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ABSTRACT

Background. Telomere length is considered a marker of biological ageing. Several
disease states have been associated with an increased rate of telomere attrition. Shorter
telomere lengths are considered a predictor of cardiovascular disease risk. Chronic
inflammation increases cell replication, hence increases telomere attrition. Chronic
inflammation also increases cardiovascular disease risk. Recent studies in chronic high-
grade inflammatory conditions in humans have shown controversial results when
comparing telomere lengths of patients to healthy controls. Furthermore, paradoxical
relationships between telomere length and sub-clinical cardiovascular disease markers
have also been reported in inflammatory conditions. Therefore, this study aimed to
determine the effect of high-grade inflammation on leukocyte telomere length and
whether inflammation induced changes in telomere lengths are affected by biologic anti-

inflammatory treatment.

Methods. Three-month-old, male and female Sprague-Dawley rats were randomly
divided into four groups. Three of the groups were exposed to an arthritis inducing

protocol where rats received a subcutaneous injection of bovine type-Il collagen

emulsifiedini ncompl et e Freund’s adjuvant at the

as the control (n = 25) that received a saline injection. After inoculation with collagen and
upon signs of inflammation, one group received no treatment (Inflammation group, n =
22), one group received Etanercept, a TNF-a inhibitor (TNF-a blocker group, n = 11) every
three days for six weeks and one group received Tocilizumab, an IL-6 receptor blocker
(IL-6 blocker group, n = 12) once a week for six weeks. Body weight, blood pressure and

arthritis scores in the hind paws were measured every two weeks. After six weeks of

base



treatment, cardiac function was measured by echocardiography and vascular reactivity
to vasodilators and vasoconstrictors in renal arteries were measured using a wire
myograph. Blood was obtained and serum concentrations of TNF-a , -6larid C-reactive
protein (CRP) were measured by ELISA. Serum vascular adhesion molecule-1 (VCAM-
1), a marker of endothelial activation was measured using ELISA. DNA was extracted
from whole blood and from visceral adipose tissue. Quantitative real-time PCR (qRT-
PCR) was used to determine relative telomere length of leukocyte DNA and visceral
adipose tissue DNA. Group differences in body weight, blood pressure and arthritis
scores were measured by repeated measures analysis of variance (ANOVA). Group
differences in inflammatory cytokine concentrations and relative leukocyte telomere
length were determined by two-way ANOVA with a Tukey post-hoc test. Group
differences in tissue telomere length was determined by a Kruskal-Wallis test.
Associations between relative leukocyte telomere length and inflammatory markers,
vascular function markers and cardiac f

correlations.

Results. Body weight and blood pressure did not change over the course of the study
and did not differ between the groups (all p > 0.05). Arthritis scores were higher in all
groups inoculated with collagen from six weeks onwards, compared to baseline and to
controls. Circulating inflammatory marker concentrations were higher in all rats inoculated
with collagen compared to the control group (all p < 0.05). Serum VCAM-1 concentrations
were significantly higher in the inflammation group compared to the control (p = 0.0008)
and TNF-a blocker groups (p = 0.02). Leukocyte telomere lengths were significantly

longer in the inflammation group compared to the control group (p = 0.05). Leukocyte

unct i
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telomere length in the TNF-a b | o ¢ k e6 bloeker droupsLwere not different from
controls (p > 0.05). Adipose tissue telomere length did not differ between the groups (p =
0.32) and was not associated with leukocyte telomere length (r = -0.10, p = 0.44). Higher
circulating CRP concentrations were paradoxically associated with longer leukocyte
telomere lengths (r = 0.47, p = 0.001). Controlling for body mass, sex and anti-
inflammatory treatment did not materially alter this association. Adipose tissue telomere
lengths were not associated with circulating inflammatory markers. Longer leukocyte
telomere lengths were paradoxically associated with higher systolic blood pressure (r =
0.29, p = 0.05), higher pulse pressure (r = 0.31, p = 0.04), reduced maximal vascular
relaxation (r = -0.55, p = 0.006) and reduced maximal vascular contractile (r =-0.37, p =
0.04) responses. Upon adjusting for body weight and sex, the results were materially
unaltered, however, treatment with anti-inflammatory drugs impacted the relationship
between telomere length and blood pressure, but not the relationship between telomere
length and vascular reactivity. In all groups, longer leukocyte telomere lengths were
associated with increased VCAM-1 concentrations (r = 0.29; p = 0.05). Longer telomere
lengths were associated with increased left ventricular filling pressure (r = 0.35, p = 0.04)
in control and inflammation groups. When adjusting for body weight and sex, leukocyte
telomere length was associated with impaired left ventricular relaxation (r = -0.37, p =
0.03) and increased left ventricular filling pressure (r = 0.39, p = 0.02). When including
the treatment groups in the model, the associations between leukocyte telomere length
and cardiac function markers were no longer significant. Adipose tissue telomere lengths

were not associated with any marker of vascular function, but shorter adipose tissue



telomere lengths were associated with impaired cardiac systolic function, regardless of

drug treatment.

Conclusion. Exposure to high grade inflammation paradoxically resulted in longer
leukocyte telomere length but did not affect adipose tissue telomere length. Treatment
with anti-inflammatory drugs impacted the inflammation induced changes in leukocyte
telomere length. In control and inflammation groups only, longer leukocyte telomere
length was paradoxically associated with impaired vascular function and cardiac function.
When including all groups in the analysis, longer leukocyte telomere length remained
associated with impaired vascular function, but not with cardiac function markers. Adipose
tissue telomere length was not associated with vascular function, but shorter adipose
tissue telomere length was associated with impaired cardiac systolic function. These
results suggest that exposure to high grade inflammation may impact leukocyte
physiology and that leukocyte telomere length may not be an accurate marker of
biological ageing or cardiovascular disease risk in patients exposed to high-grade

inflammation or those using anti-inflammatory treatments.
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CHAPTER 1

INTRODUCTION



Medical advances have resulted in an increase in life expectancy of the world population
(Christensen et al., 2009). Prolonged exposure to several environmental factors will result
in a variety of clinical and health complications. As a result, the number of age-related
diseases is expected to increase (Adhikari et al., 2010). Non-communicable diseases
(NCDs) including diabetes mellitus, cardiovascular disease (CVD), cancer and respiratory
diseases, are estimated to contribute to 70% of the total deaths worldwide
(Noncommunicable diseases country profiles 2018, 2018). According to a World Health
Organisation report (Noncommunicable diseases country profiles 2018, 2018), among
non-communicable diseases, CVD accounts for the highest number of the total deaths.
This report further stated that in South Africa, CVD is responsible for 19% of the total
mortality. More than 75% of the deaths related to NCDs are recorded in people over the
age of 60 years (Adhikari et al., 2010; Noncommunicable diseases country profiles 2018,
2018). Considering the change in the world population distribution, the burden of NCDs
are expected to increase over the next decade, especially in low- and middle-income
countries (Abegunde et al., 2007). In light of the increasing burden of NCDs, the
pathophysiological mechanisms underlying CVD have been under investigation for some

time.

Although traditional risk factors contribute largely to increased CVD rates, other non-
traditional risk factors have also been associated with CVD (Harald et al., 2008; Shisana
et al.,, 2013; Martinez & White, 2018). Chronic systemic inflammation is one non-
traditional risk factor that has received considerable attention. Inflammatory markers and
cytokines have been related to cardiovascular disease risk (Burke et al., 2002; Martinez

& White, 2018) and cardiovascular events (Kaptoge et al., 2010). In addition, patients with



conditions characterised by high-grade systemic inflammation, such as rheumatoid
arthritis (RA), have a much higher incidence of CVD compared to the general population.
RA is a highly prevalent autoimmune disease affecting approximately 1% of the world
population and up to 2.5% of the South African population (Engler & Skosana, 2016). RA
is characterised by inflammation in the synovial joints; however, inflammatory cytokines
are not only confined to the synovial joint (Cojocaru et al., 2010). Systemic inflammation
in RA have been implicated in the development of CVD (Bongartz et al., 2006; Cojocaru
et al., 2010). Treatment of patients with biologic anti-inflammatory drugs, known for their
effect on disease progression, has shown controversial results on CVD risk. As a result,
the mechanisms whereby systemic inflammation augments CVD risk in RA are being

investigated (Cojocaru et al., 2010; Castaneda et al., 2016).

In an attempt to improve risk stratification in RA patients, researchers continuously search
for biomarkers of CVD and inflammation. Given the role that inflammation plays on
cellular replication and biological ageing, telomere length has received some attention as
a possible biomarker for CVD risk stratification (Fitzpatrick et al., 2007, Masi et al., 2014,
Wong et al., 2014). Telomeres are non-coding, double-stranded, deoxyribose nucleic acid
(DNA) repeats of the sequence TTGGG that cap and protect the end of the chromosomes
from damage during replication (De Lange, 2005). Telomeres are 4-20 kilobase pairs
(kbp) in length and are not replicated by DNA polymerase. Telomeres become
progressively shorter with proliferation. This process of progressive telomere shortening
during cell replication is known as telomere attrition (Victorelli & Passos, 2017). When the
telomeres reach a critical length, cell division is halted, leading to an irreversible cell cycle

arrest known as cellular senescence (Victorelli & Passos, 2017). Telomere lengths have



been reported to predict the development of age-related diseases, including CVD
(Cawthon et al., 2003; Willeit et al., 2010). Indeed, shorter telomere lengths are
associated with CVD, independent of conventional risk factors (Fyhrquist et al., 2013;

Haycock et al., 2014).

Systemic inflammation is a risk factor known for increasing the rate of telomere attrition
(Steer et al., 2007; Aubert & Lansdorp, 2007; Barnes et al., 2019). Indeed, inflammation
and oxidative stress, which play a central role in RA, are also associated with increased
cell replication and accelerated telomere shortening (Wong et al., 2014; Correia-Melo et
al., 2014; Barnes et al., 2019). In patients exposed to chronic inflammatory disorders,
however, shorter telomeres are not consistently reported compared to healthy controls
(Lee & Bae, 2018). In addition, the relationship between telomere length and CVD risk in
patients exposed to high-grade inflammation are controversial (Haque et al., 2013;

Raymond et al., 2016b).

Taken together, chronic inflammation increases CVD risk in RA, however, the effects of
anti-inflammatory treatment on cardiac function is controversial. Inflammation induces
telomere attrition in the general population, however, the relationship between
inflammation and telomere shortening in inflammatory conditions is inconsistent. Whether
leukocyte telomere length provides an index of the cumulative inflammatory load, and
whether this relationship is impacted by anti-inflammatory treatments requires
investigation. Moreover, whether telomere length is a potential biomarker of CVD in

inflammatory conditions also requires elucidation.



This thesis will be structured as follows: Chapter 2 will provide a succinct view of the
current literature and will explain the reasons for conducting this study. Thereafter
Chapter 3 will describe the methods used and Chapter 4 will present the results obtained.

Chapter 5 will discuss the results and highlight the main findings of this study in the

context of previous literature.



CHAPTER 2

LITERATURE REVIEW



2.1 Rheumatoid arthritis

Rheumatoid Arthritis (RA) is an autoimmune disease characterised by chronic, high-
grade inflammation within synovial joints (Ma & Xu, 2013). RA autoantibodies attack
healthy joint tissue, and therefore disease progression is associated with irreversible
tissue damage and reduced joint function (Nanke et al., 2002). RA affects approximately
1% of the world population (Kim et al., 2015). In South Africa, the prevalence of RA ranges
between 0.9% and 2.5% (Engler & Skosana, 2016). RA patients experience a
substantially reduced quality of life and a decreased life expectancy (Nanke et al., 2002;

Listing et al., 2015).

Whilst the exact aetiology of RA remains unknown, some of the risk factors for developing
RA include genetic predisposition, smoking, age and female gender (Dowman et al.,
2012). Of these factors, genetic predisposition is believed to be the main reason for
developing RA (Barton & Worthington, 2009). Emerging data suggests that genetically
induced RA-related autoimmunity and inflammation may be initiated at a mucosal site
years before the onset of detectable joint symptoms (Demoruelle et al., 2014). Therefore,

subtle genetic dysregulations may be present prior to the presence of clinical RA.

Following the initial onset, the inflammation in established RA is not confined to the
synovial joints. The cytokines produced in the synovium spill into the systemic circulation,
which causes high-grade, chronic systemic inflammation (Cojocaru et al., 2010). The
systemic inflammation leads to several pathological processes (Cojocaru et al., 2010)
known as extra-articular complications that may affect multiple organ systems (Turesson

et al., 1999; Bongartz et al., 2006; Cojocaru et al., 2010; Mcinnes & Schett, 2011). Extra-



articular manifestations occur in roughly 40% of patients with RA (Cimmino et al., 2000)

and reflects the level of disease activity and severity (Turesson et al., 1999).

2.2 Risk of cardiovascular disease in rheumatoid arthritis

The cardiovascular system is the most commonly affected system by extra-articular
manifestations of RA. Indeed, RA patients have a significantly higher risk of
cardiovascular events and CVD-related mortality compared with the general population
(Avina-Zubieta et al., 2008; Avina-Zubieta et al., 2012; Zhang et al., 2014; Mackey et al.,
2018; Blum & Adawi, 2019). RA patients have a higher incidence of endothelial
dysfunction, atherosclerosis, arterial stiffness, impaired cardiac function and heart failure
compared to the general population (Avina-Zubieta et al., 2008; WallbergZJonsson et al.,
2008; Aslam et al., 2013; Ambrosino et al., 2015). Although traditional risk factors
including age, hypertension, dyslipidaemia and diabetes mellitus contribute to the
increased incidence of cardiovascular disease risk in RA, it is believed that chronic
systemic inflammation plays a major role in the increased CVD risk (Del Rincon et al.,
2001; Lopez-Mejias et al., 2016). Circulating inflammatory markers are independently
associated with cardiovascular mortality rates (Maradit-Kremers et al., 2005) and with
sub-clinical CVD such as endothelial dysfunction, atherosclerosis, arterial stiffness and
heart failure (Gonzalez-Gay et al., 2005; Dessein et al., 2007; Liang et al., 2010; Sharma
et al., 2015; Gunter et al., 2017). Currently the mechanisms whereby exposure to chronic
inflammation in RA results in various diseases, including CVD are under investigation

(Cojocaru et al., 2010; Castaneda et al., 2016).



2.3 Pharmacological treatment in rheumatoid arthritis

Early diagnosis of RA and adequate treatment is important to prevent rapid disease
progression and disease activity (Engler & Skosana, 2016). Conventionally, synthetic
disease modifying anti-rheumatic drugs (DMARDS) such as methotrexate, sulfasalazine
and leflunomide have been prescribed to reduce disease activity (Weinblatt et al., 1994;
O’ dll, 2002). Synthetic DMARDs are, however, unable to control disease activity in all
patients and they have several adverse side effects (Fridlington et al., 2011; Aronoff &
Aronoff, 2014; Bhatnagar et al., 2015; Engler & Skosana, 2016). Biologic DMARDs have
recently been introduced, and have shown greater disease suppression, particularly in
patients who did not respond to synthetic treatments. (Ma & Xu, 2013; Engler & Skosana,
2016; Benjamin & Lappin, 2019). Biologic DMARDSs exert their action by inhibiting specific
inflammatory molecules, rather than supressing the entire immune system as with
synthetic DMARDs (Raychaudhuri & Raychaudhuri, 2009; Benjamin & Lappin, 2019).
Studies investigating biologic DMARD treatment have demonstrated its effectiveness in

improving quality of life, while decreasing disability and joint damage (Burke et al., 2014).

Biologic DMARDs prevent the damaging effects of inflammation at target receptors, by
either competing for receptor binding or by high affinity binding of antibodies to circulating
cytokines (Hamilton & Clair, 2000; Ma & Xu, 2013; Benjamin & Lappin, 2019). Although
there are several biologic DMARDs commercially available, the most commonly used
biologic DMARDSs in RA patientsare TNF-a i nhi bi t or s TNF@k u &a ,a-
inflammatory cytokine that is involved in the acute phase reaction. It is produced mainly
by activated leukocytes, monocytes, macrophages, fibroblasts, and T and B lymphocytes.
TNF-a st i sihelredetse of other inflammatory cytokines such as interleukins (IL-1,

9
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IL-6, and IL-8) and granulocyte-macrophage colony stimulating factor (GM-CSF)
(Vasanthi et al., 2007). It also stimulates the expression of adhesion molecules such as
intercellular adhesion molecule 1 (ICAM-1) and vascular adhesion molecule 1 (VCAM-1)
from the fibroblast, endothelium and leukocytes (Golias et al., 2007; Vasanthi et al.,
2007). TNF-a pl ay s a progression and seledty af RA, as it is responsible for
a diverse range of signalling events within the synovial lining, endothelial cells, activated
T and B lymphocytes and macrophages, which leads to necrosis or apoptosis (Idriss &
Naismith, 2000; Vasanthi et al., 2007). Elevated synovial and circulating levels of TNF-a
have been reported in RA patients (Manicourt et al., 1993; Thilagar et al., 2018). Hence
it is not surprising that TNF-a i n h ihéve beerr ssiccessfully used as therapeutic
agents in reducing disease progression and severity (Roberts & McColl, 2004; Vasanthi

et al., 2007).

