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Abstract

Background: Osteoarthritis (OA) and rheumatoid arthritis (RA) are
degenerative joint diseases accompanied by pain and inflammation, which
can lead to a sedentary lifestyle. Skeletal muscle inflammation and inactivity
can lead to increased muscle insulin resistance and atrophy, which are
associated with the dysregulation of muscle carbohydrate metabolism and
changes in the expression of genes and proteins known to regulate muscle
mass. This study aimed to identify the impact of OA and RA on pain
behaviour, locomotor activity, inflammation and muscle metabolic
dysregulation and atrophy in two animal models and the effects of the
PPARY agonist (rosiglitazone) on these study end-points. Additionally,
muscle mMRNA isolated from RA patients was used to identify potential
commonality of muscle gene expression between clinical and pre-clinical
RA. The hypothesis of the thesis was that joint inflammation in arthritis will

impact behavioural pain and activity, and skeletal muscle function.

Methods: In two independent studies, using medial meniscus transection
(MNX) model of OA and the collagen-induced arthritis (CIA) model of RA
levels of pain, locomotor activity, joint pathology, and inflammation, and
changes in extensor digitorum longus (EDL) muscle mass and intermediary
metabolism were assessed. Additionally, expression levels of 46 gene
transcripts associated with muscle inflammation, and carbohydrate and
protein metabolism were assessed using TagMan low-density array (TLDA)
cards in the EDL muscle in the CIA model. Ingenuity Pathway Analysis (IPA)

was used to predict changes in cellular functions. A cohort of genes altered



in the CIA model was also assessed in quadriceps muscle biopsy samples
from RA patients, which were normalised to a healthy age-matched control
volunteer group. Effects of the PPARYy agonist rosiglitazone on pain
behaviour, locomotor activity, inflammation, joint pathology, and muscle
mass and metabolism was also determined in the CIA model. Again, muscle
gene expression was assessed using TLDA cards and IPA was used to

predict changes in cellular functions.

Results: Increased pain (WB p<0.01 at day 28, 42; WB p<0.05 at day 49;
PWT p<0.01 at day 21, 42, 55; PWT p<0.05 at day 28, 35) and joint
pathology (chondropathy p<0.001 days 28, 55; osteophytosis p<0.001 day
28, p<0.01 day 55; synovitis p<0.001 day 28, p<0.01 day 55) were identified
in the MNX model. The magnitude of systemic and muscle inflammation
and locomotor activity was similar to control animals, and no difference in
muscle metabolites and the muscle protein:DNA ratio was identified
between groups. In the CIA model, increased pain behaviour (p<0.01),
reduced locomotor activity (horizontal p<0.001; vertical p<0.05) and greater
levels of plasma IL-6 (p<0.01) was observed compared to control, which
was accompanied by incremented paw thickness (p<0.001) and synovitis
(p<0.01). An increase in muscle lactate content relative to control (p<0.01)
was in line with the IPA predicted change in carbohydrate metabolism
based on differences in muscle mRNA expression, exemplified by reduced
expression IRS1, Glut4 and PPARgc1B mRNAs relative to control (p<0.01).
The muscle protein:DNA ratio tended to be less in the CIA model compared
to control, a finding in line with the IPA prediction of an altered protein

metabolism, suggested for example by increased expression levels of



FOXO1, Eif4ebpl, MAFbx, MuRF1 and Cathepsin-L mRNA in CIA model
(p<0.05). Rosiglitazone reduced inflammation and the paw thickness
(p<0.001) in CIA relative to the CIA rats treated with vehicle. Rosiglitazone
tended to reduce plasma IL-6 and muscle lactate accumulation, while
differences in MRNA expression predicted activation of lipid oxidation,
carbohydrate metabolism and protein synthesis using IPA. In clinical RA
muscle samples, levels of inflammatory cytokine IL-6, myostatin, Mt1A and

PDK4 were higher and PPARgc1 lower than healthy controls.

Conclusion: Muscle atrophy and metabolic dysregulation in the CIA model
of RA could result from a decline in locomotor activity, secondary to pain,
and inflammation, which were not identified in the MNX model of OA. The
CIA model exhibited significant differences on the expression of various
genes in muscle, which were also modified in muscle from RA patients.
PPARy agonism is worthy of further investigation as a strategy to treat

inflammation and muscle metabolic dysregulation in RA.
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Chapter 1:

General Introduction



1.1.Osteoarthritis

Osteoarthritis (OA) is the most common type of arthritis in the worldwide
population (Lawrence et al. 2008) and has a serious socioeconomic impact
on public health. It is a chronic degenerative disease that involves the whole
joint, mainly characterised by the degradation of articular cartilage and
synovium inflammation (Aurich et al. 2005; Loeser et al. 2012) associated
to comorbidities and disabilities resulting in poor quality of life (Nelson
2018). Out of all the types of OA, being hand, hip and knee the most
common, knee OA has been extensively associated to muscle weakness
(Alnahdi, Zeni, and Snyder-Mackler 2012) and, therefore, this thesis was

focused on knee OA.

1.1.1. Epidemiology of knee OA

Knee OA is the most prevalent type of arthritis and is common in ageing
(>50 years old) (Litwic et al. 2013) and obesity (Chu, Lim, and Ng 2018).
Knee OA is classified on the basis of the radiographic changes in joint
structure and whether the patients are symptomatic. It is widely accepted
that structural changes to the joint are not always accompanied by
symptoms and vice versa. The prevalence of OA is higher in women and
increase with ageing, starting from 40 years in women and from 50 years in
men (Meulenbelt et al. 1997). A radiographic evidence study in Dutch
population (Rotterdam study), in people aged =80 the prevalence was 53%
in women and 33% in men (Dahaghin et al. 2005). Different studies done in
the US (Framingham and NHANES IIl) looked at the prevalence by

radiographic and symptomatic changes (Felson et al. 1987; Dillon et al.



2006). Radiographic prevalence in Framingham study, where participants
were 245 years old, was 18.6% in men and 19.3% in women. In NHANES
[l study, the prevalence in participants 260 years was 31.2% in men and
42.1% in women. Symptomatic prevalence was 5.9% in male and 7.2% in
women 245 years whereas it was 10% in male and 13.6% in women aged

260 years (Table 1.1).

Table 1.1: Prevalence of radiographic and symptomatic knee OA in Rotterdam,

NHANES IIl and Framingham studies.

Study Age Men Women
Rotterdam =80 33% 53%
Radiographic
NHANES llI =60 31.2% 42.1%
Framingham 245 18.6% 19.3%
Symptomatic NHANES llI =60 10% 13.6%
Framingham =45 5.9% 7.2%

The sex- and age-standardised incidence of OA is 240/100,000 person-
years in the US. Changes in lifestyle increase the predisposition to risk

factors, increasing the prevalence and incidence of OA.

1.1.2. Risk factors

OA can be primary or secondary depending on the predisposition to risk
factors. Primary or idiopathic OA begins from an unknown cause, and there
are many systemic factors contributing to its development causing injury in

joint tissues or preventing its repair process. As mentioned, age and sex



are systemic factors that affect primarily to elderly and with high prevalence
in women after menopause. Thus, hormonal and endocrine are also
systemic risk factors poorly understood in the appearance of OA (Lawrence,
Bremner, and Bier 1966). There is strong evidence of genetic components
with the discovery of the mutation of 80 genes involved with the
pathogenesis of OA (Ryder et al. 2008). Diet can be a systemic risk factor
increasing susceptibility to develop secondary OA. Nutritional deficiencies
may cause important consequences resulting in metabolic disorders and
secondary diseases such as obesity, increasing predisposition to develop
OA. Bad dietary habits due to busy life style increases the consumption of
fast food and snacks attributed to the accumulation of fat and glucose and
lack of nutritional factors essential for our body, causing metabolic
responses that activates the degradation of tissues in the joint (Sartori-
Cintra, Aikawa, and Cintra 2014; Thijssen, van Caam, and van der Kraan
2015). It can lead to different comorbidities associated with OA such as
diabetes, cardiac, vascular problems and obesity (Griffin et al. 2010). The
increase of body mass index (BMI) rises the prevalence of OA due to
loading and mechanical stress on the joints. Subjects with a BMI>30
kg/m2 were 6.8 times more likely to develop knee OA than normal-weight
controls (Coggon D 2001). The overload can lead to local risk factors such
as mechanical tear and wear and inflammation. Local factors are those
physical alterations of the joint that are a risk to develop OA due to
mechanical friction or instability, such as misalignment, muscle weakness,

and alterations of the structure of the joint (Hunter and Felson 2006).



1.1.3. Pathophysiology of knee OA

In both systemic and local factors mentioned above, inflammation occurs
and is a major contributor to OA development and its consequences
independently of the origin. OA was used to be considered as a tear and
wear disease remodelling joint tissues, and now more evidence points to
inflammation as a contributor to joint degeneration. The release of cytokines
and chemokines stimulates inflammatory mechanisms in synovium
disturbing cartilage homeostasis (Scanzello and Goldring 2012). The knee
joint is structured by the femur condyles and tibia plateaus with its
respective subchondral bone, articular cartilage, meniscus, muscle
ligaments and synovium. Knee OA is characterised of developing synovium
inflammation as first symptom and progressing to cartilage degradation. It
can start by systemic factors and injured of any of the structures of the joint.
In late stages, the cartilage degradation leads to bone resorption and
scleroses as well as osteophytes formation, accompanied by frayed

meniscus and weak muscles (Figure 1.1).
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Figure 1.1: Description of normal joint (a) and joint with osteoarthritis (b). In the
picture a) it can be appreciated a healthy joint with cartilage, meniscus and synovium in
normal conditions. In picture b), the joint with osteoarthritis presents inflamed synovium,
fibrillated and degraded cartilage, osteophytes formation and frayed meniscus

accompanied with weak muscles. Image from (Wieland et al. 2005).

The articular cartilage protects the condyles of the femur and plateaus of
tibia allowing a smooth movement of the joint. Chondrocytes are the only
cell type in the cartilage, and they synthesise and maintain the extracellular
matrix comprised of collagens type II, IX and Xl and proteoglycans
(Bruckner and van der Rest 1994). There is a balance between synthesis
and degradation of cartilage under healthy conditions whereas degradation
activity predominates in OA (Sandell and Aigner 2001). The pathology when
cartilage degenerates is also called chondropathy. The breakdown of
cartilage matrix is complex because it involves different factors such as
environmental, genetic, mechanical and biochemical. The most evidenced
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process is by the activation of matrix metalloproteinases (MMP) that
degrades collagen and proteoglycans (Aurich et al. 2005). It is believed that
cytokines and chemokines are released from synovium and triggers the
activation of MMPs by interleukins (IL) -1, 17, 18 and tumour necrosis factor
alpha (TNFa) (Haseeb and Haqqgi 2013). The degradation of cartilage is
irreversible and it can end with total articular cartilage damage exposing the

subchondral bone to mechanical erosion.

