported to be reduced in patients with hypertension and left ventricular dysfunction (Przewlocke-
Kosmala et al., 2011), heart failure (lwanaga et al., 2006; Chong et al., 2006; Japp et al., 2008";
Gao et al., 2009) or acute myocardial infarction (Weir et al., 2009; Kadoglou et al., 2010; Grzywocz
et al., 2015). It is believed that upregulation of apelin/APJ concentration after myocardial infarction
improves coronary blood flow and maintains contractile capacity (Yamaleyeva et al., 2016) and

that it preserves cardiac regenerative capacity (Li et al., 2013; Zhang et al., 2016).

An intrinsic part of the cardioprotective function of apelin revolves around its ability to suppress the
production of certain cytokines (tumour necrosis factor-alpha and interleukin 1-beta) as well as
impeding excessive collagen production (Leeper et al., 2009; Koguchi et al., 2012; Pchejetski et
al., 2012). As RA is characterized by high concentrations of circulating cytokine levels, and
collagen production is implicated in arteriosclerosis and atherosclerosis, the role of apelin in CVD

progression in RA merits investigation.

Circulating apelin concentrations are significantly decreased in RA (Di Franco et al., 2012).
Patients with RA commonly demonstrate premature endothelial activation (Soédergren et al., 2010;
Dessein & Joffe, 2006) and newly diagnosed patients often have vascular dysfunction (Bergholm
et al.,, 2002). Increased inflammatory status is related to endothelial dysfunction in RA,
independent of other non-traditional and traditional cardiovascular risk factors (Dessein et al.,
2005; Dessein et al., 2013). Importantly, increased inflammatory activity results in reduced nitric
oxide production and more pronounced blunting of endothelium and nitric oxide-dependent
vasodilatation (Bergholm et al., 2002; Yki-Jarvinen et al., 2003). Therefore, inflammation induced
endothelial dysfunction may predispose persons with RA to CVD (Bergholm et al, 2002).
However, what is the evidence that apelin may improve CVD risk profiles by enhancing vascular

tone?
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Early studies in diabetic mice demonstrated beneficial apelin vascular effects that comprised a
reversal of endothelial dysfunction (Zhong et al., 2007). Furthermore, an 8-week aerobic exercise
training intervention resulted in significant increases in plasma apelin concentrations, which
correlated with reductions in arterial stiffness (Fujie ef al., 2014). Genetic polymorphisms of the
apelinergic system components are associated with earlier onset of hypertension (Li et al., 2009),
as well as increases in arterial stiffness (Liao ef al., 2015). Reported evidence thus suggests that
apelin exerts cardioprotective effects, which are brought about by significant improvements in
arterial function. However, whether apelin protects against arterial dysfunction in RA remains

unknown.

The third hypothesis in this thesis is therefore that apelin concentrations are independently
associated with measures of arterial function in RA. However, given that cytokine concentrations
are capable of altering vascular tone, induce endothelial dysfunction and reduce apelin
concentrations, we further hypothesized that these associations between apelin and arterial

function depend on inflammatory status in RA.

Besides its role in arterial stiffness, endothelial dysfunction also initiates and contributes to the
progression of atherosclerosis (lkdahl et al., 2015). In this regard, apelin is thought to have potent
antiartherogenic properties. Apelin improves vascular function via a reduction in oxidative stress,
and by promoting the release of endothelial nitric oxide, a free radical scavenger (Liu et al., 2013).
Apelin also reduces inflammation and enhances the expression of adherence factors (Sorli et al.,
2006; Simpkin et al, 2007; Fukushima et al., 2010), thereby reducing the progression of
atherosclerosis. Chun and colleagues (2008) made use of apolipoprotein E null murine models to
demonstrate that apelin counteracts the angiotensin Il mediated increase in atherosclerotic
disease burden and prevents adverse vascular remodeling and aneurysm formation in mice,
independent of blood pressure or a high cholesterol diet (Chun et al., 2008). Therefore, the action

of apelin may be essential in combating atherosclerosis and maintaining optimal vascular health.
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The anti-atherogenic function of apelin is further thought to be mediated through activation of
protein kinase C, which phosphorylates and stabilizes ATP-binding cassette transporter A1
(ABCA1) and inhibits calpain-mediated degradation of ABCA1 (Liu et al, 2013). ATP-binding
cassettes are responsible for reverse cholesterol transport. Accordingly, apelin markedly

increases cholesterol efflux from macrophages, preventing foam cell formation (Liu et al., 2013).

Patients with hypercholesterolemia have decreased plasma apelin concentrations when compared
to controls (Tasci et al.,, 2007). Likewise, apelin levels are reportedly decreased in patients with
CAD (Akcilar et al., 2015). Apelin levels were lower in more severe CAD patients, and were
associated with acute phase CAD, independent of other cardiovascular risk factors (Kadoglou et
al., 2010). This suggests a role for apelin in the progression and destabilization of coronary artery
plagues (Kadoglou et al., 2010). In this regard, following statin therapy, which promotes reverse
cholesterol transport, both apelin concentrations and plaque stability markers were significantly

increased (Kadoglou et al., 2012).

Moreover, an indirect association between apelin and plaque stability and vulnerability mediators,
specifically matrix metalloproteinases (MMPs), has been previously reported (Webb et al., 2007;
Leeper et al., 2009;). In this regard, MMPs represent a family of 28 zinc-dependent
endopeptidases, which are involved in the metabolism of extracellular matrix proteins, including
collagen and elastin. The proteinase activity exerted by 11 of the 28 MMPs have been implicated
in the development and progression of atherosclerosis, as well as ischemic insults occurring as a
result of atherosclerotic plaque rupture. Importantly, MMPs have counteracting roles in the
modulation of atherogenesis, vascular remodeling and plaque rupture. MMPs may either enhance
fibrosis and intimal thickening, resulting in more stable plaques, or encourage extracellular matrix
degradation, resulting in increased plaque vulnerability and rupture (Back et al., 2010; Newby et
al., 2015). MMPs are prone to activation by inflammatory signaling (Reel et al., 2011; Huang et al.,
2012), including that of angiotensin Il (Lakatta et al., 2013; Wang et al., 2014; Wang et al., 2015).

In this regard, there is a definite potential for the apelin/APJ axis in providing protection against
28



atherosclerosis and atherosclerotic disease progression (Barnes et al., 2010). Furthermore, apelin
may be of special interest to patients with RA, in whom the increased atherosclerotic burden is well

established.

We therefore hypothesized that apelin concentrations are independently associated with
ultrasound determined atherosclerosis as measured by cIMT and the presence of plaque in RA.
We further hypothesized that apelin concentrations are independently associated with

concentrations of MMPs as markers of plaque stability and vulnerability in RA.
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Cardiovascular Risk Factors and Disease Characteristics
Are Consistently Associated with Arterial Function in
Rheumatoid Arthritis

Sule Gunter, Chanel Robinson, Gavin R. Norton, Angela J. Woodiwiss, Linda Tsang,
Patrick H. Dessein, and Aletta M.E. Millen

ABSTRACT. Objective. Arterial properties influence cardiovascular disease (CVD) risk. We identified potential
determinants of arterial function in patients with rheumatoid arthritis (RA).
Methods. Relationships of traditional cardiovascular risk factors and RA characteristics with arterial
stiffness (pulse wave velocity), wave reflection (augmentation index, reflected wave pressure, and
reflection magnitude), and pressure pulsatility (central systolic and pulse pressure, peripheral pulse
pressure, pulse pressure amplification, and forward wave pressure) were identified in multivariable
backward regression models among 177 patients without established CVD (118 white, 32 Asian, 22
black, 5 mixed ancestry).
Results. Recorded characteristics explained 37% (pulse wave velocity) to 71% (reflected wave
pressure) of the variability in arterial function. These factors were particularly associated with wave
reflection and pressure pulsatility: RA duration (p = 0.04), rheumatoid factor status (p =0.01 to 0.03),
leukocyte counts (p = 0.02 to 0.05), and total cholesterol (p < 0.01 to 0.03). Body mass index
(p <0.01 to 0.02) and insulin resistance (p < 0.01 to 0.01) were related to reduced wave reflection
and peripheral pulse pressure. Exercise (p = 0.02) and alcohol consumption (p < 0.01) were associated
with increased pulse pressure amplification and decreased peripheral pulse pressure, respectively.
Tumor necrosis factor-a inhibition (p < 0.01) was related to reduced pulse wave velocity, and tetra-
cycline use (p = 0.02) to decreased peripheral pulse pressure.
Conclusion. Traditional cardiovascular risk factors and disease characteristics are consistently
associated with vascular hemodynamic alterations in RA. The relative effect of arterial stiffness, wave
reflection, and pressure pulsatility on CVD risk in RA needs further study. (First Release June 1 2017;
J Rheumatol 2017;44:1125-33; doi:10.3899/jrheum.170029)

Key Indexing Terms:
RHEUMATOID ARTHRITIS
WAVE REFLECTION

ARTERIAL STIFFNESS
PRESSURE PULSATILITY

Aging causes aortic elastin fibers to be replaced by
collagen'2. This process results in arteriosclerosis, which is
increased by exposure to cardiovascular risk factors but can
occur in the absence of atherosclerosis! 2. Arteriosclerosis
causes arterial stiffness that is most frequently evaluated by
pulse wave velocity. Pulse wave velocity represents the
velocity at which the pressure wave propagates through

arteries. Arterial stiffness increases central systolic blood
pressure (BP) and cardiac workload.

The peripheral arterial wall contains mostly muscle fibers
and is therefore stiffer than the aorta!->34>_ Consequently, in
healthy young persons, the peripheral pulse pressure is
substantially larger than that in the aorta!?3*3. This is
referred to as (peripheral-to-central) pulse pressure amplifi-
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cation, which decreases with vascular aging. The aortic
pressure wave comprises the sum of the forward and reflected
wave! 2345 Wave reflection back to the aorta is mediated by
changes in blood vessel wall composition and branching
points distally along the arterial tree. In normal health, the
reflected wave arrives at the heart during early diastole and
aids coronary blood flow. Arterial stiffness increases wave
reflection. Consequently, the reflected wave returns faster
centrally and arrives at the heart during systole. Wave
reflection thereby augments central BP and cardiac workload,
and reduces diastolic BP and coronary perfusion. Increased
wave reflection contributes to increased pulse pressure and
reduced pulse pressure amplification.

The adverse effects of wave reflection on end-organ circu-
latory systems cannot be detected by brachial BP measure-
ments®. Wave reflection has been mostly estimated by the
aortic augmentation index’8. However, the augmentation
index incorporates a large proportion of the forward wave
along with the reflected wave because of their overlap in
time”8:2-10_Tn 2015, the American Heart Association recom-
mended the use of wave separation analysis rather than
augmentation index in investigations focused on the role of
wave reflection as an exposure for a cardiovascular outcome
or a target for intervention'?. Upon using this approach, the
adverse effect of wave reflection on cardiovascular disease
(CVD) risk has been increasingly recognized’82-10-11,
Enhanced wave reflection is a novel mechanical biomarker
for heart failure®.

Arterial stiffness as assessed by increased pulse wave
velocity augments the risk of CVD independent of major
traditional risk factors in non-RA persons’. Ikdahl and
colleagues recently reported that pulse wave velocity but not
augmentation index is also associated with incident cardio-
vascular events in RA!2. In 2010, Vlachopoulos and
colleagues reported that a 1 SD increase in pulse wave
velocity was associated with a 47%,47%, and 42% enhanced
risk of cardiovascular events, mortality, and all-cause
mortality, respectively!3. However, among arterial function
markers, not only pulse wave velocity but also a long list of
factors are each independently associated with CVD risk in
the general population!-234--6.78.9.10-17: \yave reflection
assessed by the augmentation index, reflected wave pressure,
and reflection magnitude defined as the reflected-forward
wave pressure ratio, as well as pressure pulsatility evaluated
by central systolic and pulse pressure, peripheral pulse
pressure, pulse pressure augmentation, and forward wave
pressure!4. The latter hemodynamic measures are the result
of several different factors, including but not limited to
arterial stiffness!”.

Rheumatoid arthritis (RA) increases cardiovascular event
and mortality rates by about 50%'8-1%. Disease characteristics
including particularly high-grade inflammation, unfavorable
traditional cardiovascular risk factor profiles, and genetic
factors associate with CVD in RA2Y. The mechanisms

involved in the increased cardiovascular risk in patients with
RA are currently under investigation?°. In this regard, a
metaanalysis of 25 studies by Ambrosino and colleagues?!
documented a significant increase in pulse wave analysis and
augmentation index in patients with RA. The aim of the
present study was to identify potential determinants of
comprehensively assessed arterial function in a relatively
large group of ethnically diverse patients with RA.

MATERIALS AND METHODS

Patients. We initially enrolled 186 consecutive patients who met the 1987
American College of Rheumatology (ACR) and 2010 ACR/European
League Against Rheumatism criteria for RA%2-23 at the Milpark Hospital,
Johannesburg, South Africa. Nine had established CVD and were
excluded. The remaining 177 patients comprised 118 white, 32 Asian, 22
black, and 5 mixed ancestry participants. This study was performed in line
with the principles of the Helsinki declaration and approval was obtained
from the University of Witwatersrand Human (Medical) Research Ethics
Committee (approval number: M06-07-33; protocol number: M120562) in
Johannesburg, South Africa. All participants gave written informed consent.
Baseline characteristics. Baseline characteristics including cardiovascular
risk factors were recorded using previously reported methods?* and are given
in the Supplementary File, available from the authors on request.

Arterial function. Central arterial function measurements were evaluated
using radial applanation tonometry and SphygmoCor software, as previously
reportedg. Pulse wave velocity, central aortic BP, and its determinants
(reflected and forward wave pressures) were measured using a high-fidelity
SPC-301 micromanometer (Millar Instrument Inc.), interfaced with a
computer using SphygmoCor software version 9.0 (AtCor Medical Pty.
Ltd.). After resting for 15 min in the supine position, arterial waveforms at
the radial (dominant arm), carotid, and femoral artery pulses were recorded
for a period of 10 consecutive waveforms (heartbeats). The pulse wave was
calibrated by manual measurement (auscultation) of brachial BP taken
immediately before the recordings. Using a validated generalized transfer
function incorporated in the SphygmoCor software, the peripheral pressure
wave form was converted into a central aortic waveform. When systolic or
diastolic variability of consecutive waveforms exceeded 5% or the amplitude
of the pulse wave signal was < 80 mV, the recorded results were discarded.
The aortic pulse wave velocity was calculated as distance in meters divided
by transit time in seconds. The magnitude of the forward and reflected wave
components of the aortic pressure waveform was determined by the
SphygmoCor software that separates the aortic waveform by using a
modified triangular waveform. Augmentation index was calculated as
(second systolic peak/first systolic peak) x 100, reflection magnitude as
(reflected wave amplitude/forward wave amplitude) x 100, and pulse
pressure amplification as radial pulse pressure/aortic pulse pressure. All
measurements were made by a single experienced technician who was
unaware of the cardiovascular risk factor profiles of the patients. Brachial
BP was recorded in all patients. Technically sound measurements of the
central pressure wave and pulse wave velocity were obtained in 169 and 160
patients, respectively. Further details on arterial function measurements are
given in the Supplementary File, available from the authors on request.

Data analysis. Results are presented as mean (SD), median [interquartile
range (IQR)], or proportions as appropriate. Non-normally distributed
characteristics were logarithmically transformed prior to statistical analysis.

Mean values of arterial function measures among patients from different
population groups were compared by the ANOVA test. Correlations among
arterial function measures were assessed by the Pearson’s correlation
coefficient test.

Age, sex, race, heart rate, body height, and brachial BP are major
confounders in the present context. We assessed the association of traditional
risk factors and RA characteristics with arterial function in multivariable
linear regression models with adjustment for the respective features. This
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revealed a large number of patient characteristics that were associated with
arterial function. These characteristics were therefore consistently entered in
stepwise backward regression models to identify independent relationships.

Statistical computations were made using SPSS software, version 21
(SPSS). Significance was set at p < 0.05.

RESULTS

The recorded patient characteristics are given in Table 1. Mean
(SD) age at time of the study was 58.0 years (12.1) and median
(IQR) RA duration 14.5 years (9.0-21.7). Dyslipidemia, hyper-
tension (HTN), current smoking, and diabetes were recorded
in47.5%,40.7%,10.2%, and 5.6% of the patients, respectively.
Lipid-lowering medications and antihypertensive agents were
each used in 40% of the study population.

Rheumatoid factor (RF) and anticitrullinated protein
antibody positivity were present in 75.1% and 69.5% of the
participants, respectively. Disease activity was overall well
controlled with a median (IQR) Clinical Disease Activity
Index (CDAI) score of 5 (1-13) and a mean (SD) 28-joint
Disease Activity Score (DAS28) of 2.8 (1.7); 67.8% and
61.7% of patients had mild disease activity or experienced
remission according to recommended CDAI and DAS28
score cutoff values, respectively. One or more synthetic
disease-modifying agents were taken by 90.3% of partici-
pants, whereas 11.3% took biologic agents. The mean (SD)
central systolic pressure was 126 (16) mmHg and median
(IQR) pulse wave velocity was 8.0 (6.1-9.3) m/sec.

Table 1.Recorded characteristics in 177 patients with rheumatoid arthritis. Dichotomous variables are expressed as proportions or percentages and continuous

variables as mean (SD) or median (interquartile range).

Variables Values Variables Values
Demographic characteristics RF-positive 75.1
Age at study time, yrs 58.0 (12.1) ACPA-positive 69.5
Age at disease onset, yrs 42.1 (13.8) Clinical Disease Activity Index 5(1-13)
Female sex 82.5 Disease Activity Score in 28 joints 2.8 (1.7)
White 66.7 ESR, mm/h 12 (4-26)
Asian 18.1 C-reactive protein, mg/l 32(1.2-79)
Black 124 Leukocytes, n/nl 5.54.5-7.0)
Mixed 2.8 Deformed joints, n 0 (0-10)
Lifestyle factors Extraarticular manifestations 22
Exercise 322 Stanford HAQ-DI 0.375 (0.000-0.875)
Alcohol use 31.6 Synthetic disease-modifying agents
Current smoking 10.2 Methotrexate 75.7
Anthropometry Chloroquine 503
Body mass index, kg/m? 26.8 (5.5) Leflunomide 40.1
Waist circumference, cm 92 (14) Sulfasalazine 164
Waist-to-hip ratio 0.88 (0.09) Tetracycline 153
Metabolic risk factors Azathioprine 6.8
Hypertension 40.7 Current DMARD, n 2.1(1.1)
Systolic BP, mmHg 128 (15) Biological disease-modifying agents
Diastolic BP, mmHg 81 (8) TNF-a inhibitors 8.5
Total cholesterol, mmol/l 4.5(1.0) Abatacept 2.8
HDL cholesterol, mmol/l 1.66 (0.46) Nonsteroidal antiinflammatory drugs 34.5
LDL cholesterol, mmol/l 24(0.9) Prednisone use 2.3
Triglycerides, mmol/l 1.0(0.7-1.3) CKD-EPI, ml/min/1.73 m? 99.3 (87.3-107.6)
Cholesterol-HDL cholesterol ratio 2.7(2.3-32) Heart rate, bpm 72 (12)
Cholesterol-HDL cholesterol ratio > 4, % 9.0 Framingham score 29(54)
Dyslipidemia 475 Arterial function
Diabetes 5.6 Central systolic BP, mmHg 126 (16)
Glucose, mmol/l 49 45-5.1) Central diastolic BP, mmHg 84 (9)
HOMA-IR 14 (1.0-1.9) Central pulse pressure, mmHg 42 (14)
Cardiovascular agents Aortic-femoral pulse wave velocity, m/sec 8.0 (6.1-9.3)
Antihypertensives 40.1 Aortic augmentation index, % 31 (11)
Statins 40.1 Forward wave pressure, mmHg 28 (9)
Ezetimibe 10.7 Reflected wave pressure, mmHg 21 (8)
Oral glucose-lowering agents 23 Reflection magnitude, % 75 (23)
Insulin 1.7 Pulse pressure amplification 1.22 (1.16-1.31)
RA characteristics Peripheral pulse pressure, nmHg 47 (13)

RA duration, yrs 14.5 (9.0-21.7)

HDL: high-density lipoprotein; LDL: low-density lipoprotein; BP: blood pressure; HOMA-IR: homeostatic model assessment of insulin resistance; RA:
rheumatoid arthritis; RF: rheumatoid factor; ACPA: anticitrullinated protein antibodies; ESR: erythrocyte sedimentation rate; Stanford HAQ-DI: Stanford
Health Assessment Questionnaire—Disability Index; DMARD: disease-modifying antirheumatic drugs; TNF: tumor necrosis factor; CKD-EPI: Chronic Kidney

Disease Epidemiology Collaboration.
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Disparities in arterial function measures among patients
with RA with a different population origin are given in Table
2. Significant differences in mean values (logarithmic trans-
formation was applied for data with non-normal distribution)
across groups were observed for central pulse pressure and
the forward and reflected wave pressure.

Table 3 shows the bivariate relations between the evalu-
ated arterial function measures. Reflected wave pressure,
central systolic pressure, and central and peripheral pulse
pressure were each related to all other measurements. Pulse
wave velocity was associated with other measurements
except for the augmentation index and reflection magnitude,
and a borderline significant relationship (p = 0.06) to pulse
pressure amplification.

Associations of patient characteristics with arterial function.
Table 4 shows the age, sex, race, heart rate, body height, and
systolic and diastolic adjusted significant associations of
other patient characteristics with arterial function; apart from
race, these potential confounders were indeed each associated
with 1 to 5 of the evaluated arterial function measures as
reported in non-RA populations!2-34--6.7.8.9,10-14,

The analysis revealed that a further 20 patient character-

istics were, to a variable extent, significantly related to
arterial function. These features were lifestyle factors
(exercise and alcohol consumption), anthropometric
measures [body mass index (BMI), waist circumference and
waist-to-hip ratio], metabolic risk factors [total and
high-density lipoprotein (HDL) cholesterol concentrations
and homeostatic model assessment for insulin resistance
(HOMA-IR)], cardiovascular drug use (statins and insulin),
Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) estimated glomerular filtration rate, RA charac-
teristics [disease duration, deformed joint count, RF status,
C-reactive protein (CRP) levels and leukocyte count], and
RA treatment with methotrexate (MTX), chloroquine, tetra-
cycline, and tumor necrosis factor (TNF)-a inhibition.
Among anthropometric measures, BMI was associated with
3 arterial function measures whereas waist circumference
and waist-to-hip ratio related to only 1 of the respective
variables. Also, among markers of cumulative inflammation,
disease duration was associated with 6 arterial function
measures whereas deformed joint count related to only 1 of
the respective measures. Recorded characteristics that were
not associated with arterial function are given in Supple-
mentary Table 1, available from the authors on request.

Table 2. Arterial function among patients with rheumatoid arthritis from different population groups. Results are expressed as mean (SD) and median (interquartile
range) for normally and non-normally distributed characteristics, respectively.

Measurement White,n =118 Asian,n =32 Black,n =22 Mixed,n=5 p

Central systolic BP, mmHg 127 (16) 123 (15) 125 (15) 131 (17) 05
Central pulse pressure, mmHg 44 (14) 37 (11) 39 (13) 46 (11) 0.02
Pulse wave velocity, m/s 7.3 (5.9-10.0) 7.2 (63-8.3) 7.3 (6.2-8.5) 7.5(3.3-15.0) 0.7
Augmentation index, % 30 (11) 32(12) 37 (11) 31(7) 0.08
Forward wave pressure, mmHg 29 (8) 25 (8) 24 (9) 32 (13) 0.01
Reflected wave pressure, mmHg 22 (8) 17 (5) 19 (7) 22 (4) 0.02
Reflection magnitude, % 75 (24) 70 (19) 81 (26) 74 (16) 04
Pulse pressure amplification 1.22 (1.15-1.32) 1.24 (1.17-1.32) 1.22 (1.16-1.28) 1.21 (1.12-1.42) 0.9
Peripheral pulse pressure, mmHg 48 (13) 42 (10) 44 (17) 49 (19) 0.07

Intergroup comparisons were made by the ANOVA test with logarithmic transformation of pulse wave velocity and pulse pressure amplification. Significant
disparities are shown in bold. BP: blood pressure.

Table 3. Bivariate relations among arterial function measurements in 177 patients with rheumatoid arthritis. Results are expressed as Pearson correlation
coefficients (p).

Pulse Wave Augmentation Reflected Reflection Central Central Peripheral Pulse Forward
Velocity Index Wave Magnitude  Systolic BP Pulse Pulse Pressure Wave
Pressure Pressure Pressure  Amplification Pressure
Pulse wave velocity 1
Augmentation index 0.10 (0.2) 1
Reflected wave pressure 0.27 (<0.01) 0.54 (<0.01) 1
Reflection magnitude 0.07(04) 0.78 (<0.01) 0.62 (<0.01) 1
Central systolic BP 0.39 (<0.01) 0.35(<0.01) 0.76 (<0.01) 0.30 (<0.01) 1
Central pulse pressure 028 (<0.01) 042(<0.01) 096 (<0.01) 0.42(<0.01) 0.80 (<0.01) 1
Peripheral pulse pressure ~ 0.29 (<0.01) 0.21 (0.01) 0.66 (<0.01) 0.25(<0.01) 0.64 (<0.01) 0.68 (<0.01) 1
Pulse pressure amplification —0.15 (0.06) -0.76 (< 0.01)-0.59 (< 0.01) -0.70 (< 0.01)-0.37 (< 0.01)-0.48 (< 0.01) —0.18 (0.02) 1
Forward wave pressure 028 (<0.01) -0.04(0.6) -0.16(0.03) -0.16(0.03) 0.66 (<0.01) 0.80 (<0.01) 0.57 (<0.01) -0.06(04) 1

Significant associations are shown in bold. 'Logarithmically transformed. BP: blood pressure.
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Table 4. Associations of baseline characteristics with arterial function in 177 patients with rheumatoid arthritis.

Characteristic ~ Arterial Stiffness Wave Reflection Pressure Pulsatility
Pulse wave Augmentation Reflected  Reflection Central Central Peripheral Pulse Forward
velocity index wave magnitude  systolic BP pulse pulse pressure wave
pressure pressure pressure! amplification pressure

Partialr p Partialr p Partialr p Partialr p Partialr p Partialr p Partialr p Partialr p Partialr p
Age 037 <001 003 07 030 <001010 02 020 0.01 031 <0.01038 <0.01 -0.13 0.1 022 001
Female -009 03 022 001 0.14 008 019 0.01 001 09 009 02 007 04 -017 003 005 05
Heart rate 005 06 -042<0.01 -0.54 <0.01-0.56 <0.01 -0.24 <0.01 -041 <0.01 004 06 070 <0.01 008 03
Body height 002 08 =019 002 -0.17 0.03 -0.17 003 -006 05 -0.14 008 004 06 019 001 005 05
SBP 0.15 006 020 001 0.64 <001 0.23 <001 0.66 <0.01 063 <0.01 — — =016 0.04 047 <001
DBP 006 05 003 07 -036 <0.01-006 05 007 04 -037 <0.01 — — 005 05 -0.28 <0.01
Exercise -001 09 -0.11 02 -0.10 02 -006 05 -0.15 005 -0.11 02 -0.12 0.1 0.10 02 007 04
Alcohol 006 05 009 02 -001 09 011 01 -004 07 -004 06 -0.16 0.02 -0.13 0.1 -0.10 02
BMI? -0.11 02 -022<0.01 -0.19 0.02 —0.13 009 -0.14 008 -0.13 0.1 001 09 023 <001 -002 08
Waist -006 05 -0.15 007 -0.12 0.1 -009 03 -003 07 -007 04 002 08 019 002 002 038
WHR 005 06 -006 04 -006 05 -003 07 006 05 -006 05 003 07 018 0.02 -006 05
Statin 006 05 -004 06 004 06 -008 03 021 0.01 0.10 02 005 05 009 02 0.10 02
Insulin treatment -0.07 04 0.10 02 0.00 10 010 02 -016 004 001 09 016 004 -0.12 0.1 -0.06 04
RA duration? 018 003 009 03 029 <0.010.14 007 020 0.01 028 <0.01021 001 -0.12 0.1 0.17  0.03
CRP -0.13 0.1 -007 04 -0.10 02 008 03 -0.12 01 -0.16 004 017 003 008 03 -0.16 0.05
Deformed joint 001 09 007 04 0.4 008 006 05 019 001 0.15 006 000 10 -002 08 0.13 0.1
RF-positive 002 09 009 03 017 003 010 022 006 04 0.14 007 007 04 =017 0.03 008 03
WwCC 0.00 10 0.0 0.1 0.15 007 017 003 009 03 011 02 010 02 -0.12 0. 001 09
Methotrexate 0.16 005 -005 06 003 07 -006 05 004 06 008 03 050 06 -001 09 0.11 02
Chloroquine 002 08 001 09 -003 07 003 07 -008 03 -004 06 -017 003 -002 038 004 06
Tetracycline 007 04 -002 08 003 07 -007 04 005 05 006 05 -018 002 001 0.9 0.10 02
TNF-a inhibitor  -0.19 0.02 -0.14 008 -006 05 -009 03 -004 06 -001 09 005 05 016 0.04 004 06
CKD-EPI* -028 <0.01 0.16 007 -005 06 007 04 -003 07 -009 03 -025 <001 -0.10 02 -0.13 0.1
Total cholesterol 002 08 020 0.01 0.03 07 021 0.01 001 09 -004 06 007 04 -020 0.01 -0.13 009
HDL cholesterol 009 03 020 0.01 0.14 008 022 <0.01 007 04 005 06 004 06 -022 <001 -008 03
HOMA-IR -003 08 -020 002 -007 04 -007 04 -003 07 -002 08 011 02 009 03 000 10

Associations were assessed in age, sex, race, body height, heart rate, and systolic and diastolic BP adjusted linear regression models with exceptions as stated
below. Non-normally distributed variables were log transformed prior to being entered in the models. Significant associations are shown in bold. !Systolic
and diastolic BP were not included in the models because these characteristics form part of brachial BP measurements. 2Body height was not entered into the
models because this characteristic is included in BMI calculation. 3Age at time of the study was replaced by age at disease onset, to avoid duplication. *Age,
sex, and race were not entered into the models because these characteristics are included in CKD-EPI calculation. SBP: systolic blood pressure; DBP: diastolic
blood pressure; BMI: body mass index; RA: rheumatoid arthritis; WHR: waist-hip ratio; CRP: C-reactive protein; RF: rheumatoid factor; WCC: white cell
(leukocyte) count; TNF: tumor necrosis factor; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; HDL: high-density lipoprotein; HOMA-IR:

homeostatic model assessment for insulin resistance.