More recently, another biologic DMARD that has been successful in the management of
RA is the IL-6 receptor blockers. IL-6 is a pleiotropic inflammatory cytokine that has many
biologic effects on liver hepatocytes, T and B lymphocytes, neutrophils, monocytes and
platelets (Srirangan & Choy, 2010). IL-6 is well known for mediating the development and
progression of autoimmunity (Navarro-Millan et al., 2012). High levels of IL-6 have been
reported in the systemic circulation and the synovium of RA patients (Wong et al., 2006).
In RA, IL-6 stimulates osteoclasts and increases bone resorption, hence leading to joint
destruction (Srirangan & Choy, 2010). As IL-6 mediates a key step in the pathogenesis
of RA, these IL-6 receptor blockers have proven therapeutic potential in the RA population

(Kim et al., 2015). IL-6 receptor blocker therapy has shown sustained, rapid

10



improvements in RA disease severity and reducing the progression of joint damage

(Nishimoto et al., 2004; Srirangan & Choy, 2010).

Despite improvements in RA disease severity and slowing disease progression with
biologic DMARD treatment, the effects of these biologic DMARDs on CVD risk in RA
patients are controversial (Baniaamam et al.,, 2018). Some have shown that biologic
DMARDSs reduce overall CVD risk (Westlake et al., 2011) or risk of CV events (Greenberg
et al., 2011; Bili et al., 2014; Lee et al., 2018). Others have shown no change in CVD risk
or CV events when receiving biologic DMARDs (Solomon et al., 2006; Rao et al., 2015).
Similarly, some (Wolfe & Michaud, 2004; Morgan et al., 2014), but not others (Bernatsky
et al., 2005; Cole et al., 2007; Listing et al., 2008; Solomon et al., 2013; Schau et al.,
2015) have shown a decreased risk of developing congestive heart failure when receiving
biologic DMARD treatment. Interestingly, several studies have reported a paradoxical
increased risk of developing heart failure when receiving biologic DMARDs (Curtis et al.,
2007; Setoguchi et al., 2008; Al-Aly et al., 2011). Specifically, with TNF-a inhibitors, there
is a large body of evidence that supports the theoretic potential of these drugs in reducing
the overall CVD risk (Dixon et al., 2007). One placebo controlled, double blind study
conducted on the safety of TNF-a i n h irepartéd@ higher number of cardiovascular
events in the TNF-a i n h grdup, talthough this observation was not statistically
significant (Weisman et al., 2007). In contrast, one large (n=6393) study found that
cardiovascular mortality following long-term TNF-a i n h is beduted,avhen compared
to methotrexate (Morgan et al., 2014). With regard to IL-6 receptor blocker therapy,

multiple studies have found that, although IL-6 inhibition induced unfavourable alterations
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to the lipid profile, the risk for cardiovascular events associated with IL-6 receptor blocker

therapy was comparable to TNF-a inhibitors (Kim et al., 2017; Xie et al., 2019).

In summary, RA is a chronic inflammatory disorder that severely impacts quality of life.
Besides its role in joint destruction, inflammation has also been linked to several extra-
articular manifestations, of which CVD is one of the most critical and widespread. CVD
contributes to the increased mortality in RA patients. Considering that biologic DMARDs
are effective in reducing disease severity and joint destruction, they could potentially exert
similar protective effects on CVD risk factors and cardiovascular events. However, the
evidence in this regard is controversial. As a result, the possible physiological
mechanisms that underlie the association between inflammation and CVD are currently
under investigation. Furthermore, potential biomarkers that may assist in the risk
stratification of RA patients have received considerable attention in the recent literature,
however, the use of biologic DMARDs on several of these biomarkers are currently

unknown.

2.4 Telomere length

DNA replication is an important cell division process. During DNA replication, the double

helix strands unwinds, RNA primers are synthesised, and the DNA template is then

replicatedi n a 5’ to 3’ direction by DNA regnmVed mer ase€

and replaced with DNA. At t head obthe newly synthesised DNA strand, the RNA
primer cannot be replaced; henceevery new strand of DNA -

end with an o vead(GoareiagMela €t al.t 20%et). BNA repair machinery will

recogniset he i ncomplete 5’ emd t & esddéhiagped or doulder h a n g
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stranded breaks and will delete them (Blackburn, 2001). This shortening of the ends of

chromosomes will eventually result in the loss of critical genetic information.

In order to prevent a critical loss of genetic information, specialised protein-
deoxyribonucleic acid (DNA) complexes called telomeres are responsible for capping the

ends of eukaryotic linear chromosomes (Weng, 2012). Telomeres consist of non-coding,

guanine rich, hexamer-nucleotide repeats of the six base pair sequence 5-TTAGGG-
3'/5-CCCTAA-3' (De Lange, 2005). They present a 3-ovedhang@dble st r ar
500 nucleotides which is able to fold back and invade the double stranded side of the

telomere, creating what is known as the T loop (Griffith et al., 1999; De Lange, 2005). The

T loop serves as a protective mechanism as it in essence hides the overhangon t he 3’
end, hence prevents the DNA ends from being recognised as areas of damage or double

stranded breaks by DNA repair machinery (De Lange, 2005; Wang et al., 2007).

The T loop is stabilised and protected by a multi-protein complex, called shelterin (De
lange, 2005). Shelterin consist of 6 proteins namely protection of telomeres 1(POT-1),
telomeric repeat binding factor 1 and 2 (TRF1 and TRF2), telomere protection protein 1
(TTP1), repressor activator protein 1 (RAP1) and TRFL1 interacting nuclear protein 2
(TIN2) (Wu et al., 2006). The double stranded region of the telomeres is directly bound
by TRF1 and TRF2 together with their interaction proteins RAP1 and TIN2 (Wu et al.,
2006). The single stranded 3’ overhang is bou
the most important stable heterodimer (Wang et al., 2007). The heterodimer protects the
chromosome ends from fusing and together with telomerase (see below) is responsible

for the regulation of telomere length (Wang et al., 2007).
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Telomere length is highly variable in eukaryotes and gets progressively shorter with cell

division (Victorelli & Passos, 2017). With each cell division, a small fraction of
approximately 20 to 200 base pairs (bp) of telomeric DNA are lost in a process called

telomere attrition (Blackburn, 2001; Weng, 2012). As new DNA is synthesised only in the

5° to 3’ direction, t he Irepleaded nngil the end afntie (5
chromosome. However, for the | aghotRNAprimdrsrage neduirgd 3’ t o
to allow synthesis of new DNA by the addition of short fragments (Blackburn, 2001).
Consequently, DNA polymerase is unable to synthesise the complementary sequence of

the | agging strand at the very end of the 3’
that location is removed (Blackburn, 2001). This results in the loss of some telomeric DNA
sequences during each replication cycle at the 5’ end of the new DNA
causes a progressive shortening of telomere length with each cell division (Blackburn,

2001). As these telomere base-pairs do not code for any particular gene, their loss does

not adversely affect the critical genetic information of the cell (Aubert & Lansdorp, 2008).

Although telomere shortening is a normal physiological process during cell division,
critically short telomeres are recognised as areas of DNA damage, thus leading to
persistent DNA damage response (DDR) activation (Chan & Blackburn, 2004). DDR
ultimately leads to cellular senescence and apoptosis, through tumour suppressor protein
p53 as well as the cell cycle inhibitor p16 "2 pathways (Blackburn, 2001). The activation
of p53 results in the overexpression of p21, a cyclin-dependent kinase (CDK) inhibitor
(Blackburn, 2001). To prevent genetic instability, both p21 and p16 "4 prevent the
recurrence of cell proliferation (Victorelli & Passos, 2017). Hence, the preservation of the

integrity of telomere length is critical to prevent cellular senescence and apoptosis.
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The ribonucleoprotein enzyme, telomerase, provides a compensatory mechanism for
telomere shortening. Telomerase consists of a telomerase reverse transcriptase subunit
(TERT) and a telomerase-associated RNA component (TERC) that promotes the
elongation, repair and stabilisation of the terminal regions of telomeric DNA (Chan &
Blackburn, 2004). In humans, telomerase is expressed at high quantities pre-birth and
decreases with age (Flores et al., 2008). Indeed, ageing is associated with telomere
shortening (Steer et al., 2007; Muezzinler et al., 2012; Hermann et al., 2018; Liu et al.,
2019). Despite decreasing telomerase activity with age, together with the shelterin
complex proteins discussed above, telomerase is an important enzyme that regulates
telomere length, by addition of telomere nucleotide sequences. Considering telomeres
shorten with every cycle of cell replication and their role in preserving genomic integrity
(Chan & Blackburn, 2004), telomere lengths are considered an index of biological ageing,
rather than just chronological aging (Aviv et al., 2006). Hence it is not surprising that
telomere length has been considered a biomarker for the prediction of age-related
disease, and all-cause and disease specific mortality (Jeanclos et al., 2000; Aviv et al.,

2006; Willeit et al., 2010; Hermann et al., 2018).

With cell replication, telomere shortening occurs in all tissues. In clinical studies,
measuring telomere length in tissues poses a practical limitation, as invasive biopsies are

often required to obtain a sample. Therefore, telomere length measured in blood

leukocyteshasbeen used as a surrogate marker of

(Herrmann et al., 2018). The use of leukocyte telomere length (LTL) as a surrogate
marker for overall telomere shortening is considered accepted practice and is often used

in clinical studies, as the acquisition of blood samples is more feasible than obtaining
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tissue specific samples (Herrmann et al., 2018). However, whether LTL is indeed an
accurate marker of telomere shortening in all tissues remains uncertain. In this regard,
leukocyte telomere length has been correlated with tissue telomere length in several
tissues including aortic cells (Richard et al., 2008), buccal cells (Finnicum et al., 2017),
skeletal muscle (Ahmad et al., 2012) and skin (Friedrich et al., 2000). In skin cells,
leukocyte telomere length was significantly shorter than tissue telomeres (Friedrich et al.,
2000). Dlouha et al. (2014) reported that leukocyte telomere length was poorly related to
telomere length in 11 tissue samples including the liver, heart, spleen, brain, skin, triceps,
tongue mucosa, intercostal skeletal muscles, kidney and subcutaneous and abdominal
fat from 12 cadavers (tissues obtained less than 12 hours after death). They showed that
leukocyte telomeres were more variable compared to tissues telomere length. Leukocyte
telomere lengths were significantly longer compared to some of the tissue sample
telomeres, including the liver, brain, muscles, skin, spleen and tongue mucosa, but was
not different from adipose tissue and renal tissue telomere lengths (Dlouha et al., 2014).
Similarly, others have reported that leukocyte telomere shortening does not reflect
changes in tissue telomere length from follicular cells (Lara-Molina et al., 2020), other
blood cells (Olsson et al., 2020) and lung tissue (Everaerts et al., 2018). In this regard, it
has been suggested that mechanisms controlling telomere length are different in various
tissues (Friedrich et al., 2000; Lara-Molina et al., 2020). Despite the lack of conclusive
evidence, several studies have suggested that leukocyte telomere length is a sufficiently
accurate surrogate for telomere shortening (Mather et al., 2011; Miuezzinler et al., 2012;

Sanders & Newman, 2013; Dlouha et al., 2014; Goglin et al., 2016; Hermann et al., 2018).

16



2.5 Factors affecting telomere length

Although it is well established that telomeres become progressively shorter with cell
division and that telomere attrition is considered a normal ageing process, it has been
shown that telomere attrition can be accelerated in some individuals (Sanders & Newman,
2013). Several risk factors for increased rate of telomere attrition have been identified.
Besides age, other non-modifiable risk factors include sex and genetics. (Hermann et al.,
2018). Men have a significantly higher rate of telomere attrition compared to women
(Blasco, 2007). This rate of telomere attrition is believed to be mediated by the effects of
oestrogen. Increased oestrogen concentrations increase telomerase activity, and has
antioxidative effects (Kyo et al., 1999; Barrett & Richardson, 2011). With regard to genetic
influences, Blasco (2007) showed that telomere length is influenced by parents in which
parental telomere length can be used to predict up to 80% of offspring’ &lomere length.
Besides non-modifiable risk factors, modifiable risk factor exposure also influences
telomere attrition. Several risk factors affect telomere length including smoking, physical
activity, obesity, alcohol consumption, several drugs, dietary intake of antioxidants and
vitamins, chronic inflammation and stress. Although an in-depth discussion of these risk
factors are beyond the scope of this thesis, it is noteworthy that the most likely proposed
mechanism whereby risk factor exposure increased telomere attrition is via increased

inflammation and oxidative stress (Balaban et al., 2005).

2.6 Oxidative stress and leukocyte telomere length

An imbalance between reactive oxygen species (ROS) production and antioxidative

effects is known as oxidative stress (Balaban et al., 2005). The increased production of
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ROS is often the result of risk factor exposure including smoking and obesity, among
others (Vassalle et al., 2009). In addition, ultraviolet radiation exposure, certain disease
states and specifically exposure to increased systemic inflammation can also increase
ROS production (Oikawa et al., 2001; Balaban et al., 2005). The DNA sequence of
telomeres consist of high quantity of guanine residues which is more prone to oxidative
damage (Kawanishi & Oikawa, 2004). In this regard, with oxidative stress, there is an
increase in DNA damage and cleavage of the poly-guanosine sequence on telomeres
(Oikawa et al., 2001). This will result in a large portion of un-replicated ends due to less
efficient nucleotide damage repair responses, hence accelerating telomere attrition (von

Zglinicki et al., 2000; von Zglinicki, 2002).

Table 2.1 shows a summary of animal and human studies that determined the relationship
between oxidative stress and telomere length. In animal studies, in two different models
of oxidative stress exposure, results show progressive shortening of telomeres with
oxidative stress (Cattan et al., 2008; Martinez-Gonzélez et al., 2019). In human studies
the results are controversial. Although some studies showed associations between
oxidative stress markers and shorter leukocyte telomere length (Demissie et al., 2006;
Starr et al., 2008; Salpea et al., 2010), this was not consistent in all studies (Shen et al.,
2009; Watfa et al., 2011). The different methods of inducing and measuring oxidative
stress in these studies may limit the comparison between studies. Majority of the
aforementioned studies did not report inflammatory cytokines. In this regard, chronic
exposure to inflammation is one the main sources of increased oxidative stress (Balaban
et al.,, 2005). The section below will highlight the role of inflammation on leukocyte

telomere length.
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Table 2.1 The relationship between oxidative stress and leukocyte telomere length in animal and human studies

Author Study design LTL Measure of oxidative Main findings
method stress
Animal studies
Cattan et al., CAST/EI mice: Southern L-buthionine sulfoximine, Telomere shortening based on
2008 n =7 control blot an i nhidlutamyglr exposure to increased oxidative stress
n =7 experimental cysteine synthase stimuli is tissue dependent
Martinez- n =12 control gRT- PCR DCFH With progression o
Gonzélezetal., Al zhei mer ' s disease, there is an increase in
2019 mice: n = 7 (5 months) oxidative stress and a decrease in
n =9 (9 months) telomere length. No direct relationship
n = 8 (13 months) between LTL and oxidative stress
Human Studies
Demissie etal., n =156 control Southern Urinary 82piZPGF; o LTL negatively associated with
2006 n = 171 hypertension blot oxidative stress
Salpea et al., n = 448 healthy controls gRT- PCR Plasma TAOS (inhibitor of Negative relationship between plasma
2010 n =742 Type 2 DM peroxidase-mediated TAOS and LTL
formation of the 2,2-azino-
bis-3-ethylbensthiazoline-
6-sulfonic acid radical)
Starr et al., n = 190 general population gRT-PCR Oxidative stress gene Oxidative stress genes associated with
2008 polymorphisms LTL
Shen et al., n = 1110 control gRT-PCR urinary 152x4soP & 8Z No relationship between LTL and
2009 n = 1061 breast cancer oxodG oxidative stress
Watfa et al., n = 15 control gRT-PCR Carbonyl protein No relationship between LTL and
2011 n= 20 Parkins oxidative stress

disease
n, sample size; gRT- PCR, quantitative real time polymerase chain reaction; DCFH, Dichloro-dihydro-fluorescein; LTL, Leukocyte

telomere length; 82&pi2°GF 2a ,8-epi-prostaglandin F2alpha; DM diabetes mellitus; TAOS, total antioxidant status; 84xodG, 824x0Z
7,84lihydrodeoxyguanosine; 154 x4soP, 154-,4soprostanes
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2.7 Effects of inflammation on leukocyte telomere length

In an inflammatory state, in order to restore homeostasis, there is an increased production
of pro-inflammatory cytokines such as tumour necrosis factor-alpha (TNF-a ) , i nt
1 (IL-1) and interleukin-6 (IL-6) by tissue resident macrophages (Gordon & Taylor, 2005).
Increased circulating cytokines increase the peripheral leukocyte count by stimulating
differentiation and proliferation of new inflammatory cells from hematopoietic stem cell in
the bone marrow (Gordon & Taylor, 2005; Chmielewski & Strzelec, 2018). Inflammation
reduces the lifespan of leukocytes, as such, they die through cellular senescence and are
removed from the circulation by the liver and the spleen (Chmielewski & Strzelec, 2018).
In this regard, inflammation has been reported to increase leukocyte turnover, which
further increases the proliferation of hematopoietic stem cell to compensate for the
leukocyte loss from the circulation (Aviv & Levy, 2012; Majno & Joris, 2004; Aviv et al.,
2015; Chmielewski et al., 2016). As inflammation increases, the numbers of white blood
cells may increase or there may be a shift in white blood cell subtypes, leading to further
increases in pro-inflammatory cytokines, as well as reactive oxygen species and other

molecules that can perpetuate the inflammatory response (Libby, 2007).