In OA there are also changes in the subchondral bones due to an imbalance
of synthesis and degradation. Under healthy conditions, cell remodelling
occurs. Bone resorption in cortical and trabecular bone is initiated by the
activation of osteoclasts. Then, osteoblasts generate the new cortical and
trabecular bone to maintain the balance (Tombran-Tink and Barnstable
2004). In OA, the mechanisms that impair this balance are poorly
understood and it is not clear if cartilage loss leads to subchondral bone
changes or vice versa (Goldring and Goldring 2010). The changes in
subchondral bone can include thickening of the plate, bone sclerosis and
osteophytes, which are new bone spurs invading the free space left by the

loss of cartilage.

There are two menisci in the knee joint (lateral and medial) attached to the
tibia plateaus. It is thought that their function is to improve joint stability and
weight distribution. In patients of OA is common to see meniscal damaged
(Englund et al. 2008), which destabilise the joint and may create articular

friction and consequent erosion and inflammation.



As mentioned, inflammation is a major determinant that may start the
degeneration of articular cartilage (Scanzello and Goldring 2012).
Synovium is the outer part of the joint which serves to protect the joint and
generate the synovial fluid to lubricate the joint, nourish the non-
vascularised cartilage and regulate the immune activity. In contrast to
cartilage, healthy synovium is highly vascularised and comprised by cellular
layers. Synovial inflammation also called synovitis is less evident than in
rheumatoid arthritis. However, an increase of thickness, vascularisation and
inflammatory cells are detected in OA, especially in early stages (Benito et
al. 2005) and after joint injuries (Scanzello et al. 2011). Inflammatory cells
release mediators of inflammation, chemokines and cytokines which
promote synovitis and activates the degeneration of the tissues in the joints

in arthritis and post injured joints (Bondeson et al. 2006).

1.1.4. Symptoms of knee OA

Pain is often the first and predominant symptom of knee OA that causes
patients to visit the general doctor (Thorstensson et al. 2009). It is
intermittent and typically worst during and after physical weight-bearing
activities. It may originate from the innervated tissues of the joint such as
synovium, periosteum, subchondral bone, ligaments and muscle (Hunter,
McDougall, and Keefe 2008). The loss of cartilage exposes the subchondral

bone, which is vascularised and innervated, contributing to OA pain.

Additionally, during the progression of OA cartilage may become innervated
by sympathetic and sensory nerves, which may also contribute to the pain

experienced by OA patients (Suri et al. 2007). The local release of



inflammatory mediators from sensory fibres and immune cells can lead to
inflammatory pain (Tore and Tuncel 2009). The release of cytokines and
other inflammatory mediators such as bradykinin, histamine,
prostaglandins, adipokines, lactic acid and substance P (amongst others)
into the joint may reduce the firing threshold of the joint nociceptors, which
triggers the response to non-noxious and noxious painful stimuli (Hunter,
McDougall, and Keefe 2008). However, the mechanism and origin of pain

in OA is unknown.

Patients with OA also experience stiffness normally in the morning, after a
period of physical inactivity or in the evening, which is generally resolved in
minutes. Knee pain is the principal factor that limits the normal daily
activities that affect the quality of life (Dekker et al. 1993). This is a major
problem as physical inactivity and disability can impact on skeletal muscle
function (Fink et al. 2007). Reduced functional capacity is attributed to pain,
stiffness and loss of muscle strength (Hurley et al. 1997) which has been
correlated in knee OA patients with weak muscles compared to patients
with normal muscles (Dekker et al. 1993). It has been shown however that
weakness can also be found around knees in the absence of pain or muscle
atrophy. This may be due to arthrogenous inhibition of muscle contraction
(Slemenda et al. 1997). OA inflammation may also impact muscle integrity.
Patients with knee OA have increased levels of inflammatory and atrophy
markers in muscle, where the elevated gene expression of MCP-1 protein,
TNFa and the atrophy marker atrogin-1 in Vastus Lateralis muscle were
found to be negatively correlated to muscle strength (Levinger, Levinger, et

al. 2011). It seems that the major muscle dysfunction is the loss of muscle



strength in patients with knee OA. Muscle weakness in quadriceps of
patients with OA results with a reduction of muscle strength compared to
age-matched healthy control volunteers and relative to BMI (Lewek,

Rudolph, and Snyder-Mackler 2004).

1.1.5. Treatments for knee OA

There is no cure for OA yet no disease-modifying OA drug (DMOAD) has
been approved. Therefore, the treatments used are aimed to ameliorate
symptoms in knee OA. Treatments can be pharmacological or non-
pharmacological, normally starting with non-pharmacological treatments
and weak analgesics followed by stronger pharmacological interventions

(Roubille, Pelletier, and Martel-Pelletier 2013).

Non-pharmacological treatments include education, rehabilitation, exercise
and nutrition. It is important to encourage patients to attend self-
management programmes organised by the hospital and foundations to get
social support and instructions to better deal with the disease (Hunter and
Felson 2006). Rehabilitation or physical therapy facilitates the resolution of
symptoms and includes physical exercises aimed to muscle strengthening,
stretching and soft tissue mobilisation (Hunter and Felson 2006). An
exercise therapy protocol, consisting on exercise for strength and flexibility
of lower limbs during 12 weeks, conducted in patients with knee OA (aged
50-65, n=22) reduced the perception of pain, IL-6 levels in serum and
improved function and strengthening in quadriceps and hamstring in

patients with knee OA (Aguiar et al. 2015). If the subjects present high BMI
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or obesity, it is also encouraging to lose weight getting some advice from a

nutritionist.

Pharmacological treatments in OA include the administration of analgesics
and anti-inflammatory agents. The National Institute for Health and Care
Excellence guidelines (NICE) recommends starting with paracetamol and
topical non-selective non-steroidal anti-inflammatory drugs (NSAIDs) for
moderate severity cases before NSAIDs oral administration. The NSAID
typically used is ibuprofen, and together with cyclooxygenase-2 (COX-2)
selective inhibitors, they have comparable effects reducing walking induced
pain (Zhang et al. 2008). Generally, NSAIDs have the ability to supress
COX expression and activity as well as the downstream signals. COX-1 and
2 are enzymes that catabolise the conversion of arachidonic acid to different
products, including prostaglandins. The secretion of inflammatory cytokines
induces COX-2 activation (J. R. Vane, Bakhle, and Botting 1998) promoting
the generation of prostaglandins, known to mediate inflammation and pain,
the production of vascular endothelial growth factor, platelet-derived growth
factor and MMP (Simon 1999). They need to be used under caution,
choosing the recommended dose and agent, taking into account individual
risk factors, as NSAIDs and COX-2 inhibitors are associated with potential
gastrointestinal, liver and cardio-renal toxicity (Trelle et al. 2011). When a
lack of effectiveness or non-tolerated of NSAIDS, opioids are the alternative
drug in severe stages (Zhang et al. 2008). More recent treatments include
anti-NGF therapy, which reduces pain and improves function in patients

with knee OA (Dimitroulas et al. 2017).
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If pain and lack of mobility persist after the most aggressive
pharmacological combination treatment, surgery is the alternative. The
success of the available treatments is limited, and a joint replacement is
often needed. Knee replacement is a cost-effective treatment improving
global knee score of pain (63%), function (93%) and range of motion (100%)

after 4-6 years of surgery (Zhang et al. 2008).

1.2.Rheumatoid arthritis

Rheumatoid arthritis (RA) is the most common autoimmune disease with
chronic inflammation of synovial joints leading to the destruction of cartilage
and bone. It is a heterogeneous and complex disease with various
pathogenetic mechanisms involved between individuals and variable
clinical pathology. RA is a degenerative disease that involves not only the
whole joint but also systemic alterations with serious comorbidities
(cardiovascular diseases, diabetes, hyperlipidaemia and obesity) (Radner
et al. 2017) and disabilities resulting in poor quality of life and high rate of
mortality (Sparks et al. 2016). It results from autoimmune disorder whereby
there is a production of autoantibodies to immunoglobulin G (IgG or
rheumatoid factor (RF)) and to citrullinated proteins, called anti-citrullinated
protein antibodies (ACPASs) classified as seropositive RA (van Venrooij,
Zendman, and Pruijn 2006). However, some patients are negative to these
autoantibodies and environmental factors affect genetically susceptible

individuals, classified as seronegative RA.
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1.2.1. Epidemiology

In RA prevalence is less associated with age compared to OA. The
prevalence in epidemiological studies comprises adults >18. Although most
of the epidemiological studies have been done in Western countries, the
reported rates seem to be constant in many populations (Myasoedova et al.
2010). The global prevalence of RA is in the range of 0.5-1% (Tobodn,
Youinou, and Saraux 2010; Malemba et al. 2012). However, it may differ
between ethnicities and gender being more prevalent in women and
American populations (5-6%) (Peschken and Esdaile 1999). For instance,
the prevalence of women in the United States and the United Kingdom is
1.4% and 1.16% respectively whereas in males is 0.74% and 0.44%
respectively. In Europe, this prevalence is lower being in a range of 0.45-

0.8% in women and 0.19-0.2% in men (Tobon, Youinou, and Saraux 2010).

The incidence varies geographically being higher in North America
(38/100,000). In Europe, the incidence is higher in Northern Europe with
29/100,000 than Southern Europe with 16.5/100,000 (Tobén, Youinou, and

Saraux 2010).

Several longitudinal studies suggest that both incidence and prevalence
seem to decline over time after the 1960s. The decline is more noticeable

in women than in men (Doran et al. 2002).

1.2.2. Risk factors

RA is a multifactorial disease that results from interactions between genetic,
environmental and systemic factors. Sex and age are systemic factors

affecting more women than men with the ratio being 3:1. The mechanism
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involved in the higher frequency of RA in women remains unclear although
is likely to undergo by hormonal changes. It may be attributed to the
stimulatory effects of oestrogens on the immune system, and low levels of
testosterone have been reported in men with RA (Cutolo et al. 2002;
Alpizar-Rodriguez et al. 2017). Indeed, ageing may also contribute to the
hormonal changes, with women more susceptible to RA in their 50s (Tobdn,

Youinou, and Saraux 2010).