Independent relationships of patient characteristics with
arterial function. In view of the large number of associations
between recorded characteristics and arterial function
measures in the previous analysis, patient characteristic—
arterial function relationships were further evaluated in
stepwise backward regression models. These results are given
in Table 5. Except for waist circumference, waist-to-hip ratio,
and deformed joint count, each patient characteristic shown
in Table 3 was entered consistently into the models; race was
additionally forced into the models. The CKD-EPI was
rejected by the analysis owing to co-linearity with age.
Besides HDL cholesterol concentrations and chloroquine,
all analyzed characteristics were independently associated
with at least 1 and up to 8 of the 9 evaluated arterial function
measures. Age and brachial systolic or mean BP related to
large, and body height and diastolic BP to low measures of
arterial function, as reported in non-RA populations. Race

was also directly associated with augmentation index and
inversely to peripheral pulse pressure. In this regard, the
mean (SD) augmentation index values were lower in whites
[130 (11)] compared to patients from other population groups
[131 (7) to 137 (11); Table 2] whereas peripheral BP was
larger in white [48 (13)] than in Asian [42 (10)] and black
[44 (17)] RA participants. Exercise, alcohol consumption,
and insulin therapy were associated with favorable, and total
cholesterol concentrations with unfavorable arterial function
measures. Statin therapy was paradoxically associated with
increased central systolic BP (partial r = 0.28,p < 0.01). The
mean (SD) Framingham score was 4.1 (6.4) and 2.1 (4.5) in
patients taking statins compared to patients not taking them
(p<0.01), respectively. BMI (partial r =—0.19, p =0.02) and
HOMA-IR (partial r =-0.20, p = 0.01) were each paradoxi-
cally related to low augmentation index values. BMI was
further paradoxically associated with a large pulse pressure
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Table 5. Independent relationships of baseline characteristics with arterial function in 177 patients with rheumatoid arthritis.

Characteristic ~ Arterial Stiffness Wave Reflection Pressure Pulsatility
Pulse wave Augmentation Reflected  Reflection Central Central Peripheral Pulse Forward
velocity index wave magnitude  systolic BP pulse pulse pressure wave
pressure pressure pressure! amplification pressure

Partialr p Partialr p Partialr p Partialr p Partialr p Partialr p Partialr p Partialr p Partialr  p
Age 027 <001 — — 029 <001 — — — — 033 <0.01024 <001 — - 031 <0.01
Female -022 0.01 0.16 0.05 — - = — — — — - = — - - - —
Race? — — 021 0.01 — - = — — — — — 028 <001 — — — —
Body height — — =027 <0.01 -0.39 <0.01-043 <0.01 — — =032 <0.01 — — 042 <0.01 — —
Heart rate - — 043 <0.01 -0.56 <0.01-0.62 <0.01 -0.27 <0.01 -041 <0.01 — — 074 <001 016 0.05
SBP 027 <001 032 <0.01 0.66 <0.01 0.26 <0.01 0.79 <0.01 0.67 <0.01 — — =025 <001 051 <0.01
DBP — — - — =034 <001 — — — — =037 <0.01 — — - - -0.31 <0.01
Mean BP - — — — — - = - — - — — 046 <001 — - - —
BMI? — — =019 002 — - = — — — — — 029 <0.01 020 0.01 — —
Exercise - — — — — — — - — - — - = — 0.19  0.02 — —
Alcohol - — — — — - = - — - — — =027 <001 — - - —
Statin — — - = — - = — 028 <0.01 — - = — - — — —
Insulin Rx — — - — =024 <001 — — =030 <001 -029 <0.01 — — =019 002 -030 <0.01
RA duration* — — - = — — 017 004 — — — - = — - - — —
CRP -0.17 005 — — — - = — — — 024 <0.01 — — - — -0.20 0.01
RF-positive — — - — 020 001 — — — — 018 0.03 -— — =019 0.2 — —
wCC - — — — 016 005 019 002 — — 016 0.05 -— — - - - —
Methotrexate 019 003 — — — — — — — — — - = — - — — —
Chloroquine — — — — — — — — — — — - = — — — — —
Tetracycline — — — — — — — — — — — — =020 0.02 - — — —
TNF-a -025 <001 — — — - = — — — — - = — 023 <0.01 — —
Total chol. — — 024 <0.01 — — 026 <0.01 — — — - = — =018 0.03 — —
HDL chol. — — — — — — — — — — — - - — - - — —
HOMA-IR — — =020 001 — - = — — — — — 021 <001 — — — —
Model R? 0.37 048 0.71 048 0.68 0.68 048 0.63 0.46

Significant associations are shown in bold. Relationships were assessed in stepwise backward regression models; all patient characteristics (other than waist
circumference, waist-to-hip ratio, and no. deformed joints) were consistently entered as independent variables with exceptions as stated below, and race was
additionally forced into the models. The Chronic Kidney Disease Epidemiology Collaboration was rejected in the analysis because of co-linearity with age.
ISystolic and diastolic blood pressure were replaced by mean arterial pressure in the model. 2 White = 1; Asian = 2; black = 3; mixed = 4. *Height was not
entered into the model.*Age at time of the study was replaced by age at disease onset in the model. SBP: systolic blood pressure; DBP: diastolic blood pressure;
BP: blood pressure; BMI: body mass index; Rx: treatment; RA: rheumatoid arthritis; CRP: C-reactive protein; RF: rheumatoid factor; WCC: white cell
(leukocyte) count; TNF: tumor necrosis factor; chol: cholesterol; HDL: high-density lipoprotein; HOMA-IR: homeostatic model assessment for insulin resistance.

amplification (partial r =0.20, p =0.01) and HOMA-IR with
peripheral pulse pressure (partial r =-0.21,p < 0.01).

Among RA characteristics, disease duration was
associated with reflection magnitude (partial r = 0.17, p =
0.04) and RF status was related to central pulse pressure
(partial r = 0.18, p = 0.03), reflected wave pressure (partial
p=0.20,p=0.01), and pulse pressure amplification (partial
r =-0.19, p = 0.02). Leukocyte count was also directly
related to central pulse pressure (partial r = 0.16, p = 0.05),
reflected wave pressure (partial r = 0.16, p = 0.05), and
reflection magnitude (partial r = 0.19, p = 0.02). In this
regard, the leukocyte count was associated with the logarith-
mically transformed CDAI (Pearson r = 0.21, p < 0.01),
DAS28 (Pearson r = 0.19, p = 0.01), and logarithmically
transformed CRP concentrations (Pearson r = 0.34, p <
0.01). Neither RA duration nor RF status and leukocyte
count were related to pulse wave velocity and augmentation
index.

CRP concentrations were paradoxically related to low
central pulse pressure (partial r =-0.24,p <0.01), pulse wave
velocity (partial r = -0.17, p = 0.05), and forward wave
pressure (partial r = -0.20, p = 0.01) values.

Regarding RA treatment, TNF-o inhibition was associated
with reduced pulse wave velocity (partial r =-0.25,p <0.01)
and increased pulse pressure amplification (partial r = 0.23,
p <0.01) whereas tetracycline use (partial r =-0.20,p =0.02)
was related to low peripheral pulse pressure. MTX use was
paradoxically associated with large pulse wave velocity
(partial r = 0.19, p = 0.03). The joint deformity count tended
to be larger in patients using MTX [median (IQR) =1 (0-11)]
compared to those who did not [median (IQR) =0 (0-3);p =
0.08]. Therefore, MTX use may have represented a disease
severity marker in the present context.

Overall, the recorded patient characteristics explained
37% (pulse wave velocity) to 71% (reflected wave pressure)
of the variability in arterial stiffness.
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DISCUSSION

Our present study explored the potential effect of a wide
range of traditional cardiovascular risk factors and disease
characteristics on different aspects of arterial function in
patients with RA. The data analysis produced several novel
findings. In previous RA studies, pulse wave velocity and
augmentation index were the most frequently investigated
central hemodynamic measures?!. In our investigation,
disease duration that represents cumulative inflammation and
RF positivity that characterizes severe RA2> were associated
with central pulse pressure and wave reflection markers
independent of brachial BP and other potential confounders,
but unrelated to pulse wave velocity or augmentation index.
RF status was further associated with reduced pulse pressure
amplification, which also predicts incident cardiovascular
events in non-RA populations®#16. Additionally, the leuko-
cyte count that represented disease activity in this RA
population was similarly associated with central pulse
pressure and wave reflection, not with pulse wave velocity
or augmentation index. Leukocyte count as an inflammatory
marker was previously reported to represent an indicator of
arterial stiffness in non-RA persons?® and atherosclerosis in
patients with RA%7.

Associations of cumulative inflammation, and disease
activity and severity as assessed by area under the curve
erythrocyte sedimentation rate (ESR), CDAI, or DAS28
and Health Assessment Questionnaire—Disability Index
(HAQ-DI), respectively, with arterial stiffness were reported
in some?829-30 but not all3! previous RA studies. In our
present study, in contrast to leukocyte counts, no relationships
were identified between CDAI or DAS28 and HAQ-DI and
any of the 9 evaluated arterial function measures. However,
the majority of patients in the present investigation experi-
enced either low disease activity or remission, which could
have accounted for our findings.

We found that RA treatment related to arterial stiffness.
TNF-o inhibition was associated with reduced pulse wave
velocity, in keeping with findings in most previous RA
studies’?. TNF-a inhibition was also associated with
increased BP amplification in our present study. Interestingly,
Vassilopoulos and colleagues3? reported a reduction in pulse
wave velocity with adalimumab that occurred irrespective of
treatment response and was unrelated to decreases in DAS28
among patients with RA. We further report for the first time,
to our knowledge, that tetracycline use is associated with a
reduced peripheral pulse pressure in RA. In this regard,
matrix metalloproteinases (MMP) play a pivotal role in
vascular changes induced by HTN and arterial stiffness4.
Doxycycline, the tetracycline used in our patients, comprises
a potent MMP inhibitor and reduces functional and structural
alterations in HTN as well as arterial stiffness*. The potential
role of doxycycline in cardiovascular risk prevention in RA
merits further longitudinal investigation.

BMI and insulin resistance were associated with reduced

augmentation index and peripheral pulse pressure. BMI
additionally related to increased pulse pressure amplification.
An inverse relationship of adiposity and insulin resistance
with arterial function markers has been increasingly
documented in non-RA subjects33-36-37-38 Indeed, excess
adiposity is associated with reduced wave reflection in
indigenous Australians® as well as Korean subjects3® with
metabolic syndrome. In indigenous Australians, fasting
insulin concentrations were also related to decreased wave
reflection’. Circulating concentrations of free fatty acids that
are major initiators of insulin resistance are associated with
a reduced augmentation index and central systolic BP and
increased pulse pressure amplification3”. The Toon Health
study reported an inverse relationship between insulin
resistance and central BP38. Upon applying separation
analysis in diabetic patients, Chirinos and colleagues’®
recently reported reduced wave reflection that may account
for increased penetration of pulsatile energy to distal vascular
beds, and thereby enhance microvascular disease. Compen-
satory hyperinsulinemia in response to insulin resistance may
induce vasodilation, leading to reduced central pressures and
wave reflection8. In this regard, insulin treatment was also
associated with reduced central pressures and wave reflection
in our present study. Although insulin administration lowers
arterial stiffness in healthy as well as diabetic persons*’, the
latter finding should be interpreted with caution because only
3 patients with RA used insulin in this investigation.

A third of our patients exercised regularly and/or
consumed low or moderate alcohol quantities (data not
shown). A metaanalysis documented that aerobic exercise
reduces pulse wave velocity and the augmentation index in
non-RA persons*!. Individualized exercise was documented
to reduce cardiovascular risk in RA*2. Light and moderate
alcohol consumption is associated with pulse wave velocity
in non-RA subjects*3. In this study, exercise was related to
pulse pressure amplification and alcohol consumption to
reduced peripheral pulse pressure.

Hypercholesterolemia increases arterial stiffness and
central but not peripheral BP**. Total and low-density
lipoprotein cholesterol as well as triglyceride concentrations
were both related to central BP and wave reflection markers
in previous non-RA studies®. In the present investigation,
total cholesterol concentrations were independently associ-
ated with increased augmentation index and reflection
magnitude, and reduced pulse pressure amplification.

Arterial stiffness and wave reflections are the most
important determinants of systolic and pulse pressure!%4¢. In
concert, these hemodynamic changes increase cardiac
workload and affect coronary, cerebral, and renal blood flow,
and are associated with atherosclerosis'®*¢. Our results
suggest that lifestyle intervention, adequate treatment of
traditional cardiovascular risk factors, and disease control
may reduce cardiovascular risk by improving arterial
function in RA. Notably in this regard, we found more
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consistent relationships of cardiovascular risk factors and RA
characteristics with wave reflection and pressure pulsatility
than with arterial stiffness.

We evaluated a comprehensive panel of arterial function
measures and consistently adjusted for recognized and newly
identified potential confounders. However, we assessed a
large number of associations and used backward regression
models on data obtained in a study with a cross-sectional
design, which precludes drawing conclusions on the direction
of causality. These limitations may have contributed to our
finding of an inverse relationship of CRP concentrations with
pulse wave velocity and central pulse pressure, and a direct
association of statin therapy with central systolic BP. Indeed,
CRP concentrations are reportedly associated with increased
pulse wave velocity in RA?! and several studies have shown
a beneficial effect of statin therapy on arterial stiffness in
non-RA persons*’, as well as in those with RA*8, We did not
include a healthy control group, and future interventional
studies are clearly indicated. Cumulative ESR values and
CRP concentrations?® represent better markers of inflam-
mation accrued over time than disease duration, but were not
recorded in the present study.

Traditional cardiovascular risk factors and disease charac-
teristics are consistently related to vascular hemodynamic
alterations in RA. The relative effect of arterial stiffness, wave
reflection, and pressure pulsatility in the enhanced CVD risk
among patients with RA needs further investigation.
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Supplementary Table 1. Baseline characteristics that were not associated with central pressures and arterial stiffness measures in 177 rheumatoid arthritis patients.

Central Central pulse Pulse wave Augmentation | Forward wave Reflected Reflection Pulse pressure | Peripheral pulse

systolic pressure velocity index pressure wave pressure magnitude amplification pressure1

pressure
Characteristic partial p partial P partial p partial p partial p partial p partial p partial p partial p

r r r r r r r r r

Race? 0.03 0.7 -0.06 0.5 0.02 0.8 0.14 0.08 | -0.09 0.3 -0.06 0.5 0.07 0.4 -0.06 0.4 -0.08 0.3
Smoking 0.10 0.2 -0.05 0.6 0.01 0.9 0.14 0.08 | -0.10 0.2 0.01 0.9 0.10 0.2 -0.15 | 0.06 -0.01 0.9
Ezetimibe 0.07 0.4 0.07 0.4 0.05 0.6 -0.03 0.7 0.01 0.9 0.10 0.2 0.04 0.6 0.11 0.2 -0.06 0.4
OGLA -0.13 0.1 -011 0.2 -0.08 0.3 0.03 0.7 -0.13 0.1 -0.08 0.3 0.03 0.7 -0.06 0.5 0.02 0.8
CDAI 0.06 0.5 -0.02 0.8 -0.06 0.5 0.05 0.5 0.02 0.8 -0.04 0.6 -0.02 0.9 -0.08 0.3 0.06 0.5
DAS28 0.02 0.8 -0.06 0.5 -0.10 0.2 -0.04 0.6 0.00 1.0 -0.08 0.3 -0.05 0.5 -0.05 0.5 0.06 0.4
ESR -0.02 0.8 -0.01 0.9 -0.15 | 0.09 | -0.10 0.2 0.04 0.6 -0.02 0.8 -0.04 0.6 -0.03 0.7 0.08 0.3
ACPA 0.06 0.4 0.10 0.2 -0.01 0.9 0.02 0.8 0.09 0.3 0.06 0.4 -0.02 0.8 -0.02 0.8 0.07 0.4
EA manifestations | 0.10 0.2 0.07 0.4 0.05 0.5 0.02 0.8 0.06 0.4 0.10 0.2 0.03 0.7 0.00 1.0 0.02 0.8
HAQ-DI 0.05 0.6 -0.03 0.7 -0.07 0.4 -0.05 0.6 0.07 0.4 -0.09 0.2 -0.10 0.2 0.07 0.4 -0.07 0.4
Leflunomide 0.03 0.7 0.04 0.6 0.04 0.6 0.02 0.8 0.07 0.4 0.02 0.8 -0.10 0.2 0.05 0.6 -0.04 0.6
Sulphasalazine 0.07 0.4 0.01 0.9 0.05 0.5 -0.07 0.4 0.04 0.7 -0.01 0.9 -0.06 0.5 0.04 0.6 -0.09 0.2
Azathioprine 0.03 0.7 0.06 0.5 -0.03 0.7 0.08 0.3 0.01 0.9 0.07 0.4 0.09 0.3 -0.09 0.3 -0.13 0.1
Abatacept -0.03 0.7 -0.04 0.6 0.11 0.2 -0.07 0.4 -0.04 0.6 -0.04 0.6 -0.04 0.7 0.09 0.2 -0.09 0.3
NSAIDs -0.08 0.3 0.02 0.8 0.03 0.7 0.00 1.0 0.07 0.4 0.03 0.7 -0.04 0.6 0.05 0.6 0.10 0.2
Prednisone 0.06 0.4 0.06 0.5 0.03 0.8 0.07 0.4 -0.01 0.9 0.08 0.3 0.08 0.3 0.00 1.0 0.06 0.5
Total C/HDL C 0.11 0.2 -0.08 0.3 -0.06 0.5 -0.03 0.7 -0.04 0.6 -0.10 0.2 -0.04 0.6 0.09 0.3 0.06 0.5
Total C/HDL C >4 0.12 0.1 -0.03 0.7 -0.08 0.3 0.03 0.3 -0.03 0.8 -0.04 0.6 -0.04 0.6 -0.01 0.9 0.13 0.1
LDL cholesterol 0.05 0.6 -0.07 0.4 -0.02 0.8 0.10 0.2 -0.09 0.3 -0.05 0.5 0.10 0.2 -0.15 | 0.07 0.09 0.2
Triglycerides -0.03 0.7 -0.04 0.6 -0.04 0.5 0.00 1.0 -0.07 0.4 -0.02 0.8 0.05 0.5 0.10 0.2 -0.00 1.0
Diabetes 0.09 0.3 0.12 0.1 -0.05 0.5 0.09 0.2 0.05 0.6 0.1 0.2 0.08 0.3 -0.1 0.2 0.12 0.1
Glucose -0.10 0.2 -0.05 0.5 -0.04 0.6 -0.07 0.4 -0.09 0.3 -0.01 0.9 0.08 0.3 0.06 0.4 0.04 0.6

Associations were assessed in age, gender, race, body height, heart rate and systolic and diastolic blood pressure adjusted linear regression models with one exception as stated

below ().

Non-normally distributed variables were log transformed prior to entering them in the models.
OGLA: oral glucose lowering agents; CDAI: clinical disease activity score; DAS 28: disease activity score in 28 joints; ESR: erythrocyte sedimentation rate; ACPA: anti-

citrullinated peptide antibody; EA: extra-articular; HAQ-DI: Stanford Health Assessment Questionnaire disability index; NSAIDs: non-steroidal anti-inflammatory drugs; C:
cholesterol; HDL: high

density lipoprotein; LDL: low-density lipoprotein.

1Systolic and diastolic blood pressure were not included in the models.

2White=1; Asian=2; Black=3; Mixed=4.



Paper 1 - Cardiovascular risk factors and disease characteristics are consistently

associated with arterial function in rheumatoid arthritis

Paper 1 showed that RA disease characteristics and cardiovascular risk factors are consistently
associated with impaired arterial function including arterial stiffness and increased wave reflection
and pressure pulsatility. Impaired arterial function may therefore represent a link between RA and
the reported increased risk of atherosclerotic CVD. Can impaired arterial function impact on
atherosclerosis in patients with RA and, if this is the case, which arterial properties are most

important in the present context?

30



Arterial wave reflection and subclinical atherosclerosis in rheumatoid
arthritis

S. Gunter', C. Robinson', A.J. Woodiwiss', G.R. Norton', H.-C. Hsu', A. Solomon?, L.Tsang"?,
A.M.E. Millen™, P.H. Dessein">*

'Cardiovascular Pathophysiology and Genomics Research Unit, School of Physiology, Faculty of
Health Sciences, University of the Witwatersrand, Johannesburg, South Africa.

’Rheumatology Division, Charlotte Maxeke Johannesburg Academic Hospital, Faculty of Health
Sciences, University of the Witwatersrand, Johannesburg, South Africa.

*Rheumatology Division, Universitair Ziekenhuis Brussel (UZB), Belgium.

*Vrije Universiteit Brussel (VUB), Belgium.

Sule Gunter MSc

Chanel Robinson MSc

Angela J Woodiwiss PhD

Gavin R Norton MBBCH, PhD

Hon-Chun Hsu MBBCH, FCP (SA)

Ahmed Solomon MBBCH, FCP (SA)

Linda Tsang

Aletta ME Millen PhD

Patrick H Dessein MD, FCP (SA), FRCP (UK), PhD

Supported by the South African National Research Foundation and Medical Research Council.
Address correspondence and reprint requests to Patrick H Dessein, Vrije Universiteit Brussel and

Universitair Ziekenhuis Brussel, Rheumatology Division, Laarbeeklaan 101, 1090 Brussel, Belgium.
Tel: +32(0)2 477 7712, Fax +32(0)2 477 6038, E-mail address: patrick.dessein22@gmail.com

* PH Dessein and AME Millen share senior authorship.

Running title: Wave reflection and atherosclerosis in RA



Abstract

Objective. Atherosclerotic cardiovascular disease risk is increased in rheumatoid arthritis (RA).
Wave reflection occurs at arterial branching points, which are particularly prone to atherosclerosis.
We explored the relationship of wave reflection with atherosclerosis in RA.

Methods. One hundred and sixty three RA patients (110 white, 31 Asian, 17 black and 5 of mixed
ancestry) without cardiovascular disease participated. Arterial stiffness, wave reflection, pressure
pulsatility, plaque in the extracranial carotid artery tree and the mean of the left and right common
carotid arteries intima-thickness were determined. Associations were identified in multivariable
regression models.

Results. One SD increase in reflected wave pressure (OR (95% CI) = 2.54 (1.41-4.44), p = 0.001),
reflection magnitude (OR (95% CI) = 1.84 (1.17-2.89), p = 0.008), central pulse pressure (OR (95%
Cl)=1.89 (1.12-3.22), p = 0.02) and peripheral pulse pressure (OR (95% CI) = 2.09 (1.23-3.57), p =
0.007) were associated with plaque. The association of wave reflection with plague was
independent of arterial stiffness and pressure pulsatility, and was present in both hypertensive and
normotensive RA patients. In receiver operator characteristic curve analysis, the optimal cutoff
value for reflected wave pressure in predicting plaque presence was 25 mmHg with a sensitivity,
specificity, positive predictive value and negative predictive value of 45.2%, 89.3%, 78.6% and
66.2%, respectively; a reflected wave pressure of >25 mmHg was associated with plaque in
univariate and adjusted analysis (p <0.0001 for both). Arterial function was not independently
related to carotid intima-media thickness.

Conclusion. Consideration and therapeutic targeting of wave reflection may improve cardiovascular

disease prevention in RA.

Key words: wave reflection, arterial stiffness, pressure pulsatility, atherosclerosis, rheumatoid

arthritis



Introduction

Aging and exposure to cardiovascular risk factors is associated with impaired arterial function (1-
14). This results in hemodynamic changes that increase left ventricular afterload and reduce
coronary blood flow (1-14). Impaired arterial function predicts end organ damage, heart failure and
cardiovascular mortality (1-14).

The state-of-the-art estimation of arterial stiffness is by measurement of pulse wave velocity (5).
However, besides age and blood pressure, there is little or no association between cardiovascular
risk factors and pulse wave velocity (13). Whether arterial stiffness is related to atherosclerosis in
non-RA subjects remains uncertain as studies addressing this association have produced conflicting
results (13). In this regard, increased arterial wave reflection and pressure pulsatility represent
other arterial properties that predict cardiovascular event rates (1-5, 7-14). Wave reflection occurs
at arterial branching points and is further influenced by arterial wall content (5,7-9).

The increased risk of atherosclerotic cardiovascular disease in rheumatoid arthritis (RA) is well
documented (15). Patients with RA categorized as having moderate cardiovascular risk when risk
charts are used often have carotid plaques (16). This finding unveils the high subclinical
atherosclerotic burden observed in these patients. A recent meta-analysis reported enhanced pulse
wave velocity and augmentation index in RA (17). Avalos and colleagues (18) found that the
augmentation index was related to coronary artery calcification in RA but this association was
attenuated (p=0.09) upon adjustment for potential confounders. We recently reported that pulse
wave velocity and augmentation index are not independently associated with carotid atherosclerosis
in Spanish patients with RA (19). Arterial branching points are the sites that are particularly prone to
atherosclerosis due to a departure from the axially aligned unidirectional flow and reduced wall
shear stress (20,21). In this study, we hypothesised that wave reflection as assessed in separation
analysis (5,7-10), is associated with atherosclerosis in RA. Additionally, we aimed to validate our
previously reported findings on the lack of association of pulse wave velocity and augmentation

index with atherosclerosis in patients with RA (19).



Patients and methods

Patients

We enrolled 163 consecutive patients (110 white, 31 Asian, 17 black and 5 of mixed ancestry) that
fulfilled the 2010 ACR/European League Against Rheumatism (EULAR) criteria for RA (22) and
were free of established cardiovascular disease at the Milpark Hospital, Johannesburg, South
Africa. This cross-sectional study obtained approval from the University of Witwatersrand Human
(Medical) Research Ethics Committee (approval number: M06-07-33; protocol number: M120562) in

Johannesburg, South Africa. Each participant gave written, informed consent.

Baseline characteristics

Standardized methods were used to record baseline characteristics (23). Briefly, demographic
features, lifestyle factors, anthropometric measures, metabolic risk factors, RA characteristics and
cardiovascular and antirheumatic agent use were evaluated. Disease activity was estimated by the
Clinical Disease Activity Index (CDAI) and Disease Activity Score in 28 joints (DAS28), and physical
impairment by the Stanford Health Assessment Questionnaire disability index. C-reactive protein
was measured by immunoturbidimetry and insulin using a chemiluminescent microparticle
immunoassay (Abbott Laboratories, Abbott Park, IL 60064 USA).