Despite the effects of inflammation on leukocyte physiology, the effects of chronic
inflammation on telomere shortening are controversial (Steer et al., 2007; Aubert &
Lansdorp, 2007). Table 2.2 provides a summary of the studies where the effects of
inflammation on leukocyte telomere length were investigated. In an animal model of low-
grade inflammation, shorter telomeres in rats exposed to inflammation compared to
control were reported (Raymond et al., 2014). In contrast, another animal study that

induced an inflammatory state by knocking out the NF-kB1l subunit, showed no
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differences in telomere lengths between control and knockout mice (Jurk et al., 2014). In
case-control studies, although several different models of inflammatory conditions and
auto-immune diseases were used, majority reported shorter telomeres in patients
compared to controls (Artlett et al., 1996; Samani et al., 2001; Steer et al., 2007; Tamayo
et al., 2010; Masi et al., 2011; Haque et al., 2013). In contrast, some studies reported no
difference in leukocyte telomere length between patients and controls (Klapper et al.,
2004; Beier et al., 2007). One study reported longer telomere lengths in patients exposed
to inflammation compared to controls (Macintyre et al., 2008). A recent meta-analysis
further supported the lack of evidence that telomeres are shorter in RA patients compared

to controls (Lee & Bae, 2018).

Chronically activated T-cells, as typically reported in patients with high-grade
inflammation such as RA, are unable to stimulate increased telomerase activity
(Valenzuela & Effros, 2002). As previously discussed, telomerase is a key enzyme
responsible for the prevention of telomere attrition (Weng, 2012). It has been suggested
that the pro-inflammatory cytokine, TNF-a, inhibits telomerase activity by affecting the
expression of CD28 in CD8* T lymphocytes (Parish et al., 2009). Therefore, in RA
patients, telomerase activity in CD4 T-cells has been reported insufficient to protect
against telomere shortening by one (Fuijii et al., 2009), but not other studies (Dehbi et al.,
2013). In contrast, one study in systemic lupus erythematosus patients reported
increased telomerase activity in patients compared to controls (Klapper et al., 2004). In
the general population, some studies have shown that shorter telomeres are associated
with markers of inflammation, including CRP and IL-6 (Bekaert et al., 2007; Carrero et al.,

2007; O’ Do et al.y2811; Masi et al., 2014). Not all studies in the general population
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support these findings (Steer et al., 2007; Fitzpatrick et al., 2007; Wong et al., 2014). In
inflammatory disorders, several studies failed to show an inverse relationship between
telomere length and inflammation and/or disease activity (Steer et al., 2007; Tamayo et
al., 2010; Antoniou et al.,, 2012; Blinova et al., 2016). These contrasting findings in

inflammatory disorders necessitate further investigations.

Despite the controversial results regarding the effects of inflammation and leukocyte
telomere length, this relationship seems to be bidirectional. Although inflammation may
increase telomere attrition, when telomeres reach a critical length cellular senescence
and apoptosis pathways are activated. Senescent cells are a potent source of pro-
inflammatory mediators and reactive oxygen species (ROS) (Correia-Melo et al., 2014;
Campisi, 2013). This may result in a cycle of aberrant regulation and ensuing disease
(Campisi, 2013). In this regard, inflammation is strongly related to biological aging
(Carrero et al.,, 2007; Chung et al.,, 2009). Evidence suggests a causal role for
inflammation in the pathogenesis of multiple age-related diseases, including endothelial
dysfunction, atherosclerosis, cancer, autoimmune disorders, neurodegenerative
diseases and diabetes mellitus (Lynch et al., 2017; Murata, 2018; Walker, 2019; Liberale
et al., 2020). Considering the link between inflammation and telomere length, and the
relationship between inflammation and several disease states, it is not surprising that

telomere length has been considered a biomarker for age-related diseases.
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Table 2.2 The Effects of inflammation on telomere length in human and animal studies

Author Study design Inflammation LTL Main findings
model method
Animal studies
Jurk et al.,, 2014  n =6 control NF-kB gene qRT-PCR No differences in LTL between control
n = 6 NF-KB knockout knockout and inflammation group
Raymond, 2014 n = 30 control Staphylococcus gRT-PCR LTL significantly shorter in the
n = 30 experimental aureus experimental group when compared to
control
Case control human studies
Artlett et al.,, 1996 n = 96 control Systemic sclerosis RFLP LTL significantly shorter in SSc patients
n = 43 patients
Samani et al., n = 20 control CAD Southern CAD patients had significantly shorter
2001 n = 10 CAD patients blot LTL when compared to control
Steer et al.,, 2007 n = 1151 control Rheumatoid arthritis ~ Southern LTL shorter in RA patients. No
n = 1987 patients blot relationship between CRP and LTL
Macintyre et al., n = 107 control Limited cutaneous Southern Patients had longer LTL and increased
2008 n = 43 patients systemic sclerosis blot telomerase activity.
Tamayo et al., n = 130 control RA, PA, AS, OP, OA gRT-PCR RA, AS and PA patients had longer
2010 n=86RA, n=56PA, n-= telomeres while OP patients had shorter
59AS, n=350P,n=34 telomeres when compared to control.
OA
Masi et al.,, 2011  n = 207 controls Periodontitis gRT-PCR Shorter LTL in patients compared to
n = 356 patients control. LTL negatively associated with
CRP
Haque et al., n = 63 control Systemic lupus gRT- PCR SLE patients shorter LTL compared to
2013 n = 63 patients erythematosus control
Klapper et al., n =9 control Systemic lupus Southern No differences in LTL between patients
2004 n = 9 patients erythematosus blot and controls. High telomerase activity in
SLE
Beier et al., 2007 n = 20 control Systemic lupus FISH No differences in LTL between patients
n = 22 patients erythematosus and controls
Antoniou et al., n = 6 controls IPF & RA-IUP gRT-PCR No significant difference in telomere

2012

n=7IPF

length between case and control
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n =6 RA-IUP
Cross-sectional human studies

Bekaert et al., n = 2509 general population Southern LTL negatively associated with IL-6 and

2007 blot CRP

Carrero et al., n = 195 hemodialysis gRT-PCR LTL negatively associated with CRP in

2007 patients hemodialysis patients.

Fitzpatrick et al.,  n =419 general population Southern No relationship between CRP and LTL

2007 blot

O Donovan etal., n =1962 general population gRT-PCR Short LTL associated with high IL-6 &

2011 TNF-a but not CRP

Weischer et al., n = 19838 gRT-PCR LTL was negatively associated with CRP,

2012 BMI, Smoking, Hypertension, increased

development of Ml & IHD

Masi et al.,, 2014  n = 1080 between the age gRT-PCR LTL negatively associated with CRP and
13 and 16 Fibrinogen

Wong et al., 2014 n = 87 general population gRT- PCR LTL negatively associated with CRP but

not with IL-6 and TNF-a

n, sample size; NF-k B, nuc | e ar -lightalain-enhanderaopaptizated B cells ; qRT-PCR, quantitative real time PCR; LTL,
leukocyte telomere length; RFLP, restriction fragment length polymorphism; CAD, coronary artery disease; SSc, Systemic sclerosis;
CRP, c- reactive protein; RA, Rheumatoid arthritis; PA, Psoriatic arthritis; AS, ankylosis spondylitis; OA, osteoarthritis; OP,
osteoporosis ; SLE, systemic lupus erythematosus; FISH, fluorescent in situ hybridization; IPF, Idiopathic pulmonary fibrosis; RA-
UIP, Rheumatoid arthritis-usual interstitial pneumonia; IL-6, Interleukin- 6; TNF-a , Tumor necr o 8Mlshodlymasd or
index ;MI, myocardial infarction; IHD, ischemic heart disease
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2.8 Leukocyte telomere length as a biomarker for cardiovascular disease

Leukocyte telomere length has been associated with several age-related diseases,
including neurodegenerative disorders (Thomas et al., 2008), cancer (Odigari et al., 1994;
Nakamura et al., 2000; Heaphy et al., 2010), osteoporosis (Valdes et al., 2007) and CVD
(Fitzpatrick et al., 2007; Fyhrquist et al., 2013; Haycock et al., 2014). CVD is one of the
leading causes of disability and mortality worldwide (Noncommunicable diseases country
profiles 2018, 2018). Ageing and inflammation are both considered major risk factors for
the development of CVD (Avina-Zubieta et al., 2008; Samani & van der Harst, 2008;
Avina-Zubieta et al., 2012; Lynch et al., 2017; Liberale et al., 2020). Biomarkers that can
be used in CVD risk stratification have received considerable attention in the literature
over the past decade. Telomere length has also been suggested as a biomarker for CVD
prediction and risk stratification (Fitzpatrick et al., 2007; Fyhrquist et al., 2013; Haycock
et al., 2014). In this regard, in a meta-analysis including 27 observational studies, it was
reported that with a one standard deviation decrease in leukocyte telomere length, there
is up to 24% increase in CVD risk (D’ medt dl.,c2015). It has also been suggested that
leukocyte telomere length can be used to predict mortality in CVD patients (Carty et al.,

2015).

In human studies, decreased telomere lengths have been related to cardiovascular
mortality (Cawthon et al., 2003; Epel et al., 2009). Shorter telomeres have been linked to
increased risk for cardiovascular events including stroke, heart failure and myocardial
infarction (Brouilette et al., 2003; Fitzpatrick et al., 2007; Zee et al., 2009; Willeit et al.,
2010; Ding et al., 2012; Weischer et al., 2012; D’ me ét bl.p 2015). The association
between telomere length and CVD is independent of age, sex, and traditional CVD risk

25



factors (Fitzpatrick et al., 2006; Brouilette et al., 2003). In mechanistic studies, shorter
telomeres have been linked to cellular senescence in cardiomyocytes (Chimenti et al.,

2003; Leri et al., 2003).

In the vasculature, shorter telomere length has been associated with the presence of
atherosclerosis (Benetos et al., 2004; Matthews et al., 2006; Mainous et al., 2010; Khan
et al., 2012) endothelial dysfunction (Minamino et al., 2002) and arterial stiffness (Benetos
et al., 2001, Tentolouris et al., 2007; Nawrot et al., 2010; Wang et al., 2011; Raymond,
2014). Some have suggested that senescent endothelial cells, induced by telomere
shortening, produce molecules that are involved in the process of atherogenesis
(Minamino et al., 2002; Libby, 2007). In contrast, others have posited that local factors
related to altered haemodynamics, may control telomere length in the arterial wall
(Fyhrquist et al., 2013). Nevertheless, telomere length has been associated with vascular

ageing in the general population (Nilsson, 2012).

In inflammatory disorders, the relationship between leukocyte telomere length and
traditional CVD risk factors, atherosclerosis and arterial function have been controversial
(Haque et al., 2013; Raymond, 2014; Zidan, 2020). In the aforementioned studies,
paradoxically longer telomere lengths were associated with a worse CVD risk profile.
These authors were unable to provide mechanistic links between these paradoxical
relationships and suggested further investigations to confirm their results. Several
confounding factors, including anti-inflammatory treatments, were mentioned, which may
affect the association between telomere length and CVD in inflammatory disorders.

Therefore, mechanistic and basic studies to elucidate the role of high-grade inflammation
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and anti-inflammatory drug treatment on telomere length and its association with CVD

are warranted.

2.9 The collagen induced arthritis model

Human RA studies investigating telomere shortening have thus far been hindered by
several confounding factors. Previous human studies examining telomere shortening in
RA had small sample sizes and largely used cross-sectional designs (Costenbader et al.,
2011). The majority of these studies did not account for smoking, obesity, drug treatment
and other confounding factors (Costenbader et al., 2011; Lee & Bae, 2018). Indeed, drug
treatments such as methotrexate, immunosuppressants or corticosteroids undoubtedly
affect telomere length (Koetz et al., 2000; Weyand et al., 2002; Colmegna et al., 2008).
Further to this, patients show large heterogeneity due to differences in RA disease
characteristics. Therefore, the use of animal models of high-grade inflammation may
provide greater insight into the association between inflammation and telomere length
and the impact that anti-inflammatory agents have on this relationship, without the
influence of confounding or mediating factors. Although several animal models have been
proposed, the structural and immunological changes of the collagen-induced arthritis
(CIA) rat model best resemble that of RA (Larsson et al., 1990; Bolon et al., 2010). As
male rats were shown to have a greater inflammatory response to collagen injections,
previous CIA models mostly included male rats (Wooley, 2004; Wilson-Gerwing et al.,
2013), however, evidence from human studies show that women are at a higher risk of
developing RA (Ma & Xu, 2013). Therefore, the effect of high-grade inflammation on

telomere length in both male and female rats require investigation.
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2.10 Problem statement

RA is a chronic inflammatory disorder that severely impacts quality of life. Besides the
destructive effects on synovial joints, inflammation has also been linked to several extra-
articular manifestations, including CVD. Indeed, chronic systemic inflammation
significantly increases the risk of CVD in patients exposed to high grade chronic
inflammation. Anti-inflammatory biologic DMARDs have shown to be effective in reducing

disease activity, however, its effectiveness in managing CVD risk is controversial.

Inflammation accelerates telomere shortening. Telomere length is considered a marker
of biological ageing, cellular senescence and CVD risk. In chronic inflammatory disorders
the effects of inflammation on telomere attrition and the relationship between telomere
length and subclinical CVD are controversial. Whether biologic DMARDs influence
telomere length in conditions of high-grade inflammation and whether biologic DMARDs
influences the relationship between leukocyte telomere length and CVD risk is uncertain.
An improved understanding of biologic DMARDSs on the regulation of leukocyte telomere

lengths will provide knowledge on the far-reaching effect of chronic inflammation on CVD.

2.11 Aim

This study aims to determine the effect of chronic inflammation on leukocyte telomere
length and whether treatment with biologic disease modifying anti-rheumatic drugs has
an impact on the inflammation-induced effects on leukocyte telomere length in a type Il

collagen induced arthritis (CIA) model in Sprague-Dawley rats.
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2.12 Objectives

1.

To determine the effects of collagen induced high-grade inflammation on leukocyte

telomere length and adipose tissue telomere length.

To determine the effect of treatment with biological anti-inflammatory drugs (TNF-
o 1 nhi bi 1 antagonistshah lelikbcyte and adipose tissue telomere length,

in a model of collagen induced high-grade inflammation.

To determine whether relative telomere length is a potential biomarker of vascular

and cardiac function in a model of collagen induced high-grade inflammation.
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METHODS
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3.1 Animals

Three-month-old, male and female Sprague Dawley rats were obtained from the Central
Animal services (CAS) of the University of the Witwatersrand as part of a larger study.
From this larger study, high quality DNA could be extracted from 70 rats (male: n = 37
female n = 33) that were included in the current study. Rats were housed in individual
cages in temperature-controlled rooms on a 12-hour light-dark cycle, to monitor individual
sickness responses and food intake. Male and female rats were housed in separate
rooms. All the procedures in this study were approved by the Animal Research Ethics
Committee of the University of the Witwatersrand (approval number 2017/03/21C,

Appendix A).