Genetic factors contribute 50-60% of the risk to develop RA. Specific class
II human leukocyte antigen (HLA) loci encoding major histocompatibility
complex (MHC) are the most associated with the risk of developing RA
(Gregersen, Silver, and Winchester 1987). HLA-DRB1 and PTPN22 are the
most important genes associated with RA in all the populations, However,
other weaker risk loci have been identified, mainly associated with immune
and inflammatory pathways (Okada et al. 2014). The manifestation of the
genes strongly involved with RA are susceptible to environmental factors.
Smoking is associated with RF and ACPA production. The risk of
developing RF-positive RA was substantially higher in smokers with two
copies of HLA shared-epitope (Risk Ratio 15.7) than in smokers with no
copies (Risk Ratio 2.4) (Costenbader et al. 2008). The effect of smoking is
likely to be due to the up-regulation of inflammatory cytokines IL-1(3, IL-6
and IL-8 that exacerbate the pathophysiological mechanisms involved in
RA (Kobayashi et al. 2008). Inhalation of pollutant particles and exposure
to silica are recent identified environmental risk factors linked with diseases
involving pulmonary and systemic inflammation and RA (Hart et al. 2009;

Stolt et al. 2005). Other environmental risk factors include dietary habits. It
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is seen that in Southern Europe they have milder forms of RA and this may
be partly to the Mediterranean diet and vitamin D intake (Khanna, Jaiswal,
and Gupta 2017). In patients with RA, the consumption of Mediterranean
diet (including olive oil with antioxidant properties) reduced inflammation
and improved physical functions (Skoldstam, Hagfors, and Johansson
2003). In a mouse CIA model of RA, the administration of extra virgin oil
reduced the serum levels of MMPs and the expression of pro-inflammatory
cytokines IL-1B, IL-17 and TNF-a (Rosillo et al. 2016). Additionally,
deficiency of vitamin D was associated with RA and negatively correlated

to disease activity in patients with RA (Kostoglou-Athanassiou et al. 2012).

1.2.3. Pathophysiology of RA

In both, production of autoantibodies and manifestation of susceptible
variants of genes, an autoimmune response is activated before articular
inflammation develops. Risk factors can induce post-translational
modifications of proteins. Citrullination is the most common process that
consists with the post-translational conversion of an amino acid (arginine)
to citrulline in a range of proteins via induction of peptidyl arginine
deiminases (Makrygiannakis et al. 2008). Following the post-translation
modifications (citrullination, acetylation, etc) the altered peptide binds to
MHC protein heterodimers to present the antigen to T cells, which stimulate
B cells to synthesise the autoantibodies that recognise self-proteins such
as RF and ACPAs (Holers 2013; Trouw, Huizinga, and Toes 2013). The
presence of ACPAs alone is insufficient to cause synovitis, therefore, an

additional hit (such as complement activation or microvascular insult) is
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required (Arend and Firestein 2012) (See review Smolen et al. 2018)(

Figure 1.3).

Early RA is characterised by synovial inflammation with inflammatory cells
infiltration that release MMPs and autoantibodies (i.e., ACPA, RF, type I
collagen, etc). The synovium produces the synovial fluid necessary to
lubricate the joint and provide nutrients to the cartilage. The increase of
inflammatory cells infiltration into the synovium is reflected with the
thickened synovium layer and cellularity leading to the formation of pannus
to protect the bones of the joint. First, there is a production of pro-
inflammatory cytokines including IL-1, IL-6 and TNFa by macrophage-like
synoviocytes and IL-6, MMPs, prostaglandins and leukotrienes by
fibroblast-like synoviocytes (Bartok and Firestein 2010). Then, the invasion
of the cartilage triggers an inflammatory response causing joint
degeneration. Secondly, there is an infiltration of adaptive immune T cells
and/or B cells to produce antibodies (Ziff 1974). The release of pro-
inflammatory cytokines and production of receptor activator of nuclear
factor kB ligand (RANKL) by T cells activates osteoclasts and degrades the
bone matrix by producing proteases like cathepsin K (Schett and Gravallese

2012; Redlich and Smolen 2012) (Figure 1.2).
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Figure 1.2: Description of the healthy joint (a) and its changes Wlth rheumat0|d

arthritis (b). In the picture a) it can be appreciated healthy cartilage and bone with a single
lining of cells (synoviocytes) in the synovial membrane (synovium). The RA joint, in picture
b), starts a mechanism where synovium increases with thickness and hyperplastic synovial
lining by the infiltration of inflammatory cells, innate and adaptive immune cells forming the
pannus in the joint space. The activity of the infiltrated cells activates osteoclasts and starts

bone resorption. Image from (Strand, Kimberly, and Isaacs 2007).
1.2.4. Symptoms and treatments of RA

Inflammation is the main and principal mechanism involved in RA. Joint
swelling is the first symptom developed followed by pain and discomfort.
There are some joints more predominant to develop RA than others, and it
helps to distinct from other joint pathologies. These joints are the
metacarpophalangeal and proximal interphalangeal of the hands and feet,
the wrist, ankle and elbow and with less incidence in the shoulder, knee and

hip (Smolen et al. 1995). Joint swelling is accompanied by stiffness in the
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morning lasting >1h and pain (Lee and Weinblatt 2001). The progression of
swelling and deterioration can end with joint deformation. The treatments to
ameliorate symptoms are similar to those given to OA patients. Analgesics
and anti-inflammatory drugs NSAIDs lessen pain and stiffness but do not
interfere with the mechanisms leading to joint damage (Smolen, Aletaha,
and Mclnnes 2016). They are widely used as a first treatment in RA patients
before knowing the mechanisms involved, as different genetic risk factors

and immune response are seen in RA.

To treat the disease, disease-modifying anti-rheumatic drugs (DMARDSs)
are the main established drugs. They reduce joint swelling and pain,
decrease acute-phase markers, limit progressive joint damage, and
improve physical function (Donahue et al. 2008). Methotrexate is a
conventional synthetic DMARD with an unknown target, usually the first and
most important drug administered in patients with early RA. A large
proportion of patients (25%-40%) significantly improve with methotrexate
monotherapy (Emery et al. 2017), and its adverse effects can be prevented
(Van Ede et al. 2001). At the beginning of treatment, glucocorticoids may
be given for a short period, due to its adverse effects, (Chatzidionysiou et
al. 2017) until conventional synthetic DMARDs have exerted their full anti-
inflammatory potential (Smolen, Aletaha, and Mclnnes 2016). When
conventional synthetic DMARDs do not reach treatment targets, in the
presence of poor prognostic markers, the European league against
rheumatism (EULAR) recommends starting any biologic DMARD or a
targeted synthetic DMARD in addition to methotrexate, with a current

preference for biologic DMARDs because of long-term experience with
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efficacy and safety profiles. Targeted synthetic DMARDs are for Janus
kinase 1 and 2 (JAK1, JAK?2). Different biological DMARDSs acts to different
targets: TNFa, IL-6 receptor, IL-6, CD80 and CD86 (involved in T cell co-

stimulation) and CD20 (expressed by B cells) (Smolen et al. 2018).

In RA, the mentioned pharmacological treatments should be combined with
non-pharmacological treatments. Education is important for social support
and getting some advice to front a disease with a high incidence of
depression (Kwiatkowska et al. 2018). Patients with RA tend to have
sedentary behaviour (SB) or physical inactivity, feeling weak and fatigue.
SB or physical inactivity aggravates inflammation affecting muscle density
and weakness (Fenton et al. 2018). More recently, studies report that
personalised exercise therapy improves the wellbeing and reduces pain in

patients with RA (Strasser et al. 2011).
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Table 1.2: Summary of the main features of osteoarthritis and rheumatoid arthritis.

Osteoarthritis (OA)

Rheumatoid arthritis (RA)

Cause

Prevalence
Age

Symptoms

Pathology

Treatment

Wear and tear, injury and inflammatory response

Higher prevalence in women than men
Most common age from >40 years (aging)
Localised in the joint:

Pain, stiffness <1h, muscle weakness, physical disability

Synovium inflammation, cartilage degradation, bone spurs

¢ Pharmacological: paracetamol, NSAID, opioids
¢ Non-pharmacological: personalised exercise,
education, nutrition, surgery

Autoimmune disorder and inflammatory response

e Seropositive: production RF, ACPAs
e Seronegative: genetic and environmental factors

Higher prevalence in women than men
Most common age: 20-60 years
Throughout the body:

Pain, stiffness >1h, muscle weakness, physical disability, fatigue,
depression, joint swelling and deformation

Synovium inflammation, pannus, bone resorption, cartilage degradation

e Pharmacological: NSAID, DMARD
¢ Non-pharmacological: education, personalised exercise
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1.3. Inflammation
1.3.1. Osteoarthritis

Even though inflammation in OA is lower than in RA, synovitis plays an
important role in disease progression. It is unknown yet how inflammatory
response starts in OA. There are more evidences suggesting that there is
an autoimmune compound initiating inflammation (Scanzello et al. 2011).
Matrix fragments and products released during cellular stress can activate
the innate immune response via pattern-recognition receptors known as
Toll-like receptors. The cellular response activates the specific transcription
factors leading to the production of multiple pro-inflammatory mediators
including cytokines and chemokines that can cause local tissue damage
and activate macrophages and innate immune cells T and B (Benito et al.
2005). The immune and inflammatory response initiates the release of
cytokines TNFa and IL1B in the synovium helping to initiate cartilage
degeneration (Goldring 2001). It creates a vicious cycle provoking more
inflammation and therefore more cartilage being degraded. TNFa and IL13
stimulate the synthesis of the enzymes responsible for inhibiting the
synthesis of collagen and proteoglycans in the cartilage matrix and
produces other cytokines (IL-6 and IL-8), stimulate proteases and
prostaglandin production (Martel-Pelletier 2004). TNFa and IL13 are mainly
released by macrophages in the synovium, and that initiates the activation
of chondrocytes. The depletion of macrophages in vitro showed a reduced
amount of the cytokines TNFa and IL1B as well as IL6 and IL8 by fibroblasts

(Bondeson et al. 2006).
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Table 1.3: Summary of immune cells present in synovium of OA joint as a response

to inflammation.

Inflammatory cell ' Function

Macrophage The most predominant inflammatory cell in synovium. It
possess pattern-recognition receptors (PRRs) such as TLRs
that recognise endogenous damage associated molecular
patterns (DAMPs) such as extracellular matrix fragments,
releasing inflammatory cytokines (TNFa, IL-6). Activates the
chondrocytes for cartilage degradation TLR, osteophyte
formation via bone morphogenetic protein (BMP) and fibroblast-
like synoviocytes. Phagocytosis.

T cell Considerable number of cells in synovium. Recognises the
pathogen or DAMP presented by macrophages, to start
adaptive immune response.

B cell Low number of cells in synovium. Synthetises the antibodies for
adaptive immune response against the pathogen or DAMP.

Plasma cell Low number of cells in synovium. Secretes the antibodies for
DAMP synthesised by B cell.

Mast cell Low number of cells in synovium. Releases cytokines and
inflammatory products such as prostaglandins, responsible of
pain.