Hypertension was diagnosed when the average systolic blood pressure of = 140 and/or diastolic
blood pressure of 2 90mmHg and/or anti-hypertensive medication was employed. Dyslipidemia was
identified when the atherogenic index, i.e., the cholesterol/high density lipoprotein (HDL) ratio was >
4 (15) and/or lipid lowering agents were used. Diabetes was diagnosed in patients that employed
glucose lowering agents or had a fasting plasma glucose of =2 7mmol/l. The glomerular filtration rate
was estimated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation (24)

and the homeostatic model assessment of insulin resistance (25) was calculated.

Arterial function measurements
Central hemodynamic parameters were evaluated using radial applanation tonometry and

SphygmoCor software (26). Pulse wave velocity (27), aortic blood pressure and reflected and
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forward wave pressures were determined using a high-fidelity SPC-301 micromanometer (Millar
instument, Inc., Houston, Texas), interfaced with a computer utilizing SphygmoCor software, version
9.0 (AtCor Medical Pty. Ltd., West Ryde, New South Wales, Australia). After resting for 15 minutes
in the supine position, arterial waveforms at the radial (dominant arm), carotid and femoral artery
pulses were recorded for a time period of 10 consecutive waveforms (heart beats). The pulse wave
was calibrated by manual measurement (auscultation) of brachial BP taken immediately before the
recordings. Using a validated generalized transfer function incorporated in the SphygmoCor
software, the peripheral pressure waveform was converted into a central aortic waveform. When
systolic or diastolic variability of consecutive waveforms exceeded 5% or the amplitude of the pulse
wave signal was less that 80 mV, the recorded results were discarded. Aortic pulse wave velocity
was determined from sequential waveform measurements at carotid and femoral sites as previously
described. The time delay in pulse waves between the carotid and femoral sites was determined
using an ECG-derived R wave as a fudicial point. Pulse transit time was taken as the average of 10
consecutive beats. The distance which the pulse wave travels was determined as the difference
between the distance from the femoral sampling site to the suprasternal notch and the distance from
the carotid sampling site to the suprasternal notch.

The carotid-femoral pulse wave velocity was calculated as the distance between the carotid and
femoral pulses in meters divided by transit time in seconds. Central systolic blood pressure was
derived from the aortic wave form and central aortic pulse pressure was calculated from the
difference between central systolic blood pressure and central diastolic blood pressure. The
magnitude of the forward and reflected wave components of the aortic pressure waveform was
determined by the SphygmoCor software that separates the aortic waveform by employing a
modified triangular waveform. Augmentation index was defined as the augmented pressure
(difference between second and first systolic shoulder) expressed as a percentage of central pulse
pressure. Reflection magnitude was calculated as (reflected wave amplitude/forward wave
amplitude) x 100 and pulse pressure amplification as the radial pulse pressure divided by the aortic
pulse pressure. All measurements were made by a single experienced technician who was

unaware of the cardiovascular risk factor profiles of the patients. Brachial pressures were obtained



6
in all patients and technically sound wave reflection, and pulse wave velocity measurements in 157
and 150 participants, respectively. The intra-observer variability of tonometry measurements is low

in our setting (26).

Carotid artery ultrasound

Carotid artery ultrasound was performed using high resolution B-mode ultrasound (LOGIC E9, GE
Healthcare, USA) with software that provides semi-automated border detection and markedly
reproducible data. Images of at least 1cm length of the distal common carotid arteries were
obtained using a linear array 5-13 MHz probe. The optimal angle of incidence was used, defined as
the longitudinal angle of approach where both branches of the internal and external carotid artery
are visualized simultaneously. The carotid intima-media thickness (c-IMT) was defined as the mean
of the left and right common carotid arteries thickness. Plaque in the extracranial carotid tree was
defined according to the Mannheim consensus criteria (28). A single qualified technician who was
blinded to the cardiovascular risk profiles of the patients, performed all carotid ultrasound

measurements. The intra-observer variability of ultrasound measurements is low in our setting (23).

Data analysis

Results are presented as mean (SD), median (interquartile range (IQR)) or proportions as
appropriate. Non-normally distributed characteristics were logarithmically transformed prior to
statistical analysis.

The relationships of arterial function parameters with c-IMT and plaque were assessed in
multivariable linear and logistic regression models, respectively. These results were expressed as
partial correlation coefficient (r) and odds ratio (OR) (95% confidence interval (Cl)), respectively;
corresponding p values were provided. As age, sex, race, heart rate, body height, body weight and
brachial mean blood pressure are established potential confounders in the present context (5,9,10),
these characteristics were entered into each of the initial models. Subsequently, other baseline
characteristics (see Table 1) that had bivariate associations with the arterial function variables were

additionally entered as potential confounders in fully adjusted models on atherosclerosis.



7
Receiver operator characteristic (ROC) curve analysis was implemented when arterial function
measures were consistently related to atherosclerotic plaque. We calculated the Youden index and
applied Bayes’ theorem.
Statistical analysis was performed using IBM SPSS statistics program (version 23.0, IBM, USA). A

p-value of < 0.05 was considered significant. This included the construction of a ROC curve.

Results

Patient characteristics

Recorded patient characteristics are given in Table 1. Mean (SD) age and RA duration were 58.4
(11.7) and 16.0 (10.1) years, respectively. Hypertension, dyslipidemia and diabetes were observed
in 41.7%, 49.1% and 6.1% of the patients, respectively. Disease activity was overall mild with a
mean (SD) DAS28 of 2.9 (1.7) and median (IQR) CDAI of 5 (1-13). All except 12 (7.4%) patients
were using synthetic or biologic disease modifying agents. The median (IQR) pulse wave velocity

was 8.1 (6.2-9.4) m/sec and 46.6% of the patients had plaque.

Associations of arterial function with atherosclerosis in 163 RA patients

Table 2 shows that in univariate analysis, pulse wave velocity (partial r = 0.277, p = 0.001), reflected
wave pressure (partial r = 0.276, p < 0.001), central systolic blood pressure (partial r = 0.334, p <
0.001), central pulse pressure (partial r = 0.313, p < 0.001), peripheral pulse pressure (partial r =
0.165, p = 0.04) and forward wave pressure (partial r = 0.298, p < 0.001) were associated with C-
IMT. After adjustment for established potential confounders, pulse wave velocity, peripheral pulse
pressure and forward wave pressure were no longer related to c-IMT whereas augmentation index
(partial r = 0.125, p = 0.04) became associated with c-IMT. In fully adjusted models, except for
central pulse pressure (partial r = 0.161, p = 0.05), arterial function measures were unrelated to c-
IMT.

In univariate analysis, 1 SD increase in pulse wave velocity (OR (95% CI) = 1.67 (1.13-2.48), p =
0.01), reflected wave pressure (OR (95% CI) = 1.82 (1.28-2.59), p = 0.001), central systolic blood

pressure (OR (95% CI) = 1.75 (1.22-2.50), p = 0.002), central pulse pressure (OR (95% CI) = 2.13
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(1.46-3.12), p < 0.001), peripheral pulse pressure (OR (95% CI) = 2.13 (1.46-3.12), p < 0.001) and
forward wave pressure (OR = 1.78 (1.25-2.54), p < 0.001) were each associated with carotid
plague. Upon adjustment for established potential confounders, pulse wave velocity, central systolic
blood pressure and forward wave pressure were no longer associated with carotid plaque whereas
reflection magnitude (OR (95% CI) = 1.76 (1.14-2.71), p = 0.01) became related to plaque. In fully
adjusted models, reflected wave pressure (OR (95% CI) = 2.54 (1.41-4.44), p = 0.001), reflection
magnitude (OR (95% CI) = 1.84 (1.17-2.89), p = 0.008), central pulse pressure (OR (95% CI) = 1.89
(1.12-3.22), p = 0.02) and peripheral pulse pressure (OR (95% CI) = 2.09 (1.23-3.57), p = 0.007)
were associated with plaque. These results are further illustrated in Figure 1. Upon additional
adjustment for pulse wave velocity in the latter 4 models, reflected wave pressure (OR (95% ClI) =
2.56 (1.45-4.52), p = 0.001), reflection magnitude (OR (95% CI) = 1.94 (1.22-3.09), p = 0.005),
central pulse pressure (OR (95% CI) = 1.91 (1.11-3.29), p = 0.02) and peripheral pulse pressure
(OR (95% CI) = 2.11 (1.22-3.65), p = 0.008) remained related to plaque. Also, upon additional
adjustment for dyslipidemia, diabetes and smoking in the latter 4 models, reflected wave pressure
(OR (95% CI) = 2.38 (1.35-4.20), p = 0.003), reflection magnitude (OR (95% CI) = 1.91 (1.19-3.06),
p = 0.007), central pulse pressure (OR (95% CI) = 1.82 (1.08-3.09), p = 0.03) and peripheral pulse
pressure (OR (95% CI) = 1.81 (1.12-3.00), p = 0.01) remained related to plaque.

Cardiovascular and biologic agents can influence arterial function (5,29). Therefore, we reassessed
the reflected wave pressure-, reflection magnitude-, central pulse pressure- and peripheral pulse
pressure—plaque relationships in the last 2 columns in Table Il with consistent additional adjustment
for the use of angiotensin converting enzyme inhibitors (n=23), angiotensin receptor blockers
(n=27), calcium channel blockers (n=32), beta receptor blocking agents (n=14), statins, tumor
necrosis factor-a inhibitors and abatacept. Reflected wave pressure (OR (95% CI) = 2.15 (1.20-
3.84), p = 0.01), reflection magnitude (OR (95% CI) = 1.56 (0.99-2.47), p = 0.05), central pulse
pressure (OR (95% CI) = 1.71 (0.99-2.94), p = 0.05) and peripheral pulse pressure (OR (95% CI) =
2.21 (1.26-3.89), p = 0.006) remained associated with carotid plaque. By contrast, when we

reassessed the central systolic blood pressure-c-IMT relationship (column 6 and 7 in Table II) with
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additional adjustment of cardiovascular and biologic agent use, the respective association was no

longer significant (partial r = 0.112, p = 0.2).

Wave reflection, pressure pulsatility and carotid plaque in RA

In Table 3, wave reflection and pressure pulsatility measures were entered together in 4 different
established confounder and cardiovascular and biologic agent use adjusted regression models for
carotid plaque. Reflected wave pressure and reflection magnitude remained consistently
associated with plaque. Central and peripheral pulse pressure were no longer significantly

associated with plaque when entered together with wave reflection measures.

Wave reflection is related to carotid plaque in hypertensive and normotensive patients with RA

In Table 4, the established confounder adjusted associations of arterial function measures with C-
IMT and plaque were determined in hypertensive and normotensive RA patients. Apart from pulse
pressure amplification (partial r = -0.261, p = 0.05) in hypertensive patients, arterial function was not
independently related to c-IMT. Central pulse pressure and peripheral pulse pressure were
associated with plaque in hypertensive (OR (95% CI) = 2.31 (1.10-4.82), p = 0.02 and OR (95% CI)
= 2.53 (1.14-5.58), p = 0.02, respectively) but not in normotensive RA patients. By contrast,
reflective wave pressure and reflection magnitude were related to plaque in both hypertensive (OR
(95% CI) = 2.91 (1.28-6.62), p = 0.01 and OR (95% Cl) = 2.43 (1.02-5.81), p = 0.04, respectively)
and normotensive RA patients (OR (95% CI) = 2.93 (1.18-7.28), p = 0.02 and OR (95% CI) = 1.82
(1.04-3.20), p = 0.03, respectively). Additional adjustment for cardiovascular and biologic agent use

was deemed inappropriate as it would have translated into the application of over-fitted models.

Accuracy of reflected wave pressure in predicting plaque presence

In the foregoing analysis, reflected wave pressure comprised the arterial stiffness measure that was
most consistently related to carotid plaque prevalence. As shown in Figure 2, the area under the
curve (0.658) in receiver operator characteristic curve analysis for reflected wave pressure was

significantly (p = 0.001) associated with plaque presence. Based on calculation of the Youden
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index (30) and application of Bayes’ theorem (31), the optimal cut-off value for reflected wave
pressure in predicting plaque presence was 25 mm Hg with a corresponding sensitivity, specificity,
positive predictive value and negative predictive value of 45.2%, 89.3%, 78.6% and 66.2%,
respectively. In a univariate logistic regression model, a reflected wave pressure of > 25 mm Hg
(OR = 6.30 (2.82-14.07), p < 0.0001) was associated with plaque. This relationship was
strengthened after adjusting for established potential confounders (OR = 13.71 (4.24-44.34), p <

0.0001).

Relationships of arterial function with atherosclerosis in women with RA

Women comprised 79.1 % of RA patients in the present study. The impact of arterial function on
cardiovascular disease can differ by gender (5,7). Table 5 gives the results of a sensitivity analysis
on the potential established confounder and fully adjusted arterial function-carotid plaque relations
amongst 135 participating women with RA. Reflected wave pressure, reflection magnitude and
central pulse pressure remained strongly associated with plaque whereas the peripheral pulse
pressure-plaque relationship was attenuated (p = 0.06 in the fully adjusted model). Upon additional
adjustment for cardiovascular and biologic agent use, reflected wave pressure (OR (95% CI) = 2.32
(1.22-4.42), p = 0.01) and reflection magnitude (OR (95% CI) = 1.78 (1.10-2.87), p = 0.01) remained
associated with carotid plaque; the central pulse pressure-carotid plaque relationship was no longer
significant (OR (95% CI) = 1.81 (0.89-3.35), p = 0.06). None of the arterial function measures was
independently associated with c-IMT (data not shown). A sensitivity analysis was not performed in
men due to the small number (n = 28) involved.

Upon replacement of mean blood pressure by brachial systolic and diastolic blood pressure in the
models (except for those on peripheral pulse pressure) in tables 2, 3, 4 and 5, the results were

materially unaltered (data not shown).

Discussion
The present study shows that wave reflection as measured by reflected wave pressure and

reflection magnitude is strongly associated with carotid artery plaque in patients with RA. These
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relationships were independent of potential confounders as well as arterial stiffness and central and
peripheral pulse pressure, and were found in both hypertensive and normotensive patients with RA
and in a sensitivity analysis amongst women. These findings support our hypothesis that wave
reflection represents atherosclerosis in RA.

Overall, reflected wave pressure and reflection magnitude were consistently associated with plaque
presence in both univariate and multivariable regression models in the present study. Wave
reflection explained the associations of central and peripheral pulse pressure with plaque (Table 3).
In receiver operator characteristic curve analysis, reflected wave pressure was also related to
plague presence. At a cutoff value of 25 mmHg with a sensitivity, specificity, positive predictive
value and negative predictive value of 45.2%, 89.3%, 78.6% and 66.2%, respectively; a reflected
wave pressure of >25 mmHg was associated with plaque in univariate and adjusted analysis,
respectively. Arterial plaque mostly contains a lipid core (32) and is indeed a marker of high
atherosclerotic cardiovascular disease risk for which the use of cardiovascular drugs including lipid
lowering agents is indicated (15,33). The role of wave reflection in cardiovascular disease is
increasingly documented in non-RA persons (5,7-10). This together with our current results
suggests that wave reflection can contribute to cardiovascular disease risk and its stratification
beyond brachial pressures and other risk factors in RA.

We recently reported that pulse wave velocity was associated with c-IMT and plaque in univariate
but not confounder adjusted analysis among 194 Spanish RA patients (19). Additionally, the
augmentation index was consistently unrelated to c-IMT and plaque in the latter investigation (19).
Although our current results validate these findings, the potential impact of arterial stiffness and
wave reflection as assessed by the augmentation index requires further elucidation in future larger
and longitudinal studies.

In contrast to arterial plaque, intima-media thickening mostly represents vascular remodelling in
response to blood pressure rather than atherosclerosis (34). C-IMT is particularly related to stroke
(35) and its risk factors (36). In the present study, we found univariate associations of arterial
stiffness and measures of wave reflection and pressure pulsatility with c-IMT but these relationships

became insignificant after adjustment for potential confounders.
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Arterial stiffening increases wave reflection and both of these arterial properties enlarge pulse
pressure with a higher systolic and lower diastolic blood pressure (5). Despite these interlinking
mechanisms, arterial stiffness, wave reflection and pressure pulsatility are also each determined by
different factors, represent disparate aspects of arterial function and can contribute independently to
cardiovascular risk (5). Our current findings are congruent with these previously reported
observations. Additionally, we recently reported differential effects of traditional cardiovascular risk
factors and disease characteristics on arterial stiffness, wave reflection and pressure pulsatility in
patients with RA (12). Further mechanistic studies on arterial function in RA are clearly indicated.
The European Society of Hypertension/European Society of Cardiology guidelines for the
management of arterial hypertension currently recommend determining arterial stiffness by pulse
wave velocity in the identification of patients with target organ damage (37). It is therefore
noteworthy that in contrast to other arterial function parameters, both reflected wave pressure and
reflection magnitude were associated with carotid plaque in not only hypertensive but also
normotensive patients with RA in the current status. This suggests that wave reflection may
enhance cardiovascular risk and its stratification irrespective of hypertension status in RA.
Strikingly, peripheral pulse pressure was as strongly related to plaque presence as central pulse
pressure in this RA investigation. In this regard, Dart and colleagues (38) previously reported that
peripheral pulse pressure but not the carotid augmentation index and systemic arterial compliance
predict incident cardiovascular events in elderly women with hypertension. In elderly compared to
younger persons, brachial blood pressure more accurately estimates central pressure as pulse
pressure amplification is reduced. This likely explains the equally strong association of brachial and
central pulse pressure with plaque prevalence in the present context (38). Seventy-nine percent of
our RA patients were women with a mean age of 58 years.
Our findings have treatment implications. Among antihypertensive agents, angiotensin converting
enzyme inhibitors (ACEIl), angiotensin receptor blockers (ARB) and calcium channel blockers
reduce wave reflection (39). By contrast, beta blockers can increase wave reflection and the
respective effect of diuretics is neutral (39). Hypertension is frequent and its management

reportedly inadequate in RA (15). The 2015/2016 update of the European League Against
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Rheumatism recommendations for cardiovascular disease risk management in patients with
inflammatory joint diseases no longer advocate the preferred use of ACEI or ARB in the treatment of
hypertension (15). Our current results together with previously reported evidence support ACEI,
ARB or calcium channel blocker based first line treatment for hypertension in RA. In this regard,
ACEI or ARB use is also associated with enhanced beta cell function in RA (40). Notably, Sveaas
and colleagues (41) recently reported that high intensity endurance and strength exercise during 3
months results in significant decreases in pulse wave velocity as well as augmentation index in
patients with axial spondyloarthritis. A recent meta-analysis revealed that aerobic but not resistance
exercise reduces arterial stiffness and wave reflection in non-RA subjects (42). The effect of
different exercise modalities on arterial function in patients with inflammatory joint disease requires
further investigation. Resistance exercise is particularly indicated for the management of lean body
mass loss associated with RA (43). Finally, tumour necrosis factor-a inhibition decreases pulse
wave velocity whereas its effects on the augmentation index are inconsistent in RA (44). The
influence of disease modifying agents on wave reflection as assessed in separation analysis has not
been reported in RA.

Recently, lkdahl and colleagues (45) reported an association between pulse wave velocity and
incident cardiovascular events (n = 10) in RA. In contrast to wave reflection and pressure pulsatility,
arterial stiffness was not independently related to carotid atherosclerosis in our current and previous
investigation (19). This suggests that the effects of arterial stiffness on cardiovascular disease risk
in RA may be mediated by mechanisms other than enhanced atherosclerosis such as decreased
coronary blood flow and increased left ventricular afterload, which predisposes to arrhythmias
(5,46).

We assessed the associations of 9 different arterial function indices with carotid artery plaque and
IMT in comprehensively adjusted regression models among a relatively large multi-ethnic group of
RA patients. Relationships between arterial function and atherosclerosis may be bidirectional (1).
The main limitation of this investigation is the lack of a control population. Accordingly, whether our
findings are RA specific should be the subject of future studies. Also, our study design was cross-

sectional and therefore precluded identifying cause-effect relationships.
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In conclusion, wave reflection is associated with severe atherosclerosis in RA. The role of wave
reflection as an assessment tool and potential therapeutic target in cardiovascular risk management

among patients with RA merits further study.
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Table I. Recorded characteristics in 163 RA patients.
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Demographic characteristics
Age at study time, years
Female gender
White
Asian
Black
Mixed

Lifestyle factors
Exercise
Alcohol use
Current smoking

Anthropometry
BMI, kg/m*

Waist circumference, cm
Waist-hip ratio

Metabolic risk factors
Hypertension
Systolic BP, mm Hg
Diastolic BP, mm Hg
Total cholesterol, mmol/l
HDL cholesterol, mmol/l
LDL cholesterol, mmol/l
Triglycerides, mmol/l
Total C — HDL C ratio
Total C — HDL C ratio > 4
Dyslipidemia
Diabetes
Glucose, mmol/l
Insulin,

HOMA-IR, yU.mmol/ml.|

Cardiovascular agent use
Antihypertensives
Statins
Ezetimibe
Oral glucose-lowering
agents
Insulin, pU/ml

RA characteristics
Disease duration, years
RF positive

58.4 (11.7)
79.1

67.5

19.0

10.4

3.1

31.3
30.1
9.8

26.7 (5.5)
92 (14)
0.88 (0.08)

417
129 (15)

81 (8)

4.5 (1.0)

1.68 (0.46)
2.5(0.9)

1.0 (0.7-1.3)
2.8 (0.8)

8.6

49.1

6.1

4.9 (0.7)

6.4 (4.6-9.0)
1.40 (0.96-1.98)

411
41.7
11.7
2.5

1.8

16.0 (10.1)
74.2

ACPA positive
CDAI
DAS 28
ESR, mm/h
CRP, mg/l
Leukocyte count, n/nl
Deformed joints, n
Extra-articular manifestations
HAQ-DI
Synthetic DMARD
Methotrexate
Chloroquine
Leflunomide
Sulphasalazine
Tetracycline
Azathioprine
Current synthetic DMARD, n
Biological DMARD
Abatacept
TNF-a inhibitors
NSAID
Prednisone use )
CKD-EPI, mli/min/1.73 m*
Heart rate, beats/min
Arterial function
Pulse wave velocity, m/sec
Augmentation index, %

Reflected wave pressure, mm Hg

Reflection magnitude
Central SBP, mm Hg
Central DBP, mm Hg

Central pulse pressure, mm Hg
Peripheral pulse pressure, mm Hg

Pulse pressure amplification

Forward wave pressure, mm Hg

Carotid atherosclerosis
Mean IMT, mm
Plaque

714
5 (1-13)

2.9 (1.7)

13 (4-26)

3.3 (1.2-8.0)

6.0 (2.1)

7(1)

22.7

0.375 (0.000-0.875)

76.1
50.3
405
16.6
16.0
6.7

2.1 (1.1)

3.1
9.2

34.4

2.5

99 (87-108)
73 (12)

8.1 (6.2-9.4)
31 (11)
21 (8)

76 (23)

126 (15)

84 (9)

42 (13)

48 (13)

1.20 (1.15-1.31)

29 (9)

0.655 (0.137)
46.6

Continuous variables are expressed as mean (SD), median (interquartile range) or proportions as appropriate. RA:
rheumatoid arthritis; BMI: body mass index; BP: blood pressure; HDL: high-density lipoprotein; LDL: low-density
lipoprotein; C: cholesterol; HOMA-IR: Homeostatic Model Assessment of insulin resistance; RF: rheumatoid factor;
ACPA: anti-citrullinated protein antibody; CDAI: Clinical disease activity score; DAS28: Disease Activity Score in 28
joints; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; HAQ-DI: Stanford Health Assessment
Questionnaire disability index; DMARD: disease modifying anti-rheumatic drugs; TNF-a: tumour necrosis factor-
alpha; NSAID: non-steroidal anti-inflammatory drugs; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration;

SBP: systolic blood pressure; DBP: diastolic blood pressure; IMT: mean intima-media thickness.
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Table Il. Relationships of arterial function measures with C-IMT and plaque in 163 RA patients.

C-IMT Plaque
Univariate model  Known confounder’ Fully adjusted” Univariate model Known confounder’ Fully adjusted®
adjusted multivariate model (for 1 SD increase) adjusted model Model
model (for 1 SD increase) (for 1 SD increase)
r P Partial r p Partial r p OR (95% ClI) p OR (95% ClI) p OR (95% ClI) p

PWVd 0.277 0.001 -0.051 0.6 -0.045 0.6 1.67 (1.13-2.48) 0.01 1.11 (0.74-1.65) 0.6 1.03 (0.66-1.62) 0.9
Al* 0.017 0.8 0.125 0.04 0.128 0.1 1.05 (0.76-1.44) 0.8 1.56 (0.98-2.48) 0.06 1.56 (0.94-2.70) 0.08
RWP 0.276 <0.001 0.128 0.04 0.128 0.1 1.82 (1.28-2.59) 0.001 2.50 (1.44-4.35) 0.001 2.54 (1.41-4.44) 0.001
RM° 0.043 0.6 0.079 0.2 0.105 0.2 1.17 (0.89-1.53) 0.2 1.76 (1.14-2.71) 0.01 1.84 (1.17-2.89) 0.008
CSBP’ 0.334 <0.001 0.169 0.006 0.161 0.05 1.75 (1.22-2.50) 0.002 1.72 (0.98-3.01) 0.06 1.54 (0.85-2.79) 0.1
CcPP® 0.313 <0.001 0.129 0.04 0.131 0.1 2.13 (1.46-3.12) <0.001 1.96 (1.18-3.26) 0.009 1.89 (1.12-3.22) 0.02
PPP’ 0.165 0.04 -0.026 0.7 -0.066 0.4 2.13 (1.46-3.12) <0.001 1.95 (1.21-3.13) 0.006 2.09 (1.23-3.57) 0.007
PPA™ -0.074 0.4 -0.094 0.1 -0.114 0.2 1.05 (0.76-1.43) 0.8 0.81 (0.45-1.46) 0.5 0.65 (0.34-1.27) 0.2
FWP" 0.298 <0.001 0.072 0.3 0.078 0.3 1.78 (1.25-2.54) <0.001 1.31 (0.87-1.98) 0.2 1.27 (0.82-2.00) 0.3

Associations were determined in multivariable linear and logistic regression models for C-IMT and plaque, respectively. Known confounders’ comprised age, sex, race, body
height, body weight, heart rate and mean blood pressure. Significant relationships are shown in bold. C-IMT: carotid intima-media thickness; SD: standard deviation; OR: odds
ratio; Cl: confidence interval; PWV: pulse wave velocity; Al: augmentation index; RWP: reflected wave pressure; RM: reflection magnitude; CSBP: central systolic blood pressure;
CPP: central pulse pressure; PPP: peripheral pulse pressure; PPA: pulse pressure amplification; FWP: forward wave pressure.
Varlables additionally included in the different fully adjusted models® were:

Walst hip ratio, total cholesterol-HDL ratio, extra-articular manifestations and statin, tumour necrosis factor-a inhibitor and abatacept therapy

Total cholesterol and HDL cholesterol concentrations, homeostatic model assessment for insulin resistance and tumour necrosis factor-a inhibitor therapy

Number of synthetic disease modifying agents currently used

HDL cholesterol concentrations, and tumour necrosis factor-a inhibitor and leflunomide therapy

Total cholesterol-HDL cholesterol ratio and statin and chloroquine therapy

Total cholesterol-HDL cholesterol ratio and statin and chloroquine therapy

Total cholesterol-HDL cholesterol, C-reactive protein concentrations and statin, tetracycline and chloroquine therapy

Walst hip ratio, total cholesterol and glucose concentrations, and leflunomide and tumour necrosis factor-a inhibitor therapy

""Total cholesterol-HDL cholesterol ratio and statin therapy



Table lll. Independent relationships of 1 SD
increase in arterial function measures in
combination with plaque in 163 RA patients

Model OR (95% CI) p

Model 1’

RWP  8.34 (1.55-44.77)  0.01

CPP  0.27 (0.06-1.24) 0.09

Model 2'

RWP  1.89 (0.99-3.65) 0.05
1.22

PPP (0.71-2.09) 0.5
Model 3’
RM 1.61 (1.04-2.50) 0.03
CPP 1.55 (0.93-2.56) 0.09
Model 4'

RM 1.61 (1.04-2.49) 0.03
PPP 1.52 (0.96-2.39) 0.07

'Adjusted for known confounders of age,
sex, race, body height, body weight, heart
rate and mean blood pressure as well as
cardiovascular drug and biologic agent use.
Significant associations are shown in bold.