3.2 Study design

Rats were habituated for two weeks where they were weighed, and arthritis scores were
measured weekly. Rats were habituated to restrainers, and blood pressure was
measured twice a week. Rats had free access to water and standard rat chow during the
habituation period and the rest of the study. After the habituation period, rats were
randomly divided into four groups. The first group, the control group (n = 25, male = 14,
female = 11), received a subcutaneous saline injection (0.2 ml) at the base of the tail. The
other three groups, namely the inflammation (n = 22, male = 12, female = 10), the TNF-a
blocker (n = 11, male = 6, female = 5) and IL-6 blocker groups (n = 12, male = 5, female
= 7) were exposed to an arthritis-inducing protocol. In the three groups exposed to the
arthritis protocol, upon signs of inflammation the inflammation groups received no

treatment, the TNF-a blocker group received intraperitoneal injections of a TNF-a blocker
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and the IL-6 blocker group received intraperitoneal injections of an IL-6 receptor blocker
for six weeks. Over the course of the study body weight, blood pressure and arthritis
scores were measured. At the end of the six-week treatment period, rats were
anaesthetised by intramuscular injections of ketamine (100 mg/kg) and xylazine (5
mg/kg), during which time cardiac function was measured by echocardiography.
Thereafter rats were killed by thoracotomy, hearts were removed and weighed and
indexed to body weight. Vascular reactivity in response to vasodilators and
vasoconstrictors were assessed in renal arteries using a wire myograph. Blood samples
were obtained to measure circulating inflammatory markers and to extract DNA for
determining leukocyte telomere length. Visceral adipose tissue was removed to extract

DNA for determining adipose tissue telomere length.

3.3 Arthritis inducing protocol and drug treatment intervention

High grade systemic inflammation was induced using an arthritis inducing protocol as
previously described (Mokotedi et al., 2019). To induce arthritis, rats were injected

subcutaneously with 0.2 ml (200 y g Bovine type Il collagen (BCIl) (Chondrex cat.

#20021, Redmond, WA,USA) emul si fi ed into incompekat e

#7002, Redmond, WA, USA) at the base of the tail. To ensure a high incidence and
severity of arthritis a 0.1ml booster injection of the same emulsion was administered
seven and 21 days after the first immunisation. The control group received a 0.2 ml
subcutaneous injection of buffered saline solution. All injections were administered under
general anaesthesia (isoflurane). At the first sign of inflammation, approximately three to
four weeks after the primary immunisation, the TNF-a b | o ¢ k e& bloeker droupsL

received biologic anti-inflammatory drugs in line with previously reported studies
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(Kobayashi et al., 2014; Totoson et al., 2016; Hancerli et al., 2017). The IL-6 blocker
group received intraperitoneal injections of Tocilizumab, an IL-6 receptor blocker, at a
dose of 8mg/kg once a week for six weeks. The TNF-a blocker group received
intraperitoneal injection of Etanercept, a TNF-a antagonist at a dose of 10 mg/kg every
three days for six weeks. All rats exposed to the arthritis inducing protocol (inflammation,
TNF-a bl oc k e ¥6 blacked groupds) received Tramazac (1-4mg/kg) for pain

management.

3.4 Arthritis scores and paw thickness

To measure the severity of arthritis, signs of inflammation in the hind paws of the rats was
scored. To reduce intra-observer variability, paw scoring was performed by a single,
trained individual. To reduce intra-observer variability, paw scoring was performed by a
single, trained individual. The severity of inflammation (with a maximum of eight) for the
hind paws were scored on a scale of zero to four as previously described (Mokotedi et
al., 2019), The scoring was as follows: 0 = no swelling or focal redness in the paws; 1 =
slight swelling of focal redness in the paws; 2 = low to moderate oedema in the paws; 3
= pronounced oedema in the paws with limited joint use and 4 = excessive oedema with
rigidity and deformity of the paws. To provide a more objective measure of arthritis
severity, paw thickness was measured at the ankle joint and the tarsometatarsal joints of

the hind paws of the rats every two weeks, using a digital calliper.

3.5 Blood pressure

The blood pressure of the rats were measured with a tail cuff, non-invasive blood pressure

amplifier (Biopac Systems, Santa Barbara, CA, USA). To measure the blood pressure,
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rats were placed in restrainers with adjustable restriction panels. The tail was placed on
a heating pad for ten minutes prior to measuring blood pressure. An average of three

blood pressure measurements were taken at midday, once every two weeks.

3.6 Echocardiography

Rats were anaesthetised by intramuscular injections of ketamine (100 mg/kg) and
xylazine (5 mg/kg) where after cardiac geometry and function were measured by
echocardiography (Acuson SC 2000, Siemens Medical Solutions, USA). To determine
cardiac geometry, the left ventricle was imaged with a high resolution (10MHz) ultrasound
probe in the parasternal long axis view. Using 2D echocardiography, M-mode imaging
was obtained to measure the interventricular septal thickness (IVST), left ventricular
internal diameter (LVID) and left ventricular posterior wall thickness (PWT) in systole (s)
and diastole (d) according to standard conventions (Lang et al., 2015). The Teichholz
formula was used to determine left ventricular end diastolic and end systolic volume from
which stroke volume and ejection fraction were determined (Teichholz et al., 1976).
Midwall fractional shortening (FSmid), a marker of systolic function was calculated as
[(LVIDd + PWTd/2 + IVSTd/2) - (LVIDs + Hs/2)J/[LVIDd + PWTd/2 + IVSTd/2)] x 100,
where H represents the combined septal and posterior wall thickness (De Simone et al.,
1994). Relative wall thickness, a marker of left ventricular hypertrophy, was calculated as

(IVSTd + PWTd) / LVIDd (Ganau et al., 1992).

Diastolic function was measured using pulsed wave Doppler and Tissue Doppler in the
apical four chamber view. Early (E) and late (A) mitral inflow velocity was measured by

pulsed Doppler by placing the cursor at the tips of the mitral valve leaflet tips. Data were
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expressed as the E/A ratio as a marker of relaxation. The rate of tissue lengthening (peak
relaxation velocity) at the mitral annulus was measured using Tissue Doppler Imaging
(tbhduring early (e’) and |l ate (a’) diastole.

earliest markers of impaired relaxation. The e * / a ’wag caldulated and is considered
a marker of ventricular stiffness. Because the mitral inflow velocity (E) is influenced by
ventricular relaxation and atrial pressure and e’ is considered a marker of relaxation,

independent of pressure, the E/e ratio was calculated as marker of left ventricular filling

pressure.

3.7 Vascular reactivity

After echocardiography, rats were killed via thoracotomy, and the heart and kidneys were
removed. The arteries from the kidney were isolated and the artery rings were cleaned of
connective tissue and fat. Renal artery rings were suspended in a wire myograph system
(model 610M, Danish Myo Technology, Aahrus, Denmark), designed to measure the
reactivity of blood vessels. Renal artery rings were threaded over two parallel stainless-
steel wires which were secured to support jaws, one of which were attached to a precision
micrometer and the other to a force transducer for measuring force development.
Isometric force measurements were obtained using a PowerLab (4SP, ADInstrument)
data acquisition system. The renal artery rings were mounted at an optimal resting tension
and was kept at 37 °C in physiological saline solution in an oxygenated chamber for 60
minutes. Thereafter renal artery rings were exposed to 80 mM potassium chloride (KCL)
to induce a maximal, reference contraction response. Arteries were then exposed to half-
log increases in phenylephrine concentrations between 0.1 nM and 0.1 mM. Renal artery

contraction was expressed as a percentage of the maximal, reference contraction.
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Relaxation induced by acetylcholine was determined during phenylephrine-induced
contraction and was expressed as the percentage of baseline tension during

phenylephrine-induced contraction.

3.8 Circulating inflammatory and endothelial activation markers

After thoracotomy, blood samples were obtained and centrifuged before being stored at
-80°C for further analysis. To determine circulating inflammatory marker concentrations,
blood samples were used to measure serum IL-6, TNF-a and CRP concentrat.i
solid-phase sandwich enzyme linked immunosorbent assay (ELISA) kits (Elabscience
Biotechnology Co. Ltd, Wuhan, China) in duplicate. The coefficients of variation were
<10% for all kits. The lower detection limit for IL-6, TNF-a and CRP was 62.50 pg/ml,
78.13 pg/ml and 0.31 ng/ml respectively. To determine endothelial activation, an early
risk marker of endothelial dysfunction and atherosclerosis, vascular adhesion molecule 1
(VCAM-1) concentrations were measured in a sub sample (n = 44) using ELISA
(Elabscience Biotechnology Co. Ltd, Wuhan, China). The lower detection limit for VCAM-

1 was 12.5 pg/ml.

3.9 Telomere length

Telomere length was measured via real time quantitative polymerase chain reaction
(gRT-PCR). DNA was extracted from whole blood and visceral adipose tissue samples,

where after the respective telomere lengths were determined as described below.

DNA extraction
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Leukocyte DNA were isolated from whole blood samples using a NucleoSpin® DNA,
extraction kit (Macherey-nagel GmbH & Co. KG, D-52355, Duren, Germany) according
manufacturer guidelines. Visceral adipose tissue was homogenised, and DNA was
extracted using an Accuprep® Genomic DNA extraction kit (Bioneer, K-3032, Daejeon,
South Korea). The quality and quantity of the extracted DNA was determined by
NanoDr op ™ Meamowlume UV-Vis Spectrophotometer (Thermo Fischer
Scient i fi c ™WalBhdnt USAY ThE®samples used in this study had a DNA yield
of approximately 100 pg/ml. The DNA was transferred to cryotubes and stored at -20°C

until further analysis.

Real-time quantitative PCR (QPCR)

A guantitative real-time PCR (gRT-PCR) method was used to determine relative telomere

length of leukocytes and adipose tissue DNA (Gil & Coetzer, 2004, Cawthon, 2002). This

method determines the factor by which telomere repeat copy number (T) differs from the

copy number of a single copy gene (S). The single copy gene used in this protocol was

the rat pyruvate kinase gene. Samples were amplified in duplicate in two different
polymerase chain reaction (PCR) amplifications; one to determine telomere repeat copy

number and the other to determine pyruvate kinase copy number. The PCR reactions

were carried out using a StepOneplus real-time PCR machine (Applied Biosystems, USA)

as per manufacturer’s instructions. Eagh PCR
consisting of approximately 50 ng genomic DNA, 10 p | SYBR Gr-enmePCRe al
Master Mix (ThermoFisher, USA), appropriate forward and reverse primers for either the

telomere or pyruvate kinase reactions (5 pmol of each primer/reaction) (Inqaba Biotec,

Pretoria, South Africa) and the volume was made up to 20 p | with nuclease f |
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Primer sequence and thermal profiles for the gqRT-PCR reactions are shown in Tables 3.1

and 3.2 respectively.

Table 3.1 The telomere and pyruvate primer sequences for PCR amplifications

Primer sequence

Tel omere F8T war d CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGG TTTGGGTT

Tel omer Re3Vver se 1 GGCTTGCCTTACCCTTACCCTTACCC TTACCCTTACCCT

Pyruvate Kinase For wa kr3d ) ( TGTGGGTGATCTGGTGATTGTGGT

Pyruvate Kinase Re v e r s3¢ )( AGGCATTTCAGGATACGCTCAGCA

Table 3.2 The LightCyler thermal profiles for the telomere and the pyruvate kinase PCR

amplifications

Number of cycles Temperature (°C) Duration
Thermal profile telomere
Activation 1 95, 50 2 min, 2 min
Amplification 25 95, 54 15 seconds, 2 min
Cooling 1 30 30 seconds
Thermal profile pyruvate kinase
Activation 1 95,50 2 mins, 2 mins
Amplification 30 95,58 15 seconds, 1 min
Cooling 1 30 30 seconds
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The telomere primers used in this method were designed to ensure that in the first PCR
cycle the forward and reverse telomere primers hybridized to the telomere sequence, but
with a mismatch in the last six base pairs at the 5'-end. This mismatching ensures that
the primers favour hybridization to the products formed at the end of the first PCR cycle
over binding to the DNA template in subsequent cycles, thus the amount of telomere
product at the end of the PCR is proportional to the product produced after the first PCR
cycle. The amount of product produced after the first round of PCR cycle is determined
by telomere length, hence the amount of telomere product produced in this method is

directly proportional to telomere length.

Analysis of PCR amplification curves and construction of standard curves was carried out
using the StepOne software v2.3 (Applied Biosystems, USA). The gRT-PCR method used
in this study, includes a SYBR® Green dye, which is a double-stranded DNA intercalating
dye that only fluoresces when binding to double stranded DNA. As the number of PCR
cycles increases, the amount of double-stranded DNA increases and consequently the
amount of fluorescence eventually reaches a threshold value (Ct), which is the point
where fluorescence levels are statistically significant, hence the greater the amount of
starting template there is, the fewer the number of PCR cycles required to reach Ct. With
regards to telomere length, the telomere Ct is proportional to telomere length, with a
smaller Ct representing a greater telomere length. The telomere Ct of each sample was
compared to its respective pyruvate kinase Ct. Pyruvate kinase has only one copy per rat

genome and allows for the correction of different sample DNA concentrations, thus
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allowing for inter-individual comparisons. The relative telomere length of each sample

was calculated using the following formula:

T/S ratio = 2¢yCt(sample)- yCt(standard)) \where YCt is Ct (telomere) - Ct (pyruvate kinase)

Standard curve

To standardise the T/S ratios, one sample outside of our study, was diluted 5 times to
produce a range from 100ng/ml to 3.125ng/ml of DNA concentration. The telomere and
pyruvate kinase Ct of these concentrations were measured. The results produced a
standard curve as seen in Figure 3.1, which indicate a strong negative correlation
between DNA concentration and telomere Ct (r = -0.998, p < 0.0001) and pyruvate kinase
(r = 0.994, p < 0.0001) and the slope of the linear relationship was -2.92 and -3.41
respectively. Samples that fell outside of the range of the linear correlation were diluted

and re-run to ensure that they fell within the linear range of the standard curve.
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Figure 3.1 The relationship between DNA concentration (plotted as log) and telomere Ct
(A) and pyruvate Ct (B) measured in duplicates from the standard sample. There was a

strong negative linear relationship between the variables

3.10 Data analysis

The data were analysed using SAS Software, version 9.4 (SAS Institute Inc., Cary, NC).
Data are represented as means = standard error of the mean (SEM) for normally
distributed data and as median (interquartile range; IQR) for non-normally distributed
data. Changes in body weight, blood pressure, arthritis scores and paw thickness over
time and between groups were determined by repeated measures analysis of variance
(ANOVA), followed by Tukey post-hoc tests. Differences in leukocyte telomere length,
inflammatory markers and VCAM-1 concentrations were determined by a two-way
ANOVA, with group and sex as main effects. Differences in adipose tissue telomere
length between the groups were determined by a Kruskal-Wallis test. There were no
differences in the telomere lengths between males and females in the total study sample
or in each group, hence the results for males and females were pooled. Associations
between telomere lengths, circulating inflammatory markers, vascular function and

cardiac function markers were determined usi n g Pearson’s <correlati
Because body weight differed between males and females, body weight and sex were
included as potential confounders in the correlation analysis. As drug treatment seemed
to influence leukocyte telomere lengths, correlation analyses were performed in the
control and inflammation groups alone and in all groups in separate models. Non-normally
distributed variables were log transformed to improve normality, before including in

regression analysis. A p value 0.05 was considered statically significant.
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CHAPTER 4

RESULTS
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4.1 Body weight, blood pressure, arthritis scores and paw thickness

Figure 4.1 shows the body weights in all rats (A) in males (B) and females (C) and systolic
and diastolic blood pressure of control (n = 25), inflammation (n = 22), tumour necrosis
factor alpha (TNF-a ) b | o= 1)eand infertieukin 6 (IL-6) blocker (n = 12) groups over
the study period. The mean body weight did not change significantly over time compared
to baseline for any of the groups (all p > 0.05, Figure 4.1A). At week 10, the (mean %
SEM) body weights of the control group (487.2 + 150.2g) were significantly higher than
the IL-6 blocker group (363.5 = 90g, p = 0.04). No further differences were noted between
groups for body weight, at termination (Figure 4.1A). The body weights of the males were
higher than females in all groups (all p < 0.05). In sensitivity analysis, between the groups,
the body weights of the males (Figure 4.1B) and females (Figure 4.1C) were similar at
week 0 (p > 0.05). At week eight and week 10, the (mean £ SEM) body weight of the male
rats in the IL-6 blocker group (week 8: 454.8 + 26.99; week 10: 457.1 + 24.1g) were lower
compared to the male control rats (week 8: 590.3 + 14.4g, p = 0.004; week 10: 603.5 +
14.4g, p = 0.001, Figure 4.1B). No other differences were noted between the body weights
of the male rats across the groups at any other time points. In the females, there were no
differences in the body weights across the groups at any time point (all p > 0.05; Figure

4.1C).