(Mathiessen and Conaghan 2017; de Lange-Brokaar et al. 2012)

1.3.2. Rheumatoid arthritis

Joint swelling in RA reflects the synovial inflammation as a consequence of
the infiltration of immune and inflammatory cells. The cellular composition
of synovitis in rheumatoid arthritis includes innate immune cells
(monocytes, dendritic cells, mast cells, and innate lymphoid cells) and
adaptive immune cells (T-helper-1 and T-helper-17 cells, B cells, and
plasma cells). The inflammatory milieu in the synovial compartment is
regulated by a complex cytokine and chemokine network leading to the
induction or aggravation of the inflammatory response by activating
endothelial cells and attracting immune cells to accumulate within the
synovial compartment. To start the mechanism is required that an
autoantigen or foreign peptide is presented by an antigen-presenting cell

22



(APC) to the T cells via the major MHC class II. The T cell becomes
activated releasing lymphokines that can activate macrophages and
activate B cells that start producing autoantibodies against the antigen
recognised in the synovium. The immune complex, formed when
autoantibodies bind to its autoantigens, can bind to macrophages and other
cells activating them and secreting pro-inflammatory cytokines TNFa and
IL-6. Fibroblast from synovium that express RANKL can activate
macrophages to differentiate to osteoclasts that resorb bone (Redlich and
Smolen 2012). The presence of TNFa and IL-6 can also activate
chondrocytes to secrete enzymes like prostaglandins and MMPs to degrade

cartilage (See review Aletaha and Smolen 2018) (Figure 1.3).

As consequence of the development of inflammatory and immune
mechanisms in the synovium and spreading to the joint, it is suggested that
the cytokines released can also impact to other tissues such as skeletal
muscle (Varadhan et al. 2017). TNFa influences satellite cell proliferation
stimulating the production of catabolic cytokines, which is associated with
loss of muscle mass (Farber and Mannix 2000). IL-6 levels increase after
exercise and are an essential regulator of muscle stem cell-mediated
hypertrophy (Pedersen and Febbraio 2008; Serrano et al. 2008). However,
chronic inflammation and levels of IL-6 are associated with muscle wasting
by decreasing pro-myogenic factor and IGF-1 (Ahmed et al. 2007). The anti-
inflammatory cytokine IL-10 plays an important role in regulating
inflammatory response in muscle, inhibiting TNFa and IL-6 amongst other
pro-inflammatory cytokines (Fiorentino et al. 1991). The protective effects

of IL-10 are linked to the ability of this cytokine to convert M1 macrophages
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to the more regenerative M2 macrophages and the prevention of TNFa
induced phosphorylation of JINK and upregulation of IL-6 (Strle et al. 2007).

Muscle inflammation will be discussed in section 1.7.
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Figure 1.3: Inflammatory and immune response in the joint of RA. From left to right:
activation of the immune system (T cells and B cells) via recognising the autoantigen
generates autoantibodies and releases inflammatory cytokines that activate macrophages.
The conjunction of cytokines differentiates macrophages to chondrocytes to degrade
cartilage and osteoclasts for bone resorption. Refer to main text for abbreviations and

detailed description of the mechanism. Image from (Aletaha and Smolen 2018).

24



1.4. Animal models of arthritis

Pre-clinical models are essential in research, allowing to do numerous
experiments in a considerable short time and to extract any targeted tissue.
They reproduce some aspects of the disease seen in patients with arthritis,
mimicking symptomatic aspects and joint deterioration. Each animal model
differs on advantages and disadvantages as they develop differently the
pathological features of the disease. Therefore, it is critical to determine the
hypothesis being tested in order to choose the appropriate model. Most
models of arthritis are performed in rodents and small animals rather than
big ones. Additionally there are non-animal alternatives such as cell lines
culture from cartilage, synovium and other tissues relevant for the study

originals from animal and patient samples.

1.4.1. Animal models of OA

The most used animal models for knee OA are mouse and rat, although
models in rabbit, guinea pig, dog, sheep, horse and pig can be performed.
Models of knee OA are induced by a chemical compound or surgery. The
chemical compound used, generally, is the monosodium iodoacetate (MIA).
The MIA model consists of an intra-articular injection of monosodium
iodoacetate in the knee joint, which is and inhibitor of anaerobic glycolysis,
inducing cartilage degradation by killing chondrocytes in the marginal zone
(Bendele 2001). Results with the progressive loss of proteoglycans, the
atrophy of the collagenous matrix and osteophytes formation (Guingamp et
al. 1997). The MIA model is commonly used to study the morphological

structure of the knee joint in OA and the development of pain, starting two
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weeks after injections (Mapp et al. 2013a). This model was not adapted to
this study due to the metabolic response induced by the monosodium

iodoacetate.

The surgical models consist on destabilising the joint by transecting
ligaments or the meniscus, causing post-traumatic OA and joint mechanical
stress. A well stablish model is the medial meniscus transection (MNX),
which consists on the transection of the medial collateral ligament (MCL)
exposing the meniscus to cut it at its narrowest point (Janusz et al. 2002).
It destabilises the joint for any movement, and the progressive degenerative
changes start occurring by 3-6 weeks post-surgery. Cartilage degenerates
quickly accompanied by proteoglycan loss, osteophytes formation and
synovitis. Lesions are reasonable consistent if the surgery is also
consistent. The lesions are morphologically similar to human disease
occurring more rapidly. Therefore, it is extensively used for testing the
protective effects of pharmaceutical treatments (Bendele 2001). MNX is
also used as osteoarthritic pain model. Weight-bearing and paw withdrawal
thresholds start becoming different than sham surgery from the second
week after surgery (Mapp et al. 2013a). There is a variety of surgical models
including anterior cruciate ligament transaction (ACLT) and combined with
meniscus transection in rodents. Different strains respond differently to the
surgeries, being Lewis, Sprague Dawley and Wistar rats the most used.
They differ on the lesions of the joint pathology, being more severe in the
outer proximal tibia in Lewis and in the middle and inner thirds in Sprague
Dawley (Gerwin et al. 2010). In mouse, the destabilisation of the medial

meniscus (DMM) model is the most used. Alternatively, OA can naturally
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occur in the Dunkin Hartley Guinea pig and in big animals (pig, horse, etc)
(Bendele 2001). The spontaneity of OA may appear by aging and due to

heavy weight bearing as well as by genetic modifications.

1.4.2. Animal models of RA

Models of RA are induced by an autoimmune response against an agent,
called rodent models of immune-mediated arthritis (RMIA). The
susceptibility to immune-mediated arthritis induction is limited to certain
strains. For rats, the inbred Sprague Dawley and Lewis strains are the most
susceptible to arthritis induction, and they are not equally vulnerable to all
arthritogenic agents. The induced RMIA result from the injection of a
specific insult. The adjuvant-induced arthritis (AlA) model is induced by an
injection of a specific chemical with incomplete Freund’s adjuvant, most
commonly the heat-killed Mycobacterium tuberculosis. Rats are susceptible
to all the AIA models while mice are resistant to the majority of them

(Yoshino, Murata, and Ohsawa 1998).

The collagen-induced arthritis (CIA) model of RA is induced by intradermal
injection of emulsified collagen type Il from porcine or bovine (in the
majority) with IFA or complete Freund’s adjuvant (CFA). It can be induced
with two injections (100 ul) in the base of the tail or several injections
(around 10) in the back, achieving a severer model. The onset of disease
varies between animals, starting with the hind paws from day 14 after
injections. It is characterised by body weight loss, progressive inflammation
and skeletal erosion in the hind paws in the acute phase. After that, the

chronical phase, the lesions reach the plateau point in both hind and fore
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paws. This model is performed in female Lewis rats due to the high
susceptibility (Bolon et al. 2011). It is used to study any aspect of immune
progression of RA disease, pathological changes and pain development.
Additionally, it is a good model to study the muscle wasting progression in
RA, which mimics the rheumatoid cachexia identified in patients with RA

(Alabarse et al. 2018).

1.5.Regulation of skeletal muscle mass

Skeletal muscle represents the largest organ in mammals and its atrophy
can occur in catabolic states, such as denervation, energy restriction,
inactivity, acute trauma and inflammation and chronic disease. Muscle
atrophy is due to unbalanced protein turnover. It can occur as a result of
decreased protein synthesis and/or increased protein degradation inducing

loss of muscle mass and body weight, weakness and increased disability.

Muscle atrophy is conditioned by fibre composition, which influences the
response to external stimuli such as during exercise, inflammation and
muscle disuse. Classically, the fibre types are defined as slow-twitch (type
1) and fast-twitch (type 2) muscles, depending on the contractile properties.
The fast fibres can be classified as type 2A, 2B and 2X, determined by the
presence of different myosin heavy chain isoforms gene expression.
However, humans only have the presence of fibres type 1, 2A and 2X while
rodents have all four fibre types, including type 2B (Schiaffino and Reggiani
2011). Additionally, fibre composition can be classified regarding their
metabolic energy production being type 2X and 2B the most glycolytic and
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type 1 and 2A the most oxidative (Talbot and Maves 2016). Glycolytic fibres
produce ATP mainly by anaerobic process due to restricted oxygen
availability whereas oxidative fibres produces energy by aerobic conditions.
Muscle fibres have the ability to remodel their phenotypes and adapt to
different uses and conditions. Different muscle-related disorders affect
specific skeletal muscle fibre types. Muscle dystrophies such as Duchene
muscle dystrophy affects fibres type 2X (Pedemonte et al. 1999), obesity
and type 2 diabetes presents a reduction of type 1 fibres and more type 2
fibres (Oberbach et al. 2006; Mootha et al. 2003), inactivity atrophies type
1 fibres and increases the presence of type 2 (Gallagher et al. 2005), aging
cachexia and sepsis atrophies type 2 fibres (Tanner et al. 2002; Nilwik et

al. 2013).

The atrophy of different fibre types are associated to the ability to regulate
protein turnover. Muscle disuse, denervation and immobilisation cause
muscle mass loss mostly reducing protein synthesis activity. These
situations are associated with inhibition of protein synthesis in both human
and animal models in slow-twitch muscles while fast-twitch muscles are
associated with reduced protein synthesis and activated protein
degradation under malnutrition and inflammatory states (fasting, diabetes,

sepsis, cancer cachexia) (Ciciliot et al. 2013).

Animal models have been used extensively to determine the mechanisms
underlying in muscle atrophy. However, some differences have been
detected comparing to humans. Several studies in animal models have
identified that muscle protein synthesis is less and protein breakdown

greater following cast immobilisation (Kobayashi et al. 2006). Instead, in
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humans, it is suggested that protein synthesis is the main mechanism
leading to muscle loss after immobilisation (Murton and Greenhaff 2010).
The reason for these controversies may become from the stress caused by
the handling and manipulation inflicted in rodents compared than in

humans.