SD: standard deviation; RWP: reflected
wave pressure; CPP: central pulse
pressure; PPP: peripheral pulse pressure;
RM: reflection magnitude
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Table IV. Independent relationships of arterial function measures with C-IMT and plaque in hypertensive and
normotensive patients with RA.

C-IMT Plaque
Hypertensive RA patients (n=68)

Partial r P OR (95% Cl) p
PWV -0.039 0.8 0.68 (0.29-1.63) 0.4
Al 0.250 0.06 1.41 (0.75-2.65) 0.3
RWP 0.157 0.2 2.91 (1.28-6.62) 0.01
RM 0.132 0.3 2.43 (1.02-5.81) 0.04
CSBP 0.242 0.07 2.38 (0.97-5.84) 0.06
CPP 0.160 0.2 2.31 (1.10-4.82) 0.02
PPP -0.059 0.7 2.53 (1.14-5.58) 0.02
PPA -0.261 0.05 1.78 (0.64-4.92) 0.3
FWP 0.058 0.7 1.54 (0.84-2.81) 0.2

Normotensive RA patients (n=95)

PWV -0.046 0.7 1.35 (0.83-2.20) 0.2
Al 0.096 0.5 2.16 (0.99-4.69) 0.05
RWP 0.167 0.1 2.93 (1.18-7.28) 0.02
RM 0.093 0.4 1.82 (1.04-3.20) 0.03
CSBP 0.196 0.07 1.32 (0.59-2.96) 0.5
CPP 0.162 0.1 1.96 (0.87-4.44) 0.1
PPP -0.034 0.8 1.67 (0.84-3.33) 0.1
PPA -0.025 0.8 0.44 (0.17-1.13) 0.09
FWP 0.130 0.2 1.12 (0.59-2.15) 0.7

Associations were determined in age, sex, race, body height, body weight, heart rate and mean blood pressure
adjusted multivariable linear and logistic regression models for C-IMT and plaque, respectively.

Significant relationships are shown in bold. C-IMT: carotid intima-media thickness; SD: standard deviation; OR: odds
ratio; Cl: confidence interval; PWV: pulse wave velocity; Al: augmentation index; RWP: reflected wave pressure; RM:
reflection magnitude; CSBP: central systolic blood pressure; CPP: central pulse pressure; PPP: peripheral pulse
pressure; PPA: pulse pressure amplification; FWP: forward wave pressure.
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Table V. Independent relationships of arterial function with carotid plaque in 135 women with
RA.

Known confounder’ adjusted Fully adjusted
multivariable model Multivariable model?
(for 1 SD increase) (for 1 SD increase)
OR (95% Cl) p OR (95% CI) p
PWV? 1.33 (0.77-2.28) 0.3 1.19 (0.62-2.26) 0.6
Al 1.62 (0.98-2.66) 0.06 1.73 (0.97-3.10) 0.06
RWP® 2.87 (1.51-5.47) 0.001 3.00 (1.54-5.69) 0.001
RM® 1.80 (1.14-2.85) 0.01 1.91 (1.18-3.09) 0.009
CSBP’ 1.85 (0.97-3.53) 0.06 1.51 (0.75-3.10) 0.2
CPP® 2.23 (1.23-4.04) 0.008 2.06 (1.11-3.82) 0.02
PPP? 1.68 (1.03-2.73) 0.04 1.71 (0.99-2.97) 0.06
PPA' 0.71 (0.35-1.44) 0.4 0.58 (0.26-1.29) 0.2
Rwp"! 1.34 (0.83-2.19) 0.3 1.26 (0.76-2.09) 0.4

Associations were determined in multivariable logistic regression models. Known confounders’
comprised age, race, body height, body weight, heart rate and mean blood pressure.
Significant relationships are shown in bold. SD: standard deviation; OR: odds ratio; CI:
confidence interval; PWV: pulse wave velocity; Al: augmentation index; RWP: reflected wave
pressure; RM: reflection magnitude; CSBP: central systolic blood pressure; CPP: central pulse
pressure; PPP: peripheral pulse pressure; PPA: pulse pressure amplification; FWP: forward
wave pressure.

Variables additionally included in a different fully adjusted models? were:

3Waist-hip ratio, total cholesterol-HDL cholesterol ratio, extra-articular manifestations and statin,
tumor necrosis factor-a inhibitor and abatacept therapy

“Total cholesterol and HDL cholesterol concentrations, homeostatic model assessment for
insulin resistance and tumor necrosis factor-a inhibitor therapy

®Number of synthetic disease modifying agents currently used

®HDL cholesterol concentrations, and tumor necrosis factor-a inhibitor and leflunomide therapy
"Total cholesterol-HDL cholesterol and statin and chloroquine therapy

8Total cholesterol-HDL cholesterol and statin and chloroquine therapy

*Total cholesterol-HDL cholesterol and C-reactive protein concentrations and statin, tetracycline
and chloroquine therapy

"%Waist-hip ratio, total cholesterol and glucose concentrations, and leflunomide and tumor
necrosis factor-a inhibitor therapy

"Total cholesterol-HDL cholesterol ratio and statin therapy
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Figure I. Relationships of arterial function measures with carotid plaque.



25

AUC (95% CI) = 0.658 p =0.001
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Figure ll. Receiver operator characteristic curve showing the accuracy of reflected wave pressure in

predicting plaque presence among 163 patients with RA.



Paper 2 - Arterial wave reflection and subclinical atherosclerosis in rheumatoid arthritis

Paper 2 showed that impaired arterial function and most notably arterial wave reflection, is strongly
associated with atherosclerosis in patients with RA. Given (1) our findings in papers 1 and 2
together with (2) the recently reported beneficial effects of apelin on arterial function in non-RA
subjects and (3) reduced apelin production in RA patients, we subsequently sought to determine

the potential involvement of apelin in arterial function impairment among patients with RA.

31
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Abstract

Introduction: Apelin can improve arterial function by enhancing the expression of endothelial nitric
oxide synthase but this effect depends markedly on endothelial integrity. We hypothesized that
inflammation influences the potential impact of apelin on arterial function in rheumatoid arthritis
(RA).

Methods: We assessed the associations of apelin concentrations with arterial stiffness (pulse
wave velocity), wave reflection (augmentation index, reflected wave pressure and reflection
magnitude) and pressure pulsatility (central systolic pressure (CSP), central pulse pressure (CPP),
peripheral pulse pressure (PPP), pulse pressure amplification (PPamp) and forward wave pressure
(Pf)) among 170 RA patients without cardiovascular disease.

Results: In multivariable regression models, apelin concentrations were not independently
associated with arterial function measures (p 20.15) in all patients. Inflammation markers were not
consistently associated with apelin levels but joint deformity counts, Disease Activity Score in 28
joints (DAS28) and erythrocyte sedimentation rate (ESR) impacted apelin-pressure pulsatility
relations (interaction p<0.05). In stratified analysis, apelin was associated with CSP (partial r=-
0.33, p=0.01), CPP (partial r=-0.26, p=0.04), PPamp (partial r=0.27, p=0.03) and Pf (partial r=-
0.33, p=0.01) in patients without but not with joint deformities; apelin was related to CSP (partial r=-
0.24, p=0.05) in those with a DAS28 joint<2.8 (median value) (partial r=-0.24, p=0.05) but not 22.8,
and to CSP (partial r=-0.36, p=0.003) in those with an erythrocyte sedimentation rate <13mm/hr
(median value) but not 213mm/hr.

Conclusions: Apelin is associated with reduced pressure pulsatility in RA patients without but not
with a high inflammatory burden. A loss of apelin protective effects on arterial function may

contribute to the link between RA severity and cardiovascular risk.

Keywords Rheumatoid Arthritis Arterial Function Arterial Stiffness Wave reflection

Pressure Pulsatility Apelin



Introduction

Apelin is an endogenous peptide that acts on the APJ receptor [1-3]. The APJ receptor is located
in the vascular endothelium and smooth muscle cells. Apelin is produced predominantly by
endothelial cells and adipocytes. Amongst different identified apelin isoforms, apelin-13 is most
strongly involved in the regulation of the cardiovascular system.

Enhancement of the apelin/APJ receptor signaling pathway has a range of potential beneficial
effects on vascular and cardiac function [1,2,4]. Indeed, apelin administration increases
endothelial nitric oxide synthase activity and expression and counteracts angiotensin Il receptor
induced vasoconstriction. Apelin thereby causes vasodilation and reduces blood pressure.
Notably in the present context, these effects are markedly dependent on endothelial integrity [5-9].
Apelin treatment increases cardiac contractility by enhancing myofilament sensitivity to calcium
[10] and activating kinase C and extracellular signal-regulated kinase 2 [11]. Apelin decreases
foam cell formation [12] and antagonizes angiotensin Il induced atherosclerosis in ApoE knockout
mice [13]. Apelin was recently shown to inhibit platelet function and thereby having antithrombotic
effects [14]. Further, aerobic exercise training induces increased apelin levels that are associated
with enhanced nitrite/nitrate concentrations and reductions in arterial stiffness [15]. Polymorphisms
of the apelin gene are associated with changes in arterial stiffness [16].

It was recently established that the apelin receptor is additionally activated by a second ligand
called Elabela or Toddler (gene name now Apela), which is present in human plasma and
cardiovascular tissue [17]. This peptide has cardiovascular actions similar to apelin [17].

Arterial stiffness, increased wave reflection and pressure pulsatility comprise arterial properties that
each predict cardiovascular events independent of traditional cardiovascular risk factors [18]. A
prevailing paradigm is that increases in the propagation speed of the aortic pressure wave
contribute to a faster return of the reflected wave. Enhanced arterial stiffness and wave reflection
thereby increase systolic blood pressure and reduce diastolic blood pressure. The consequently
enlarged pulse pressure, which is further determined by episodic cardiac contractility [19],
increases left ventricular workload and reduces coronary blood flow. These hemodynamic effects

result in increased cardiovascular event risk.
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Rheumatoid arthritis (RA) enhances the risk of cardiovascular events and mortality to a similar
extent as diabetes [20,21]. Systemic inflammation is the most implicated risk factor for the
increased cardiovascular risk in RA [20,21]. The mechanisms whereby inflammation enhances
cardiovascular event rates in RA await further elucidation. In this regard, patients with RA
experience increased arterial stiffness, wave reflection and central pressures [22,23]. Tumor
necrosis factor-a inhibition reduces arterial stiffness in RA [24]. Traditional cardiovascular risk
factors and disease characteristics are independently associated with impaired arterial function
[25] and arterial stiffness was recently shown to associate with incident cardiovascular event rates
in RA [26].

Apelin levels are reportedly decreased in patients with RA [27]. We recently documented that
apelin concentrations are associated with decreased atherosclerosis and arterial plaque
vulnerability mediator levels in RA [28]. Herein, we explored the potential impact of apelin on
arterial stiffness, wave reflection and pressure pulsatility in patients with RA. RA patients
experience endothelial dysfunction and activation that are related to systemic inflammation and
reduced upon disease activity suppression [29-32]. Therefore, we hypothesized that inflammation

status influences the relationships of apelin concentrations with arterial function in RA.

Materials and methods

Patients

One hundred and seventy consecutive patients (142 women; 28 men) (112 white; 32 Asian; 22
black and 4 of mixed ancestry) that met the 2010 American College of Rheumatology/European
League Against Rheumatism classification criteria for RA [33] and had no established
cardiovascular disease were recruited at Milpark Hospital, Johannesburg, South Africa. The study
was approved by the University of Witwatersrand Human (Medical) Research Ethics Committee
(approval number: M06-07-33; protocol number: M120562) and all patients gave written informed

consent.



Baseline characteristics

Baseline recorded characteristics included demographic variables, lifestyle factors, anthropometric
measures, metabolic cardiovascular risk factors, RA features and cardiovascular and antirheumatic
drug use. Disease activity was assessed by the Disease Activity Score in 28 joints (DAS28) and
physical function by the Stanford Health Assessment Questionnaire disability index. Erythrocyte
sedimentation rate (ESR) and leukocyte count was measured according to a standard laboratory
protocol. C-reactive protein and insulin concentrations were quantified using immunoturbidimetry
and a chemiluminescent particle immunoassay (Abbott Laboratories, Abbott Park, IL 60064 USA),
respectively. Rheumatoid factor (RF) and anti-citrullinated protein antibody (ACPA) status were
determined. Joint deformity counts and extra-articular manifestations (current evaluation and
record review) were recorded.

Hypertension was diagnosed in the presence of an average systolic blood pressure of 2140 and/or
diastolic blood pressure of 290 mmHg and/or use of anti-hypertensive medications. Dyslipidemia
was defined when the atherogenic index (total cholesterol-high density lipoprotein cholesterol ratio)
was >4 [20] and/or lipid lowering medications were employed. The Homeostasis Model
Assessment of insulin resistance (HOMA-IR) was calculated and diabetes was diagnosed in
patients with a fasting plasma glucose of 27mmol/l and/or those using glucose lowering agents.
The glomerular filtration rate was estimated by the Chronic Kidney Disease Epidemiology

Collaboration (CKD-EPI) equation.

Arterial function measurements

Central arterial function was determined by radial applanation tonometry, as previously reported
[34]. Pulse wave velocity and the peripheral wave form was measured using a high-fidelity SPC-
301 micromanometer (Millar instrument, Inc., Houston, Texas), interfaced with a computer utilizing
SphygmoCor software version 9.0 (AtCor Medical Pty.Ltd., West Ryde, New South Wales,
Australia). After resting in the supine position for 15 minutes, the brachial blood pressure was
firstly taken manually (by auscultation) for the purpose of calibrating the arterial waveforms to

follow. Ten consecutive arterial waveforms (heart beats) were then recorded at the radial, femoral
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and carotid artery pulses. Inconsistent waveforms were discarded when they differed by more
than 5%, or if the overall amplitude of the pulse wave signal was less than 80mV. The peripheral
pressure waveform was converted into a central aortic waveform, using a validated generalized
transfer function incorporated in the SphygmoCor software. Central systolic pressure was derived
from the aortic waveform. Central aortic pulse pressure was calculated from the difference
between central systolic and diastolic pressure. Pulse pressure amplification represents the ratio
between the peripheral (radial) pulse pressure and central aortic pulse pressure. The augmentation
index is expressed as the ratio of the augmented pressure (difference between the second and first
systolic shoulder) divided by the central pulse pressure x 100. SphygmoCor software separates the
aortic waveform into forward and backward travelling components, by employing a modified
triangular waveform technique. Reflected wave magnitude was calculated as the (reflected wave
amplitude/forward wave amplitude) x 100.

Aortic pulse wave velocity was determined from sequential waveforms measurements at carotid
and femoral sites by dividing the distance the wave travels by the transit time, as previously
described [34]. To calculate the transit time (time delay) in pulse waves between the carotid and
femoral sites, an electrocardiograph-derived R wave was utilized as fudicial point. Pulse transit
time was calculated as the average of 10 sequential beats. The distance that the pulse wave
travels was determined as the distance from the femoral sampling site to the suprasternal notch
and the distance from the carotid sampling site to the suprasternal notch. The carotid-femoral
pulse wave velocity was calculated as the distance between the carotid and femoral pulses in
meters divided by the transit time in seconds.

All measurements were made by a single, experienced technician who was blinded to patient
clinical data and cardiovascular risk factor profiles. Peripheral pulse pressure was recorded in all
patients. Technically sound pulse wave velocity and wave reflection measurements were obtained
in 156 and 163 patients, respectively. The intra-observer variability of tonometry measurements is
low in our setting [34]. Among 28 patients that were evaluated on 2 occasions and 3 weeks apart,
the intra-observer coefficients of variation ranged from 2.5% to 9.7% for the different arterial

function measurements.



Echocardiography

As pressure pulsatility is determined by not only arterial characteristics but also episodic cardiac
contractility [19] that can be influenced by apelin [10,11], we additionally performed
echocardiographic measurements of left ventricular (LV) systolic function. We used commercially
available equipment (Sonosite M-Turbo ultrasound, SonoSite® Inc., Bothell, WA, USA) with
subjects in the left decubitus position.

LV dimensions were determined at both end systole and diastole, using two-dimensional directed
M-mode echocardiography as recommended by the American College of Echocardiography [35].
Left ventricular end systolic volume (LVESV) was calculated using the equation LVESV = [7.0 /
(2.4 + left ventricular end systolic diameter (LVESD)] x left ventricular end systolic diameter
(LVESD)?, according to the Teichholz method [36].

Left ventricular ejection fraction (EF) was calculated as [(LVEDV-LVESV)/ LVEDV] x 100. Left
ventricular (LVM) mass was derived using the Devereux formula [37] and indexed to height'’
(LVMI).

Left ventricular relative wall thickness was calculated as (LV diastolic posterior wall thickness
(PWT) x 2)/LVEDD [38]. Midwall fractional shortening (FSmw) was determined according to the
following formula: FSmw = [LVEDD+(PWTd+IVSTd)/2)] - (LVESD+(PWTs+IVSTs)/2]
/[LVEDD+(PWTd+IVSTd)/2], where IVST denotes interventricular septum thickness and d diastole
and s systole [39].

Echocardiography measurements were performed by two experienced operators that were blinded
to the clinical data and cardiovascular disease risk factor profiles of patients. All echocardiographic
images were reviewed by a single experienced operator. Intra- and inter-observer studies were
conducted on 20 individuals. For the inter-observer variability, the Pearson’s correlation
coefficients for LVEDD, septal wall thickness and PWT were 0.71, 0.84 and 0.81, respectively (p
<0.0001 for all), and the coefficient of variation for LVEDD, septal wall thickness and PWT were
2.7%, 2.9% and 2.6%, respectively. There were no significant differences between the measures

on unpaired t-tests (p >0.2 for all). For the intra-observer variability, the Pearson’s correlations for
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repeat measures for observer one were 0.87, 0.76, and 0.98 and for observer two were 0.80, 0.88
and 0.89 for LVEDD, septal wall thickness and PWT, respectively (all p <0.001); the respective
coefficients of variation ranged between 1.4% and 4.7% for the one observer and 1.4% and 2.6%
for these measures. There were no differences in the repeat measures on paired t-tests for either

observer (p >0.2 for all).

Apelin concentrations

The 77-preproapelin molecule is cleaved into shorter peptides including the post-translationally
modified pyroglutamyl [Pyr'] apelin-13, which is the most abundant isoform in the human
cardiovascular system [40]. We determined apelin concentrations on one occasion, i.e. at the time
of the study, using a solid-phase sandwich ELISA (RayBiotech Inc.; QuantikineHS). This test was
designed to detect all active C-terminal apelin fragments including apelin-13, -31, -28 and apelin-
36 without distinguishing between different apelin isoforms. The lower detection limit was 0.1ng/ml
and the inter- and intra-assay coefficients of variation were <10% and <15%, respectively. A

recovery experiment is included in the testing kit.

Data analysis

Continuous variables were expressed as mean (SD) or median (interquartile range (IQR)) as
appropriate, and categorical variables as percentages. Logarithmic transformation was applied
prior to statistical analysis when data were non-normally distributed.

Associations of baseline characteristics with apelin concentrations were evaluated in age at
disease onset, gender and race adjusted linear regression models.

Relationships of apelin concentrations with measures of arterial function were initially determined
in potential confounder (p <0.15 for association in previous analysis) adjusted models. Body
height, heart rate and systolic and diastolic blood pressure are further established confounders in
the context of arterial function [25], and were therefore included as additional independent

variables in subsequent models.
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The impact of RA characteristics (see Table 1) on apelin-arterial function relationships was
assessed using interaction analysis. Stratified analysis was subsequently performed when
indicated (interaction p <0.05); subgroups were determined using the median value when
appropriate. Finally, significant relationships between apelin concentrations and arterial function in
the foregoing analysis were re-evaluated in models with additional adjustment for cardiac
contractility measures.

We utilized the IBM SPSS statistics program (version 23.0 IBM, USA) and significance was set at

p <0.05.

Results

The recorded characteristics are given in Table 1. Mean (SD) age was 57.8 (12.1) years and
median (IQR) RA duration 14.5 (9.0-22.0) years. Dyslipidemia, hypertension and diabetes were
present in 47.1%, 41.8% and 5.9%, respectively. Disease activity was overall mild with a mean
(SD) DAS28 of 2.8 (1.7); RF and ACPA tested positive in 74.7% and 70.0% of the patients,
respectively. The median (IQR) CRP was 3.1 (1.2-7.9) mg/l and 50% of the patients had at least
one deformed joint. All except 15 patients employed synthetic disease modifying agents and 19 a
biologic agent.

The median (IQR) left ventricular mass and mean (SD) relative wall thickness was 51.6 (41.7-68.9)
g/m'” and 0.44 (0.08) mm, respectively. The majority of patients (74%) experienced an ejection
fraction of 250%. The median (IQR) pulse wave velocity was 7.3 (6.2-9.3) m/sec and the mean
(SD) peripheral and central pulse pressure were 47 (13) mm Hg and 42 (14) mmHg, respectively.
The median (IQR) apelin concentration was 232 (149-339) pg/ml. In a previous study in which the
same ELISA test was used as in our investigation [41], the median [IQR] apelin concentration was
higher at 570 [415-680] pg/ml in healthy control subjects. This finding together with our current
results support the notion that apelin levels are indeed reduced in RA patients as recently reported

by Di Franco and colleagues [27].
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Associations of baseline characteristics with apelin concentrations

Age at disease onset (partial r=-0.20, p=0.01) but not age at the time of the study (partial r=-0.11,
p=0.18) was associated with apelin concentrations. Men and women had similar apelin
concentrations (median (IQR)=206 (154-278) and 242 (148-354), respectively (p=0.4)). Other
patient characteristic-apelin concentration relations (at p <0.15) in age at disease onset, gender
and race adjusted analysis are presented in Table 2. Based on these results, age at disease
onset, deformed joints, RF status, DAS28, extra-articular manifestations, number of current
DMARD used and HOMA-IR were included as potential confounders in subsequent analysis.
Notably, disease activity as assessed by DAS28 as well as markers of inflammation including ESR,
C-reactive protein concentrations and leukocyte counts were not significantly associated with

apelin levels.

Associations of apelin concentrations with measures of arterial stiffness, wave reflection and
pressure pulsatility in all patients

As shown in Table 3, apelin concentrations were inversely associated with reflected wave pressure
(p=0.01), central systolic pressure (p=0.01) and central pulse pressure (p=0.02), and directly
related to pulse pressure amplification (p=0.003) in univariate analysis.

When adjusting for potential confounders as identified in Table 2, apelin concentrations were
inversely related to reflected wave pressure (p=0.02), central systolic blood pressure (p=0.01) and
central pulse pressure (p=0.01), and directly related to pulse pressure amplification (p=0.04).
Upon additional adjustment for established confounders in the present context (body height, heart

rate and systolic and diastolic blood pressure), these associations were no longer significant.

Independent relationships of apelin concentrations with measures of pressure pulsatility in stratified
analysis

Joint deformity count impacted apelin concentration-pressure relations (interaction p=0.004 for
central systolic pressure, 0.01 for central pulse pressure, 0.01 for pulse pressure amplification and

0.0004 for forward wave pressure). Additionally, DAS28 and ESR influenced the apelin
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concentration-central systolic blood pressure association (interaction p=0.04 and 0.05,
respectively). Other RA characteristics (Table 1) did not impact apelin-arterial function
associations.

In age, gender and race adjusted stratified analysis, median (IQR) apelin concentrations tended to
be lower in patients without compared to those with deformed joints (197 (127-328) pg/ml) versus
274 (163-386) pg/ml, p=0.06); apelin levels did not differ significantly between patients with a
DAS28 <2.8 and 22.8 (225 (149-345) pg/ml versus 271 (156-336) pg/ml, p=0.2) and between
those with an ESR <13 mm/hr and ESR 213 mm/hr (221 (151-336) pg/ml versus 245 (149-346)
pg/ml, p=0.8).

Table 4 shows the associations of apelin concentrations with pressure pulsatility measures in
stratified analysis. Apelin concentrations were inversely associated with central systolic pressure
(partial r=-0.33, p=0.01), central pulse pressure (partial r=-0.26, p=0.04) and forward wave
pressure (partial r=-0.33, p=0.01), and directly related to pulse pressure amplification (partial
r=0.27, p=0.03), in patients without but not with joint deformities. Apelin concentrations were
inversely associated with central systolic pressures in patients with a DAS28 score of <2.8 (partial
=-0.24, p=0.05) but not 22.8, and in those with an ESR of <13 mm/hr (partial r=-0.36, p=0.003) but
not 213 mm/hr. Apelin concentrations were also associated with central pulse pressure, pulse
pressure amplification and forward wave in patients with an ESR of <13 mm/hr but the respective
relationships did not differ significantly from those found in patients with an ESR of 213 mm/hr
(interaction p >0.05). Upon additional adjustment for cardiovascular drugs (angiotensin converting
enzyme inhibitors, angiotensin receptor blockers, calcium channel blockers, beta blockers and
statins) in the models given in Table 4, the results were not materially altered (data not shown).

Gender did not impact apelin concentration-pressure relations (p=0.3 to 1.0 for interactions).

Associations of apelin concentrations with measures of left ventricular mass and contractility
Apelin concentrations were not independently related to measures of left ventricular mass or
contractility (data not shown). The ESR impacted on the relationships of apelin concentrations with

left ventricular mass and relative wall thickness (interaction p=0.05 and 0.02, respectively); in
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stratified analysis, apelin concentrations were not related to either left ventricular mass nor relative

wall thickness in patients with an ESR of <13 mm/hr and 213 mm/hr.

Relationships of apelin concentrations with arterial function are independent of left ventricular
contractility

The associations of apelin concentrations with pressure pulsatility in stratified analysis (Table 4)
was re-assessed upon additional adjustment for cardiac contractility markers. As given in Table 5,
upon adjusting for stroke volume, associations of apelin concentrations with central systolic
pressure (partial r=-0.36, p=0.01), central pulse pressure (partial r=-0.28, p=0.03), pulse pressure
amplification (partial r=0.30, p=0.01) and forward wave pressure (partial r=-0.37, p=0.004)
remained significant in patients without but not with joint deformities. Similarly, apelin remained
related to central systolic pressure in those with a DAS28 <2.8 (partial r =-0.24, p=0.05) but not
22.8 and in those with an ESR of <13 mm/hr (partial r=-0.36, p=0.003) but not 213 mm/hr.

Upon adjusting for midwall fractional shortening, associations of apelin concentrations with central
systolic pressure (partial r=-0.36, p=0.01), central pulse pressure (partial r=-0.28, p=0.03), pulse
pressure amplification (partial r=0.29, p=0.03) and forward wave pressure (partial r=-0.35, p=0.01)
remained significant in those without but not with joint deformities. Apelin concentration also
remained related to central systolic blood pressure in those with a DAS28 <2.8 (partial r =-0.25,
p=0.05) but not >2.8 and in those with an ESR <13 mm/hr, (partial r=-0.37, p=0.003) but not 213
mm/hr.

Lastly, upon adjustment for ejection fraction, the associations of apelin concentrations with central
systolic pressure (partial r=-0.36, p=0.01), central pulse pressure (partial r=-0.28, p=0.03), pulse
pressure amplification (partial r=0.29, p=0.01) and forward wave pressure (partial r=-0.35, p=0.01)
remained significant in those without but not with joint deformities. Similarly, apelin concentration
remained related to central systolic pressure in those with a DAS28 of <2.8 (partial r =-0.25,
p=0.05) but not 22.8 and in those with an ESR <13 mm/hr (partial r=-0.37, p=0.003) but not =213

mm/hr.
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Discussion

The main finding of the current study is that apelin concentrations are independently associated
with reduced pressure pulsatility measures in RA patients without but not with a large current
(DAS28 22.8 or ESR 218 mm/h) or cumulative (presence of deformed joints) inflammatory burden.
These results indicate that apelin may be involved in the link between inflammation and increased
cardiovascular risk in RA.