Neither systolic (Figure 4.1D) nor diastolic (Figure 4.1E) blood pressure changed over the
course of the study (all p > 0.05). There were no differences in systolic or diastolic blood

pressure between the groups at any time point (all p > 0.05).
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Figure 4.2 shows ths arthritis scores and paw thickness across the intervention. The
arthritis scores of the control group did not change significantly over time (p > 0.05, Figure
4.2). The arthritis scores increased compared to baseline from week six onwards in all
groups exposed to the arthritis-inducing protocol (all p < 0.05). The arthritis scores of the
inflammation, TNF-a b | o ¢ k e-68 blockarmgrdupd were significantly higher than the
control group at week six, eight and 10 (p < 0.05 for all). The arthritis scores in the IL-6
blocker group were significantly higher compared to the inflammation group at week six

(p = 0.02) and week eight (p = 0.002).

Figure 4.2 shows that the paw thickness at the ankle joint and tarsometatarsal joints were
increased in the inflammation group at week 8 and 10 compared to baseline (week 0) (all
p < 0.05). The paw thickness at the ankle joint and tarsometatarsal joints were increased
in the IL-6 blocker group at 10 weeks compared to baseline (week 0) (both p <0.05). At
week 10, the paw thickness at the ankle (p = 0.04) and tarsometatarsal (p = 0.05) joints
were increased in the inflammation group compared to the control group. The ankle joint
thickness of the inflammation group at week 10 were increased compared to the TNF-a
blocker group (p = 0.04). The paw thickness at the ankle and tarsometatarsal joints did
not change in the control or TNF-a blocker groups over the duration of the study (all p >

0.05, Figure 4.2).
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Figure 4.1 Bodyweight in all rats (A), males (B) and females (C) and systolic (D) and diastolic (E) blood pressure in control,
inflammation, TNF-a b | o ¢ k e6rblocker groupslover 10 weeks after the primary immunization (week 0). *p < 0.05 IL-6

blocker versus control.
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Figure 4.2 Arthritis scores and paw thickness and the ankle and tarsometatarsal joints in the control, inflammation, TNF-a
blocker and IL-6 blocker groups over 10 weeks after the primary immunization (week 0). *p < 0.05 inflammation versus control,

# < 0.05 inflammation versus IL-6 blocker group, T p < 0.05 inflammation versus TNF-a b | oyokpe r
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4.2 Serum concentrations of inflammatory markers and endothelial activation

Compared to controls, circulating TNF-a concentrations were signitf
inflammation, TNF-a blocker and IL-6 blocker groups (all p < 0.001, Table 4.1). There
were no differences in the circulating TNF-a concentrations between t|
the inflammatory protocol. Circulating IL-6 concentrations were significantly higher in the
inflammation, TNF-a blocker and IL-6 blocker groups compared to controls (p < 0.001, p
= 0.003 and p = 0.01, respectively, Table 4.1). Circulating IL-6 concentrations did not
differ between inflammation, TNF-a blocker and IL-6 blocker groups. Circulating CRP
concentrations were significantly higher in the inflammation, TNF-a blocker and IL-6
blocker groups, compared to the control group (p < 0.001 for all, Table 4.1). No
differences in CRP concentrations were observed between any of the groups exposed to
inflammation. In the subsample (n = 44), serum VCAM-1 concentrations were significantly
higher in the inflammation group (n=14) compared to the control group (n = 16; p =
0.0008) and compared to the TNF-a blocker group (n = 7; p = 0.02, Table 4.1). There
were no differences in VCAM-1 concentrations between the control, TNF-a blocker and

IL-6 blocker (n = 7) groups (all p > 0.05, Table 4.1).
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Table 4.1 Circulating inflammatory and endothelial activation marker concentrations at

termination, in control, inflammation, TNF-a blocker and IL-6 blocker groups

Control Inflammation TNF-U blocker IL-6 blocker
n 25 22 11 12
TNF-a (pg/ 96.1+6.2 172.4+10.2* 161.3+9.3* 165.3+8.2*
IL-6 (pg/ml) 18.1+1.9 31.8+2.4* 32.0+£2.6* 30.5+£3.5*
CRP (ng/ml) 0.13+0.03 0.58+0.05* 0.55+0.08* 0.63+0.05*
VCAM-1 (pg/ml) 75.7£5.5 109.945.9*# 78.4+8.1 87.9+9.2

Data expressed as means £+ SEM. TNF-a jtumour necrosis factor alpha; IL-6, interleukin
6; CRP, C-reactive protein; VCAM-1, vascular adhesion molecule 1. *p < 0.01 versus

control; # p <0.05versus TNF-a bl ocker .

4.3 Telomere lengths

The average (xSEM) relative leukocyte telomere length was significantly longer in the
inflammation group (2.32 = 0.19) compared to the control group (1.61 + 0.19; p = 0.05,
Figure 4.3). The average (+SEM) relative leukocyte telomere length of the TNF-a blocker
group (1.55 £ 0.28) and the IL-6 blocker group (1.96 = 0.27) did not differ significantly
from the control group (both p > 0.05, Figure 4.3). The relative adipose tissue telomere
length was not different between the groups (p = 0.36, Figure 4.3). There were no
significant associations between relative leukocyte telomere length and relative adipose
tissue telomere length in all groups (n = 68; r = -0.10, p = 0.44) or in control and
inflammation groups (n = 46; r = -0.13, p = 0.39). There were no differences in either
leukocyte or adipose tissue telomere lengths between males and females in the total
sample or in any of the groups (all p > 0.05).
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Relative leukocyte telomere length

Relative adipose tissue telomere length
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Figure 4.3 Relative leukocyte and adipose tissue telomere lengths in control,
inflammation, TNF-a blocker and IL-6 blocker groups. Data presented as mean = SEM
for leukocyte telomere length and median (IQR) for adipose tissue telomere length. *p <

0.05 versus control
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4.4 Associations between telomere length and circulating cytokine

concentrations

In the control and inflammation groups only, longer relative leukocyte telomere length was
associated with increased circulating CRP concentrations (n = 47, r = 0.47; p = 0.001,
Figure 4.4A). These associations remained significant when adjusting for body weight
and sex (r = 0.44; p = 0.01, Figure 4.4B). In all groups, longer relative leukocyte telomere
length was associated with increased CRP concentrations (n = 70; r = 0.27; p = 0.03,
Figure 4.4C) and remained significantly associated when adjusting for body weight and

sex (r =0.24, p = 0.05, Figure 4.4D).

Longer leukocyte telomere length was related to increased circulating IL-6 concentrations
in the control and inflammation groups only (n = 47, r = 0.35; p = 0.02, Figure 4.4A) and
remained significant upon adjustment for body weight and sex (r = 0.34; p = 0.03, Figure
4.4B). Leukocyte telomere length was not associated with circulating IL-6 concentrations
across all groups (n = 70) in univariate (Figure 4.3B) or multivariate adjusted (Figure 4.4D)
analysis. Circulating TNF-a ¢ 0 n ¢ e nwereanott iagsatiated with relative telomere
length in either the control and inflammation group alone (Figure 4.4A), or across all

groups (Figure 4.4B).

Relative adipose tissue telomere length was not associated with any marker of
inflammation in control and inflammation groups (n = 46; Figure 4.4E) or in all groups (n
= 68; Figure 4.4F). The results were materially unaltered when adjusting for body weight

and sex (Figure 4.4G and Figure 4.4H).
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Figure 4.4 Associations between leukocyte (A - D) and adipose tissue (E — G) telomere
length and circulating cytokine concentrations in control and inflammation groups only
(left panel), and in all groups (right panel). Open circles represent the correlation

coefficient (r) and horizontal lines represent the 95% confidence intervals (ClI)
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4.5 Associations between telomere length and markers of vascular function

Table 4.2 show the associations between relative leukocyte and adipose tissue telomere
length and measures of vascular function, in control and inflammation groups with and
without adjustment for body weight and sex, as well as in all groups. In the control and
inflammation groups only, leukocyte telomere length was directly related to systolic blood
pressure (n = 47, r = 0.29; p = 0.05) and pulse pressure (r = 0.31, p = 0.04). These
associations were materially unaltered upon adjustment for bodyweight and sex (r = 0.31;
p = 0.04 and r = 0.38, p = 0.01, respectively). In all groups (n = 70) leukocyte telomere
length was not associated with systolic blood pressure (r = 0.19, p = 0.12) or pulse
pressure (r =-0.21, p = 0.09). Leukocyte telomere length was not associated with diastolic
blood pressure (p > 0.05). In all groups longer leukocyte telomere length was associated
with increased concentrations of VCAM-1 (n = 44; r = 0.29; p = 0.05), but not in control

and inflammation groups (n = 30; r = 0.22; p = 0.11).

In control and inflammation groups only, as well as in all groups, leukocyte telomere
length was not associated with vascular half-maximal relaxation (p = 0.35 and p = 0.99),
however, leukocyte telomere length was inversely associated with maximal vascular
relaxation (r = -0.55; p = 0.01). The association between leukocyte telomere length and
maximal vascular relaxation remained significant upon adjustment for bodyweight and

sex (r =-0.50; p = 0.02) and when including all groups in the analysis (r = -0.35, p = 0.03).

In control and inflammation groups only, as well as across all groups, leukocyte telomere
length was not associated with vascular half maximal contraction (p = 0.69 and p = 0.53,

respectively). Longer leukocyte telomere length was associated with lower maximal
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vascular contraction (r = -0.37; p = 0.04). This association was no longer significant
following adjustment for body weight and sex (p = 0.13). In all groups, leukocyte telomere
length remained negatively associated with maximal vascular contraction (r = -0.37, p =
0.01). Relative adipose tissue telomere length was not associated with any marker of

vascular function (Table 4.2).

4.6 Associations between telomere length and markers of cardiac function

Table 4.3 shows the association between leukocyte telomere length and markers of
cardiac function, in control and inflammation groups only with and without adjustment for
bodyweight and sex, as well as across all groups. Leukocyte telomere length was not
associated with heart weight indexed to body weight in either the control and inflammation
groups alone or in all groups (p = 0.98 and p = 0.92). Leukocyte telomere length was not
related to relative wall thickness in either the control and inflammation groups alone (r =
0.14, p = 0.39), or across all groups (r = 0.16, p = 0.23). Leukocyte telomere length was
not associated with markers of systolic function as indexed by LV ejection fraction (r =
0.28, p = 0.10) and mid-wall fractional shortening (r = 0.21 p = 0.23). There were no
associations between leukocyte telomere length and E/A (r = 0.02, p = 0.92) or left
ventricul ar d-G24px0a9). Longer léukoeyte telomere length was related
t o E/ e’ erofacremsed WV filling pressures (r = 0.35, p = 0.03). However, this
association was no longer significant following adjustment for body weight and sex (r =

0.14, p = 0.30) and when including all groups in the model (r = 0.14, p = 0.31).

Shorter relative adipose tissue telomere length was associated with increased heart

weight indexed to body weight in all groups (n = 68, r = -0.28, p=0.03), but not in the
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control and inflammation groups (n = 46, r = -0.20, p =0.19). Shorter relativeadipose
tissue telomere length was associated with impaired systolic function (reduced ejection
fraction and fractional shortening) in the control and inflammation groups, in univariate
and multivariate adjusted analysis. The association between adipose tissue telomere
length and midwall fractional shortening remained significant in all group (r = -0.27, p =
0.04). Adipose tissue telomere length was not associated with any marker of diastolic

function (E/A, | ateral e or E/ e’ ).
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Table 4.2 Associations between telomere length and markers of vascular function

Unadjusted BW and sex adjusted Unadjusted
r 95 % ClI p Partialr 95 % ClI p r 95% ClI p
Relative leukocyte telomere length versus
Control and inflammation groups (n=47) All groups (n=70)
Systolic BP 0.29 0.00-054 0.05 0.31 0.01-0.55 0.04 0.19 -0.05-041 0.12
Diastolic BP -0.10 -0.38-0.20 0.51 -0.17 -0.45-0.14 0.27 -0.07 -0.31-0.16 0.52
Pulse pressure 0.31 0.02-055 0.04 0.38 0.09-0.61 0.01 -0.21 -0.03-0.43 0.09
VCAM-1 0.22 -0.16-0.54 0.25 0.11 -0.28-0.47 059 0.29 0.01-0.55 0.05
Half-maximal relaxation* 0.21 0.24-058 0.35 0.13 -0.34-0.55 0.58 0.00 -0.34-0.34 0.99
Maximal relaxation -0.55 -0.79--0.17 0.01 -0.50 -0.78--0.06 0.02 -0.35 -0.62--0.02 0.03
Half-maximal contraction* 0.08 -0.30-0.43 0.69 0.14 -0.26-0.49 0.49 -0.09 -0.38-0.21 0.53
Maximal contraction -0.37 -0.65--0.01 0.04 -0.30 -0.61-0.01 0.13 -0.37 -0.60--0.09 0.01
Relative adipose tissue telomere length* versus
Control and inflammation groups (n=46) All groups (n=68)

Systolic BP -0.15 -0.43-0.15 0.33 -0.19 -0.46-0.12 0.23 -0.13 -0.36-0.12 0.29
Diastolic BP -0.18 -0.45-0.13 0.25 -0.24 -0.50-0.07 0.13 -0.16 -0.39-0.09 0.19
Pulse pressure 0.00 -0.29-0.29 0.99 0.01 -0.30-0.31 0.98 0.00 -0.25-0.24 0.98
VCAM-1 -0.02 -0.39-0.25 0.90 0.13 -0.26-0.49 0.49 -0.03 -0.33-0.28 0.86
Half-maximal relaxation* 0.32 -0.12-0.65 0.14 0.27 -0.02-0.76 0.13 0.12 -0.23-0.45 0.49
Maximal relaxation 0.04 -0.3-045 087 0.11 -0.36-0.54 0.63 -0.05 -0.39-0.29 0.78
Half-maximal contraction* 0.01 -0.37-0.38 0.98 0.29 -0.12-0.62 0.15 0.15 -0.17-0.43 0.36
Maximal contraction 0.05 -0.33-042 0.79 0.13 -0.28-0.50 0.52 0.14 -0.17-0.43 0.37

*Logarithmically transformed. Significant values shown in bold. BW, body weight; BP, blood pressure; VCAM1, vascular

adhesion molecule 1.
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Table 4.3 Associations between telomere length and markers of cardiac function

Unadjusted BW & sex adjusted Unadjusted
r 95 % Cl p partial r 95% CI p r 95% CI p
Relative leukocyte telomere length versus
Control and inflammation groups (n = 47) All groups (n = 70)
HW/BW 0.00 -0.29-0.30 0.98 -0.02 -0.26-0.22 0.87 0.01 -0.23-0.25 0.92
Relative wall thickness 0.14 -0.20-0.46 0.39 0.15 -0.12-0.40 0.27 0.16 -0.10-0.40 0.23
Ejection fraction 0.28 -0.05-0.56 0.10 0.24 -0.03-0.47 0.08 0.21 -0.05-0.45 0.12
Midwall fractional shortening 0.21 -0.14-0.51 0.23 0.16 -0.11-0.41 0.25 0.14 -0.12-0.39 0.29
E/A 0.02 -0.32-0.35 0.92 -0.09 -0.34-0.18 0.53 -0.07 -0.32-0.20 0.61
Lateral e ’ -0.24 -0.50-0.05 0.09 -0.14 -0.37-0.11 0.27 -0.14 -0.36-0.10 0.26
E/ e’ 0.35 0.01-0.61 0.03 0.14 -0.13-0.39 0.30 0.14 -0.13-0.38 0.31
Relative adipose tissue telomere length* versus
Control and inflammation groups (n = 46) All groups (n = 68)

HW/BW -0.20 -0.47-0.10 0.19 0.27 -0.03-0.53 0.08 -0.28 -0.496 0.03 0.03
Relative wall thickness 0.25 -0.10-0.54 0.15 0.19 -0.17-0.51 0.29 0.09 -0.18-0.35 0.50
Ejection fraction -0.40 -0.65--0.07  0.02 -0.36 -0.636 0.01 0.04 -0.18 -0.43-0.09 0.18
Midwall fractional shortening -0.50 0.716 0.19 0.002 -0.52 -0.7406 0.21 0.002 -0.27 -0.500 0.009 0.04
E/A 0.05 -0.29-0.38 0.79 0.03 -0.32-0.37 0.87 0.10 -0.17-0.35 0.47
Lateral e ’ -0.03 -0.32-0.27 0.86 -0.15 -0.43-0.15 0.32 0.03 -0.22-0.27 0.82
E/ e’ -0.04 -0.37-0.31 0.84 0.25 -0.11-0.55 0.16 -0.19 -0.43-0.08 0.17

*Logarithmically transformed. Significant values shown in bold. HW, heart weight; BW, body weight; E/A, ratio of early to

late diastolic filling; Lateral e ’lateral wall mitral annular tissue relaxation in early diastole; E/ e’ ,

to peak velocity during early diastole.
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CHAPTER 5

DISCUSSION
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The main aim of this study was to determine whether exposure to chronic inflammation
affects leukocyte and adipose tissue telomere lengths. We also aimed to determine
whether treatment with biologic DMARDs influenced the inflammation-induced changes
in telomere length. Lastly, we aimed to determine whether telomere length is a biomarker
of vascular and cardiac function in a model of high-grade inflammation. The main findings
of the current study are that rats exposed to inflammation, without anti-inflammatory
treatments, paradoxically had longer relative leukocyte telomere lengths compared to the
control group. Rats exposed to inflammation and treated with biologic anti-inflammatory
drugs had leukocyte telomere lengths similar to those of the control group. Higher
circulating CRP concentrations were associated with longer relative leukocyte telomere
lengths, however, there were no associations between circulating TNF-a concentrations
and telomere length. Adipose tissue telomere lengths were not affected by inflammation
or biologic DMARDSs. Longer leukocyte telomere lengths were associated with higher
systolic blood pressure and pulse pressure in the groups not treated with anti-
inflammatory drugs, however, the drug treatments impacted the relationship between
leukocyte telomere length and blood pressure. Longer leukocyte telomere lengths were
associated with impaired endothelial dependent vascular relaxation and contraction,
irrespective of body weight, sex or anti-inflammatory drug treatments. Longer leukocyte
telomere lengths were also associated with increased concentrations of VCAM-1, a
marker of endothelial activation. Leukocyte telomere lengths were not consistently
associated with cardiac geometry, systolic function or diastolic function measures.