In contrast, muscle atrophy under inflammatory conditions, where several
pro-inflammatory cytokines (IL-6, IL-1, TNFa, CRP, etc) are released, is
thought to be mediated by less protein synthesis and a marked protein
breakdown in animals and humans. In rodents, high levels of the mentioned
cytokines increased protein breakdown (Haddad et al. 2005; Frost et al.
2007), which was attenuated by their inhibitors (Zamir et al. 1992). In critical
il humans, muscle atrophy is associated with a slow decrease of protein
synthesis and marked elevated protein breakdown (Puthucheary et al.
2013). Therefore, the main muscle protein synthesis and breakdown
mechanisms regulating muscle mass and atrophy are described in this

section.

1.5.1. Muscle protein synthesis

The control of muscle growth is mediated by the regulation of protein
synthesis and degradation as well as myogenic factors. Dietary factors,
such as amino acids, and exercise stimulate muscle protein synthesis
(Kumar et al. 2009; Pasiakos and McClung 2011). Protein synthesis is
initiated with the translation of the encoded mRNA to peptides by the
ribosome complex and tRNAs (Pain 1996). The PI3K-Akt-mTOR signalling

pathway and the negative regulator myostatin regulate muscle protein
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synthesis (Bodine et al. 2001a; Lee and McPherron 2001), which are

explained below.

1.5.1.1. The IGF1-PI3k-Akt signalling pathway

Insulin-like growth factor (IGF1) and insulin can bind to the IGF1 receptor
and insulin receptor (InsR). The binding to IGF1 receptor leads to activation
of the intrinsic tyrosine kinase and autophosphorylation. Then, insulin
receptor substrate-1 (IRS1) is phosphorylated, which recruits and activates
phosphatidylinositol-3-kinase (PI3K). PI3K catalyses the formation of
phosphoinositide-3,4,5-triphosphate (PIP3) from PIP2. This leads to the
phosphorylation and activation of Akt at threonine3%® and serine*’® sites by
the phosphoinositide-dependent kinase 1 (PDK1), resulting with its
translocation to the inner plasma membrane. Akt activates protein
synthesis, via the mammalian target of rapamycin (mTOR), and glycogen
synthase kinase 3B (GSK3[3). Then, Akt also inhibits protein degradation by
phosphorylating and repressing Forkhead box O (FOXO) (See review

Manning and Toker 2017).

In protein synthesis, the phosphorylation of GSK3B by Akt releases the
inhibition of the factor eukaryotic initiation factor 2B (elF2B) to initiate
protein synthesis (Rhoads 1999). Akt also activates mammalian target of
rapamycin  (MTOR) phosphorylating and activating p70S% and
phosphorylating and releasing the inhibitory effect of eukaryotic initiation
factor 4E binding protein 1 (4E-BP1) to dissociate from elF-4E and initiate

protein translation (Terada et al. 1994). Therefore, induced activation of Akt
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in both in vitro and in vivo cause hypertrophy (Bodine et al. 2001a; Blaauw

et al. 2009). See figure 1.4.

1.5.1.2. Myostatin

The loss of muscle mass can also be conducted by myostatin, a negative
regulator of muscle growth member of the tumour growth factor-g (TGFp)
family and expressed predominantly in the skeletal muscle (Lee and
McPherron 2001). When myostatin gene was modified in animal models,
they developed hypertrophic phenotype in the mice, sheep and cattle and
increased of muscle mass was found when loss of function of myostatin in
humans (Clop et al. 2006; Schuelke et al. 2004). Thus, the overexpression

of myostatin can mediate the loss of muscle mass.

1.5.2. Muscle protein breakdown

Numerous diseases whereby are conditioned by acute and chronic
inflammatory states, protein synthesis declines and protein breakdown
dominates muscle wasting (Williams, Sun, et al. 1999; Thomas and Mitch
2013) by the activation of both ubiquitin-proteasome system (UPS) (Gomes
et al. 2001; LECKER et al. 2004) and lysosomal-autophagy proteolytic
pathways (Zhao et al. 2007; Mammucari et al. 2007). Microarray studies
have identified a set of atrophy-related genes called atrogenes, encoding
ubiquitin, proteasome subunits, ubiquitin ligases and proteins that mediate
lysosomal-autophagy activity, under various wasting conditions (Gomes et
al. 2001; LECKER et al. 2004), which are also regulated by Akt-FOXO

signalling pathway.
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Figure 1.4: IGF1-PI3K-Akt signalling pathway regulating protein synthesis and
degradation in the skeletal muscle. Activating PI3K-Akt signalling via phosphorylation
from IGF1 receptor and IRS1 leads to protein synthesis and inhibits FOXO, which regulates
the atrogenes expression for protein degradation. Myostatin has a role on inhibiting PI3K-
Akt signalling and therefore activating protein degradation. For detailed information, refer
to the text on sections 1.5.1. and 1.5.3. Arrows represent activation and bars represent
inhibition.

The mentioned mechanisms regulating protein breakdown in muscle are

described below.

1.5.2.1. Ubiquitin-proteasome system

There are two muscle ubiquitin ligases markedly induced in several types
of muscle atrophy and used as markers of accelerated proteolysis: muscle-
specific RING-finger 1 (MuRF1 also known as TRIM63) and muscle atrophy

F-box (MAFbx also known as atroginl and Fbxo32) (Gomes et al. 2001).
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When using knock out mice for MAFbx and MuRF1, they were resistant to
muscle denervation-induced atrophy (Bodine et al. 2001). Consistent with
these findings, it was suggested that MAFbx and MuRF1 might, in part, be
responsible for the UPS-mediated muscle protein degradation observed
during muscle atrophy conditions (Glass 2003). MAFbx catalyses the
degradation of proteins promoting protein synthesis such as factor
eukaryotic initiation factor 3 subunit 5 (elF3-f) (Csibi et al. 2010) as well as
MyoD, involved in muscle development and differentiation (Tintignac et al.
2005). MuRF1 catalyses the ubiquitination and degradation of myofibrils
and components of the cytoskeleton (Clarke et al. 2007; Cohen et al. 2009).
The UPS is required to remove sarcomeric proteins in response to changes
in muscle activity (Bonaldo and Sandri 2013). Intact myofibrils are unable
to be degraded directly by UPS thus an additional proteolytic system has
been suggested to be responsible for the initial cellular degradation,
specifically involving increased caspase-3 and/or calpain activity
(WILLIAMS, DECOURTEN-MYERS, et al. 1999). The UPS is an ATP
dependent process that involves degradation of target proteins by the
addition of ubiquitin molecules via the activity of 3 enzymes (E1, E2 E3).
Briefly, ubiquitin binds to Ub-activating enzyme E1 via ATP-dependent
process and is transferred to the Ub-conjugating enzyme E2. Then Ub-
ligase enzyme (E3) (MAFbx and MuRF1) transfers the ubiquitin to the target
protein (Passmore and Barford 2004). The process is repeated until four
ubiquitin residues are bound to the target protein to be recognised by the
26S proteasome, which degrades the proteins into short oligonucleotides

(Thrower et al. 2000). The proteolytic UPS system is depicted in Figure 1.5.
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Figure 1.5. Representation of the ATP-dependent ubiquitin-proteasome system
(UPS) pathway for protein degradation. The binding of 4 ubiquitin is needed to flag the
target protein to be degraded. Ubiquitin is transported to the protein target by an ATP-
dependent process involving three sets of enzymes: E1 (ubiquitin-activating enzymes, E2
(ubiquitin-conjugating enzymes) and E3 (ubiquitin-ligases). The flagged protein is

degraded by the 26S proteasome, and ubiquitin is recycled.

1.5.2.2. Lysosome-autophagy system

Autophagy and endocytosis are important processes to select cell
components to be degraded due to constitutive conditions and in response
to various stimuli, such as cellular stress and cytokines amongst other
pathologies (Mizushima et al. 2008). Extracellular and membrane
components are delivered to lysosomes by endocytosis while cytosolic
constituents and organelles are delivered through autophagy process. The
lysosomes are membrane-bounded vesicles that have an acid lumen (pH

4-5) containing high concentrations of acid hydrolases and therefore able
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to degrade a variety of macromolecules. Proteins are first denatured in the
acid lumen of lysosomes and then degraded by cathepsins (Bechet et al.
2005). Cathepsins are the major ubiquitous lysosome proteases and
expressed in low levels in the skeletal muscle to degrade myofibrillar
proteins. It has been reported that cathepsin L is the major lysosome
protease in skeletal muscle and it is upregulated under muscle atrophy
conditions, being recognised as a general marker of atrophy (Deval et al.
2001). It was found up-regulated in models of muscle wasting such as
sepsis rats treated with pharmacological doses of synthetic glucocorticoids
(e.g. dexamethasone), disuse atrophy in rodents and type 2 diabetes (Deval

et al. 2001, Taillandier et al. 1996; Huang et al. 2003).

1.5.3. Cross-talk between muscle protein synthesis and breakdown

The IGF1-PI3K-Akt signalling pathway regulates both protein synthesis and
breakdown in muscle cells. The phosphorylation of the signalling pathway
activates protein synthesis through Akt-mTOR activity and inhibits FOXO
activity. When depleted Akt activity, muscle results in atrophy by reducing
protein synthesis and activating FOXO and downstream atrogenes (Stitt et
al. 2004). FOXO, recruited in the cytoplasm by Akt phosphorylation,
becomes activated when is dephosphorylated and is translocated to the
nucleus. It is then when FOXO downstream transcription factors are
activated. Both, atrogenes MAFbx and MuRF1 mediating UPS activity and
cathepsin L mediating lysosome activity, promote the degradation of
proteins and thereby muscle atrophy (LECKER et al. 2004; Yamazaki et al.
2010). Simultaneously, it was reported that myostatin might upregulate
atrogenes controlled by FOXO in muscle cell cultures. Indeed, treatment
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with myostatin blocked the IGF-PI3K-Akt pathway activating FOXO1 and
expression of MAFbx (McFarlane et al. 2006). Hence, the regulation of
myostatin expression via FOXO supports the concept that the myostatin
pathway synergies with Akt-FOXO signalling (Allen and Unterman 2007).
However, the effects of myostatin inhibition on muscle growth are likely to
be independent of the Akt pathway (Goncalves et al. 2010). For visual

description see figure 1.4.

1.6.Regulation of skeletal muscle carbohydrate metabolism

In skeletal muscle atrophy conditions, energy metabolism becomes altered
by modulated intermediary factors. Specifically, the IGF-PI3K-Akt signalling
pathway regulates glucose uptake and carbohydrate utilisation. In several
occasions, inflammation and atrophy results with insulin resistant states in

skeletal muscle.