After its discovery in 1998, systemic apelin administration was reported to decrease blood pressure
by increasing endothelial nitric oxide synthase activity in animal models [1]. Apelin induced nitric
oxide dependent arterial vasodilation was subsequently also documented in humans [4].
Endothelial nitric oxide diffuses in vascular smooth muscle cells where it activates the cyclic
guanosine monophosphate-protein kinase G pathway [2]. This results in vasodilatation through
vascular smooth muscle cell myosin light chain dephosphorylation and a reduction in cross
bridges. However, in endothelium denuded vessels, apelin binds to APJ receptors that are located
in smooth muscle cells [6,7]. Apelin thereby enhances myosin light chain phosphorylation that
results in vasoconstriction [6,7]. Additionally, upon induction of endothelial dysfunction with
asymmetric dimethylarginine (ADMA) or its analog molecule NG-nitro-L-arginine methyl ester (L-
NAME), systemic apelin was found to cross the endothelial barrier and cause vascular smooth
muscle cell myosin light chain phosphorylation with consequent vasoconstriction and increased
blood pressure [5,8,9].

Increased systemic inflammation comprises the most implicated risk factor for endothelial
dysfunction in patients with RA [29-32,42,43]. In the present investigation, besides cumulative
inflammation as reflected by deformity joint count (lower apelin levels in patients without compared
to with joint deformities), disease activity and inflammation markers were not significantly
associated with apelin concentrations. However, the apelin-pressure pulsatility relations and
hence presumably the effects of apelin on arterial function in RA, were significantly modulated by
both current or cumulative inflammation status as represented by a high ESR and DAS28 or joint
deformity count, respectively. Our results in the present study together with previously reported

findings [5-9] suggest that among RA patients that experience high-grade current or cumulative
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inflammation, endothelial nitric oxide dependent vasodilation induced by apelin is negated by
vasoconstriction through simultaneous activation of APJ receptors in arterial smooth muscle cells.
The potential modulating effect of systemic inflammation induced endothelial dysfunction on the
impact of apelin in arterial function among RA patients merits further evaluation in future
longitudinal and mechanistic studies.

Whereas apelin concentrations were associated with pressure pulsatility in RA, we did not find
relationships between apelin levels and pulse wave velocity, a valid marker of arterial stiffness [18],
and wave reflection measures. This reinforces the notion that different arterial function measures
as assessed in this study, are determined by disparate factors [18,25].

In persons aged 60 years or more, peripheral pulse pressure predicts coronary heart disease risk
better than systolic and diastolic blood pressure [44]. Pulse pressure is associated with endothelial
dysfunction and both of these cardiovascular disease risk factors are dependent on nitric oxide
bioavailability [45,46]. In the current study, apelin concentrations were associated with central but
not peripheral pulse pressures in RA. In this regard, central pressures are lower than peripheral
pressures but more strongly related to target organ damage involving the heart, kidneys and
cerebral arteries as well as incident cardiovascular events than peripheral blood pressure [18].
Apelin can increase cardiac contractility [10,11], which contributes to pressure pulsatility [19]. This
effect could therefore have impacted the apelin concentration-pressure pulsatility relations in the
present investigation. Increased left ventricular contractility would however be expected to
increase pressure pulsatility [19]. By contrast, we found that apelin levels were inversely
associated with pressure pulsatility and not related to left ventricular systolic function in RA. Upon
adjustment for cardiac contractility measures, the relationships of apelin concentrations with
reduced pressure pulsatility were unaltered in this RA study.

In line with current recommendations on the management of RA, the majority of patients that
participated in this study experienced adequate disease activity control. Our results illustrate that it
may therefore become increasingly indicated to consider the use of interaction and stratified
analysis in RA studies aimed at identifying potential mechanisms underlying the association of

systemic inflammation with cardiovascular disease risk [47]. Accordingly, we recently also
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reported that apelin concentrations are more consistently related to decreased atherosclerosis and
plaque vulnerability mediator levels in RA patients without compared to those with high
inflammatory markers [28]. Interestingly, using the same approach, Dimitroulos and colleagues
documented very recently that ADMA as well as symmetric dimethylarginine may mediate the
effects of systemic inflammation on impaired micro- and macrovascular function in patients with RA
[43].

We performed a comprehensive assessment of arterial function and considered a wide range of
potential confounders including echocardiographic measures of systolic function, in the data
analysis. However, our study design was cross-sectional, which precludes drawing inferences on
the direction of causality. Also, the effects of different apelin isoforms and particularly [Pyr1]-
apelin-13, as well as Elabela or Toddler [17] on arterial function in patients with RA require
exploration in future studies.

In conclusion, we documented that apelin concentrations are independently associated with
reduced pressure pulsatility in RA patients with a low current or cumulative inflammatory burden.
By contrast, apelin levels were unrelated to arterial function in patients with high inflammatory
markers. A loss of protective effects on the vasculature by apelin may mediate systemic

inflammation related increased cardiovascular disease risk in patients with RA.
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Table 1 Recorded characteristics in 170 patients with RA

Demographic characteristics RF positive 74.7
Age at study time, years 57.8 (12.1) ACPA positive 70.0
Age at disease onset 41.8 (13.9) DAS28 2.8 (1.7)
Female gender 83.5 ESR, mm/hr 13.0 (4.0-26.0)
White 65.9 CRP, mg/l 3.1 (1.2-7.9)
Asian 18.8 Leukocyte count, n/nl 5.3 (4.5-6.8)
Black 12.9 Deformed joints, n 1.0(0-10.0)
Coloured 24 Extra-articular manifestations 21.2
Lifestyle factors HAQ-DI 0.4 (0.0-0.9)
Exercise 32.4 Synthetic disease modifying agents 90.6
Alcohol use 31.2 Methotrexate 75.9
Current smoking 9.4 Chloroquine 51.2
Anthropometry Leflunomide 39.4
BMI, kg/m® 27.0 (5.5) Sulphasalazine 15.9
Waist circumference, cm 91.9 (14.0) Tetracycline 15.9
Waist-hip ratio 0.88 (0.09) Azathioprine 71
Metabolic risk factors Current DMARD, n 2.1(1.1)
Hypertension 41.8 Biological disease modifying agents  11.2
SBP, mm Hg 128 (16) Abatacept 29
DBP, mm Hg 81 (8) TNF-a inhibitors 8.2
Total cholesterol, mmol/l 4.5 (1.1) NSAID 35.3
HDL cholesterol, mmol/l 1.68 (0.46) Prednisone use 24
LDL cholesterol, mmol/l 2.4 (0.9) CKD-EPI, ml/min/1.73° 99.3 (86.1 -107.6)
Triglycerides, mmol/l 0.93 (0.70-1.25) Heart rate 72.6 (11.9)
Total C - HDL C ratio 2.7 (2.3-3.2) Echocardiographic measures
Total C - HDL C ratio >4 8.2 LV mass, g/m"”’ 51.6 (41.7-68.9)
Dyslipidemia, 471 Relative wall thickness, mm 0.44 (0.08)
Diabetes 5.9 Stroke volume, mi 72.3 (12.0)
Glucose, mmol/l 4.9 (4.5-5.1) FSmw, mm 20.7 (6.8)
HOMA-IR, yU.mmol/ml.| 1.4 (1.0-2.0) Ejection fraction, % 58.8 (13.5)
Cardiovascular agents Arterial function measures
Antihypertensives 41.2 Pulse wave velocity, m/sec 7.3 (6.2-9.3)

Diuretics 224 Augmentation index, % 31 (1)

ACEI 15.3 Reflected wave pressure, mm Hg 21 (8)

ARB 15.9 Reflection magnitude, % 75 (23)

CCB 18.8 Central systolic pressure, mm Hg 126 (16)

BB 8.2 Central diastolic pressure, mm Hg  84(9)
Statins 40.6 Central pulse pressure, mm Hg 42 (14)
Ezetimibe 10.6 Pulse pressure amplification 1.2 (1.0-1.3)
OGLA 24 Peripheral pulse pressure, mm Hg 47 (13)
Insulin 1.8 Forward wave pressure, mm Hg 28 (9)

RA characteristics
Disease duration, years

14.5 (9.0-22.0)

Apelin concentration, pg/mi

232 (149-339)

Dichotomous variables are expressed as proportions or percentages and continuous variables as mean (SD) or median
(interquartile range). RA: rheumatoid arthritis; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; HDL: high-density lipoprotein; LDL: low-density lipoprotein; HOMA-IR: Homeostatis Model Assessment of insulin
resistance; ACEI: angiotensin converting enzyme inhibitors; ARB: angiotensin Il receptor blockers; CCB: calcium channel

blocker; BB: beta blockers; OGLA: oral glucose lowering agents; RF: rheumatoid factor; ACPA: anti-citrullinated protein antibody;
CDAI: Clinical Disease Activity Index; DAS28: Disease Activity Score in 28 joints; ESR: erythrocyte sedimentation rate; CRP: C
reactive protein; HAQ: Stanford Health Assessment Questionnaire Disability Index; DMARD: Disease modifying anti-rheumatic
drugs; NSAID: non-steroidal anti-inflammatory drugs; CKD-EPI: Chronic Kidney Disease Epidemiology Collaboration; LV: Left
ventricular; RWT: relative wall thickness; FSmw: midwall fractional shortening.
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Table 2 Associations of baseline characteristics with
apelin concentrations at p value <0.15

Partialr P value

Age at disease onset -0.20 0.01
Deformed joints 0.19 0.02
RF positive 0.20 0.01
DAS28 0.12 0.13
Extra articular manifestations 0.13 0.10
Methotrexate 0.21 0.01
Leflunomide 0.12 0.14
Sulphasalazine 0.12 0.15
Number of DMARD 0.20 0.01
HOMA-IR 0.17 0.04

Associations were determined in age at disease onset,
gender and race adjusted models. RF: rheumatoid
factor; DAS28: Disease Activity Score in 28 joints;
DMARD: disease modifying anti-rheumatic drugs;
HOMA-IR: Homeostasis Model Assessment of insulin
Resistance.
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Table 3 Associations of apelin concentrations with arterial function in 170 patients with RA

Arterial . -
stiffness Wave reflection Pressure pulsatility
Pulse wave Augmentation Reflected Reflection PP Peripheral Forward wave
. AUg wave ; Central SP Central PP s 1p
velocity index magnitude amplification PP pressure
pressure
Univariate r (p) -0.01 (0.84) -0.15(0.06) -0.19 (0.01) -0.12(0.11) -0.19 (0.01) -0.19(0.02) 0.23 (0.003) -0.12(0.10) -0.09 (0.24)

Adjusted® Partialr (p) 0.04 (0.69) -0.13(0.13)  -0.19(0.02) -0.07 (0.44)  -0.22(0.01) -0.22(0.01) 0.17 (0.04)  -0.10 (0.26) -0.15(0.08)

Adjusted® Partialr (p) 0.07 (0.47) -0.14 (0.87)  -0.07 (0.43) 0.09 (0.31)  -0.13(0.15) -0.12(0.16) -0.04 (0.64)  0.14 (0.11) -0.12 (0.15)

Slgnlflcant associations are shown in bold. SP: Systolic pressure; PP: pulse pressure

Systollc and diastolic blood pressure were replaced by mean blood pressure in models on peripheral pulse pressure.

Adjusted for age at disease onset, gender, race, number of deformed joints, DAS 28, RF status, extra articular manifestations number of DMARDS, HOMA-IR (see Table 2)
Addltlonally adjusted for height, systolic blood pressure, diastolic blood pressure and heart rate
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Table 4 Independent associations of apelin concentrations with measures of pressure pulsatility in stratified analysis

Central SP Central PP PP amplification Peripheral PP’ Forward wave
Partial r P value Partial r P value Partial r P value Partial r P value Partial r P value
Deformed joints
<1 -0.33 0.01 -0.26 0.04 0.27 0.03 -0.08 0.52 -0.33 0.01
=1 0.09 0.47 0.07 0.61 -0.08 0.54 0.04 0.78 0.11 0.09
DAS28
<2.8 -0.24 0.05 -0.17 0.17 0.18 0.14 -0.02 0.86 -0.07 0.55
=2.8 -0.02 0.91 -0.08 0.55 0.09 0.52 -0.13 0.34 -0.18 0.20
ESR
<13 mm/hr -0.36 0.003 -0.29 0.02 0.31 0.01 -0.06 0.61 -0.29 0.02
213 mm/hr -0.90 0.50 -0.07 0.34 0.16 0.24 0.08 0.62 -0.10 0.30

Age at disease onset, gender, race, height, heart rate, systolic and diastolic blood pressure, deformed joints, DAS28, RF status, number of DMARD, HOMA-IR, and extra-articular
manifestations were adjusted for in each model. Significant associations are shown in bold. SP: systolic pressure; PP: pulse pressure; DAS28: Diseases Activity Score in 28 joints;
ESR: erythrocyte sedimentation rate.

1Systolic and diastolic blood pressure were replaced by mean blood pressure in models on peripheral pulse pressure.
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Table 5 Cardiac contractility independent associations of apelin concentration with measures of central pressure pulsatility in stratified analysis

Central SP Central PP PP amplification Peripheral PP’ Forward wave
Partial r P value Partial r P value Partial r P value Partial r P value Partial r P value
Deformed joints
<1 -0.36 0.01 -0.28 0.03 0.30 0.01 -0.11 0.37 -0.37 0.004
. >1 0.13 0.31 0.05 0.74 -0.10 0.42 0.10 0.44 0.27 0.15
Adding DAS28
%e to <2.8 -0.24 0.05 -0.17 0.18 0.17 0.14 0.00 0.99 -0.08 0.50
the model >2.8 0.03 0.84 -0.05 0.72 0.09 0.52 -0.03 0.81 -0.15 0.30
- ESR
<13 mm/hr -0.36 0.003 -0.29 0.002 0.31 0.01 -0.04 0.78 -0.28 0.02
>13 mm/hr -0.06 0.68 -0.10 0.46 0.14 0.32 0.06 0.68 -0.12 0.37
Deformed joints
<1 -0.36 0.01 -0.28 0.03 0.29 0.03 -0.07 0.60 -0.35 0.01
>1 0.10 0.46 0.08 0.56 -0.09 0.50 0.05 0.71 0.14 0.30
Adding DAS28
FSmw to <2.8 -0.25 0.04 -0.16 0.19 0.19 0.13 -0.004 0.97 -0.09 0.49
the model >2.8 0.02 0.90 -0.07 0.63 0.07 0.61 -0.13 0.36 -0.16 0.26
ESR
<13 mm/hr -0.37 0.003 -0.29 0.02 0.31 0.01 0.07 0.60 -0.31 0.02
>13 mm/hr -0.03 0.83 -0.11 0.46 0.16 0.26 0.06 0.68 -0.12 0.40
Deformed joints
<1 -0.36 0.01 -0.28 0.03 0.29 0.03 -0.07 0.59 -0.35 0.01
>1 0.09 0.52 0.06 0.68 -0.07 0.63 0.05 0.69 0.12 0.36
Adding DAS28
EF to the <2.8 -0.25 0.05 -0.16 0.20 0.19 0.14 -0.01 0.94 -0.08 0.50
model >2.8 0.003 0.98 -0.08 0.58 0.08 0.57 -0.13 0.36 -0.17 0.25
ESR
<13 mm/hr -0.37 0.003 -0.30 0.02 0.32 0.01 0.08 0.53 -0.31 0.01
>13 mm/hr -0.01 0.92 -0.10 0.48 0.16 0.27 0.06 0.66 -0.11 0.43

Age at disease onset, gender, race, height, heart rate, systolic and diastolic blood pressure, deformed joints, DAS28, RF status, number of DMARD, HOMA-IR, and extra-articular
manifestations were adjusted for in each model. Significant associations are shown in bold. SP: systolic pressure; PP: pulse pressure; DAS28: Diseases Activity Score in 28 joints; ESR:
erythrocyte sedimentation rate; FSmw: midwall fractional shortening; EF: ejection fraction.

1Systolic and diastolic blood pressure were replaced by mean blood pressure in models on peripheral pulse pressure.



Paper 3 - Disease severity impacts the relationship of apelin with arterial function in

patients with rheumatoid arthritis

Paper 3 showed that apelin may protect against adverse proximal aortic modeling and impaired
function in RA. Our analysis further revealed that a large current or cumulative inflammatory
burden may abrogate this cardioprotective effect of apelin in RA. Apelin was previously also
shown to reduce atherosclerosis extent and atherosclerotic plaque vulnerability in non-RA studies.

Therefore, we subsequently explored the potential role of apelin in atherosclerosis in RA.
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Background and aims: Apelin-AP] signaling reduces cardiovascular disease (CVD) risk. In rheumatoid
arthritis (RA), the atherosclerosis burden and plaque vulnerability to rupture are increased. We explored
relationships between apelin concentrations and subclinical CVD in RA.
Methods: Apelin levels were measured in 235 (114 black, 121 white) RA patients. Associations between
apelin concentrations and ultrasound determined carotid artery intima-media thickness (cIMT) and
plaque, and levels of matrix metalloproteinase (MMP)-2 and -9 that mediate plaque stability and
vulnerability respectively, were identified in confounder adjusted multivariate regression analysis.
Results: In all patients, apelin concentrations were directly associated with those of MMP-2 (8
(SE) = 0.324 (0.112), p = 0.004) and inversely with those of MMP-9 (f (SE) = -0.239 (0.060), p = 0.000).
Apelin concentration-subclinical CVD relations were influenced by population origin, RA disease activity,
erythrocyte sedimentation rate (ESR) and interleukin (IL)-6 concentrations (interaction p = 0.001 to
0.04). Accordingly, the apelin-MMP-2 concentration relationship was reproduced in white (B
(SE) = 0.367 (0.146), p = 0.01) but not black RA patients (B (SE) = 0.197 (0.220), p = 0.4), and only in those
without (but not with) large erythrocyte sedimentation rates (B (SE) = 0.428 (0.143), p = 0.003) or
interleukin-6 levels (f (SE) = 0.485 (0.288), p = 0.04). By contrast, the apelin-MMP-9 concentration
relation was reproduced more consistently. Apelin levels were inversely related to cIMT in patients with
RA remission or mild (f (SE) = -0.068 (0.033), p = 0.04) but not moderate or high disease activity (B
(SE) = 0.015 (0.112), p = 0.7).
Conclusions: Apelin concentrations are associated with altered plaque stability mediator levels and
atherosclerosis in patients with RA. These relations are partially dependent on population origin and
systemic inflammatory status.

© 2016 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

type 1 receptor (AT1) but does not bind angiotensin II. Tatemoto
et al. found that apelin was an endogenous ligand for the APJ re-

In 1993, O'Dowd et al. identified the APJ receptor as a member of
the 7-transmembrane G-protein coupled receptors [1]. The APJ
receptor shows closest sequence homology to the angiotensin II

* Corresponding author. Rheumatology Division, Universitair Ziekenhuis and
Vrije Universiteit Brussel, Belgium.
E-mail address: patrick.dessein22@gmail.com (P.H. Dessein).

http://dx.doi.org/10.1016/j.atherosclerosis.2016.11.024
0021-9150/© 2016 Elsevier Ireland Ltd. All rights reserved.

ceptor in 1998 [2]. Apelin and AP] mRNA are expressed in the
central nervous system and various peripheral tissues with a
particular preponderance for the cardiovascular system [3].
Apelin production is increased in hyperinsulinemia-associated
obesities [4] and in obese diabetic but not obese non-diabetic
subjects [5]. The increased apelin production in obesity likely rep-
resents a compensatory and adaptive mechanism aimed at fore-
stalling insulin resistance and other obesity related cardiovascular
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disorders [6,7]. Indeed, apelin enhances glucose utilization through
both insulin-dependent and -independent mechanisms [8].

Opposite to the effects of angiotensin II, apelin reduces vascular
tone and reduces blood pressure through endothelial-dependent
nitric oxide-mediated vasodilatation, and increases diuresis by
inhibiting vasopressin release [3,9]. Statin therapy results in
increased apelin levels that are associated with decreases in total
and LDL cholesterol concentrations [10]. Apelin signaling was
shown to block angiotensin Il induced atherosclerosis by increasing
nitric oxide production and inhibiting angiotensin II signaling [11].
Apelin increases cholesterol efflux in macrophages and inhibits
foam cell formation through activation of class Il PI3K and beclin-1
mediated authophagy [12]. In the elastase-induced abdominal
aortic aneurysm (AAA) and inflammation model, apelin adminis-
tration markedly reduces vascular wall macrophage infiltration and
cytokine and chemokine expression, and diminishes AAA forma-
tion [13]. Amongst patients with coronary artery disease (CAD),
apelin concentrations are decreased [14], inversely associated with
the severity and acute phase of CAD [15]. In patients with carotid
stenosis, apelin concentrations are reduced and associated with
increased carotid plaque vulnerability, and atorvastatin-induced
increases in apelin levels predict increased plaque stability [16].
Taken together, the APJ-apelin system reduces cardiovascular risk
and represents a promising therapeutic target in cardiovascular
disease (CVD) [3].

Different matrix metalloproteinases can either promote a net
extracellular matrix destruction that results in atherosclerotic
plaque vulnerability to rupture, or enhance fibrosis that translates
into plaque stability [17,18]. In this regard, matrix metal-
loproteinase (MMP)-2 enhances vascular smooth muscle cell
migration and proliferation, which is implicated in the formation of
fibrous caps in plaques. MMP-2 concentrations are larger in stable
compared to unstable plaques. In contrast, MMP-9 levels are larger
in unstable compared to stable plaques among human subjects.
MMP-9 enhances extracellular matrix destruction rather than
fibrosis.

The enhanced risk of CVD in rheumatoid arthritis (RA) is well
established [19]. RA patients experience an increased atheroscle-
rotic burden and enhanced plaque vulnerability and vascular
inflammation [20—24]. Systemic inflammation is strongly impli-
cated in RA associated CVD, but the underlying mechanisms remain
uncertain [19]. In this regard, apelin concentrations are reduced in
patients with untreated early RA [25].

Our aim was to explore independent relationships of apelin
concentrations with ultrasound determined carotid atherosclerosis
and levels of matrix metalloproteinase (MMP)-2 and —9 as medi-
ators of plaque stability and vulnerability respectively [17,18], in
patients with RA.

2. Patients and methods
2.1. Patients

The local Ethics Committee approved the study (M06 07 33) and
written informed consent was obtained from each participant. Two
hundred and thirty-five (114 black, 121 white) sequential patients
who met reported RA classification [26,27] were enrolled. Patients
were recruited at the Charlotte Maxeke Johannesburg Academic
Hospital (n = 132) and the Milpark Hospital (n = 103) in Johan-
nesburg. For each recorded feature, missing data were below 5%.

2.2. Baseline characteristics and conventional metabolic risk factors

Previously reported methods were employed [28]. In short,
height, weight, waist and hip circumference were measured. RA

activity was assessed by the Disease Activity Score in 28 joints
(DAS28) and the Clinical Disease Activity Score (CDAI). We recorded
joint deformity counts, rheumatoid factor (RF) and extra-articular
manifestations [28].

The erythrocyte sedimentation rate (ESR), renal and liver func-
tion, hematological variables, lipids and glucose were determined.
The Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation was calculated [29]. C-reactive protein (CRP) concentra-
tions were assessed by immunoturbidimetry. A solid-phase sand-
wich enzyme-linked immunosorbent assay (ELISA) was used to
quantify interleukin-6 (IL-6) concentrations [28]. Data on synthetic
disease modifying agent and cardiovascular drug use were
included.

We measured blood pressure, lipid and glucose concentrations.
A systolic and diastolic blood pressure of >140 and/or >90 mmHg
respectively, and/or antihypertensive drug use were considered to
represent hypertension. A cholesterol/HDL ratio >4 indicated the
presence of dyslipidemia [19]. Diabetes was diagnosed when the
fasting plasma glucose concentration was >7 mmol/L or glucose
lowering agents were employed [30].

2.3. Atherosclerosis

Two operators, one in the private and one in the public sector,
performed carotid ultrasonography in accordance with reported
recommendations [31]. The carotid intima-media thickness (cIMT)
was measured by obtaining images over at least 1 cm of the distal
common carotid arteries and 1 cm proximal to the carotid bifur-
cation; the longitudinal angle of approach, where both internal and
external carotid artery branches are best seen, was employed [32].
Measurements were performed with high-resolution B-mode US
(Image Point, Hewlett Packard and SonoCalc IMT, Sonosite Inc.),
using linear array 7.5 MHz probes. The ultrasonography method-
ology used in private healthcare patients was reported [33]. In
public healthcare patients, specialized software was used that
provides semi-automated border detection and markedly repro-
ducible data [32]. The reported cIMT in this study is the mean of 2
values comprising those obtained at each distal common carotid
artery. Plaque represents a luminal protrusion of >0.5 mm or 50% of
the nearby intima-media thickness or an intima-thickness of
>1.5 mm [31]. Both operators were blinded to cardiovascular risk
factor profiles. Repeat ultrasonographic measurements were made
by the 2 operators using their respective ultrasound machines on a
group of 23 patients from either healthcare sector. The intra-
observer coefficient of variation was 5.8% for the operator in the
private and 4.1% for the one in the public sector, respectively, and
the inter-observer coefficient of variation was 8.0% for measure-
ments performed by the two operators. Both operators identified
carotid artery bulb and/or internal carotid artery plaque in the same
11 of the 23 examined cases.

2.4. Altered plaque stability measures

Surrogate markers of plaque vulnerability levels comprising
those of matrix metalloproteinase (MMP)-2 and -9 were quantified
by a solid-phase sandwich ELISA (QuantikineHS). Their lower
detection limits were 3.5 ng/ml, and 10 pg/ml, respectively; the
interassay and intra-assay coefficients of variation were 10.0% and
12.0% for each of the 2 measurements.

2.5. Apelin concentrations
Concentrations of apelin C-terminal fragments that are

responsible for the receptor binding and biological activity of
apelin, were determined by a solid-phase sandwich ELISA
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(QuantikineHS). The lower detection limit and inter- and intra-
assay coefficients of variation were 0.1 ng/ml and <10% and <15%,
respectively.

2.6. Data management and analysis

We expressed continuous variables as mean (SD) or median
(interquartile range (IQR)) and applied logarithmic transformation
as and when appropriate [28]. Categorical data are given as
percentages.

Demographic characteristic-apelin level associations were
assessed in a multivariable linear regression model. Other baseline
characteristic apelin relations were determined in models that
adjusted for demographic features. The independent apelin meta-
bolic risk factor associations were assessed in linear or logistic
regression models as appropriate and with adjustment for potential
confounders as identified in the above mentioned multivariable
regression analysis at p < 0.2.

The independent apelin -cIMT, -plaque and -altered plaque
stability mediator levels were determined using linear or logistic
regression models with adjustment for the Framingham score and
additional potential confounders, as found in the foregoing
analysis.

We have previously reported that the effects of adipokines are
influenced by physiological status in RA [28,34,35]. For example,
chemerin levels are associated with cIMT in overweight and obese
but not normal weight RA patients [28]. Also, adiponectin con-
centrations relate independently to carotid plaque presence in RA
patients with but not without abdominal obesity or no joint de-
formities [34]. In view of these findings, we determined the influ-
ence of patient characteristics on apelin-subclinical CVD relations
by interaction analysis and performing stratified analysis when
indicated (significant interaction p values) [28]. In this context, A
BMI of >30 kg/m? and the presence of the metabolic syndrome
(MetS) waist criterion [36] were considered to represent overall
and abdominal obesity, respectively. When appropriate, subgroups
were determined by median values.

We employed the IBM SPSS statistics program (version 22.0,
IBM, USA). A p < 0.05 was considered significant.

3. Results

Descriptive statistics are given in Table 1. Women comprised
83.4% of the study population. The mean (SD) age and disease
duration were 57.0 (10.8) and 13.6 (9.3) years, respectively. Hy-
pertension, dyslipidemia and diabetes were recorded in 59.6, 17.9
and 12.3% of the participants, respectively, and 40.0% of them had
carotid artery plaque. One or more synthetic disease modifying
agents were used by each patient. The median (IQR) CDAI and mean
(SD) DAS28 were 7 (2—14) and 2.9 (1.7) respectively, which reflect
low disease activity [37]. The median (IQR) apelin concentrations
were 390 (274—653) pg/ml.