Adipose tissue telomere lengths were not associated with any marker of vascular
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function. Shorter adipose tissue telomere lengths were associated with impaired cardiac

systolic, but not diastolic function.

5.1 The effects of inflammation on leukocyte and adipose tissue telomere length

Our results showed longer leukocyte telomere lengths in rats exposed to chronic
inflammation, without anti-inflammatory treatments, compared to control rats. Longer
leukocyte telomere lengths were related to higher circulating CRP concentrations,
irrespective of body weight or sex. In contrast, previous animal studies reported shorter
leukocyte telomere lengths after exposure to chronic low-grade inflammation (Raymond,
2014; Raymond et al., 2016a), which were correlated with circulating CRP concentrations
(Raymond, 2014). Several cross-sectional human studies have also reported shorter
leukocyte telomeres in patients exposed to low-grade inflammation, compared to healthy
controls (Valdes et al., 2005; Buxton et al., 2011) and that CRP concentrations were
associated with shorter leukocyte telomere length (Bekaert et al., 2007; Carrero et al.,
2007; Masi, 2014; Wong et al., 2014). Despite these associations in low-grade
inflammatory studies, it is well known that in conditions of high-grade inflammation, such
as RA, several physiological processes are altered (Mclnnes & Schett, 2011). In this
regard, two studies including patients with systemic lupus erythematosus, showed no
differences in leukocyte telomere length between patients and controls (Beier et al., 2007;
Klapper et al., 2004). Several studies included in a recent meta-analysis, especially larger
studies, failed to show shorter telomeres in RA patients compared to controls (Lee & Bae,

2018).
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Similar to our findings, Tamayo and colleagues (2010) reported significantly longer
leukocyte telomere lengths in patients with rheumatological diseases compared to
controls. Longer telomere lengths have also been reported compared to controls in
patients with Par ki etsab,n2008) antdi irs patent® witlf Mddted g
cutaneous systemic sclerosis (Maclintyre et al., 2008). Fibroblasts exposed to ionizing
radiation, in vitro, also showed increased telomere length, possibly due to increased
telomerase activity following an insult to the DNA (Sgura et al., 2006). To our knowledge,
there are currently no animal studies reporting increases in telomere length upon
exposure to high-grade inflammation. Animal studies of increased oxidative stress have,
however, reported paradoxically increased telomere lengths (Brown et al., 2007; Shoeb

et al., 2017).

Despite the inflammation-induced increases in leukocyte telomere length, adipose tissue
telomere length in the current study was not affected by inflammation. The lack of any
observed effect of inflammation on adipose tissue telomere length could potentially be
attributed to the very low replicative rate of mature adipocytes (Spalding et al., 2008; Ali
et al., 2013). Other animal models have also reported that despite exposure to
inflammation and/or oxidative stress, tissue telomere lengths were not different from
controls (Takahashi et al., 2014; Raymond et al., 2016a). When considering the results
from the current study in context with previous literature that reported paradoxical longer
telomere lengths in diseases states (Maclintyre et al., 2008; Wang et al., 2008; Tamayo
et al., 2010) and the well-known reduced life expectancy in patients with RA (Nanke et
al., 2002), it is unlikely that longer leukocyte telomeres indicate slower biological ageing.

It is more likely that there is dysregulation in telomere length physiology as measured in
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leukocytes of peripheral blood. In this regard, longer telomeres in high-grade inflammation
has only been reported in studies where peripheral blood was used to measure telomere
length. Indeed, the results on tissue specific telomere length in response to inflammation
have been controversial. In two animal studies of chronic inflammation, despite both
studies reporting shorter leukocyte telomere length, one study reported no change in liver
or spleen tissue telomere length after exposure to chronic Salmonella enterica (Ilmonen
et al.,, 2008), while the other study reported shortened cardiac tissue telomeres in
response to low dose Staphylococcus aureus exposure (Raymond et al., 2014). In models
of oxidative stress, disparate effects of oxidative stress on leukocyte and tissue telomere
shortening have also been reported (Tajbakhsh et al., 2015). Indeed, one study has
shown that the effects of oxidative stress on telomere shortening is tissue specific (Cattan

et al., 2008).

In addition to the tissue specific differences in telomere shortening, several possibilities
why telomere physiology may be altered in leukocytes exposed to high-grade
inflammation need to be considered. First, during high grade inflammation leukocyte
proliferation is upregulated (Chmielewski & Strzelec, 2018). This increased proliferation
will result in increased number of cell division, which has been the basis for the argument
that inflammation increases telomere attrition (Kimura et al., 2010; Aviv & Levy, 2012). It
is also possible that because of the increased demand for leukocytes in circulation in
high-grade inflammation and the increased rate at which leukocytes reach senescence
(Kimura et al., 2010), their half-life may be reduced (Chmielewski et al., 2016). This
means that greater amounts of precursors or immature leukocytes will be released, while

senescent cells will be removed from the circulation (Brummendorf et al., 2001; Pavlaki
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et al., 2012; Barden et al., 2016; Soehnlein et al., 2017). Although the T-lymphocyte pool
and the addition of naive T-lymphocytes to the circulation are tightly regulated, it has been
suggested that the survival of naive T-lymphocytes and the total pool can be disrupted
as their regulation are dependent on certain cytokines (Moro-Garcia et al., 2018). Indeed,
Dieudonné et al., (2019) recently showed increased immature B cells in patients with SLE
compared to controls. The increased newly released white blood cells in circulation will
arguably have longer telomeres, which may skew the telomere attrition rate of the overall
blood sample, hence it may appear that telomeres are longer than controls. Indeed, a
recent study performed in acutely ill patients admitted to intensive care, showed that in
some patients, telomeres acutely shortened, while in others it lengthened (Zribi et al.,
2019). Although CRP concentrations were elevated in all patients, telomere length was
not associated with CRP concentrations. However, an increasing white blood cell count
over seven days was associated with increasing leukocyte telomere lengths, independent
of age (Zribi et al., 2019). In addition, in an older population, higher lymphocyte counts
were associated with both increased IL-6 concentrations and with leukocyte telomere
length (Compté et al., 2015). Although we did not measure white blood cell count in the
current study, the increased circulating inflammatory marker concentrations in the rats
exposed to the arthritis inducing protocol suggest white blood cell count may have been

elevated in the inflammation group in the current study.

Second, the increased telomere length in high-grade inflammation may be as a result of
a compensatory upregulation in telomerase expression. It has been suggested that
telomerase expression decreases after birth to negligible levels later in life in humans

(Flores et al., 2008). In humans, leukocytes have very low telomerase activity that does
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not influence telomere attrition (Flores et al.,, 2008). However, stimulation of primitive
haematopoietic cells and leukocytes by antigens can increased telomerase activity (Chiu
et al., 1996; Greider, 1996; Lansdorp, 1998; Takagi et al., 2003; Van Ziffle et al., 2003;
Hills et al., 2009). Indeed, higher telomerase activity in leukocytes have been reported in
several studies of high-grade inflammatory disorders and connective tissue diseases
(Klapper et al., 2004; Kurosaka et al., 2003; MaclIntyre et al., 2008; Katayama &
Kohriyama, 2001; Tarhan et al., 2008; Dehbi et al., 2013). Despite the evidence of
increased telomerase activity in chronic inflammation in humans, several studies have
suggested differences in telomerase activity between humans and rodents (Martin-Rivera
et al., 1998; Yamaguchi et al., 1998; Liu et al.,, 1999; Brown et al., 2007). Indeed,
telomerase activity is upregulated in rodents, following a DNA insult (Brown et al., 2007).
This suggests that although the high-grade inflammation will increase the rate of
leukocyte cell replication, the rate of telomere attrition may be slowed by the upregulation
of telomerase (Honda et al., 2001). In this regard, the differences in telomerase activity

between humans and rats may impact the generalisability of these result.

Third, besides telomerase, other associated proteins in the shelterin complex also
regulate telomere length. Dysfunction in some of these associated proteins may
contribute to increased telomere length. In this regard, TRF1 is a protein that has been
identified to be important in the regulation of telomere length by regulating the access of
telomerase to telomeres (Okamoto et al., 2008). A loss of TRF1 can result in increased
telomere length (Donigian & De Lange, 2007). In a recent study in obesity, upregulation
of TRF1 has been implicated in the increased rate of telomere shortening (Grun et al.,

2018). However, the effects of chronic high-grade inflammation on the expression of
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shelterin complex proteins and its effects on telomere length is currently not known.
Considering the complexity of telomere physiology, it may be that inflammatory markers
may directly or indirectly affect telomere shortening in white blood cells by affecting either
telomerase or the associated proteins and cellular pathways. The impact of inflammation
on the molecular pathways involved in telomere shortening should be investigated in

future studies.

Fourth, another possible mechanism that could explain the lengthening of telomeres in
the current study, is the alternative lengthening of telomeres (ALT) pathway. The ALT
pathway is a process whereby telomeres are lengthened by a homologous
recombination-based mechanism, often described in cancer (Sobinoff & Pickett, 2017).
In this regard, chronic inflammation has been associated with cancer in RA (De Cock &
Hyrich, 2018). Also, the accelerated T-cell aging, and the associated telomere attrition, in
RA have been implicated in the risk for developing cancer (Li et al., 2018). Despite these
associations, currently no studies have investigated ALT in chronic inflammatory
disorders. In organic pollutant exposure, which also induces a state of inflammation, it
has been proposed that ALT pathways are increased (Yuan et al., 2018). Therefore,

whether chronic inflammation affect ALT requires further investigation.

Lastly, several physiological and methodological factors seem to influence the outcome
of telomere length studies. In this regard, besides the cell type where telomeres are
measured, the techniques used to measure telomere length, the population included and
their genetic predisposition to telomere shortening as well as other potential confounding
factors such as body weight, sex and smoking status all influence telomere length (Lee &

Bae, 2018; Tomayo et al., 2010; Jeanclos et al.,, 2000; Ormseth et al., 2016).
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Methodological differences between the current study and prior studies may have
resulted in contrasting findings. Results in the current study agree with some, but differ
from several human RA studies, where shorter telomeres were reported in RA compared
to controls (Lee & Bae, 2018). This discrepancy may be explained by the short duration
of the inflammatory protocol in this study. Rats in the current study were exposed to
inflammation for 10 weeks, which is far shorter than the disease duration reported in
human RA studies. Although previous RA studies failed to show an association between
disease duration and leukocyte telomere length (Steer et al.,, 2007; Raymond et al.,
2016b; Kordinas et al., 2016), it may be that leukocyte counts are reduced in long term
exposure to inflammation, compared to increased white blood cell count in early stages
of the disease (Symmons et al., 1989). Moreover, it has been shown that in chronic
immune activation, CD8* T-cells reduce the expression of CD28, which is required for
optimal T-lymphocyte activation (Parish et al., 2009). Reduced CD28 expression have
been linked to decreased telomerase activity and cellular senescence (Vallejo et al.,
2004), which may explain the reduced telomere lengths reported in RA patients with
prolonged disease duration. Also, differences in telomere biology between rats and
humans may further confound the results (Brown et al., 2007). Nevertheless, future
mechanistic and longitudinal studies should elucidate the mechanisms and cellular
pathways whereby leukocyte telomeres are altered in the early and late stages of high

grade-inflammatory conditions.
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5.2 The effects of biologic DMARD treatment on telomere length in chronic

inflammation

Based on our results and previous reports, inflammatory markers have a significant effect
on telomere physiology and attrition (Correia-Melo et al., 2014; Kordinas et al., 2016).
Targeting inflammation in an attempt to ameliorate telomere attrition has certainly been
suggested (Kordinas et al., 2016). Besides the association between CRP and telomere
length discussed above, cross sectional studies showed that TNF-a a fLéb are
associated with telomere length (Bekaertetal. , 2 O@bfAoyan @ al., 2011), however,
these results are not reported in all studies (Fitzpatrick et al., 2007; Wong et al., 2014). In
the current study we showed that in the control and inflammation groups, both CRP and
IL-6 were associated with leukocyte telomere length. When the drug treated groups were
included in the analysis, the relationships between leukocyte telomere length and IL-6
were no longer significant, but the relationships between leukocyte telomere length and
CRP persisted. Despite a lack of reduction in circulating inflammatory marker
concentrations after biologic DMARD treatment, TNF-a inhibitors and IL-6 blockers
prevented the inflammation induced alterations in leukocyte telomere length. There was
no effect of the biologic DMARD treatments on adipose tissue telomere length. The
sections below will highlight the effects of TNF-a and IL-6 on telomere physiology, in

context of the current results.
52.1 Theroleof TINF-U in tel omere physiology

In the current study, TNF-a inhibitors prevented the inflammation induced changes in

leukocyte telomere length. TNF-a has been i mplicated in sever al
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with telomere physiology. Higher concentrations of TNF-a i ncr ease t el omer e
by inhibiting telomerase activity (Parish et al., 2009). More specifically, TNF-a i s
implicated in the reduction of CD28 expression in CD8* T lymphocytes, which are

important for the prevention of cellular senescence (Parish et al., 2009). In RA, the
inhibition of TNF-a r educes the proportion of T cells |
proliferative protentional and the production of cytokines (Parish et al., 2009). It is

believed that blockingof TNF-a i ncr eases t el omeetah 2@9).dtbasi vi ty
been suggested that TNF-a contr ol s tel omerase activity by
the cytoplasm to the nucleus of hTERT protein bound to NF-kB p65 (Akiyama et al.,

2003). Others have supported theroleof TNF-a i n t he recrui t naggtict of h
subunit of telomerase, to the telomeres (Maekawa et al., 2018). A recent study suggested

that TNF-a i ncreases the expr escentaming ROAs (TERRAD mer i ¢
which are implicated in inhibition of telomerase activity and telomere shortening (Liu et

al., 2019). Taken together, our results and previous studies show that TNF-a is involved

in several mechanisms and cellular pathways that impact telomere biology, by increasing

the proliferation of T-lymphocytes and by inhibiting telomerase activity. Despite this role

of circulating TNF-a i n t el o me rwe showeg that NF-@ ghlibitors impacted

leukocyte telomere physiology, despite unchanged circulating TNF-a ¢ o n cien®iih r at

the current study. This could possibly be explained by the mechanisms of TNF-a inhibitors

used in the current study.

Circulating TNF-a can bind to eitheimsolubleeTlNB-a amecépuoads
(TNFR). Membrane bound TNFR are expressed in cells and respond to stimulation by

circulating TNF-a, by releasing pro- and anti-inflammatory cytokines. Soluble TNFR
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inactivate circulating TNF-a and bl unt s t he | mnkonnbibitoresegp on s e .
in the current study, Etanercept is a fusion protein that inhibits the action of TNF-a by
mimicking the soluble form ofthe TNF-a r ecept or , wh-&t cihn bé¢indsult @t iT d
blunts its immune response (Reddy et al., 2016). Because etanercept is a fusion protein,

it has a longer half-life in circulation. This results in a more potent biologic effect than

naturally occurring soluble TNFR (Madhusudan et al., 2005). Also, circulating TNF-a ¢ a n

bind to one of two kinds of membrane TNFR (Chadwick et al., 2008). TNFR1 is
extensively expressed, while TNFR2 is only expressed on cardiomyocytes, T-
lymphocytes, thymocytes and stem cells (Wajant & Siegmund, 2019). Binding of TNF-a

with the TNFR1 stimulates apoptotic pathways (Hanson, 2016). TNFR2 signalling is
responsible for the regulation of cell proliferation and activation of regulatory T cells (Yang

et al., 2018).