As mentioned earlier, insulin can bind to IGF receptor and insulin receptor.
The binding of either insulin or IGF to both IGF receptor and InsR trigger
the phosphorylation of IRS1 activating its downstream factors. Thus, insulin
availability also inhibits protein degradation by the modulation of mMTOR and
FOXO factors in the PI3k-Akt signalling pathway explained in the section
above. Indeed, protein degradation is decreased in skeletal muscle in
response to physiological increases in plasma insulin (Gelfand and Barrett
1987). In numerous in vitro experiments have been demonstrated that high
concentrations of insulin stimulates protein synthesis and reduces protein
degradation in rodents (Kimball SR 1998). Conversely, reduced insulin

availability reduces the rate of protein synthesis in rat skeletal muscle

37



(Kimball SR 1998). It is well established that insulin exerts a diverse range
of metabolic effects including stimulation of glucose uptake and synthesis
of glycogen in skeletal muscle and increase of lipids synthesis and a

decrease of lipolysis in adipose tissue (Wilkes et al. 2009).

The phosphorylation and consequent activation of Akt lead to the
translocation of glucose transporter-4 (GLUT4) receptors to the plasma
membrane to allow glucose uptake into the muscle (Kohn et al. 1996). In
muscle, glucose is then stored as glycogen by glycogen synthase (GS) or
catabolised to pyruvate and lactate by glycolysis. In normal aerobic
conditions, the pyruvate dehydrogenase complex (PDC) catabolises
pyruvate to acetyl-CoA which is degraded by the tricarboxylic acid (TCA)
cycle to generate reducing equivalents for the electron transport chain. In
conditions of increase metabolic demand, pyruvate is catabolised to lactate
when the rate of pyruvate production exceeds the rate of mitochondrial
pyruvate use. The inhibition of PDC activity can result in hyperlactatemia.
In normal conditions, PDC is regulated by pyruvate dehydrogenase
phosphatase (PDP), which stimulates its activity. In inflammation, the
activation of FOXO by its dephosphorylation initiates the transcription of
pyruvate dehydrogenase kinase 4 (PDK4), which inhibits PDC (Constantin-
Teodosiu 2013). PDC is localised in the mitochondrial membrane, which
contains the pyruvate dehydrogenase (PDH) necessary to metabolise
pyruvate from glycolysis to acetyl-CoA. See figure 1.6 for schematic

representation.
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Figure 1.6: Signalling pathway regulating carbohydrate metabolism. PI3K-Akt
signalling pathway regulated by IGF1 and IRS1 activates glucose uptake via GLUT4
receptor. Glucose catabolism is mediated via PDC to transform pyruvate to Acetyl-CoA
and be metabolised by the TCA cycle to produce energy via electron transport chain
(aerobic process). PDC activity is activated by PDP and inhibited by PDK4, which is
regulated by FOXO. When PDC is inhibited, pyruvate is converted to lactate (anaerobic

process). Refer to text for details and abbreviations on section 1.6.
1.6.1. Inflammation and muscle disuse-induced insulin resistance

Skeletal muscle is the main organ with glucose uptake activity in the body
(80% in men) (Lorenzo et al. 2008). Therefore insulin sensitivity and insulin-
stimulated glucose uptake are strongly regulated in the skeletal muscle
being the major site for insulin resistance (IR). Muscle IR results from
abnormal insulin concentrations in blood or a failure in the machinery of
insulin-mediated glucose uptake in the muscle. Catabolic diseases,

including sepsis, chronic kidney disease (CKD), ageing and immobilisation
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are frequently associated with muscle IR (Dardevet et al. 1994; Kobayashi
et al. 2005). Insulin resistance develops in reduced ambulatory activity, after
3-14 days (Olsen et al. 2008). The mechanism whereby muscle insulin
resistance develops under inflammation and muscle disuse is associated
with the PI3K-Akt pathway. In rodents, hind limb immobilisation resulted
with a decline of IRS1 protein expression and Akt activity (Hirose et al.
2000). Immobilisation in humans blunted Akt phosphorylation and reduced
GLUT4 protein expression resulting with less glucose uptake and muscle
glycogen synthase activity (Mortensen et al. 2014; Bienso et al. 2012). In
inflammation, such as sepsis, insulin resistance accompanied by
hyperlactatemia may be triggered by impaired PDC activity as a result of
PDK4 upregulation (Alamdari et al. 2008). It has been shown that insulin
may suppress PDK4 upregulation by phosphorylating the PI3K-Akt-FOXO
pathway (Kwon et al. 2004) and therefore IR states result in increased
PDK4 and consequent inhibition of PDC activity in muscle (Furuyama et al.

2003; Kim et al. 2006).

1.7.Muscle atrophy and insulin signalling in inflammation and arthritis

Inflammation and muscle disuse are often associated with muscle wasting
and important metabolic alterations. As mentioned in section 1.3, the low
inflammatory response is associated with OA, which is locally found in the
tissues belonging to the joint in OA, whereas severe systemic inflammation

is found in RA. Both types of arthritis correlate with comorbidities appearing
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in mid and late stages of disease (hypertension, obesity, diabetes,

dyslipidaemia, etc) (Soubrier et al. 2014; Breedveld 2004).

Muscle weakness is commonly observed in patients with early and
established OA (Lewek, Rudolph, and Snyder-Mackler 2004) and in
patients with RA (Helliwell and Jackson 1994). Muscle atrophy and
metabolic dysfunction are mediated by non-inflammatory conditions and
muscle disuse including limb immobilisation, bed rest or spinal cord injury,
and by inflammatory conditions including sepsis, cancer cachexia and
chronic diseases such as CKD and COPD. Muscle dysfunction in OA mainly
affects type Il fast-twitch muscle fibres, which are atrophied in patient’s
quadriceps (Fink et al. 2007), as well as in RA (Gémez-SanMiguel et al.

2016).

In patients and several models of OA, muscle weakness has been
correlated to loss of muscle strength rather than atrophy with a 12%
reduction of cross-sectional area in quadriceps, which may be concomitant
to muscle disuse (van der Poel et al. 2016; Slemenda et al. 1997; Ikeda,
Tsumura, and Torisu 2005). In contrast, RA is a systemic disease with well-
established inflammatory state and consequent muscle atrophy
(rheumatoid cachexia) (Roubenoff et al. 1994) where there is a clear
reduction of muscle mass as well as strength (Cooney et al. 2011). In both
OA and RA, muscle wasting and insulin resistance could be driven not only
by inflammation but also decreased physical activity attributable to pain.
However, the trigger of immobilisation induced insulin resistance is

unknown.
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Since arthritis results in elevated joint and plasma concentrations of pro-
inflammatory cytokines (at least in RA), it is possible that they are, at least
in part, responsible for triggering the molecular changes that lead to muscle
atrophy during arthritis. Studies in tumour-bearing animal models and
sepsis demonstrated that pro-inflammatory cytokines are mediators for
accelerated proteolysis, primarily by the UPS, and lysosomes with less
extend (Gomes et al. 2001; Baracos et al. 1995). TNFa can induce genes
involved in proteolysis by UPS in cultured muscle cells (Bhatnagar et al.
2010; Llovera et al. 1996). With more precision, local inflammation in the
tibiotarsal joint of the rat resulted with increase TNFa, atrogenes MuRF1
and MAFbx and myostatin in the tibialis anterior muscle (Carolina Ramirez
2011). Accordingly, in models of RA, skeletal muscle resulted with a
reduction of cross-sectional area as an indicator of muscle wasting and
increased levels of atrogenes MuRF1, MAFbx and TNFa in gastrocnemius
(Gomez-SanMiguel et al. 2016). The anti-TNFa therapy (DMARD) is used
in patients with RA with a positive reduction of disease activity but does not
improve body composition and muscle mass (Metsios et al. 2007). The anti-
TNFa treatment in patients with cancer-associated did not prevent muscle
atrophy (Jatoi et al. 2007) probably due to the contribution of other pro-
inflammatory cytokines like IL-6, which correlate with weight loss in cancer
(Ebrahimi et al. 2004). Indeed, the infusion of IL-6 in healthy volunteers led
to muscle protein degradation (van Hall et al. 2008), and it can be
ameliorated by IL-6 targeted antibodies (Strassmann et al. 1992). A good
anti-IL6 treatment can be the tocilizumab, a DMARD currently administered

in patients with RA (Tournadre et al. 2017). In parallel, pro-inflammatory
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cytokines also regulate lysosome-autophagy complex. IL-6 mediates
muscle atrophy and is associated with increased muscle cathepsin-L
(Tsujinaka et al. 1995). Tumour-bearing animals treated with an inhibitor of
TNFa reduced cathepsin-L in muscle (Tsujinaka et al. 1995). Keeping in
line, muscle loss mediated by myostatin was seen in a model of RA
(Castillero et al. 2011), being also associated with insulin resistance in

muscle fibres (Hittel et al. 2010).

Accordingly, it is likely that cytokines also modulate muscle metabolic
dysfunction associated with insulin resistance and carbohydrate oxidation
during inflammation. Albeit alternative pathways may also be important,
Akt-FOXO activity appears to be crucial in both muscle atrophy and insulin
signalling. Catabolic states with acute and chronic inflammation strongly
associated with insulin resistance and dysregulation of carbohydrate
oxidation (Dardevet et al. 1994). A genetically modified insulin-resistant
mouse (db/db) mediated by dyslipidaemia was found to have increased
UPS-dependent protein degradation, which was correlated to impaired Akt-
FOXO signalling. These effects were then reversed with the administration
of an insulin sensitizer (rosiglitazone), whose anti-inflammatory effects
improved insulin signalling through PI3K-Akt signalling and suppressed
muscle proteolysis (Wang et al. 2006). In inflammatory states such as
obesity and diabetes, IL-6 is correlative to IR (Al-Khalili et al. 2006). 1L-6
induces IR by blocking PI3K-Akt signalling, which reduces glucose uptake
by impaired GLUT4 and IRS1 as well as glycogen synthesis (Yin et al.
2014). In fact, in the CIA model of RA, the expression of sensitivity genes