3.1. Associations of baseline characteristics with apelin
concentrations

Table 2 shows that black ethnicity was associated with low
apelin concentrations; rheumatoid factor positivity and extra-
articular manifestations related to high apelin levels. Other base-
line characteristics that were related to apelin concentrations at
p > 0.05 to <0.2, and therefore included in subsequent multivari-
able regression models as potential confounders or/and mediators,

Table 1. Recorded characteristics in 235 patients with RA.
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Demographic characteristics

Age at study time, yrs 57.0 (10.8)

Female sex 83.4%

Black 48.5%

White 51.5%
Lifestyle factors

Exercise 36.6%

Alcohol use 20.4%

Current smoking 6.4%
Anthropometry

Body mass index, kg/m? 27.5 (6.0)

Waist circumference, cm 91 (13)

Waist-hip ratio
Cardiovascular agents

0.86 (0.80—0.91)

Antihypertensives 48.5%
Statins 28.1%
Ezetimibe 0.85%
Oral glucose-lowering agents 8.9%
Insulin 1.7%
RA characteristics
Disease duration, yrs 13.6 (9.3)
Rheumatoid factor-positive 75.3%
Clinical Disease Activity Index 7 (2—14)
Disease Activity Score in 28 joints 29 (1.7)
Erythrocyte sedimentation rate, mmj/h 12 (5—28)
C-reactive protein, mg/L 52 (2.2—-12.3)
Interleukin 6, pg/ml 3.3 (2.2-6.0)
Leukocytes, n/nl 5.8 (4.8—7.6)
Deformed joints, no 6 (0—15)
Extra-articular manifestations 7.7%
Synthetic disease-modifying agents
Methotrexate 84.3%
Chloroquine 66.4%
Leflunomide 29.8%
Sulfasalazine 18.7%
Azathioprine 15.0%
Tetracycline 11.9%
Cyclophosphamide 3.4%
Penicillamine 3.0%
Number 24(0.9)
Prednisone use 2.1%
Tumor necrosis factor-o blockade 3.8%
CKD-EPI, ml/min/1.732 95 (20)
Framingham score 2(1-5)
Metabolic risk factors
Conventional
Hypertension 59.6%
Systolic blood pressure, mmHg 134 (22)
Diastolic blood pressure, mmHg 82 (13)
Total cholesterol, mmol/L 4.8 (1)
HDL cholesterol, mmol/L 1.54 (1.30—1.89)
LDL cholesterol, mmol/L 2.7 (0.8)
Triglycerides, mmol/L 1(0.8—1.4)
Cholesterol-HDL cholesterol ratio 3.1(2.5-3.6)
Cholesterol-HDL cholesterol ratio > 4 17.9%
Non-HDL cholesterol, mmol/L 32 (1)
Diabetes 12.3%
Glucose, mmol/L 4.7 (4.4-5.2)

Carotid atherosclerosis
Intima-media thickness, mm
Plaque

Plaque vulnerability
MMP-2 (ng/ml)

MMP-9 (ng/ml)

Apelin (pg/ml)

0.709 (0.110)
40.0%

1499 (604—2373)
4610 (3431-6842)
390 (274—653)

Dichotomous variables are expressed as proportions or percentages and continuous
variables as mean (SD) or median (interquartile range).

RA, rheumatoid arthritis; CKD-EPI EPI, Chronic Kidney Disease Epidemiology
Collaboration; HDL, high density lipoprotein; LDL, low density lipoprotein; MMP,
matrix metalloproteinase.

are given in Table 2. Adiposity measures were not associated with
apelin levels.
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Table 2. Associations of demographic features, and other baseline characteristics
with apelin. Concentrations, as well as of the latter with metabolic risk out-
comes at p < 0.2.

Characteristics B (SE)/OR (95% CI) p value
Demographic characteristics
Age at study time 0.000 (0.002) 0.9
Female sex 0.070 (0.048) 0.15
Black —0.079 (0.036) 0.03
Alcohol use 0.085 (0.049) 0.08
RA characteristics
Rheumatoid factor-positive 0.108 (0.041) 0.009
Erythrocyte sedimentation rate® 0.065 (0.043) 0.13
Extra articular manifestations 0.191 (0.067) 0.005
Synthetic disease-modifying agents
Tetracycline use 0.075 (0.055) 0.18
Metabolic risk factors
Systolic blood pressure 10.701 (5.183) 0.04
Diastolic blood pressure 7.236 (2.942) 0.02
Cholesterol/HDL cholesterol ratio >4 2.95(0.73—-11.97) 0.13

Baseline characteristic-apelin concentration relations were assessed in de-
mographic variable adjusted models. Relations of apelin concentrations with
metabolic risk factors were evaluated in demographic characteristics as well as
alcohol use, rheumatoid factor status, erythrocyte sedimentation rate, extra-
articular manifestations and tetracycline use adjusted models. Significant associa-
tions are shown in bold.

B, regression coefficient; SE, standard error; OR, odds ratio; CI, confidence interval;
RA, rheumatoid arthritis; HDL, high-density lipoprotein.

2 Logarithmically transformed variables.

3.2. Independent relationships of apelin concentrations with
metabolic risk

As also given in Table 2, systolic and diastolic blood pressure was
significantly associated with apelin concentrations. After further
adjustment for the use of antihypertensive drugs, the apelin-
systolic blood pressure relation was no longer significant (f
(SE) = 7.883 (4.820), p = 0.1) whereas the apelin-diastolic blood
pressure association remained significant ( (SE) = 5.742 (2.754),
p = 0.03). The p value for the cholesterol-HDL cholesterol ratio >
4—apelin relation was <0.2 (i.e. 0.13) but not significant. Upon
additional adjustment for the use of lipid lowering agents, the
respective p value was reduced to 0.08 with an odds ratio (95%
confidence interval) of 3.16 (0.87—11.45). In subsequent multivari-
able analyses, non-modifiable and modifiable major conventional
risk factors were accounted for by adjusting for the Framingham
score [38] and to avoid overfitting.

3.3. Independent relations of apelin concentrations with
atherosclerosis and altered plaque stability mediator levels

Table 3 shows that apelin concentrations were strongly related

to high MMP-2 and low MMP-9 levels in both univariate and
adjusted analysis amongst all patients. Upon additional adjustment
for BMI, CDAI and joint deformity counts, apelin concentrations
remained associated with those of MMP-2 and MMP-9 (B
(SE) = 0.355 (0.115), p = 0.002 and B (SE) = —0.243 (0.062),
p = 0.000). Upon replacement of the CDAI by DAS28 in the latter
model, apelin levels also remained related to those of MMP-2 and
MMP-9 (B (SE) = 0.349 (0.115), p = 0.000 and f (SE) = —0.247
(0.115), p = 0.003). Apelin concentrations were not related to cIMT
and plaque in all patients.

3.4. Impact of patient characteristics on the associations of apelin
concentrations with carotid atherosclerosis and plaque stability
mediator levels

The DAS28 and CDAI impacted on the apelin concentration-
cIMT relations (interaction p = 0.04 and 0.001, respectively), the
ESR impacted on the apelin concentration-MMP-2 level relations
(interaction p = 0.04) and population origin and IL-6 levels
impacted on apelin concentration-MMP-9 relations (interaction
p = 0.03 and p = 0.04, respectively).

As given in Table 4, in stratified analysis, apelin concentrations
were inversely associated with cIMT in patients with RA remission
or low but not moderate or high disease activity. Apelin levels were
directly related to those of MMP-2 in white but not black patients
and only in those without (but not with) large erythrocyte sedi-
mentation rates or interleukin-6 values or moderate or high disease
activity as assessed by DAS28. Apelin concentrations were associ-
ated with those of MMP-2 irrespective of disease activity status as
evaluated by CDAL The apelin-MMP-9 relation was reproduced in
all subgroups of interest except for those with high disease activity,
as assessed by DAS28, in whom it was not significant (p = 0.2).
However, the apelin-MMP-9 association did not differ in patients
with versus those without a DAS28 > 3.6 (interaction p = 0.7).

4. Discussion

The present study demonstrates that apelin concentrations are
strongly and inversely associated with those of MMP-9 in patients
with RA. In stratified analysis, these findings were consistently
reproduced amongst both black and white patients and those with
and without a large inflammatory burden. MMP expression is
altered in obesity [39] and can represent disease activity [40] and
joint damage [41] in RA. The apelin-MMP relations in this investi-
gation were independent of adiposity measures, the CDAI or DAS28
and deformity joint count as well as a range of other potential
confounders. Apelin concentrations were also associated with
those of MMP-9 irrespective of RA activity as evaluated by CDAI, but
not significantly so in patients with moderate or high disease

Table 3. Relationship of apelin concentrations with carotid atherosclerosis and levels of altered plaque stability mediators.

Univariate Multivariate
Characteristics
B (SE) p B (SE) p
Carotid atherosclerosis
Intima-media thickness -0.231 (0.157) 0.2 0.041 (0.026) 0.1
OR (95% CI) p OR (95% CI) p
Plaque 1.052 (0.401—-2.684) 0.9 0.763 (0.524—-2.313) 0.6
Plaque vulnerability B (SE) p B (SE) p
MMP-2* 0.103 (0.037) 0.01 0.324 (0.112) 0.004
MMP-9° —0.321 (0.069) 0.000 —0.239 (0.060) 0.000

Relations were assessed in race, Framingham score, rheumatoid factor status, erythrocyte sedimentation rate, extra-articular manifestations, tetracycline use and alcohol use

adjusted multivariable models. Significant associations are shown in bold.
B, regression coefficient; SE, standard error; MMP, matrix metalloproteinase.
2 Logarithmically transformed variables.
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Table 4. Independent relationships of apelin concentrations with carotid intima-media thickness and levels of altered plaque stability mediators in subgroups.

Relationship with atherosclerosis and altered plaque stability mediator levels

cIMT MMP-2 MMP-9

Groups Number B (SE) p value B (SE) p value B (SE) p value

Population
White 121 —0.018 (0.037) 0.6 0.367 (0.146) 0.01 —0.192 (0.072) 0.01
Black 114 —0.012 (0.044) 0.8 0.197 (0.220) 0.4 —0.269 (0.128) 0.04
Missing 0

CDAI >10
No 140 —0.068 (0.033) 0.04 0.304 (0.150) 0.04 —0.239 (0.075) 0.002
Yes 94 0.015 (0.046) 0.7 0.354 (0.177) 0.05 —0.207 (0.104) 0.05
Missing 1

DAS28 > 3.6
No 165 —0.062 (0.031) 0.04 0.343 (0.140) 0.01 —0.242 (0.066) 0.000
Yes 70 0.006 (0.057) 0.9 0.233 (0.209) 0.2 —0.189 (0.149) 0.2
Missing 1

ESR >12 mm/h
No 119 —0.035 (0.038) 04 0.428 (0.143) 0.003 —0.227 (0.073) 0.003
Yes 110 —0.030 (0.035) 0.4 0.115 (0.199) 0.6 —0.279 (0.112) 0.02
Missing 6

IL-6 > 3.25 pg/ml
No 106 —0.063 (0.046) 0.2 0.485 (0.288) 0.04 —0.225 (0.095) 0.02
Yes 110 —0.013 (0.035) 0.7 0.254 (0.140) 0.08 —0.335 (0.093) 0.000
Missing 19

Relations were assessed in race, Framingham score, rheumatoid factor status, erythrocyte sedimentation rate, extra-articular manifestations, tetracycline and alcohol use

adjusted multivariable models. Significant associations are shown in bold.

CIMT, carotid intima-media thickness; MMP, matrix metalloproteinase; B, regression coefficient; SE, standard error.

activity as assessed by DAS28. The apelin-MMP-9 did not differ
amongst patients with and without a high DAS28 as the related
interaction p was 0.7. Moreover, acute phase responses are
reportedly not associated with CVD amongst African black RA pa-
tients [42] and are included in the DAS28. Hence, the CDAI is likely
to be a more accurate measure of disease activity than the DAS28 in
the present context.

Apelin was shown to downregulate the production of MMP-9
[43]. MMP-9 expression is increased in human foam cell macro-
phages and causes extracellular matrix destruction [17]. Circulating
concentrations of MMP-9 are increased in patients with acute
coronary artery syndrome [18]. An MMP-9 polymorphism that in-
creases its transcription and CAD was reported [17]. These findings
together with the current results suggest that apelin may reduce
plaque vulnerability in RA.

Apelin concentrations were directly related to those of MMP-2
in the present investigation. Apelin was previously reported to in-
crease the expression of MMP-2 [44]. Although MMP-2 concen-
trations are also increased after a myocardial infarction, this is
thought to represent a consequence rather than a cause [17].
Indeed, in contrast to MMP-9, MMP-2 mediates plaque stability
[17,18].

Importantly in the context of RA, we found that systemic
inflammation modified the apelin-MMP-2 relation. Accordingly,
the potential enhancing effect of apelin on plaque stability was
absent in patients with an ESR or IL-6 concentration above their
median value. This abrogated effect of apelin may, therefore,
contribute to the reported increased CVD risk associated with
systemic inflammation in RA [19]. Our findings have implications in
CVD risk management through adequate inflammation control.

Markers of systemic inflammation including the ESR, CRP and
IL-6 concentrations as well as disease activity measures comprising
the CDAI and DAS28 were not associated with apelin concentra-
tions in this study. Also, amongst all RA patients, apelin levels were
not related to atherosclerosis measures. However, apelin concen-
trations were inversely associated with cIMT in patients with dis-
ease remission or mild but not moderate or high disease activity as
assessed by CDAI or DAS28. This may suggest a disassociation

between inflammation and vascular disease in RA patients with
low or absent disease activity. As apelin concentrations were
decreased in patients with untreated early RA [25], adequate RA
activity control, as was observed in the majority of patients in the
present investigation, may increase apelin levels and thereby
reduce CVD risk. These possibilities should be studied in future
longitudinal investigations. The present findings on the apelin-
cIMT association may reinforce the need for tight disease activity
control in CVD prevention amongst patients with RA.

In this study, apelin concentrations were lower in black
compared to white RA patients. Further, in contrast to their white
counterparts, black patients did not experience a direct apelin-
MMP-2 relation. Different associations of polymorphisms in adi-
pokine related genes with subclinical CVD amongst black and white
participants were previously reported in the multi-ethnic study of
atherosclerosis [45]. Population specific CVD risk stratification is
indicated amongst patients with RA [46].

Our analysis revealed a paradoxically direct association between
apelin concentrations and systolic and diastolic blood pressure.
Cardiovascular drugs can impact disease activity and traditional
and non-traditional cardiovascular risk factors in RA [47]. Indeed,
upon additional adjustment for antihypertensive agent use, the
apelin level-systolic blood pressure relation was no longer signifi-
cant. Nevertheless, the apelin concentration-diastolic blood pres-
sure association was independent of antihypertensive agent use. In
this regard, it is noteworthy that adiponectin, which is another
vascular protective molecule, reportedly shows similar relation-
ships to blood pressure values in RA [48]. The vasorelaxing effects
of apelin are endothelium dependent [49] and RA patients expe-
rience endothelial activation [50] and dysfunction [51]. Neverthe-
less, the respective paradoxical relationships likely represent a
compensatory process in the presence of heightened CVD risk and
aimed at reducing this risk [48].

Whereas smoking is an important cardiovascular risk factor and
enhances RA development and severity, only 6.4% of participants in
the present study were current smokers. This was at least partly
due to the inclusion of black African patients that are at an earlier
epidemiological health transition stage [46]. Overall, 10% of white
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and 4% of black RA patients were current smokers. Also, 48% of
white and 12% of black patients were ever smokers.

Only 3.8% of RA patients in this investigation employed anti-
TNF-a agents despite a mean disease duration of 13.6 years. This is
because at the time of the study, patients seen at the Charlotte
Maxeke Johannesburg Academic Hospital (public healthcare) had
no access to biological therapy while the use of the respective
intervention was also restricted in the Milpark hospital (private
healthcare).

The Framingham score was non-normally distributed in the
current investigation with a median value 2% (interquartile
range = 1%—5%). The mean (SD) Framingham score was 5.3 (6.7%).

The current investigation comprises a relatively large group of
comprehensively evaluated RA patients from two population
groups. We systematically explored potential confounders. Never-
theless, other as yet unidentified confounding factors may exist as
RA is a complex disease. Moreover, many novel biomarkers of CVD
risk have pleiotropic effects that may vary over time and at different
disease stages of RA. In addition, our study design was cross-
sectional, which precludes drawing inferences on the direction of
causality. We assessed carotid IMT and plaque as markers of pre-
clinical CVD. Other validated methods for the assessment of sub-
clinical atherosclerosis in rheumatic diseases comprise the
evaluation of endothelial dysfunction by brachial artery flow
mediated dilatation (FMD) and arterial stiffness by pulse wave
velocity (PWV) [52]. Low vitamin D and apo A-1 were recently
found to be associated with increased PWV [53,54] in RA. Future
studies assessing the potential influence of apelin on FMD and PWV
may further elucidate the role of this adipokine in CVD amongst RA
patients.

In conclusion, this study documents for the first time favorable
independent relationships between apelin concentrations and
altered plaque stability mediator levels and atherosclerosis in RA.
These associations are partially dependent on population origin
and systemic inflammation status. The potential role of apelin in
CVD risk and its stratification merit further investigation in future
longitudinal studies.
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Paper 4 - Apelin concentrations are associated with altered atherosclerotic plaque stability

mediator levels and atherosclerosis in rheumatoid arthritis

In paper 4, apelin concentrations were favorably associated to those of MMP-9, a plaque

vulnerability marker, and MMP-2, a plaque stability marker. In line with our findings in paper 3,

systemic inflammation impacted the apelin-MMP-2 relationship.
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Summary and conclusions

This thesis comprises 4 studies investigating factors related to arterial function and atherosclerosis
in RA. Patients were recruited at the Charlotte Maxeke Johannesburg Academic Hospital (paper

4) and Milpark Hospital in Johannesburg, South Africa.

Arterial stiffness reportedly predicts cardiovascular events in both non-RA and RA populations,
independent of traditional cardiovascular risk factors (Klocke et al., 2003; Mattace-Raso et al,,
2006; Mitchell et al., 2010). Arterial stiffness as measured by PWV and wave reflection as
estimated by Alx comprise the two arterial function measures that were previously most frequently
investigated in studies on CVD risk stratification (Mattace-Raso et al., 2006; Laurent et al., 2006;
Vlachopoulos et al., 2010%; Ambrosino et al., 2015). We additionally included the measurement of
wave reflection and pressure pulsatility, as these factors were also shown to independently
contribute to CVD risk in non-RA persons (Safar et al., 2003; Mitchell et al., 2004; Weber et al.,

2004; Wang et al., 2010).

In the present study, we identified several traditional and novel cardiovascular risk factors as well
as RA characteristics that were significantly associated with measures of arterial function,
independent of established confounders, which comprise age, blood pressure, height and heart.
Notably, several disease specific markers were associated with wave reflection and pressure
pulsatility, but not with PWV or Alx. For example, RA duration and rheumatoid factor positivity,
which represent markers of cumulative inflammation or disease severity, were independently
associated with central pulse pressure and wave reflection measures, but were not related to PWV
or Alx. Rheumatoid factor status was further associated with reduced pulse pressure amplification.
The leukocyte count was associated with central pulse pressure and wave reflection, but related to

neither PWV nor Alx.

Overall, patient characteristics explained 37%, 71% and 68% of the PWV, wave reflection and

pressure pulsatility variability, respectively. RA characteristics were more strongly and consistently
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related to wave reflection and pressure pulsatility than arterial stiffness. These findings support the
consideration of comprehensive arterial function evaluation in RA. A further important clinical
implication of our findings is that through disease activity control, treatment of cardiovascular risk
factors and life style intervention, arterial function may be preserved in RA patients. The
2015/2016 EULAR recommendations for prevention of CVD in inflammatory arthritis emphasized
not only disease control and cardiovascular risk factor management but also life style intervention,
including a healthy diet, regular exercise and smoking cessation (Agca et al., 2017). Our results

reinforce the importance of the respective recommendations.

Impaired arterial function reportedly causes heart disease by increasing cardiac workload and
reducing coronary perfusion in non-RA persons (Vlachopoulos et al., 2010° Townsend et al.,
2015).  Arterial stiffening enhances wave reflection, whereby each of these properties
simultaneously promote broadening of pulse pressure (Townsend et al.,, 2015). Increased pulse
pressure may promote atherosclerosis (Dart et al., 2001). Patients with RA are particularly prone
to atherosclerotic CVD (Agca et al., 2017; Avina-Zubeita et al., 2008). In this regard, arterial
wave reflection occurs at arterial branching points, where perturbed blood flow increases the risk of
atherosclerosis. Thus, the hemodynamic changes associated with arterial dysfunction are also
related to the development of atherosclerosis (Laurent et al., 2006; Townsend et al., 2015).

Hence, in this second study, we set out to determine whether and which arterial function measures
are associated with atherosclerosis in patients with RA. We wished to determine especially
whether arterial wave reflection, as quantified in wave separation analysis, is related to markers of

atherosclerosis.

We indeed demonstrated that wave reflection measures including reflected wave pressure and
reflection magnitude, are strongly associated with the presence of ultrasound determined carotid
plague. Although traditional cardiovascular risk factors impact arterial function as was reported in
paper 1, the arterial function-atherosclerosis relations identified in paper 2 were independent of
traditional cardiovascular risk factors. Further, the arterial function-atherosclerosis relations were

also independent of arterial stiffness as estimated by PWV. While emphasis is often placed on

35



adequate and timely traditional risk factor management, it appears pertinent in the present context
that arterial dysfunction in the RA population can occur independent of traditional cardiovascular
risk factors (Klocke et al., 2003; Van Doornum et al., 2003). Moreover, upon receiver operator
characteristic curve analysis, we found that at a cut-off value of 25 mmHg, reflected wave pressure
was sensitive and specific to a clinically useful extent in predicting plaque presence. We
concluded that arterial wave reflection evaluation may improve CVD risk stratification beyond
brachial blood pressure and conventional risk scores in patients with RA. Further, specific
targeting of increased wave reflection, for example by using angiotensin converting enzyme
inhibitors, angiotensin receptor blockers or calcium channel blockers rather than beta blockers as

first line antihypertensive agents, may reduce CVD risk in RA.

Whereas traditional cardiovascular risk factor exposure and systemic inflammation may promote
arterial dysfunction and enhance atherogenesis in RA, the role of more novel cardiovascular risk
markers in arteriosclerosis and atherosclerosis remains uncertain in this disease. In this regard,
apelin increases both cardiac contractility and vasodilation (Yamaleyeva et al., 2016). The
vasoactive action of apelin results in improved arterial function amongst patients with an intact
endothelium (Japp et al., 2008 Han et al., 2013). Notably, systemic inflammation is associated
with endothelial dysfunction in patients with RA. Conceptually, this may therefore result in a

diminished protective effect of apelin on the vasculature.

In our third study, we investigated whether apelin concentrations were associated with arterial
function. Although apelin levels were not associated with arterial stiffness, wave reflection or
pressure pulsatility in all patients, we demonstrated that the inflammatory burden markedly
impacted on apelin concentration-pressure pulsatility relations. We therefore concluded that apelin
may protect against adverse proximal aortic modeling and impaired function in RA. However, a
concurrent increased current or cumulative inflammatory burden may abrogate this vascular
protective effect of apelin in RA. In the absence of the respective effect installed by apelin, an

enhanced risk of CVD would be expected, particularly among patients with active RA.
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Adequate systemic inflammation control may therefore not only reduce RA activity and physical
function but also enhance apelin-mediated protection against detrimental proximal aortic
remodeling. Potential adverse effects of systemic inflammation were also noted in paper 1 where
inflammation markers were associated with measures of arterial function including arterial

stiffness, wave reflection as well as pressure pulsatility.

The results of the third paper also substantiate our conclusions of the first 2 manuscripts of the
present thesis in that apelin concentrations were associated with pressure pulsatility but not arterial
stiffness. Indeed, this again reinforces the potential role of thorough arterial function assessment

in RA patients as determinants of the various aspects of arterial function are highly variable.

Our findings in paper 3 raise the question as to whether apelin may protect against CVD mediated
by atherosclerosis and whether systemic inflammation influences this process. In the final
investigation of this study, we assessed potential anti-atherogenic properties of apelin in patients
with RA by determining whether its concentrations are associated with markers of atherosclerosis.
We found that apelin levels were inversely associated with those of MMP-9, a marker of plaque
vulnerability, in RA. By contrast, in line with our findings on apelin-arterial function associations in
paper 3, systemic inflammation markedly modified apelin-MMP-2 relations in RA. Apelin was
favorably associated with MMP-2, a plaque stability marker, in RA patietns without but not with a

large inflammatory burden.

In summary, in the context of the reportedly high prevalence of atherosclerosis in RA, our current
results indicate that apelin may play an important role in plaque stabilization among patients with
this disease. Further, our results suggest that reduced apelin effects may mediate the reported
link between disease activity and increased CVD risk in RA. Adequate RA activity and
inflammation control may be pivotal in preserving the cardioprotective effects exerted by apelin.
Finally, apelin may have potential as a therapeutic target in attempts at improving arterial function,

reducing atherosclerotic risk and promoting plaque stability amongst patients with RA.
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Taken together, the main findings of this thesis are that: (1) disease characteristics and traditional
cardiovascular risk factors are independently associated with comprehensively assessed arterial
function; (2) large artery wave reflection, as determined in separation analysis, and pressure
pulsatility are related to the presence of advanced atherosclerosis independent of other CVD risk
factors and (3) apelin may improve arterial function and promote plaque stability particularly in the
absence but not presence of increased systemic inflammation and/or disease activity in patients
with RA. On the whole, our results further support the observation that the management of not
only traditional cardiovascular risk factors but also disease activity and inflammation is paramount
in reducing the overall CVD risk in RA. Finally, the consideration and use of comprehensive

arterial function evaluation may improve CVD risk stratification in patients with RA.

The studies that were included in this thesis have strengths and limitations. We evaluated a
comprehensive set of arterial function measures in a relatively large multi-ethnic population group.
We systematically considered recognized confounders and explored additional potential ones.
Nevertheless, given the complexity of RA, other unidentified confounders may still exist. We
assessed a large number of associations and made use of backward regression models on cross
sectional data. The main limitation of this study is its cross sectional design, whereby age, sex and
ethnicity matched controls were not included. This precludes drawing conclusions on the direction
of cause effect relationships. Further, associations may represent reciprocally reinforcing effects in
the present context (Dart et al., 2001; Laurent et al., 2009; Laurent et al., 2006; Safar et al., 2003).
Since we did not include a control group, it remains uncertain as to whether our findings are RA
specific. We cannot clearly indicate whether these findings are in fact unique to RA and therefore,
we cannot be certain if results are not merely due to the effects of traditional cardiovascular risk
factors, especially aging. We recommend the inclusion of matched control groups in future
longitudinal and interventional studies, in order to more accurately establish the effect that RA
disease characteristics have on arterial function, atherosclerosis and subclinical CVD over and

above the effects of traditional cardiovascular risk factors.
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We measured arterial function using applanation tonometry and made use of a generalized
transfer function to determine the aortic pressure waveform non-invasively. Although the use of
generalized transfer functions are validated and have been used with success (Chen et al., 1997;
Fetics et al., 1999), it does have limitations. The exact estimation of the aortic pressure waveform
from the measurement of the brachial waveform is impeded by various confounding factors,
including variable cushioning of the arteries, as well as modifications by reflections from the distal
arterial bed (Hoeks et al.,, 2003). Transfer functions have been shown to be less accurate in
clinical populations such as diabetes mellitus I, in which there is a trend toward a greater Alx
(Hope et al., 2004°). There is also some criticism regarding the calibration of central blood
pressure. In this regard, it was shown that the central blood pressure is significantly
underestimated when calibrating the central blood pressure by using non-invasive methods (Hope

et al., 2004% O’'Rourke et al., 2003).

Also, the use of a triangular waveform for the execution of wave separation analysis has been
validated. Accordingly, the reflected wave pressure was shown to predict 15-year all cause
cardiovascular mortality (Wang et al., 2010). However, the use of triangular flow approximation
may not be the best estimate for aortic flow (Kips et al.,, 2009), as backward and forward wave

pressures tend to be overestimated when compared to Doppler measurements (Kips et al., 2009).

Finally, the additional evaluation of endothelial dysfunction as measured by flow mediated
dilatation could have provided further evidence in support of our findings in the present study,

particularly as relates to papers 3 and 4. This should be addressed in future studies.
Conclusion

In conclusion, traditional cardiovascular risk factors and disease characteristics are associated with
core aspects of arterial function including arterial stiffness, wave reflection and pressure pulsatility
in RA. Amongst these measures, increased arterial wave reflection was most strongly related to
atherosclerosis in the present RA investigation. These findings call for comprehensive arterial
function evaluation in RA. High apelin concentrations are associated with favorable plaque

vulnerability marker concentrations as well as low pressure pulsatility in RA but these potential
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protective effects may be partially abrogated in the presence of a large inflammatory burden. The
potential role of arterial function and apelin in cardiovascular risk and its stratification among
patients with RA merits further study. The findings in this thesis further support the reported
recommendations to target both traditional cardiovascular risk management and adequate RA

control in the prevention of CVD.