TNF-a drives inflammation in a receptor-mediated manner, by exerting pleiotropic effects
on a number of different cell types, which in turn produce acute phase proteins like CRP,
vascular adhesion molecules (VCAM), collagenases, matrix metalloproteinases, growth
factors and other cytokines (Nishimoto et al., 2008; Ma & Xu 2013; Pironti et al., 2018).
The circulating concentrations of TNF-a i n t Ju éblocReiNrats were increased
compared to the control rats. Importantly, although etanercept binds to and inactivates
TNF-q, it also prolongs its half-life (Goldenberg, 1999; Moreland et al., 1999). Indeed,
receptor inhibition is usually accompanied by increased serum levels of the cognate
ligand, in this instance circulating concentrations of TNF-a ( Matmln 2008). Despite
the high concentrations of circulating TNF-a, CRP conc e nt trealicedoThis wer e

was indeed a surprising finding. The lack of effect of thee drugs on CRP concentrations
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is likely because the humanised TNF-a bi nder may not be specific

Future studies should measure the white cell count to confirm the drug effects. In contrast,
despite high circulating TNF-a concentrations, the circulating VCAM-1 concentrations
were significantly reduced in the TNF-a bl ocker group compared
group. Although the arthritis scores in the TNF-a b | o wlpevere sgmilar to that of the
inflammation group, the paw thickness, a more objective reflection of arthritis phenotype,

was reduced inthe TNF-a bl ocker group compared to the

Taken together, the physiological action of Etanercept, results in the deactivation of

circulating TNF-a, hence the circulating concentration of TNF-a may not be reduc

its ability to bind to membrane receptors is inhibited (Madhusudan et al., 2004; Sato et
al.,, 2011). Indeed, the VCAM-1 concentrations in the TNF-a group were reduced
compared to the inflammation group. The lack of activation of TNFR2, specifically located
on T-lymphocytes, may have prohibited the proliferation and activation of these
lymphocytes, hence prevented the inflammation induced increase in cell proliferation.
Hence, the increase in telomere length as was seen in the inflammation group was not
observed in the group treated with TNF-a r e c e pt o r Howeleqg ¢hke exas
mechanisms whereby TNF-a eaeptor blockers affect telomere length requires further

study.

5.2.2 The role of IL-6 in telomere physiology

In the current study, IL-6 receptor blockers prevented the inflammation induced changes
in leukocyte telomere length, despite unchanged circulating IL-6 concentrations. As

previously mentioned, receptor inhibition is mostly accompanied by increased rather than
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decreased serum levels of the cognate ligand, which explains the lack of reduction in
circulating IL-6 concentrations (Mann et al., 2008; Nishimoto et al., 2008; Gibiansky &
Frey, 2012). Tocilizumab, the IL-6 blocker used in this study, is a genetically engineered
monoclonal antibody, which blocks IL-6 binding to the IL-6 receptor. Tocilizumab inhibits
IL-6 binding to either membrane bound IL-6 receptors (mIL-6R) or soluble IL-6 receptors
(Mihara et al., 2011). Following treatment with Tocilizumab, IL-6 and sIL-6 is inactivated
by the formation of IL-6/Tocilizumab and sIL-6/Tocilizumab complexes; however, these
tocilizumab/IL-6 complexes are still detected by ELISA (Gibiansky & Frey, 2012). This
may explain the increased IL-6 concentrations in the IL-6 blocker group in the current

study.

The signalling of IL-6 is quite complex and the activated pathways are intricately linked to
the functions of other members of the IL-6 cytokine family (Gearing et al., 1987; Malik et
al., 1989; Stockli et al., 1989; Paul et al., 1990; Pennica et al., 1995; Senaldi et al., 1999).
Signalling of the IL-6 cytokine family occurs through the ubiquitously expressed
transmembrane receptor subunit glycoprotein130 (gp130). Signal specificity is achieved
by either homo- or heterodimerization of gp130 with a ligand-s p e c i-réceptor sabunit
that is specific for the different cytokines in the family (Kishimoto et al., 1995; Wollert &

Drexler, 2001). Hence the physiological effect of IL-6 is largely dependent on the

expression of i t's corr e s&kpDoerler,i260d). Gonsideeng @spt o r

function, IL-6 blockers may not necessarily reduce circulating levels of IL-6, but it may
block the effects of IL-6 on target tissue. Indeed, previously it has been reported that

treatment with IL-6 blockers fail to reduce circulating IL-6 concentrations (Kasama et al.,
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2016). Nevertheless, the use of a humanized monoclonal antibody may have limited the

drug effectiveness in rats.

Although circulating IL-6 concentrations have been associated with telomere length in
cross-sectional studies, the direct role of IL-6 in telomere attrition has not been clearly
defined. Elevated levels of IL-6 are responsible for many biologic effects on several organ
systems, including in peripheral blood cells such as T and B lymphocytes, neutrophils,
monocytes and platelets (Srirangan & Choy, 2010; Schinnerling et al., 2017). In RA, IL-6
is involved in stimulating apoptosis in leukocytes and in the phenotypic differentiation of
T cells, where the proportions of different CD4+ subsets, which are responsible for a
normal immune response, are altered to a more pro-inflammatory course (Kasama et al.,
2016; Schinnerling et al., 2017). This is not limited to memory T-cells but also to naive T
cells, where the diversity of cells is reduced (Wagner et al., 1998). In this regard, the
proportion of regulatory T cells (Treg), that have a protective effect, are reduced while T
helper 17 cells (Th17) that are pro-inflammatory, are increased (Kasama et al., 2016).
Besides the alterations in the diversity of T cells, there is also an increase in the rate of
turnover of T cells in RA (Wagner et al., 1998). Alterations in these T cells are not only
implicated in the pathogenesis of RA (Kasama et al., 2016), but also in changes in
telomere physiology and the early senescence of T lymphocytes in patients with high

grade inflammation (Wagner et al., 1998; Fessler et al., 2016; Fessler et al., 2017).

With regards to IL-6 blocker effects on peripheral blood, several studies have shown that
Tocilizumab alters the regulation of peripheral blood cells in RA, however, some results
were contradicting. Some showed that Tocilizumab administration in RA patients, among

CD4+ T cells, induced a significant decrease in the proportion of Th1l7 and an increase
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in naive or activated Treg (Samson et al., 2012; Kasama et al., 2016). Others showed an
expansion in the Treg population (Kikuchi et al., 2015; Schinnerling et al., 2017), with
either no change or an increase in Th1l7 population (Dulic et al., 2017). Despite the
contradictions, Tocilizumab treatment seem to restore the balance between the Treg and
Th17 cells, which prevent downstream inflammatory effects (Schinnerling et al., 2017).
Tocilizumab also changed the proportion of B-cell subsets and monocytes (Nakayamad

et al., 2018).

Besides the role in T-cell phenotype differentiation, IL-6 is also the stimulus for increased
production of reactive oxygen species (Win et al., 2018). Inflammation is intricately linked
to oxidative stress. With increased oxidative stress, nuclear factor(NF-k B) pat hways a
activated which consequently enhances the production of cytokines and chemokines.
This fuels the inflammation that stimulates ROS in a vicious cycle (Costa et al., 2018).
Oxidative stress is a well-known mechanism implicated in accelerated telomere attrition
and cellular senescence (von Zglinicki, 2002; Correia-Melo et al., 2014; Win et al., 2018).
In a model of colorectal cancer, Wang et al. (2019), reported that IL-6/STAT3 signalling
increased the expression of mitochondrial single-strand DNA binding protein (mtSSB), a
vital molecule regulating mitochondrial DNA replication and TERT expressions. IL-
6/STAT3 signalling also increase the production of ROS, which increased telomerase
activity. In a micro-environment of inflammation, IL-6, via mtSSB, accelerated cell
replication and the upregulation of telomerase activity, hence increase the longevity of
the cancer cells. Although the regulation of telomere physiology may be altered in cancer,
some insight into the effects of IL-6 on telomere attrition in chronic inflammation may be

helpful.
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In patients with RA, treatment with Tocilizumab decreases oxidative stress (Ruiz-Limén
etal., 2017; Costa et al., 2018; Kizaki et al., 2018). There is currently no evidence that IL-
6 blocker therapy impacts telomere length in RA. One study reported that abatacept
therapy, a biologic therapy that also alters T cell function, suppressed the telomerase
activity of both T and B lymphocytes (Otani & Kurosaka, 2019). Taken together, IL-6
blocker therapy may have indirectly altered telomere physiology in the current study by
either changing T cell proliferation or by altering the oxidative stress. Although both TNF-
o blocker and IL-6 blocker therapy likely altered telomere physiology, the mechanisms
whereby these drugs acted are likely not the same. Future studies should include
measures of oxidative stress and white blood cell count to elucidate the mechanisms

whereby these DMARDs affect telomere biology.

5.3 Leukocyte telomere length as a biomarker for vascular function in

inflammatory conditions

In the current study we investigated whether telomere length is associated with markers
of vascular function. We showed that leukocyte telomere length was associated with
systolic blood pressure and with pulse pressure in the control and inflammation groups.
The relationship between leukocyte telomere length, systolic blood pressure and pulse
pressure were unaltered after adjusting for body weight and sex. When the drug-treated
groups were included in the model, these associations no longer persisted. Adipose
tissue telomere length was not associated with blood pressure or pulse pressure. It is well
known that persistent elevation in blood pressures is one of the main risk factors for
cardiovascular events such as stroke, myocardial infarction, coronary artery disease and

kidney damage (Wang et al., 2005). Pulse pressure, calculated as the difference between
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systolic and diastolic blood pressure, is frequently considered a marker of arterial stiffness
and predicts the development of CVD, independent of blood pressure (Millar & Lever,

2000; Blacher et al., 2000).

Despite several studies investigating the relationship between leukocyte telomere length
and blood pressure, the results are contrasting. Numerous studies have reported inverse
associations between telomere length and blood pressure and pulse pressure in the
general population (Benetos et al., 2001; Jeanclos et al., 2000; Yang et al., 2009; Peng
et al., 2017), while others reported no associations (Tentolouris et al., 2007; Aydos &
Tukin 2007; Raymond et al., 2015; Koriath et al., 2019). The association between
telomere length and blood pressure in high-grade inflammation is controversial (Haque
etal., 2013; Rehkopf et al., 2016; Raymond et al., 2016b). Although most studies reported
inverse associations between blood pressure and telomere length, our results showed a
paradoxical direct relationship between leukocyte telomere length and blood pressure

and pulse pressure.

We reported that independent of drug treatment, leukocyte telomere length, but not
adipose tissue telomere length was associated with endothelial function. In the current
study we showed that leukocyte telomere length was not associated with the sensitivity
(half-maximal responses) of the renal arteries to vasodilators or vasoconstrictors, but that
it was related to the maximal contraction and relaxation responses in renal arteries. The
associations with endothelial dependent vasodilation and vasoconstriction were
independent of drug treatments, as these associations remained significant when drug

treated groups were included in the analysis. We further showed that in all groups,
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leukocyte telomere length, but not adipose tissue telomere length, was associated with

increased concentration of VCAM-1.

Blood vessel reactivity to vasodilators and vasoconstrictors is a marker of vascular
function (Hassan, 2006). Particular in this study, the vasodilators and constrictors used
involve endothelial dependent pathways of vessel dilation. Impaired vessel reactivity
indicates impaired endothelial function (Palma Zochio Tozzato et al., 2016). Endothelial
dysfunction is associated with virtually all known risk factors for CVD (Sagara et al., 2016)
and independently predicts the risk of future cardiovascular events in the general
population (Bonetti et al., 2003). Endothelial dysfunction is increased in RA compared to
the general population and is considered one of the earliest markers of CVD in RA (Bordy
et al., 2018). Indeed, we have previously shown that exposure to inflammation in a model
of CIA impairs endothelial dependent vessel reactivity (Mokotedi et al., 2019). VCAM-1 is
a marker of endothelial activation and is considered one of the earliest markers of the
development of endothelial dysfunction and atherosclerosis (Liao, 2013). Increased
VCAM-1 concentrations are frequently reported in RA and is considered a risk factor for
CVD in RA (Dessein et al., 2005; WallbergZlonsson et al., 2008). In this study we showed
increased VCAM-1 concentrations in the inflammation group, which were reduced in the
groups treated with DMARDSs. Indeed, previous human studies have shown reduced
VCAM-1 concentrations following treatment with biologic DMARDs (Verschueren et al.,
1999; Ruiz-Limén et al., 2017; Jawahar et al., 2018). A previous animal study has also
shown improved endothelial function in rats treated with etanercept (Totoson et al., 2016).

Taken together, endothelial dysfunction and VCAM-1 are important risk predictors for
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atherosclerosis, arterial stiffness, increased blood pressure and heart failure (Ryan et al.,

1995; Ceravolo et al., 2003; Bordy et al., 2018;).

Chronic inflammation and oxidative stress are central in the process of endothelial
dysfunction and atherosclerosis. They cause accelerated telomere loss per cell
replication and premature cellular senescence in endothelial cells, vascular smooth
muscle cells and blood leukocytes (Yeh & Wang, 2016). Hence it is not surprising that
leukocyte telomere length was associated with endothelial dysfunction markers in the
current study. A seminal study, published in Circulation, reported that inhibition of
telomere function in endothelial cells leads to cellular senescence that enhances
endothelial cell activation and endothelial dysfunction (Minamino et al., 2002). In RA,
Raymond et al. (2016b) also reported associations between leukocyte telomere length
and markers of endothelial activation. The relationships between endothelial activation
and telomere length is believed to be as a result of decreased nitric oxide synthase
(eNOS) activity in endothelial cells (Sato et al., 1993). In agreement with previous studies,
in the current study we showed associations between leukocyte telomere length and
endothelial dependent vasoconstriction and vasodilation responses in renal arteries and
with VCAM-1. Similar to the associations with blood pressure, the relationship between
telomere length and endothelial function were paradoxically direct. Similarly, previous
reports in high-grade inflammatory studies showed paradoxical relationships between
telomere length and other traditional markers of CVD, including blood pressure, BMI,
atherogenic index and arterial stiffness (Haque et al., 2013; Raymond et al., 2016b; Zidan,

2020).
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In this regard, it is well known that cumulative inflammation uniquely affects traditional
CVD risk factors in RA (Kitas & Gabriel, 2011; Gabriel & Crowson, 2012). For instance,
RA patients with lower BMI, lower lipid concentrations and lower body weight have a
higher risk of CVD and mortality (Maradit-Kremers et al., 2004; Escalante et al., 2005;
Myasoedova et al., 2011). Furthermore, longer telomere lengths have also been
paradoxically directly related to increased atherosclerosis in RA (Raymond et al., 2016b)
and lupus (Haque et al., 2013). These findings are supported by evidence that
inflammatory stimuli increase telomerase activity in macrophages to prevent cellular
senescence during atherosclerosis (Gizard et al., 2011). It has been suggested that
patients exposed to high-grade inflammation may have compensatory adaptive changes
in metabolic pathways, that result in longer telomere lengths, in an attempt to reduce
enhanced CVD risk (Raymond et al., 2016b). Therefore, rats in the current study with
higher inflammatory load and hence increased risk may recruit compensatory
mechanisms or may have increased the rate of leukocyte turnover which may explain the
increase in telomere length to prevent cellular senescence. This may be plausible
considering the controversial relationship between RA and telomerase activity (Dehbi et
al., 2013) and the various paradoxical relationships reported between telomere length
and obesity (Haque et al., 2013), lipid levels (Haque et al., 2013; Raymond et al., 2016b)
arterial stiffness (Zidan, 2020) and atherosclerosis (Haque et al., 2013; Raymond et al.,
2016b). Nevertheless, these controversial findings between telomere length and

endothelial function in rats exposed to chronic inflammation warrant further investigation.
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5.4 Leukocyte telomere length as a biomarker for cardiac structure and function

in high-grade inflammation

In the current study we showed that leukocyte telomere length was not associated with
any marker of cardiac remodelling or systolic function. In contrast, shorter adipose tissue
telomere length was consistently associated with adverse left ventricular systolic, but not
diastolic function. In the general population, patients with heart failure reportedly have
shorter leukocyte telomere lengths (Van der Harst et al., 2007; Weischer et al., 2012).
Telomere attrition in cardiac cells may contribute to the development of heart failure by
stimulating apoptotic and cellular senescence pathways (Chimenti et al., 2003).
Considering the strong associations between inflammation and heart failure (Yndestad et
al., 2006) and between inflammation and telomere attrition (Bekaert et al., 2007), it is not
surprising that telomere length has been considered a biomarker for the prediction of

heart failure in inflammatory conditions.