GLUT4, IRS1 and IRS2 were lower than in control rats (Arias de la Rosa et
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al. 2018). In arthritis, patients tend to present symptoms of muscle
weakness and insulin resistance, which may end with further complications
resulting in diabetes and cardiovascular disease (Soubrier et al. 2014;
Nicolau et al. 2017). The most common cause of premature death in arthritis
is a cardiovascular disease (Radner et al. 2017). The physiological and
molecular process whereby patients with arthritis develop alterations in
muscle protein metabolism and insulin sensitivity are not yet identified. It is
well known that there is a disruption on carbohydrate and lipids metabolism
in metabolic tissues from RA models (Arias de la Rosa et al. 2018). The
mechanisms whereby metabolic dysfunction is driven are numerous.
However, it may be partly regulated by Akt-FOXO signalling. It was
demonstrated in sepsis that FOXO-derived transcription factors might
mediate carbohydrate oxidation. It was seen that a decrease of
phosphorylated Akt and FOXO led to PDK4 accumulation, which regulates
PDC activity (Crossland et al. 2008). Especially, IL-6 induced increased
PDK4 and affected PDH activity in muscle from fed and fasted rats (Biensg
et al. 2014). Patients with OA with decreased muscle strength presented
increased FOXO expression in vastus lateralis (Levinger et al. 2016) as well
as in a rat model of RA (Gémez-SanMiguel et al. 2016) but not Akt. Hence,
it is unclear the existence of crosstalk on insulin-mediated protein turnover
and carbohydrate metabolism in arthritis as seen previously in sepsis

(Crossland et al. 2008).
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1.8. Aims of thesis

It is well stablished that arthritis pathology involves a complex inflammatory
response including pain and low physical activity that affects the quality of
life. Moreover, inflammation and muscle disuse are factors contributing to
muscle atrophy and insulin resistance increasing morbidities and mortality
rates in arthritis. The complexity of mechanisms and comorbidities in
patients with arthritis hinders the identification of treatments to combat the
disease. Targeting muscle dysfunction will improve the overall health of an
individual and allow them to undertake daily activities with better quality of
life in patients with arthritis. Inflammation and muscle disuse are a major
determinant of arthritis disease pathology, comorbidities, pain and muscle
dysfunction. Therefore, in this thesis, | aimed to identify disease severity
related to inflammation, locomotor activity and muscle deterioration to
understand better the underlying mechanism(s), which may inform the
identification of alternative treatment targets in arthritis. The primary aim of
the thesis is to use established animal models of arthritis to identify the
physiological (physical activity and inflammation) and muscle molecular
events in the EDL (fast-twitch) leading to atrophy and dysregulation of
carbohydrate metabolism, focusing mainly on the PI3K-Akt-FOXO
signalling pathway, and where possible to confirm the translational

relevance in clinical samples.

Objective 1: To identify muscle mass and carbohydrate metabolism function
in a model of OA and its contribution to locomotor activity, pain and

pathology. The experimental model of OA used is a surgical model MNX,
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where the ipsilateral medial meniscus is transacted through its full thickness

provoking the tear and wear of the cartilage (Janusz et al. 2002).

Objective 2: To identify the molecular pathways involved in the muscle mass
loss and dysregulation of carbohydrate metabolism and its contribution to
pain, locomotor activity and pathology in CIA rat model of early RA. A set of
genes (46) from muscle atrophy and metabolic pathways and inflammation
were quantified in the EDL muscle. The CIA model develops RA by an
autoimmune response to bovine collagen type Il inducing ankle swelling,
which is more analogous to human RA (Bendele et al. 1999; Trentham,

Townes, and Kang 1977).

Objective 3: To test the impact of the anti-inflammatory and insulin
sensitising agent rosiglitazone (PPARy agonist) on ameliorating muscle
wasting and metabolic dysfunction in the EDL muscle of CIA rats, identifying
the relevant changes on the genes analysed in Chapter 4 including PI3K-
Akt-FOXO signalling axis (Crossland et al. 2017). Simultaneously, the
protective effects of rosiglitazone would be reflected to paw swelling and

pathology as well as pain and physical activity levels.
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Chapter 2:

General methods
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2.1.Animals and subjects

In this project, we have used two different rat models of arthritis. In
Nottingham, the Pain Centre of Arthritis Research in the UK has established
surgical rat model of meniscal transection MNX, which results in pain
behaviour and knee pathology, mimicking key aspects of the pathology in
human osteoarthritis (Mapp et al. 2013b). This experimental model mimics
the tearing of the medial meniscus in the knee, a common injury. The
second model used is the CIA in rat, which is a model of autoimmune
rheumatoid arthritis that affects the ankle joints in early stages with acute
inflammation. The CIA model has been introduced recently in the ARUK
Pain Centre in Nottingham to study the pain sensory neurons (Nieto et al.
2016). It consists of intradermal injection of bovine collagen type Il to induce

the autoimmune response against the collagen type Il in the joints.

These two animal models were used for the first time to analyse the
metabolic and molecular changes in skeletal muscle at the University of

Nottingham.

All procedures were approved by the University of Nottingham Ethical
Review Committee and were performed under Home Office Project and
Personal Licence authority (Animal Scientific Procedures Act ASPA 1986).
Male Sprague-Dawley rats, weighing 160-180 g, and female Lewis rats,
weighing 150-170 g, were purchased from Charles River UK and housed in
the Biomedical Services Unit, University of Nottingham, for at least seven
days after delivery and before any procedure. Rats were housed in groups

of 3-4 and had free access to standard rat chow and water. Room
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temperatures were maintained at 21 £ 2°C, and the light/dark cycle was 12
h from 7 am to 7 pm. All experiments were carried out under blind conditions
to treatment. Body weights and health checks of rats were monitored

before, during and after each experiment.

Quadriceps mRNA from patients with rheumatoid arthritis was provided by
Dr Rowan Hardy (Institute of Metabolism and Systems Research, University
of Birmingham) and Dr Andrew Filer (Institute of Inflammation and Ageing,
University of Birmingham) as part of research collaboration. mRNA from
vastus lateralis from age-matched healthy volunteers was provided by Prof
Paul Greenhaff (MRC/ARUK Centre for Musculoskeletal Ageing Research,

University of Nottingham).

2.1.1. Anaesthesia

General anaesthesia was administered by inhalation to allow the surgery
and injections to rats (recovery procedures) and by intraperitoneal injection
to harvest limb muscles (non-recovery). The selected inhalation anaesthetic
agent was isoflurane (halogenated ether), a volatile compound which was
delivered with oxygen (Oz). It induces and maintains general anaesthesia
by depression of the central nervous system (CNS). The general
anaesthesia was performed by placing the rats individually in a chamber
with isoflurane 3% in 1 L/min of O2 until no reflexes were observed. When
confirmed, the anaesthetic effect was maintained by an inhalation tube with
isoflurane 2% in 1 L/min of Oz and the rat placed over a heating matt to
maintain the body temperature. Once the surgery or the injections were

completed, rats were placed on a warm heating pad in a new cage and kept
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under observation until recovered. Non-recovery anaesthesia for harvesting
muscles was performed by intra-peritoneal injection with the anaesthetic
agent pentobarbital. One person restrained the rat by the scruff with one
hand and hind limbs with the other hand while a second person injected the
pentobarbital (50 mg/ml) with a 25G, 5/8 inch orange needle to the hub into
the lower abdominal quadrant between the midline and leg at a 45° angle.
The volume injected depended on the body weight of the rat, administering

60 ml/kg (Overmyer et al. 2015).

2.1.2. Medial meniscus transection

OA was induced by surgical transection of the medial meniscus as
described previously in Janusz et al. (2002) and Ashraf, Mapp, and Walsh

(2011).

Briefly, rats underwent to general anaesthesia induced by inhalation with
isoflurane (3%) and oxygen (1 L/min) prior to surgery and maintained (2%
and 1L/min Oz) during surgery. The left leg was taken as ipsilateral, which
was shaved and swabbed with chlorhexidine in order to sterilise the area
under the surgical incision. Rats were placed on a heating matt to preserve
the body core temperature during surgery and covered with a sterile op-
cover with a hole over the area operated. All instruments were autoclaved
before surgery and re-autoclaved in between. An incision on the skin over
the medial part of the joint, by a pair of scissors, allowed access to find the
medial collateral ligament (MCL), seen as a white shadow line under the
muscle layers. The connective tissue and muscle covering the MCL was

cauterised using small vessel -cauteriser (InterFocus Ltd, Linton,
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Cambridge, 18000-00). Bleeding and haemorrhage were stopped
cauterizing the vessel and with a sterile swab or cotton. Then, the MCL was
grasped with rat teeth forceps and cut using straight spring scissors held
flat to the joint to remove it in order to expose partly the meniscus. The skin
was sutured to obtain a Sham surgery of the model. For MNX surgery, the
meniscus was cut through all thickness at its narrowest point with straight
spring scissors. The connective tissue layer was closed with interrupted
stitches using Ethicon coated vicryl 8/0 sutures (NHS supply chain), and the
skin was closed with running suture stitches using Ethicon coated vicryl 4/0
sutures. Finally, some Gluture was administered at the end of the knot to

secure the cicatrisation.

2.1.3. Intradermal injection of Bovine Collagen type Il

Intradermal injections in the base of the tail were performed. Rats were
under general anaesthesia (inhalation with isoflurane (3%) and 1 L/min O2
before and during the procedure). The area at the base of the tail was
shaved and swabbed with chlorhexidine to sterilise the skin. An emulsion
was injected with a 1 ml syringe through 25G, 5/8 inch orange needle,
piercing carefully only the top layer of the skin (epidermis). Hence, the
emulsion remained in the surface in the form of a bubble under the skin.
The emulsion contained bovine collagen type Il (4 mg/ml; MD Bioproducts)
dissolved in acetic acid 10 mM and emulsified 1:1 with Complete Freund’s
Adjuvant (CFA), which was made with 1 mg Mycobacterium Tuberculosis
in 1 ml of Incomplete Freund’s Adjuvant. Two hundred microliters of bovine

collagen type Il emulsion (2 mg/ml) was injected to induce the model of
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arthritis, and 200 pl of CFA emulsified 1:1 in acetic acid 10 mM was injected

as the control.

2.1.4. Blood withdrawal from the tail vein

Blood was collected from the tail vain before, during, and at the end of
experiments. Rats were pre-warmed at 37°C in a heating chamber for 3-5
min and then placed in a restriction red tube to immobilise the animals
without anaesthesia. After checking the nose was well placed and the rat is
breathing normally, the tail was swabbed with chlorhexidine to identify the
lateral vein. Butterfly needles with 21G were injected into the vein to the tall
with and angle <45°. Blood (approx. 0.5-1 ml) was collected in a 1.5 ml tube
containing 50 pl of heparin (1,000 U/ml) on ice. Soon after, the plasma was
extracted by centrifugation at 13.000 rpm for 5 min, and then the
supernatant was transferred to a new tube. The volume of blood was
calculated based on the LASA Guideline, collecting no more than 7.5% in

any 1 week and 10% in any 2 weeks of total blood volume (65 ml/kg).