40



References

Agca R, Heslinga SC, Rollefstad S, Heslinga M, Mclnnes IB, Peters MJL et al. EULAR
recommendations for cardiovascular disease risk management in patients with rheumatoid arthritis
and other forms of inflammatory joint disorders: 2015/2016 update. Ann Rheum Dis. 2017;76:17-

28.

Akcilar R, Yimin G, Bayat Z, Donbaloglu O, Erselcan K, Ece E et al. Characterization of the
apelin -1860T>C  polymorphism in Turkish coronary artery disease patients and healthy

individuals. Int J Physiol Pathophysiol Pharmacol. 2015;7:165-71.

Ambrosino P, Tasso M, Lupoli R, Di Minno A, Baldassarre D, Tremoli E et al. Non-invasive
assessment of arterial stiffness in patients with rheumatoid arthritis: a systematic review and meta-

analysis of literature studies. Ann Med. 2015;47:457-67.

Arida A, Zampeli E, Konstantonis G, Fragiadaki K, Kitas GD, Protogerou AD et al. Rheumatoid
arthritis is sufficient to cause atheromatosis but not arterial stiffness or hypertrophy in the absence

of classical cardiovascular risk factors. Clin Rheumatol. 2015;34:853-9.

Arosio E, De Marchi S, Rigoni A, Prior M, Delva P, and Lechi A. Forearm haemodynamics, arterial

stiffness and microcirculatory reactivity in rheumatoid arthritis. J Hypertens. 2007;25:1273-8.

Ashley EA, Powers J, Chen M, Kundu R, Finsterbach T, Caffarelli A et al. The endogenous peptide
apelin potently improves cardiac contractility and reduces cardiac loading in vivo. Cardiovasc Res.

2005;65:73-82.

Assmann G, Cullen P, Evers T, Petzinna D, Schulte H. Importance of arterial pulse pressure as a

predictor of coronary heart disease risk in PROCAM. Eur Heart J. 2005;26:2120-6.

41



Avalos |, Chung CP, Oeser A, Gerbretsadik T, Shintani A, Kurnik D et al. Increased augmentation
index in rheumatoid arthritis and its relationship to coronary artery atherosclerosis. J Rheumatol.

2007;34:2388-94.

Avina-Zubeita JA, Thomas J, Sadatsafavi M, Lehman AJ, Lacaille D. Risk of incident

cardiovascular events in patients with rheumatoid arthritis. Ann Rheum Dis. 2012;71:1524-9.

Avina-Zubeita JA, Choi HK, Sadatsafavi M, Etminan M, Esdaile JM, Lacaille D. Risk of
cardiovascular mortality in patients with rheumatoid arthritis: a meta-analysis of observational

studies. Arthitis Rheum. 2008;59:1690-7.

Avolio A. Central aortic blood pressure and cardiovascular risk: a paradigm shift? Hypertension.

2008;51:1470-1.

Avolio AP, Van Bortel LM, Boutouyrie P, Cockcroft JR, McEniery CM, Protogerou AD et al. Role of
pulse pressure amplification in arterial hypertension. Experts’ opinion and review of the data.

Hypertension. 2009;54:375-383.

Back M, Ketelhuth DFJ, Agewall S. Matrix metalloproteinases in atherothrombosis. Prog

Cardiovasc Dis. 2010; 52:410-28.

Barnes G, Japp AG and Newby DE. Translational promise of the apelin-APJ System. Heart.

2010;96:1011-6.

Barodka VM, Joshi BL, Berkowitz DA, Hogue CW, Nyhan D. Implications of vascular aging. Anesth

Analg. 2011;112:1048-60.

Bazzichi L, Ghiadoni L, Rossi A, Bernardini M, Lanza M, De Feo F et al. Osteopontin is associated

with increased arterial stiffness in rheumatoid arthritis. Mol Med. 2009;15:402-6.

42



Blacher J, Asmar R, Djane S, London GM, Safar ME. Aortic pulse wave velocity as a marker of

cardiovascular risk in hypertensive patients. Hypertension. 1999;33:1111-7.

Benetos A, Thomas F, Joly L, Blacher J, Pannier B, Labat C et al. Pulse pressure amplification: A

mechanical biomarker of cardiovascular risk. J Am Coll Cardiol. 2010;55:1032-7.

Benetos A, Gautier S, Labat C, Salvi P, Valbusa F, Marino F et al. Mortality and cardiovascular
events are best predicted by low central/peripheral pulse pressure amplification but not by high
blood pressure levels in elderly nursing home subjects. The PARTAGE (Predictive Values of Blood
Pressure and Arterial Stiffness in Institutionalized Very Aged Population) Study. J Am Coll Cardiol.

2012;60:1503-11.

Bergholm R, Leirisalo-Repo M, Vehkavaara S, Makimattila S, Taskinen M-R, Yki-Jarvinen H.
Impaired responsiveness to NO in newly diagnosed patients with rheumatoid arthritis. Arterioscler

Thromb Vasc Biol. 2002;22:1637-41.

Berry MF, Pirolli TJ, Jayasankar V, Burdick J, Morine KJ, Gardner TJ et al. Apelin has in vivo

inotropic effects on normal and failing hearts. Circulation. 2004;11: 11-187-193.

Blacher J, Safar ME, Guerin AP, Pannier B, Marchais SJ, London GM. Aortic pulse wave velocity

index and mortality in end-stage renal disease. Kidney Int. 2003;63:1852-60.

Blacher J, Staessen JA, Girerd X, Gasowski J, Thijs L, Liu L et al. Pulse Pressure Not Mean

Pressure Determines Cardiovascular Risk in Older Hypertensive Patients. Arch Intern

Med.2000;160:1085-9.

43



Booysen HL, Woodiwiss AJ, Sibiya MJ, Hodson B, Raymond A, Libhaber A et al. Indexes of aortic
pressure augmentation markedly underestimate the contribution of reflected waves towards

variations in aortic pressure and left ventricular mass. Hypertension. 2015. 65;540-6.

Boucher J, Masri B, Daviaud D, Gesta S, Guigné C, Mazzucotelli A et al. Apelin, a newly identified

adipokine up-regulated by insulin and obesity. Endocrinology. 2005:146:1764-71.

Boutouyrie P, Sonder TK. Chapter 8- Changes in Arterial Stiffness with Normal and Accelerated

Aging. EVA. 2015:75-82. https://doi.org/10.1016/B978-0-12-801387-8.00008-9.

Boutouyrie P, Tropeano Al, Asmar R, Gautier |, Benetos A, Lacolley P et al. Aortic stiffness is an

independent predictor of primary coronary events in hypertensive patients: a longitudinal study.

Hypertension. 2002;39:10-15.

Boyer J-F, Gourrand P-A, Cantagrel A, Davignon J-L and Constantin A. Traditional cardiovascular

risk factors in rheumatoid arthritis: A meta-analysis. Joint Bone Spine. 2011;78:179-183.

Castaneda S, Nurmohamed MT, Gonzalez-Gay MA. Cardiovascular disease in inflammatory

rheumatic diseases. Best Pract Res Clin Rheumatol. 2016;30:851-69.

Cecelja M, Chowienczyk P. Role of arterial stiffness in cardiovascular disease. JRSM Cardiovasc

Dis. 2012;1:11.

Chae CU, Pfeffer MA, Glynn RJ, Mitchell GF, Taylor JO, Hennekens CH. Increased pulse pressure

and risk of heart failure in the elderly. J Am Med Assos. 1999;281:634-43.

44



Chirinos JA, Zambrano JP, Chakko S, Veerani A, Schob A, Willens HJ et al. Aortic pressure
augmentation predicts adverse cardiovascular events in patients with established coronary artery

disease. Hypertension. 2005;45:980-5.

Chirinos JA, Kips JG, Jacobs DR, Brumback L, Duprez DA, Kronmal R et al. Arterial wave
reflections and incident cardiovascular events and heart failure. MESA (Multiethnic Study of

Atherosclerosis). J Am Coll Cardiol. 2012;60:2170-7.

Chong KS, Gardner RS, Morton JJ, Ashley EA, McDonagh TA. Plasma concentrations of the novel

peptide apelin are decreased in patients with chronic heart failure. Eur J Heart Fail. 2006;8:355-60.

Chun HJ, Ali ZA, Kojima Y, Kundu RK, Sheikh AY, Agrawal R et al. Apelin signaling antagonizes

Ang |l effects in mouse models of atherosclerosis. J Clin Invest. 2008;118:3343-54.

Chung CP, Giles JT, Petri M, Szklo M, Post W, Blumenthal RS et al. Rheumatoid arthritis:
Prevalence of traditional modifiable risk cardiovascular factors in patients with rheumatoid arthritis:
Comparison with control subjects from the multi-ethnic study of atherosclerosis. Semin Arthritis

Rheum. 2012;41:535-544.

Cooper LL, Rong J, Benjamin EJ, Larson MG, Levy D, Vita JA et al. Components of hemodynamic

load and cardiovascular events: the Framingham Heart Study. Circulation. 2015. 131:354-61.

Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G and Gosling RG. Aortic pulse-wave

velocity and its relationship to mortality in diabetes and glucose intolerance: an integrated index of

vascular function? Circulation. 2002;106:2085-2090.

45



Corrales A, Gonzélez-Juanatey C, Peir6 ME, Blanco R, Llorca J, Gonzalez-Gay MA. Carotid
ultrasound is useful for the cardiovascular risk stratification of patients with rheumatoid arthritis:

results of a population study. Ann Rheum Dis. 2014;73:722-7.

Cypiené A, Dadoniené J, Rugiené R, Rysliskyté L, Kovaité M, Petrulioniené Z, Venalis A,
LauceviCius A. The influence if mean blood pressure on arterial stiffening and endothelial
dysfunction in women with rheumatoid arthritis and systemic lupus erythematosus. Medicina

2010;46:552-30.

Dart AM, Kingwell BA. Pulse pressure - a review of mechanisms and clinical relevance. J Am Coll

Cardiol. 2001;37:975-84.

Dart AM, Gatzka CD, Kingwell BA, Willson K, Cameron JD, Liang Y-L et al. Brachial blood
pressure but not carotid arterial waveforms predict cardiovascular events in elderly female

hypertensives. Hypertension. 2006;47:785-90.

Del Rincon ID, Williams K, Stern MP, Freeman GL, Escalante A. High incidence of cardiovascular
events in a rheumatoid arthritis cohort not explained by traditional cardiac risk factors. Arthritis

Rheum. 2001;44:2737-45.

Dessein PH, Joffe Bl. Suppression of circulating interleukin-6 concentrations is associated with

decreased endothelial activation in rheumatoid arthritis. Clin Exp Rheum. 2006;24:161-7.

Dessein PH, Joffe Bl, Singh S. Biomarkers of endothelial dysfunction, cardiovascular risk factors

and atherosclerosis in rheumatoid arthritis. Arthritis Res Ther. 2005;7:634-643.

®Dessein PH, Semb AG. Could cardiovascular disease risk stratification and management in

rheumatoid arthritis be enhanced? Ann Rheum Dis. 2013;72:1743-1746.

46



®Dessein PH, Solomon A, Woodiwiss AJ, Norton GR, Tsang L, Gonzalez-Gay MA. Marked
independent relationship between circulating interleukin-6 concentrations and endothelial activation

in rheumatoid arthritis. Mediators Inflamm. 2013:510243.

Dessein PH, Joffe BIl, Veller MG, Stevens BA, Tobias M, Reddi K et al. Traditional and
nontraditional cardiovascular risk factors are associated with atherosclerosis in rheumatoid

arthritis. Arthritis Rheum. 2005; 32:435-42.

Dessein PH, Tsang L, Woodiwiss AJ, Norton GR, Solomon A. Circulating concentrations of the
novel adipokine chemerin are associated with cardiovascular disease risk in rheumatoid arthritis.

Journal Rheumatol. 2014;41:1746-54.

Di Franco M, Spinelli FR, Metere A, Gerardi MC, Conti V, Boccalini F et al. Serum levels of
asymmetric dimethylarginine and apelin as potential markers of vascular endothelial dysfunction in

early rheumatoid arthritis. Mediators Inflamm. 2012:347268.

Domanski M, Mitchell G, Pfeffer M, Neaton JD, Norman J, Svendsen K et al. Pulse pressure and

cardiovascular disease — related mortality. J Am Med Asos. 2002;287:2677-83.

Fan F, Galvin A, Fang L, White DA, Moore XL, Sparrow M et al. Comparison of inflammation,
arterial stiffness and traditional cardiovascular risk factors between rheumatoid arthritis and

inflammatory bowel disease. J Inflam. 2014;11:29.

Farkasfalvi K, Stagg MA, Coppen SR, Siedlecka U, Lee J, Soppa GK. Direct effects of apelin on

cardiomyocyte contractility and electrophysiology. Biochem Biophys Res Commun. 2007;357:889-

95.

47



Fok H, Guilcher A, Brett S, Jiang B, Li Y, Epstein S et al. Dominance of the forward compression
wave in determining pulsatile components of blood pressure: similarities between inotropic

stimulation and essential hypertension. Hypertension. 2014;64:1116-23.

Folino A, Montarolo PG, Samaja M, Rastaldo R. Effects of apelin on the cardiovascular system.

Heart Fail Rev. 2015;20:505-18.

Fujie S, Sato K, Miyamoto-Mikami E, Hasegawa N, Fujita S, Sanada K et al. Reduction of arterial
stiffness by exercise training is associated with increasing plasma apelin levels in middle-aged and

older adults. PloS One. 2014;9:€93545.

Fukushima H, Kobayashi N, Takeshima H, Koguchi W, Ishimitsu T. Effects of olmesartan on
Apelin/APJ and Akt/endothelial nitric oxide synthase pathway in Dahl rats with end-stage heart

failure. J Cardiovasc Pharmacol. 2010;55:83-8.

Gao LR, Xu RY, Zhang NK, Chen Y, Wang ZG, Zhu ZM et al. Increased apelin following bone
marrow mononuclear cell transplantation contributes to the improvement of cardiac function in

patients with severe heart failure. Cell Transplant. 2009;18:1311-8.

Goff DC, Lloyd-Jones DM, Bennett G, Coady S, D’Agostino RB, Gibbons R et al. 2013 ACC/AHA

guideline on the assessment of cardiovascular risk. J Am Coll Cardiol. 2014;63:2935-59.

Gonzalez-Gay MA, Llorca J, Garcia-Unzueta MT, Gonzalez-Juanatey C, Matias JD, Martin J et al.

High-grade inflammation, circulating adiponectin concentrations and cardiovascular risk factors in

severe rheumatoid arthritis. Clin Exp Rheum. 2008;26:596-603.

48



Grzywocz P, Mizia-Stec K, Wybraniec M, Chudek J. Adipokines and endothelial dysfunction in
acute myocardial infarction and the risk of recurrent cardiovascular events. J Cardiovasc Med.

2015;16:37-44.

Han X, Zhang D-L, Yin D-X, Zang Q-D, Lui W-H. Apelin-13 deteriorates hypertension in rats after

damage of the vascular endothelium by ADMA. Can J Physiol Pharmacol. 2013;91:708-14.

Hamilton PK, Lockhart CJ, Quinn CE, McVeigh GE. Arterial stiffness: clinical relevance,

measurement and treatment. Clin Sci. 2007:113:157-70.

Hashimoto T, Kihara M, Ishida J, Imai N, Yoshida S-l, Toya Y et al. Apelin stimulates myosin light
chain phosphorylation in vascular smooth muscle cells. Arterioscler Thromb Vasc Biol.

2006;266:1267-72.

Hattori Y, Matsumura M, Kasai K. Vascular smooth muscle cell activation by C-reactive

protein. Cardiovasc Res. 2003;58:186-95.

Hayashi S, Yamada H, Bando M, Hotchi J, Ise T, Yamaguchi K et al. Augmentation index does not

reflect risk of coronary artery disease in elderly patients. Circ J. 2014;78:1176-82.

Hirsch E, Ghigo A. Elastin degradation and ensuing inflammation as emerging keys to

atherosclerosis. Cardiovasc Res. 2014;102:1-2.

Hope SA, Tay DB, Meredith IT, Cameron JD. Waveform dispersion, not reflection, may be the

major determinant of aortic pressure wave morphology. Am J Physiol Heart Circ Physiol.

2005;289:H2497-H2502.

49



Hosoya M, Kawamata Y, Fukusumi S, Fujii R, Habata Y, Hinuma S et al. Molecular and functional
characteristics of APJ: Tissue distribution of mMRNA and interaction with the endogenous ligand

apelin. J Biol Chem. 2000;275:21061-7.

Huang W-C, Sala-Newby GB, Susana A, Johnson JL, Newby AC. Classical macrophage activation
up-regulates several matrix metalloproteinases through mitogen activated protein kinases and

nuclear factor-kB. PLoS One. 2012;7:e42507.

Ikdahl E, Rollefstad S, Wibetoe G, Olsen IC, Berg I-J, Hisdal J et al. Predictive value of arterial
stiffness and subclinical carotid atherosclerosis for cardiovascular disease in patients with

rheumatoid arthritis. J Rheumatol. 2016;43:1622-30.

Ikdahl E, Hisdal J, Rollefstad S, Olsen IC, Kvien TK, Pedersen TR et al. Rosuvastatin improves
endothelial function in patients with inflammatory joint diseases, longitudinal associations with
atherosclerosis and arteriosclerosis: results from the RORA-AS statin intervention study. Arthritis

Res Ther. 2015;17:279.

Ishida J, Hashimoto T, Hashimoto Y, Nishiwaki S, Iguchi T, Harada S et al. Regulatory roles for
APJ, a seven-transmembrane receptor related to angiotensin-type 1 receptor in blood pressure in

vivo. J Biol Chem. 2004;279:26274-9.

Iwanaga Y, Kihara Y, Takenaka H, Kita T. Down-regulation of cardiac apelin system in

hypertrophied and failing hearts: Possible role of angiotensin ll-angiotensin type 1 receptor system.

J Mol Cell Cardiol. 2006;41:798-806.

Jain S, Khera R, Corrales-Medina VF, Townsend RR, Chirinos JA. Review: Inflammation and

arterial stiffness in humans. Atherosclerosis. 2014;237:381-90.

50



Jankowski P, Kawecka-Jaszcz K, Czarnecka D, Brzozowska-Kiszka M, Styczkiewicz K, Loster M
et al. Pulsatile but not steady component of blood pressure predicts cardiovascular events in

coronary patients. Hypertension. 2008;51:848-855.

Japp AG, Cruden NL, Barnes G, Van Gemeren N, Mathews J, Adamson J, et al. Acute
Cardiovascular Effects of Apelin in Humans: Potential role in patients with chronic heart failure.

Circulation. 2010;121:1818-27.

@Japp AG, Cruden NL, Amer DAB, Li VKY, Goudie EB, Johnston NR, et al. Vascular effects of

apelin in vivo in man. J Am Coll Cardiol. 2008;52:908-13.

®Japp AG, Newby DE. The apelin-APJ system in heart failure: Pathophysiologic relevance and

therapeutic potential. Biochem Pharmacol. 2008;75:1882-92.

Jia YX, Lu ZF, Zhang J, Pan CS, Yang JH, Zhao J et al. Apelin activates I-arginine/nitric oxide

synthase/nitric oxide pathway in rat aortas. Peptides. 2007;28:2023-9.

Johnsen SH, Mathiesen EB. Carotid plaque compared with intima-media thickness as a predictor

of coronary and cerebrovascular disease. Curr Cardiol Rep. 2009;11:21-7.

Juo S-HH, Rundek T, Lin H-F, Cheng R, Lan M-Y, Huang JS et al. Heritability of carotid artery

distensibility in Hispanics: the Northern Manhattan Family Study. Stroke. 2005; 36:2357-61.

Kadoglou NPE, Lampropoulos S, Kapelouzou A, Gkontopoulos A, Theofilogiannakos EK, Fotiadis
G et al. Serum levels of apelin and ghrelin in patients with acute coronary syndromes and

established coronary artery disease-KOZANI STUDY. Transl Res. 2010;155:238-46.

51



Kadoglou NPE, Sailer N, Kapelouzou A, Lampropoulos S, Vitta |, Kostakis A et al. Effects of
atorvastatin on apelin, visfatin (nampt), ghrelin and early carotid atherosclerosis in patients with

type 2 diabetes. Acta Diabetol. 2012;49:269-76.

Katugampola SD, Maguire JJ, Kuc RE, Wiley KE, Davenport AP. Discovery of recently adopted
orphan receptors for apelin, urotensin Il, and ghrelin identified using novel radioligands and

functional role in the human cardiovascular system. Can J Physiol Pharmacol. 2002;80:369-74.

Kawamata Y, Habata Y, Fukusumi S, Hosoya M, Fujii R, Hinuma S et al. Molecular properties of

apelin: tissue distribution and receptor binding. Biochim Biophys Acta. 2001;1538:162-71.

Kelly R, Hayward C, Avolio A, O’ Rourke M. Noninvasive determination of age-related changes in

the human arterial pulse. Circulation. 1989;80:1652-9.

Kim YK. Impact of the metabolic syndrome and its components on pulse wave velocity. Korean J

Intern Med. 2006; 21:109-15.

Kim YS, Sung YK, Choi CB, Uhm WS, Kim TH, Shin JH et al. The major determinants of arterial
stiffness in Korean patients with rheumatoid arthritis are age and systolic blood pressure, not

disease-related factors. Rheumatol Int. 2012;32:3455-61.

Kleinz MJ, Davenport AP. Immunocytochemical localization of the endogenous vasoactive peptide

apelin to human vascular and endocardial endothelial cells. Regul Pept. 2004;118:119-25.

Kleinz MJ, Skepper JN, and Davenport AP. Immunocytochemical localization of the apelin

receptor, APJ, to human cardiomyocytes, vascular smooth muscle and endothelial cells. Regul

Pept. 2005;126:233-40.

52



Klocke R, Cockcroft JR, Taylor GJ, Hall IR, Blake DR. Arterial stiffness and central blood pressure,

as determined by pulse wave analysis, in rheumatoid arthritis. Ann Rheum Dis. 2003;62:414-8.

Koguchi W, Kobayashi N, Takeshima H, Ishikawa M, Sugiyama F, Ishimitsu T. Cardioprotective
effect of apelin-13 on cardiac performance and remodeling in end-stage heart failure. Circ J.

2012;76:137-44.

Lakatta EG. The reality of aging viewed from the arterial wall. Artery Res. 2013;7:73-80.

Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L et al. Aortic stiffness is an
independent predictor of all-cause and cardiovascular mortality in hypertensive patients.

Hypertension. 2001;37:1236-41.

Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D et al. Expert
consensus document on arterial stiffness: methodological issues and clinical applications. Eur

Heart J. 2006;27:2588-2605.

Lee DK, Cheng R, Nguyen T, Fan T, Kariyawasam AP, Liu Y et al. Characterization of apelin, the

ligand for the APJ receptor. J Neurochem. 2000;74:34-41.

Leeper NJ, Tedesco MM, Kojima Y, Schultz GM, Kundu RK, Ashley EA et al. Apelin prevents
aortic aneurysm formation by inhibiting macrophage inflammation. Am J Physiol Heart Circ Physiol.

2009;296:H1329-35.

Lemogoum D, Flores G, Van den Abeele W, Ciarka A, Leeman M, Degaute JP et al. Validity of

pulse pressure and augmaentation index as surrogate measures of arterial stiffness during beta-

adrenergic stimulation. J Hypertens. 2004;22:511-7.

53



Lemogoum D, Van Bortel L, Leeman M, Degaute JP, Van de Borne P. Ethnic differences in arterial

stiffness and wave reflections after cigarette smoking. J Hypertens. 2006;24:683-9.

Li L, Zeng H, Hou X, He X, Chen J-X. Myocardial injection of apelin-overexpressing bone marrow

cells improves cardiac repair via upregulation of Sirt3 after myocardial infarction. PLoS One.

2013;8:e71041.

Li W-W, Niu W-Q, Zhang Y, Wu S, Gao P-J, Zhu D-L. Family-based analysis of apelin and

AGTRL1 gene polymorphisms with hypertension in Han Chinese. J Hypertens. 2009;27:1194-201.

Liao Y-C, Wang Y-S, Hsi E, Chang M-H, You Y-Z, Juo S-H. MicroRNA-765 influences arterial

stiffness through modulating apelin expression. Mol Cell Endocrinol. 2015;411:11-9.

Libby P. Inflammation and cardiovascular disease mechanisms. Am J Clin Nutrit. 2006;83:456S-

460S.

Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circulation. 2002;105:1135-43.

Liu F-D; Shen X-L; Zhao R; Tao X-X; Wang S; Zhou J-J et al. Pulse pressure as an independent

predictor of stroke: a systematic review and a meta-analysis. Clin Res Cardiol. 2016;105:677-86.

Liu X-Y, Lu Q, Ouyang X-P, Tang S-L, Zhao G-J, Lv Y-C et al. Apelin-13 increases expression of

ATP-binding cassette transporter A1 via activating protein kinase C a signaling in THP-1

macrophage-derived foam cells. Atherosclerosis. 2013;226:398-407.

Lloyd-Jones DM, Hong Y, Labarthe D, Mozaffarian D, Appel LJ, Van Horn L et al. American Heart

Association Strategic Planning Task Force and Statistics Committee. Defining and setting national

54



goals for cardiovascular health promotion and disease reduction: The American Heart

Association’s strategic Impact Goal through 2020 and beyond. Circulation. 2010;121:586-613.

Lo Gullo A, Mandraffino G, Sardo MA, D’Ascola A, Mamone F, Loddo S et al. Circulating
progenitor cells in rheumatoid arthritis: association with inflammation and oxidative stress. Scand J

Rheumatol. 2014;43:184-93.

Lo Gullo A, Mandraffino G, Bagnato G, Aragona CO, Imbalzano E, D’Ascola A. Vitamin D status in
rheumatoid arthritis: inflammation, arterial stiffness and circulating progenitor cell number. PloS

One. 2015;10:e0134602.

London GM, Blacher J, Pannier B, Guérin AP, Marchais SJ, Safar ME. Arterial wave reflections

and survival in end-stage renal failure. Hypertension. 2001;38:434—438.

London GM, Guérin AP, Marchais SJ, Métivier F, Pannier B, Adda H. Arterial media calcification in
end-stage renal disease: impact on all-cause and cardiovascular mortality. Nephrol Dial

Transplant. 2003;18:1731-40.

Lopez-Mejias R, Castafieda S, Gonzalez-Juanatey C, Corrales A, Ferraz-Amaro |, Genre F et al.
Cardiovascular risk assessment in patients with rheumatoid arthritis: The relevance of clinical,

genetic and serological markers. Autoimmun Rev. 2016;15:1013-30.

Mack M, Gopal A. Epidemiology, traditional and novel risk factors in coronary artery disease.

Cardiol Clin. 2014;32:323-32.

Méaki-Petdja KM, Hall FC, Booth AD, Wallace SML, Bearcroft PW, Harish S et al. Rheumatoid

arthritis is associated with increased aortic pulse-wave velocity, which is reduced by anti-tumor

necrosis factor-a therapy. Circulation. 2006;114:1185-92.

55



Mancia G, De Backer G, Dominiczak A, Cifkova R, Fagard R, Germano G et al. 2007 Guidelines
for the management of arterial hypertension: The Task Force for the management of arterial
hypertension of the European Society of Hypertension (ESH) and of the European Society of

Cardiology (ESC). Eur Heart J. 2007;28:1462-1536.

Mannucci E, Lambertucci L, Monami M, Fedeli A, Chiasserini V, Marchionni N et al. Pulse pressure
and mortality in hypertensive type 2 diabetic patients. A cohort study. Diabetes Metab Res Rev.

2006;22:172-5.

Mason JC, Libby P. Cardiovascular disease in patients with chronic inflammation: mechanisms
underlying premature cardiovascular events in rheumatologic conditions. Eur Heart J.

2014;36:482-9.

Mattace-Raso FUS, van der Cammen TJM, Hofman A, van Popele NM, Bos ML, Schalekamp
MADH et al. Arterial stiffness and risk of coronary heart disease and stroke: the Rotterdam study.

Circulation. 2006;113:657-63.

McEniery CM, Cockcroft JR, Roman MJ, Franklin SS, Wilkinson IB. Central blood pressure: current

evidence and clinical importance. Eur Heart J. 2014;35:1719-25.

McEniery CM, McDonnell BJ, So A, Aitken S, Bolton CE, Munnery M et al. Aortic calcification is
associated with aortic stiffnress and isolated systolic hypertension in healthy individuals.

Hypertension. 2009;53:524-31.