Similar to the finding of the current study, in an animal study where rats were exposed to
low-grade inflammation, despite reduced telomere length in leukocytes and in cardiac
cells, neither leukocyte not cardiac tissue telomere length were associated with cardiac
structural remodelling (Raymond et al., 2014). Similarly, Raymond et al. (2016a) reported
in a model of alcohol induced cardiomyopathy, that telomere lengths were not associated
with cardiac geometry changes. Although hypertrophic cardiac remodelling has been
reported in chronic inflammation (Westermann et al., 2011; Mokotedi et al., 2020),
previous studies have suggested that telomere length is not a suitable biomarker for

changes in cardiac geometry(Akasheva et al., 2015; Raymond et al., 2016a;).
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Exposure to inflammation was previously shown to impair systolic function (Torre-Amione
et al., 1996) and patients with reduced ejection fraction have been noted to have shorter
cardiomyocyte telomere length (Sharifi-Sanjani et al., 2017). Similar to previous studies,
we showed no association between leukocyte telomere length and cardiac systolic
function in animal models of inflammation and oxidative stress (Raymond et al., 2014;
Denil et al., 2014; Akasheva et al., 2015; Raymond et al., 2016a). One previous study
found shorter leukocyte telomere lengths to be related to impaired systolic function in the
elderly (Collerton et al., 2007). In contrast, we showed an association between shorter
adipose tissue telomere length and impaired cardiac systolic function. The discrepancies
between our results and previous studies may be explained by different animal models of

inflammation and the differences in tissues used to measure telomere length.

Several studies have reported a higher likelihood of diastolic dysfunction in RA (Liang et
al., 2010; Davis et al., 2008). Diastolic function measures represent the ability of the
ventricle to relax which in turn promotes ventricular filling (Henein & Lindqvist, 2015).
Measures of diastolic function, i ncluding E/A
of heart failure (Mitter et al., 2017). It has been indicated that inflammation is one of the
risk factors for diastolic dysfunction in RA (Liang et al., 2010). In a recent study, our lab
reported that rats exposed to collagen-induced inflammation developed impaired
diastolic, but not systolic function, in the early stages of exposure to inflammation

(Mokotedi et al., 2020).

Leukocyte telomere length was not associated with impaired relaxation, but it was
associated with E/e’, a marker of increaased |

the control and inflammation groups. When the drug treated groups were included in the
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analysis this association was no longer significant. Adipose tissue telomere length was
not associated with any marker of diastolic function. Previous studies investigating the
association between leukocyte telomere length and markers of diastolic function have
shown contradicting results in the general population (Farzaneh-Far et al., 2008; Collerton
et al., 2007; Denil et al., 2014; Zhang et al., 2014; Akasheva et al., 2015). To our
knowledge no previous studies have reported the relationship between telomere length
and cardiac function in high-grade inflammation, hence further investigations are required

to explore this relationship.

Taken together, leukocyte telomere length is not consistently associated with diastolic
dysfunction markers, despite a high likelihood of adversely affected diastolic function in
high grade inflammation. Leukocyte telomere length was also not associated with
changes in cardiac geometry or left ventricular systolic function in high grade
inflammation. In contrast, shorter adipose tissue telomere length was associated with
impaired cardiac systolic function. These results suggest that the effects of inflammation
on telomere attrition is different across tissues. Also, leukocyte and adipose tissue
telomere length have disparate associations with markers of endothelial and cardiac
function. The short duration of exposure to inflammation in the current study may have
impacted cardiac apoptosis and cellular senescence, and hence the relationship between
telomere length and cardiac function (Chimenti et al., 2003). Exposure to inflammation
for longer periods and measuring telomere length in various different tissues as well as

leukocytes should be investigated in future studies.
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5.5 Limitations

This study had several further limitations. First, the DNA was extracted from whole blood
and tissue samples were stored at -80°C. Although DNA is relative stable for extended
periods of time, the storage may have affected the measurement of telomere length.
Second, the gRT-PCR method measures the average telomere length across all
leukocytes. Although relative telomere length measured by real time PCR is a validated
approach, measures of telomerase activity, oxidative stress and white blood cell count
may have strengthened our findings and elucidated the mechanisms involved in the
findings. We found disparate results for tissue and leukocyte telomere lengths. This
suggest that measures of leukocyte telomere length may not reflect telomere length in
specific tissues. Although evidence suggests that telomere lengths in different tissues are
strongly correlated (Takubo et al., 2002) leukocyte telomere length may not be an exact
indication of telomere attrition in specific cells (Dlouha et al., 2014). Also, although we
chose to measure telomere length in adipose tissue because of its relative stability,
adipose tissue telomere length is not necessarily representative of telomere length in the
vasculature or the heart. Future studies should consider measuring telomere length in the
vasculature. However, this approach is complicated by the heterogenous composition of
the vasculature, such as connective tissue, smooth muscle and endothelium. Hence the

interpretation of such result could be difficult.

Including both male and female rats may have impacted our results. However, there were
no differences in telomere lengths between males and females. We further included sex
and body weight as potential confounders in all correlation analysis, which did not

materially alter our results. This does not exclude the possibility that sex hormones may
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have impacted the results, and hence should be measured in future studies. Lastly, we
used humanised TNF-a di mer and a -lb-6 maocionaleadtibodynirt the
biologic DMARD treated groups. As previously discussed in sections 5.2.1 and 5.2.2, it is
possible that these treatments did not bind effectively to the rat cytokines and the
receptors. The lack of white blood cell measures prohibited the confirmation of effective
drug effect. Besides the use of human monoclonal antibodies in these studies which may
have impacted the drug effectiveness in rats, in human studies, it is well known that not
all patients respond equally well to DMARDSs (Backhaus et al., 2015). Failure of DMARDs
have largely been ascribed to genetic differences and the confounding effects of other
drug treatments and environmental influences (Chen et al., 2015; Tarnowski et al., 2016;
Smolen et al., 2017). The use of an animal study that is free of these confounding effects
may limit the number of non-responders in the current study. Future studies should
nevertheless determine whether biologic DMARD failure is associated with specific
genetic polymorphisms. Despite these concerns, the TNF-a b | o ¢ k ehlowegl pawvu p
thickness measures similar to that of the control group. Although the arthritis scores were
increased inthe TNF-a bl ocker group, it may e ofarthritidh at t h
scoring increases the risk of errors. Using paw thickness at the ankle and tarsometatarsal
joints may be more reliable, as they are more objective methods of scoring paw swelling.
There were also significant reductions in VCAM-1 concentrations in both drug-treated
groups, which further support the drug effectiveness. Previously, etanercept has shown
benefits in endothelial function in rats exposed to high grade inflammation (Totoson et al.,
2016). Tocilizumab administration in rats have previously shown significant effects on

disease progression, however, the mode of administration and the dosage were different
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from the current study (Abdel-Maged et al., 2018). Hence, the frequency of the IL-6
blocker administration in the current study may explain the lack of effect on the paw
scores and CRP concentrations. Indeed, a recent study suggested more frequent
administration of IL-6 receptor blockers in the acute phase of disease (Ogata et al., 2019).
Future studies should consider using a rat specific TNF-a i nhi bi t or anda

receptor blocker.

5.6 Conclusion

In conclusion, this study indicates that exposure to chronic inflammation as induced by
type Il collagen in Sprague-Dawley rats resulted in a paradoxical longer leukocyte

telomere length, but not adipose tissue telomere length, compared to control rats. Higher

circulating CRP concentrations, but not TNF-a concentrations wer e

increased leukocyte telomere length. Administering biologic DMARDS targeting TNF-a
and IL-6 receptors, prevented the inflammation induced changes in telomere length.
Leukocyte telomere length was paradoxically associated with impaired endothelial
dependent renal artery relaxation and contraction, independent of body weight, sex or
drug treatment. Longer leukocyte telomere length was also associated with increased
concentrations of VCAM-1. Although telomere length was associated with systolic blood
pressure, pulse pressure and increased left ventricular filling pressure, this association
was impacted by drug treatment. Leukocyte telomere length was not associated with
markers of left ventricular remodelling or left ventricular systolic function. In contrast,
shorter adipose tissue telomere length was associated with impaired cardiac systolic, but

not diastolic function.
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These results suggest that leukocyte and adipose tissue telomere length are not similarly
affected by exposure to inflammation and that leukocyte telomere length may not be a
surrogate marker for tissue specific telomere shortening in high grade inflammation. The
longer leukocyte telomere length may therefore not be an indication of younger biological
age in those exposed to inflammation, but rather that in the early stages of inflammatory
conditions, cellular pathways and mechanisms which alter telomere physiology are
upregulated as a protective mechanism for those at high risk. Biological DMARDs may
impact the inflammation induced changes in leukocyte telomere physiology, but the
mechanisms whereby the drugs act may be different. Future studies should investigate
the exact mechanisms whereby biologic DMARDs affect telomere attrition in specific
tissues. Our results and previous reports of paradoxical relationships between longer
leukocyte telomeres and a worse CVD risk profile highlight the complex interaction
between chronic exposure to high grade inflammation, cellular protection mechanisms
and CVD risk. Our study adds to the mounting evidence suggesting that in chronic
inflammation, compensatory protective mechanisms are employed in those with adverse
CVD risk profiles. The exact mechanisms that underpin these intricate interactions require
further investigation. Based on the current results, telomere length may not be a valid
biomarker of vascular and cardiac function in high grade inflammation. The exact role of
leukocyte and tissue telomere length in CVD risk stratification in chronic inflammation

warrants further studies.
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APPENDIX
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Please note that only type written applications will be accepted.

UNIVERSITY OF THE WITWATERSRAND

ANIMAL ETHICS SCREEMING COMMITTEE
MODIFICATIONS AND EXTENSIONS TO EXPERIMENTS

Mame: Lebogang Mokotedi

Department; School of Physiology

C. Experiment to be modified / extendad AESC NO
Original AESC number 2017 03 21¢C
Other ME&Es 1
d. Project Title: Cardiovascular morphology and function in a rat model of rheumatoid arthritis
Mo. Species
e. MNumber and species of animals originally approved: 30 sSD
f. MNumber of additional animals previously allocated on
. 5 5D
MEEs:
g Total number of animals allocated to the experiment to 35 0
date:
h. Mumber of animals used to date: 35 5D

Specific modification / extension requested:

Addition of co-workers

1. Ashmeetha Manilal (technical staff and PhD student) Staff number: AD029214, Tel:

0824617340; email; Ashmeeha.Manilal@wits.ac.za

2. Sulé Gunter (post-doctoral fellow). 5taff number: ADD45488; Tel: 0B28141066; email:

suledreyeri@gmail .com

3. Serena Fourie, (MS3C student) student number: B04802; Tel: 0741548402; email:

fourie serena@gmail.com

4. Regina le Roux, (MSc student) student number: 1588322; Tel: 0718719596; email:

reginaleroux4@gmail.com

Additional rats required

As per the original application, arthritis will be induced with Bovine Collagen and Incomplaete
Freund’s Adjuvent and compared to a control group. In addition we would like to add two
groups where the groups will also have collagen induced arthritis but they are given treatment

to reduce inflammation. A flow diagram of the groups is presented below|
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Control group n= 20
{10 male 10 female)

Collagen induced arthiritis ({CIA) n=20
(10 male, 10 fermale)

B0 Sprague Dawley
Rats (40 male, 40
female)

ClA + TWF-alpha blocker treatment n=20
(10 male, 10 female)

ClA + IL6 blocker treatment n= 20
(10 male, 10 female)

- Addition of drug treatment regimen to reduce inflammation

- Mse of pulse-pen to measure pulse wave velocity at termination.

i Motivation for modification / extension:
The addition of co-workers:

These added students and co-workers will contribute to all aspects of the projects. Two masters
and one PhD students will also obtain higher degrees from work performed as a part of the
modification of this project.

Additionzal rats requirad:

The original project was largely a pilot study in order to determine whether the inflammatory
model will be successful. All the rats were used for this first part of the study and we have
successfully established that the collagen induced inflammatory model is indeed successful.
None of the animals died during the experiment due to adverse effects. In the first part of this
study we have shown substantial differences in those rats that were exposed to inflammation.
We would like to request an additicnal B0 rats for further study. The 80 (40 male and 40 female)
rats will be divided inte 4 groups (control group, inflammation group, inflammation + TNFa
inhibitor group, and inflammation + ILS inhibitor group) as indicated in the flow diagram. In
essence the intervention to the animals and measures obtained will not change as per the
original application, hence the raticnale for applying for a modification to the original
application. The addition of extra groups will not change the intervention to the animals, except
for the addition of drugs to reduced inflammation and therefore it will not be harmful to the
animal, but rather beneficial.

Addition of drug treatment regimen to reduce inflammation:

In order to reduce inflammation in persons with rheumateoid arthritis drugs that have shown
good outcomes in these patients are biological disease modifying agents (DMARDS) (1). Two of
these biological DMARDS that have shown to be effective for reducing inflammation as well as
decreasing cardiovascular disease risk markers in persons with rheumatoid arthritis are TNFa
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inhibitors and Interleukin-S inhibitors (1). However the mechanisms whereby these drugs
improve cardiac function is currently unknown. These drugs have also shown benefits in
previous animal models of rheumnatoid (2) and osteoarthritis (3), with no reported side-effects.
The drugs will be administered intraperitoneally upon the first sign of arthritis (roughly 12 days
after immunization) and given as indicated (below) until the termination of the study. The other
wo groups will receive intraperitoneal injections of phosphate buffered saline solution. The
TMFa inhibitor (Enbrel) will be given at a dosage of 10 mg/fkg (2) three time a week and the IL-6
inhibitor (Actemra (tocilizumab)) will be given at a dosage of 8 mg/kg once a week as previously
described (4,5). The use of these drugs will provide us with a further understanding of the effect
of inflammation on vascular and cardiac function and possibly identify novel targets for the
treatment of diastolic dysfunction in inflammation induced heart disease. The protocol of
inducing inflammation in the rats will not change from the previous application. The addition
of these drugs will in all likelihood reduce inflammation and hence limit the discomfort of the
animals.

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

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

References
1. Baniaamam M, Paulus W, Blanken AB, Nurmochamed MT (2018): The effect of biclogical
DMARDs on the risk of congestive heart failure in rheumatecid arthritis: a systematic review.
Exp Opin Biol Ther 2018; DOI1:10.1080,/14712598.2018.1462794.

2. Totoson P, Maguin-Gate K, Prigent-Tessier A et al. Etanercept improves endothelial function
via pleiotropic effects in rat adjuvant-induced arthritis. Rheumatol 2016;55:1308-17.

3. LinY, Liu L, Jiang H, Zhou ], Tang ¥. Inhibition of interleukin-6 function attenuates the central
sensitization and pain behavior induced by osteocarthritis. Eur J Pharmacol. 2017,811:260-7.

4. Kobayashi ¥, Takei M, Giles IT et al. Association of tocilizumab treatment with changes in
measures of regional left ventricular function in rheumatoid arthritis, as assessed by cardiac

magnetic resonance imaging. Int J Rheum Dis 2016;19:1169-1174.

5. Hancgerli ¥, Kaplan M, Tanoglu A et al. Efficacy of tocilizumab treatment in cerulein-induced
experimental acute pancreatitis model in rats. Turk ] Gastroenterol. 2017;28:485-91.

6. Salvi P, Lio G, Labat C, Ricci E, Pannier B, Benetos A. Validation of a new non-invasive portable
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tonometer for determining arterial pressure wave and pulse wave velocity: the PulsePen
device. ) Hypertens 2004; 22:2285-2293.
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A nnpstt \ Date: 6 May 2019

Certificate reference: 2017/03/21C

Category: O

Applicant: Lebogang Mokotedi

Department: Physiology

Tel: 011 717 2262: Email: Lebogang. Mokotedi@wits.ac.za

RE: Waiver from the Animal Ethics Research Committee of the University of the
Witwatersrand

This letter is to confirm that Rixile Mahlaule (1063830), Department of Physiology
(WITS), does not require full Animal Ethics Research Committee clearance to
undertake the work titled “The impact of inflammation on telomere length in
treated and untreated rats with collagen induced rheumatoid arthritis”.

Reason for waiver

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

Details of the study

The aim of the study is to determine the impact of chronic inflammation on telomere
length and the effect of biologic anti-rheumatic treatment drugs in Sprague Dawley
rats exposed to collagen induced arthritis. Blood samples collected from the
previous approved ethics application will be used for this study. Blood samples will
be used to measure the differences in telomere length between the treatment and
control groups.

Please contact me should you require further information.

Yours sincerely

Q_Céj
©
Geoffrey Candy
Chair - Animal Ethics Research Committee, University of the Witwatersrand

Geaffrey P Candy PR
Professor, Deportment of Surgery, Focuity of Health Sciences, University of the Witwatersrand, 7 York Rood
Parktown 2153, Johannesburg; Tel: 27-11-F12-2574; Email: gecffrey.condy@wits.oc.zo
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