Meaume S, Benetos A, Henry OF, Rudnichi A, Safar ME. Aortic pulse wave velocity predicts

cardiovascular mortality in subjects >70 years of age. Arterioscler Thromb Vasc Biol.

2001;21:2046-50.

56



Menotti A, Lanti M, Angeletti M, Botta G, Cirillo M, Laurenzi M et al. Twenty-year cardiovascular
and all-cause mortality trends and changes in cardiovascular risk factors in Gubbio, Italy: The role

of blood pressure changes. J Hypertens. 2009;27:266-74.

Mitchell GF. Arterial stiffness: insights from Framingham and Iceland. Curr Opin Nephrol

Hypertens. 2015;24:1-7

Mitchell GF, Conlin PR, Dunlap ME, Lacourciére Y, Arnold JMO, Ogilvie RI et al. Aortic diameter,

wall stiffness, and wave reflection in systolic hypertension. Hypertension. 2008;51:105-11.

Mitchell GF, DeStefano AL, Larson MG, Benjamin EJ, Chen MH, Vasan RS et al. Heritability and a
genome-wide linkage scan for arterial stiffness, wave reflection, and mean arterial pressure: the

Framingham Heart Study. Circulation. 2005;112:194-9.

Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA et al. Changes in arterial
stiffness and wave reflection with advancing age in healthy men and women: The Framingham

Heart Study. Hypertension. 2004;43:1239-45.

Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, Kjartansson O et al. Arterial

stiffness, pressure and flow pulsatility and brain structure and function: the age, gene/environment

susceptibility-Reykjavik Study. Brain. 2011;134:3398-407.

Mitchell GF, Hwang S-J, Vasan RS, Larson MG, Pencina MJ, Hamburg NM et al. Arterial stiffness

and cardiovascular events: The Framingham Heart Study. Circulation. 2010;121:505-11.

Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M et al. Heart disease and

stroke statistics-2016 update. Circulation. 2016;133:38-60.

57



Nagasaki T, Inaba M, Kumeda Y, Hiura Y, Shirakawa K, Yamada S et al. Increased pulse wave

velocity in subclinical hypothyroidism. J Clin Endocrinol Metab. 2006;91:154-8.

Nair GV, Waters D, Rogers W, Kowalchuk GJ, Stuckey TD, Herrington DM. Pulse pressure and

coronary atherosclerosis progression in postmenopausal women. Hypertension. 2005;45:53-7.

Nakamura M, Sugiura M, Aoki N. High B-carotene and B-cryptoxanthin are associated with low

pulse wave velocity. Atherosclerosis. 2006;184:363-9.

Newby AC. Metalloproteinases promote plaque rupture and myocardial infarction: a persuasive

concept waiting for clinical translation. Matrix Biol. 2015;44-46:157-66.

Nichols WW, Denardo SJ, Wilkinson 1B, McEniery CM, Cockcroft J, O'Rourke MF. Effects of
arterial stiffness, pulse wave velocity, and wave reflections on the central aortic pressure

waveform. J Clin Hypertens. 2008;10:295-303.

Nichols WW, Edwards DG. Arterial elastance and wave reflection augmentation of systolic blood
pressure: Deleterious effects and implications for therapy. J Cardiovasc Pharmacol Ther. 2001;6:5-

21.

Nilsson PM, Cederholm J, Eeg-Olofsson K, Eliasson B, Zethelius B, Gudbjérnsdéttir S.

Pulse pressure strongly predicts cardiovascular disease risk in patients with type 2 diabetes from

the Swedish National Diabetes Register (NDR). Diabetes Metab. 2009;35: 439-46.

O’Carroll AM, Lolait SJ, Harris LE, Pope GR. The apelin receptor APJ: Journey from an orphan to

a multifaceted regulator of homeostasis. J Endocrinol. 2013;219:R13-35.

58



O’Carroll AM, Selby TL, Palkovits M, Lolait SJ. Distribution of mMRNA encoding B78/apj, the rat
homologue of the human APJ receptor, and its endogenous ligand apelin in brain and peripheral

tissues. Biochim Biophys Acta. 2000;1492:72-80.

Odink AE, Mattace-Raso FUS, van der Lugt A, Hofman A, Hunink MGM, Breteler MMB et al. The
association of arterial stiffness and arterial calcification: the Rotterdam Study. J Hum Hypertens.

2008;22:205-8.

O’Donnell MJ, Xavier D, Liu L, Zhang H, Chin SL, Rao-Melacini P et al. Risk factors for ischaemic
and intracerebral haemorrhagic stroke in 22 countries (the INTERSTROKE study): a case-control

study. Lancet. 2010:376;112-23.

O'Dowd BF, Heiber M, Chan A, Heng HHQ, Tsui L-C, Kennedy JL et al. A human gene that shows
identity with the gene encoding the angiotensin receptor is located on chromosome 11. Gene.

1993;136:355-60.

Ohya Y, lIseki K, Iseki C, Miyagi T, Kinjo K, Takishita, S. Increased pulse wave velocity is
associated with low creatinine clearance and proteinuria in a screened cohort. Am J Kidney Dis.

2006;47:790-7.

Oliver JJ, Webb DJ. Noninvasive assessment of arterial stiffness and risk of atherosclerotic events.

Arterioscl Thromb Vasc Biol. 2003;23:554-66.

Palomino-Morales R, Gonzalez-Juanatey C, Vazquez-Rodriguez TR, Rodriguez L, Miranda-Filloy

JA, Fernandez-Gutierrez B et al. A1298C polymorphism in the MTHFRgene predisposes to

cardiovascular risk in rheumatoid arthritis. Arthritis Res Ther. 2010;12:R71.

59



Pchejetski D, Foussal C, Alfarano C, Lairez O, Calise D, Guilbeau-Frugier C et al. Apelin prevents
cardiac fibroblast activation and collagen production through inhibition of sphingosine kinase 1. Eur

Heart J. 2012;33:2360-9.

Perjés A, Skoumal R, Tenhunen O, Kényi A, Simon M, Horvath IG. Apelin increases cardiac
contractility via protein kinase Ce-and extracellular signal-regulated kinase-dependent

mechanisms. PloS One. 2014;9:e93473.

Phan TS, Li JK-J, Segers P, Chirinos JA. Misinterpretation of the determinants of elevated forward

wave amplitude inflates the role of the proximal aorta. J Am Heart Assoc. 2016;5:e003069.

Pieringer H, Schumacher S, Stuby U, Biesenbach G. Augmentation index and large-artery
remodeling in patients with longstanding rheumatoid arthritis compared with healthy controls.

Semin Arthritis Rheum. 2009;39:163-9.

Pieringer H, Brummaier T, Schmid M, Pichler M, Hayat-Khayyati A, Ebner S et al. Rheumatoid
arthritis is an independent risk factor for an increased augmentation index regardless of the

coexistence of traditional cardiovascular risk factors. Semin Arthritis Rheum. 2012;42:17-22.
Pini R, Cavallini MC, Palmieri V, Marchionni N, Di Bari M, Devereux RB et al. Central but not
brachial blood pressure predicts cardiovascular events in an unselected geriatric population: the

ICARe Dicomano Study. J Am Coll Cardiol. 2008;51:2432-9.

Przewlocke-Kosmala M, Kotwica T, Mysiak A, Kosmala W. Reduced circulating apelin in essential

hypertension and its association with cardiac dysfunction. J Hypertens. 2011;29:971-9.

60



Reel B, Sala-Newby GB, Huang W-C, Newby AC. Diverse patterns of cyclooxygenase-
independent metalloproteinase gene regulation in human monocytes. Br J Pharmacol.

2011;163:1679-90.

Regnault V, Thomas F, Safar ME, Osborn-Pellegrin M, Khalil RA, Pannier B et al. Sex difference in

cardiovascular risk: Role of pulse pressure amplification. J Am Coll Cardiol. 2012;59:1771-7.

Riccio SA, House AA, Spence JD, Fenster A, Parraga G. Carotid ultrasound phenotypes in

vulnerable populations. Cardiovasc Ultrasound. 2006;4:44.

Ridker PM. Clinical application of C-reactive protein for cardiovascular disease detection and

prevention. Circulation. 2003;107:363-9.

Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive protein and other markers of
inflammation in the prediction of cardiovascular disease in women. N Engl J Med. 2000;342:836-

43.

Robustillo-Villarino M, Alegre-Sancho JJ, Rodilla-Sala E, Corrales A, Llorca J, Gonzalez-Gay MA
et al. Pulse wave velocity and augmentation index are not independently associated with carotid

atherosclerosis in patients with rheumatoid arthritis. Clin Rheumatol. 2017;36:2601-6.

Rodriguez-Rodriguez L, Gonzalez-Juanatey C, Palomino-Morales R, Vazquez-Rodriguez TR,
Miranda-Filloy JA, Fernandez-Gutiérrez B et al. TNFA-308 (rs1800629) polymorphism is
associated with a higher risk of cardiovascular disease in patients with rheumatoid arthritis.

Atherosclerosis. 2011;216:125-30.

61



Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T et al. Central pressure more
strongly relates to vascular disease and outcome than does brachial pressure: the Strong Heart

Study. Hypertension. 2007;50:197-203.

Roman MJ, Devereux RB, Kizer JR, Okin PM, Lee ET, Wang W et al. High central pulse pressure
is independently associated with adverse cardiovascular outcome: the Strong Heart Study. J Am

Coll Cardiol. 2009;54:1730-4.

Safar ME, Blacher J, Pannier B, Guerin AP, Marchais SJ, Guyonvarc’h P-M et al. Central pulse

pressure and mortality in end-stage renal disease. Hypertension. 2002;39:735-8.

Safar ME, Levy BI, Struijker-Boudier H. Current perspectives on arterial stiffness and pulse

pressure in hypertension and cardiovascular diseases. Circulation. 2003;107:2864—69.

Sattar N, McCarey DW, Capell H, Mclnnes IB. Explaining how “high-grade” systemic inflammation

accelerates vascular risk in rheumatoid arthritis. Circulation. 2003;108:2957-63.

Segers P, Rietzschel ER, De Buyzere ML, De Bacquer D, Van Bortel LM, De Backer G et al.

Assessment of pressure wave reflection: getting the timing right! Physiol Meas. 2007;28:1045-56.

Sibiya MJ, Woodiwiss AJ, Booysen HL, Raymond A, Millen AME, Maseko MJ et al. Reflected

rather than forward wave pressures account for brachial pressure-independent relations between

aortic pressure and end-organ changes in an African community. J Hypertens. 2015;33:2083-90.

Simon A, Megnien J-L, Chironi G. The value of carotid intima-media thickness for predicting

cardiovascular risk. Arterioscler Thromb Vasc Biol. 2010;30:182-5.

62



Simpkin JC, Yellon DM, Davidson SM, Lim SY, Wynne AM, Smith CCT. Apelin-13 and apelin-36
exhibit direct cardioprotective activity against ischemiareperfusion injury. Basic Res Cardiol.

2007;102:518.

Sorli SC, Van den Berghe L, Masri B, Knibiehler B, Audigier Y. Therapeutic potential of interfering

with apelin signalling. Drug Discov Today. 2006;11:1100—6.

Sddergren A, Karp K, Boman K, Eriksson C, Lundstrdm E, Smedby T et al. Atherosclerosis in early
rheumatoid arthritis: very early endothelial activation and rapid progression of intima media

thickness. Arthritis Res Ther. 2010;12:R158.

Spence JD, Hegele RA. Noninvasive phenotypes of atherosclerosis: Similar windows but different

views. Arterioscler Thromb Vasc Biol. 2004;35:649-53.

Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, Simonick EM et al.
Elevated aortic pulse wave velocity, a marker of arterial stiffness, predicts cardiovascular events in

well-functioning older adults. Circulation. 2005;111:3384-90.

Subherwal S, de las Fuentes L, Waggoner AD, Heuerman S, Spence KE, Davila-Roman VG.
Central Aortic Pressure is Independently Associated With Diastolic Function. Am Heart J.

2010;159:1081-8.

Tartiere J-M, Logeart D, Safar ME, Cohen-Solal A. Interaction between pulse wave velocity,
augmentation index, pulse pressure and left ventricular function in chronic heart failure. J Hum

Hypertens. 2006;20:213-9.

Tasci |, Dogru T, Naharci I, Erdem G, Yilmaz MI, Sonmez A et al. Plasma apelin is lower in

patients with elevated LDL-cholesterol. Exp Clin Endocrinol Diabetes. 2007;115:428-32.

63



Tatemoto K, Takayama K, Zou M-X, Kumaki I, Zhang W, Kumano K et al. The novel peptide apelin

lowers blood pressure via a nitric oxide-dependent mechanism. Regul Pept. 2001;99:87-92.

Tatemoto K, Hosoya M, Habata Y, Fujii R, Kakegawa T, Zou M-X et al. Isolation and
characterization of a novel endogenous peptide ligand for the human APJ receptor. Biochem

Biophys Res Commun.1998;251:471-6.

Torjesen AA, Wang N, Larson MG, Hamburg NM, Vita JA, Levy D et al. Forward and backward
wave morphology and central pressure augmentation in men and women in the Framingham Heart

Study. Hypertension. 2014. 64:259-65.

Townsend RR, Wilkinson 1B, Schiffrin EL, Avolio AP, Chirinos JA, Cockroft JR et al.
Recommendations for improving and standardizing vascular research on arterial stiffness. A

scientific statement from the American Heart Association. Hypertension. 2015;66:698-722.

Turkyilmaz AK, Devrimsel G, Kirbas A, Cicek Y, Karkucak M, Capkin E et al. Relationship between
pulse wave velocity and serum YKL-40 level in patients with early rheumatoid arthritis. Rheumatol

Int. 2013:33:2751-6.

Ueda H, Hayashi T, Tsumura K, Yoshimaru K, Nakayama Y, Yoshikawa J. The timing of the

reflected wave in the ascending aortic pressure predicts restenosis after coronary stent placement.

Hypertens Res. 2004;27:535-40.

Van Doornum S, McColl G, Wicks IP. Accelerated atherosclerosis: an extraarticular feature of

rheumatoid arthritis? Arthritis Rheum. 2002;46:862—73.

64



Van Halm VP, Peters MJL, Voskuyl AE, Boers M, Lems WF, Visser M et al. Rheumatoid arthritis
versus diabetes as a risk factor for cardiovascular disease: a cross-sectional study, the CARRE

Investigation. Ann Rheum Dis. 2009;68:1395-400.

Van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian J, Reneman RS et al. Association

between arterial stiffness and atherosclerosis: the Rotterdam Study. Stroke. 2001;32:454—-60.

Van Trijp MJCA, Beulens JWJ, Bos WJW, Uiterwaal CSPM, Grobbee DE, Hendriks HFJ et al.
Alcohol consumption and augmentation index in healthy young men: the ARYA study. Am J

Hypertens. 2005;18:792—-6.

Van Trijp MJCA, Bos WJW, Uiterwaal CSPM, Oren A, Vos LE, Grobbee DE et al. Determinants of

augmentation index in young men: the ARYA study. Eur J Clin Invest. 2004;34:825-30.

®Vlachopoulos C, Aznaouridis K, Stefanidis C. Prediction of cardiovascular events and all-cause
mortality with arterial stiffness. A systematic review and meta-analysis. J Am Coll Cardiol.

2010;55:1318-27.

Vlachopoulos C, Aznaouridis K, O'Rourke MF, Safar ME, Baou K, Stefanadis C. Prediction of
cardiovascular events and all-cause mortality with central haemodynamics: a systematic review

and meta-analysis. Eur Heart J. 2010;31:1865-71.

Vlachopoulos C, Kosmopoulou F, Alexopoulos N, loakeimidis N, Siasos G, Stefanadis C. Acute
mental stress has a prolonged unfavorable effect on arterial stiffness and wave reflections.

Psychosom Med. 2006;68:231-7.

Vlachopoulos C, Panagiotakos D, loakeimidis N, Dima |, Stefanadis C. Chronic coffee
consumption has a detrimental effect on aortic stiffness and wave reflections. Am J Clin Nutr.

2005;81:1307-12.

65



Wallberg-Jonsson S, Caidahl K, Klintland N, Nyberg G, Rantapaa-Dahlqvist S. Increased arterial

stiffness and indication of endothelial dysfunction in long-standing rheumatoid arthritis. Scand J

Rheum. 2008;37:1-5.

Wang K-L, Cheng H-M, Sung S-H, Chuang S-Y, Li C-H, Spurgeon HA et al. Wave reflection and
arterial stiffness in the prediction of 15-year all-cause and cardiovascular mortalities: a community-

based study. Hypertension. 2010;55:799-805.

Wang M, Jiang L, Monticone RE, Lakatta EG. Proinflammation: the key to arterial aging. Trends

Endocrinol Metab. 2014;25:72-9.

Wang M, Kim SH, Monticone RE, Lakatta EG. Matrix metalloproteinases promote arterial

remodeling in aging, hypertension, and atherosclerosis. Hypertension. 2015;65:698-703.

Wang MC, Tsai WC, Chen JY, Huang JJ. Stepwise increase in arterial stiffness corresponding with

the stages of chronic kidney disease. Am J Kidney Dis. 2005;45:494-501.

Warboys CM, Amini N, de Luca A, Evans PC. The role of blood flow in determining the sites of

atherosclerotic plaques. F1000 Med Rep. 2011;3:5.

Webb NR, Moore KJ. Macrophage-derived foam cells in atherosclerosis: lessons from murine

models and implications for therapy. Curr Drug Targets. 2007;8:1249-63.

Weber T, Auer J, O’'Rourke MF, Kvas E, Lassnig E, Lamm G et al. Increased arterial wave

reflections predict severe cardiovascular events in patients undergoing percutaneous coronary

interventions. Eur Heart J. 2005;26:2657-63.

66



Weber T, Wassertheurer S, Rammer M, Haiden A, Hametner B, Eber B. Wave reflections,
assessed with a novel method for pulse wave separation are associated with end-organ damage

and clinical outcomes. Hypertension. 2012. 60:534-41.

Weir RAP, Chong KS, Dalzell JR, Petrie CJ, Murphy CA, Steedman T et al. Plasma apelin
concentration is depressed following acute myocardial infarction in man. Eur J Heart Fail.

2009;11:551-8.

Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The influence of heart rate

on augmentation index and central arterial pressure in humans. J Physiol. 2000;525:263-70.

Wilkinson 1B, MacCallum H, Hupperetz PC, Van Thoor CJ, Cockcroft JR, Webb DJ. Changes in
the derived central pressure waveform and pulse pressure in response to angiotensin Il and

noradrenaline in man. J Physiol. 2001;530:541-50.

Wilkinson IB, Prasad K, Hall IR, Thomas A, MacCallum H, Webb DJ et al. Increased central pulse
pressure and augmentation index in subjects with hypercholesterolemia. J Am Coll Cardiol.

2002;39:1005-11.

Yamaleyeva LM, Shaltout HA, Varagic J. Apelin-13 in blood pressure regulation and

cardiovascular disease. Curr Opin Nephrol Hypertens. 2016;25:396-403.

Yki-Jarvinen H, Bergholm R, Leirisalo-Repo M. Increased inflammatory activity parallels increased

basal nitric oxide production and blunted response to nitric oxide in vivo in rheumatoid arthritis. Ann

Rheum Dis. 2003;62:630-4.

67



Zarins CK, Giddens DP, Bharadvaj BK, Sottiurai VS, Mabon RF, Glagov S. Carotid bifurcation
atherosclerosis. Quantitative correlation of plaque localization with flow velocity profiles and wall

shear stress. Circ Res. 1983;53:502-14.

Zhang NK, Cao Y, Zhu ZM, Zheng N, Wang L, Xu XH et al. Activation of endogenous cardiac stem

cells by apelin-13 in infarcted rat heart. Cell Transplant. 2016:25:1645-52.

Zhong J-C, Huang Y, Yung L-M, Lau C-W, Leung F-P, Wong W-T et al. The novel peptide apelin

regulates intrarenal artery tone in diabetic mice. Regul Pept. 2007;144:109-14.

Zureik M, Temmar M, Adamopoulos C, Bureau J-M, Courbon D, Thomas F et al. Carotid plaques,
but not common carotid intima-media thickness, are independently associated with aortic stiffness.

J Hypertens. 2002;20:85-93.

Szokodi I, Tavi P, Foldes G, Voutilainen-Myllyla S, llves M, Tokola H et al. Apelin, the novel
endogenous ligand of the orphan receptor APJ, regulates cardiac contractility. Circ Res.

2002;91:434-40.

Discussion additional references

Chen C-H, Nevo E, Fetics B, Pak PH, Yin FCP, Mauhan WL et al. Estimation of central aortic

pressure waveform by mathematical transformation of radial tonometry pressure: Validation of

generalized transfer function. Circulation. 1997;95:1827-36.

Fetics B, Nevo E, Chen CH, Kass DA. Parametric model derivation of transfer function for

noninvasive estimation of aortic pressure by radial tonometry. IEEE Trans Biomed Eng.

1999;46:698—-706.

68



Hoeks APG, Meinders JM, Dammers R. Applicability and benefit of arterial transfer functions. J

Hypertens. 2003;21:1241-3.

®Hope SA, Meredith IT, Cameron JD. Effect of non-invasive calibration of radial waveforms on
error in transfer-function-derived central aortic waveform characteristics. Clin Sci. 2004;107:205-

11.

®Hope SA, Tay DB, Meredith IT, Cameron JD. Use of arterial transfer functions for the derivation of
central aortic waveform characteristics in subjects with type 2 diabetes and cardiovascular disease.

Diabetes Care. 2004;27:746-51.
Kips JG, Rietzschel ER, De Buyzere ML, Westerhof BE, Gillebert TC, Van Bortel LM et al.
Evaluation of noninvasive methods to assess wave reflection and pulse transit time from the

pressure waveform alone. Hypertension. 2009;53:142-9.

Laurent S, Briet M, Boutouyrie P. Large and small artery cross-talk and recent morbidity-mortality

trials in hypertension. Hypertension. 2009;54:388-92.

O'Rourke M, Avolio A. Assessment of central arterial pressure? J Hypertens. 2003;21:1425-6.

Van Doornum S, McColl G, Jenkins A, Green DJ, Wicks IP. Screening for atherosclerosis in

patients with rheumatoid arthritis: Comparison of two in vivo tests of vascular function. Arthritis

Rheumatol. 2003;48:72-80.

Weber T, Auer J, O'Rourke MF, Kvas E, Lassnig E, Berent R et al. Arterial stiffness, wave

reflections, and the risk of coronary artery disease. Circulation. 2004;109:184-9.

69



Confirmation of contribution to the work by Supervisors
To Whom It May Concern,

We hereby confirm that Ms Sulé Gunter has substantially contributed to the conception of each of
the studies, data collection, interpretation of the results and writing of the manuscripts that are

included in this PhD thesis.

Yours sincerely,

Prof Patrick H Dessein MD, FCP(SA),FRCP(UK), PhD Associate Prof Aletta ME Millen, PhD

70



R14/49 Ms Sulé Gunter
HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)

CLEARANCE CERTIFICATE NO. M150324

NAME: Ms Sulé Gunter
(Principal Investigator)
DEPARTMENT: Physiology

Milpark Hospital

PROJECT TITLE: Risk Factors for Subclinical Cardiovascular Disease
in Patients with Osteo and Rheumatoid Arthritis

DATE CONSIDERED: 27/03/2015

DECISION: Approved unconditionally
CONDITIONS: Title Change(11/08/2017)
SUPERVISOR: Dr A Millen and Prof P Dessein

[J { t',lu‘(i\'fz /( e

APPROVED BY:
Professor P. Cleaton-Jones,Chairperson, HREC (Medical)

DATE OF APPROVAL:  29/05/2015

This clearance certificate is valid for 5 years from date of approval. Extension may be applied for.

DECLARATION OF INVESTIGATORS

To be completed in duplicate and ONE COPY returned to the Research Office Secretary 3rd floor, Phillip Tobias
Building, Parktown, University of the Witwatersrand. I/We fully understand the the conditions under which |
am/we are authorised to carry out the above-mentioned research and l/we undertake to ensure compliance with
these conditions. Should any departure be contemplated from the research protocol as approved, l/we undertake
1o resubmit to the Committee, | agree to submit a yearly progress report. The date for annual re-certification
will be one year after the date of convened meeting where the study was initially reviewed. in this case, the study
was initially review in March and will therefore be due in the month of March each year. Unreported changes to
the application may invalidate the clearance given by the HREC (Medical).

Principal Investigator Signature Date

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES

71



UNIVERSITY OF THE WITWATERSRAND, JOHANNESBURG
Division of the Deputy Registrar (Research)

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)
R14/49 Dr Patrick H Dessein

CLEARANCE CERTIFICATE M120562
PROJECT The Contribution of the Interaction of

Rheumatoid Arthritis Disease Activity with
Metabolic Syndrome Features to Endothelial

Dysfunction, Arterial Stiffiess and Athero-

Sclerosis
INVESTIGATORS Dr Patrick H Dessein.
DEPARTMENT Department of Medicine
DATE CONSIDERED Ad hoc
*+DECISION OF THE COMMITTEE* Renewal Approved

Unless otherwise specified this ethical clearance is valid for S vears and may be renewed upon

Iy
777 /i
Vs
DATE 31/05/2012 CHAIRPERSON &[Mﬁ{&“ ..........
(Professor PE Cleaton-Jones)

*Guidelines for written ‘informed consent’ attached where applicable
cc: Supervisor : Prof B Joffe

DECLARATION OF INVESTIGATOR(S)

To be completed in duplicate and ONE COPY returned to the Secretary at Room 10004, 10th Floor,
Senate House, University.

1/We fully understand the conditions under which I am/we are authorized to carry out the abovementioned
research and l/we guarantee to ensure compliance with these conditions. Should any departure to be
contemplated from the research procedure as approved 1/we undertake to resubmit the protocol to the

Committee. | agree to a completion of a yearly progress report.

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES...

72



i

R14/49 Prof Patrick Dessen et al

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)
CLEARANCE CERTIFICATE NO. M170592

NAME: Prof Patrick Dessein et al

(Principal Investigator)

DEPARTMENT: School of Physiclogy
Internal Medicine

PROJECT TITLE: The Contribution of Interaction of Rhematoid Arthritis
Diseas Activity with Metabolic Syndrome Features
to Endothelial Dysfuntion, Arterial Stiffness and Athero-Sclerosis

DATE CONSIDERED: 31/05/2012 (Initial approval) 26/05/2017 (Recertified)

DECISION: Approved unconditionally

CONDITIONS: Renewal for the period May 2017 - May 2022
Previously M120562

SUPERVISOR: Prof B Joffe A

APPROVED BY: v‘/&“ttﬁc

Prof P Cleaton-Jones, Chairpe’rson. HREC (Medical)
DATE OF APPROVAL: 12/06/2017

This clearance certificate is valid for 5 years from date of approval. Extension may be applied for,

DECLARATION OF INVESTIGATORS

To be completed in duplicate and ONE COPY returned to the Research Office Secretary in Room 301,

Third floor, Faculty of Health Sciences, Phillip Tobias Building, 29 Princess of Wales Terrace. Parktown, 2183,
University of the Witwatersrand. l'we fully understand the conditions under which | am/we are authorized to
carry out the above-mentioned research and l/we undertake to ensure compliance with these conditions
Should any departure be contermnplated, from the research protacol as approved, l'we undertake to

resubmit the application to the Committee. | agree to submit a yearly progress report. The date for

annual re-certification will be one year after the date of convened meeting where the study was initially
reviewed. In this case, the study was initially reviewed in May and will therefore be due in the month of

May each year Unreported changes to the application may invalidate the clearance given by the

HREC (Medical).

Principal Investigator Signature Date

PLEASE QUOTE THE PROTOCOL NUMBER IN ALL ENQUIRIES

73



	Apelin concentrations are associated with altered atherosclerotic plaque stability mediator levels and atherosclerosis in r ...
	1. Introduction
	2. Patients and methods
	2.1. Patients
	2.2. Baseline characteristics and conventional metabolic risk factors
	2.3. Atherosclerosis
	2.4. Altered plaque stability measures
	2.5. Apelin concentrations
	2.6. Data management and analysis

	3. Results
	3.1. Associations of baseline characteristics with apelin concentrations
	3.2. Independent relationships of apelin concentrations with metabolic risk
	3.3. Independent relations of apelin concentrations with atherosclerosis and altered plaque stability mediator levels
	3.4. Impact of patient characteristics on the associations of apelin concentrations with carotid atherosclerosis and plaque stab ...

	4. Discussion
	Conflict of interest
	Financial support
	Author contributions
	References