2.2.0ral gavage

The administration of drugs in rodent animals can be done by different
techniques. The best technique was selected by considering different
factors such as stress for the animal, blinding conditions, number of animals
housing in a cage, experimental design and solubility. Due to blinding
conditions, performing different in vivo techniques on the same day and
maintaining the rats in groups of 4 in the same cage, the oral gavage was

the method of choice. This method, with good training and experience,
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provides convenience for most of the experimental conditions and time,

although it might expose the rats to stress.

The drug was delivered directly into the stomach of animals by soft, flexible
plastic catheters with a protective rounded tip to prevent any internal tissue
puncture during the procedure. The maximum volume administered to a rat
was calculated based on the LASA Good Practice Guidelines (10-20 ml/kg
daily). The rat was restrained by scruffing with its neck extended so that the
head was well controlled and the forelimbs immobilised. The distance from
the oral cavity to the stomach was measured placing the catheter outside
the rat and next to the cavity, and then the limit above the oral cavity was
marked. The syringe (500 ml size) with the correct volume of the drug was
attached to the catheter. It was then rotated slightly to enable smooth
passage throughout the sphincter of the epiglottis and into the oesophagus
until the mark. The liquid was passed gently down through the catheter
placed on a lateral of the mouth, avoiding teeth contact not to perforate it.
Then, it was gently removed in the opposite direction from insertion, and
the rat returned to its cage. All rats were observed after the procedure for

potential complications.

The drug administered to the experimental group contained rosiglitazone
(Bepharm Ltd, China) dissolved in 0.5% (Hydroxypropyl) methylcellulose
(HPMC) (Sigma). The dose given was 10 mi/kg of 8.5 mg Rosiglitazone
suspended in 0.5%HPMC. Control rats received only 0.5%HPMC as a

vehicle.
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2.3.Joint swelling

Both OA and RA are diseases with joint inflammation. Knee joint swelling
for each limb in OA operated rats was measured using digital electronic
calliper (Miyutoyo UK Ltd Andover, UK) before surgery. For the OA model,
joint swelling was only measured if the rat was limping or presented
lameness to ensure the swelling did not exceed 50% of the starting diameter
(adverse event limit). The diameter of the knee joint was measured placing
each part of the calliper on each lateral and medial side of the knee joint.
For the RA model, joint swelling was measured throughout the study, by
placing one side of a digital electronic calliper on the instep and the other
side between food pads. Rats were humanly terminated if the thickness of

hind paws exceeded double of the starting diameter (adverse event limit).

2.4.Pain behaviour measurements

Measurements of weight bearing (WB) and paw withdrawal thresholds
(PWT) were used in this thesis. Similar pain behaviour assessments are

widely used in both arthritic patients and rats (Hendiani et al. 2003).

2.4.1. Weight-bearing

This method compares the difference in weight borne on the ipsilateral and
contralateral limbs of the rat using an Incapacitance Meter (Linton
Instruments, Norfolk, UK). Rats were placed in an angled Perspex box and
were allowed to habituate. Hind paws need to be aligned in parallel such as
each one rests on the corresponding transducer pad. The weight
distribution between the hind paws is recorded during 3 s. The average of

3 consecutive readings was taken and expressed as the difference in
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percentage between each hind limb following the equation bellow (Bove et

al. 2003).
Contralateral — Ipsilateral 100
Contralateral + Ipsilateral
2.4.2. Hind paw withdrawal thresholds

Alterations in hind paw withdrawal thresholds were assessed using
calibrated von Frey monofilaments (Semmes-Weinstein monofilaments)
bending forces from 2, 4, 6, 8, 10, 15, to 26 g in a logarithm scale. Rats
were habituated individually in Plexiglas mesh bottom test cages 15 min
before the test. The Dixon up-down method was used as previously
described (Chaplan et al. 1994; Sagar et al. 2010). Briefly, the plantar
surface of both hindpaws was stimulated with the 4 g filament for 3 s,
commencing with the ipsilateral side. In the case of pain response, lifting
and/or licking the affected paw and flinching, the next lower filament was
used. If there was no pain response, the next upper filament was applied.
After the first threshold response was observed, the lower monofilament
with a stimuli respond was recorded as the PWT. The same procedure was

applied to the contralateral side.

2.5.Physical activity measurements

There are several ways to record the physical activity of rats using either
active (i.e. wheel) or passive methods (i.e. activity boxes). The active
methods may interfere with the molecular and physiology parameters as it
can be interpreted as exercising, whereas the activity boxes are more

appropriate to count only the number of movements a rat normally performs
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in a short time. Therefore, the physical activity test used in this project was
the locomotor activity boxes (LMA). Rats were placed in individual
automated infra-red activity boxes, which consisted of Plexiglas cages
(39.0x23.5x24.5 cm) with wire mesh lids and exchangeable floors, fitted
with a 4x8 horizontal photo-beam configuration (Photo-beam Activity
System-Home Cage, San Diego Instruments, CA). The photo-beam activity
system consists of eight parallel lower beams and four parallel upper beams
in each box. The activity was counted when the consecutive breaking for
two adjacent photo-beams (locomotion) and one upper beam (rear) break.
The beam-break accumulation was automatically recorded over 5 min time

intervals for a certain period.

2.6.Tissue collection

On the last day of the experiment, the tissue needed for further ex vivo
analysis was collected. It included the EDL muscle, rich in type Il muscle
fibres (75.7%) (Soukup, Zachafova, and Smerdu 2002), and joints (knee

and ankle).

2.6.1. Muscle dissection under terminal anaesthesia

The EDL muscle from both hind limbs was removed under terminal
anaesthesia with an intraperitoneal injection of pentobarbital as described
previously (section 2.1.1.). The rat was placed on a heating matt to preserve
the body core temperature while harvesting the muscle. Upon the absence
of the paw withdrawal reflex, elicited by pinching the fore and hind paws
and checking eyes blinking movements, the muscle was removed and

immediately snap-frozen in liquid nitrogen. A portion of muscle was stored
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at -80°C for wet muscle analysis and another portion was freeze-dried over

48 h and stored at -80°C until analysed.

2.6.2. Dissection and mounting of rat tibiofemoral joint

Fresh tibiofemoral joints were collected by cutting mid-femur and tibia with
a bone cutter and removing the excess of skeletal muscle. They were post-
fixed in a tube containing neutral buffered formalin 4% formaldehyde, pH
7.4, at room temperature for 48 h and then it was replaced with phosphate-
buffered saline (PBS). They were then decalcified with a chelating agent to
obtain thin sections of the joints for histology staining. The decalcification
allows to soften the heavy mineralised tissues, such as bone, to produce
soluble calcium salts. The most common chelating agent, and used in the
experiments, is the ethylenediaminetetraacetic acid (EDTA), which is less
harsh than other agents and acts slowly, preserving most of the joint
structures and some enzyme activity (Mepham 1991). The joints were
immersed in 10% EDTA in 10mM Tris buffer with 7.5% [w/v]
polyvinylpyrrolidone [PVP], pH 7, under continuous agitation during 6-8

weeks, changing the EDTA solution once a week.

After decalcification, the joints were split in frontal plane with a rectangular
blade, taking the lateral collateral ligaments as guidance, in two halves and
placed separately in plastic cassettes for processing and embedding. They
were processed by standard histological techniques, in the Shandon
Pathcentre enclosed tissue processor to undergo a series of dehydration
(in alcohol) and clearing (in xylene). Then, the joint tissues were

impregnated with molten wax for the final embedding stage. It consists of
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placing the inner part of the joint facing down into the centre of a metal
mould in a hot-plate, dispensing some warm wax in and the plastic cassette
on the top of the mould. They were placed on a cold-plate to allow the wax
to solidify and then removed from the metal mould. The excess wax was
trimmed from the cassettes and stored at room temperature until required

for sectioning.

2.6.3. Dissection and mounting of rat tibiotarsal joint

Fresh tibiotarsal joints were collected by removing the skin from mid-tibia to
paw digits and cutting tibia with a bone cutter. They were post-fixed in a
tube containing neutral buffered formalin 4% formaldehyde, pH 7.4, at room
temperature for 48 h and then it was replaced with PBS. The decalcification
process was similar to the previously described in section 2.6.2
(tibiofemoral joint). In this case, it was carried out with a weak acid fixation
solution composed of 10% formic acid (90%) and 2% of formaldehyde in an

aqueous solution. Decalcification occurs rapidly in 3 days.

After decalcification, the digits and excess tibia were removed to place only
the ankle in plastic cassettes for processing and embedding as described
previously for the tibiofemoral joint. In this case, the medial part of the joint

was placed facing down into the mould.

2.7.Histopathology of joints

2.7.1. Histology

Once the joints are embedded with paraffin wax in the corresponded
cassette, the sectioning for histopathology was carried out following the

osteoarthritis research international (OARSI) histopathology initiative
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recommendations for histological assessments of osteoarthritis and

rheumatoid arthritis in the rat (Gerwin et al. 2010).

In knee joints, frontal sections are the most commonly used for microscopic
evaluation (Janusz et al. 2002) with both femoral condyles, tibia plateaux,
menisci and synovium (Gerwin et al. 2010). The blocks were trimmed to
obtain a clear section of the tibia plateau and then eight 5 pum coronal
sections of 3 different levels were cut by a manual microtome. The levels

were spaced in 200pm.

In ankle joints, the medial part is the most commonly used to include the
tibiotarsal joint. The blocks were trimmed until the surface of the joint was
exposed. After testing a control joint, it was found that the tibiotarsal joint
starts after 400-500 um trimmed from an intact wax block. At this point, five
8 um sections were cut from 3 different levels, spaced with 60 pm in-

between.

The most frequent stain used for histology is the haematoxylin and eosin
(H&E), which is sensitive enough for scoring following OARSI guideline. It
is often used to analyse tissue morphology. The haematoxylin dye is basic
and has a high affinity for acidic structures which are stained in blue
whereas the eosin dye is acidic and stains the basic structures in pink
(Mepham 1991). The paraffin wax tissue sections were first dewaxed in
xylene and then dehydrated in graded ethanol 100% and 70% before being
washed in distilled water to hydrate for 5 min each step. Then, the first
staining was achieved with Mayer’s haematoxylin for 15 min and rinsing tap

water to differentiate it for 1 min following 20 s of 1% acid alcohol solution
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and back into tap water for 3 min. The second staining was achieved with
1% eosin for 30 s and differentiated under running tap water for 5 min. In
the end, the sections were dehydrated with graded ethanol 70% and 100%
and xylene for 5 min each. They were then drained and covered with DePeX

and cover-slips and allowed to dry.

2.7.2. Joint microscopic scoring

The samples were scored with a conventional microscope starting at 4x

augments up to 40x if necessary.

The model used in this thesis for OA is the surgical MNX model whose most
affected part of the joint is the medial tibia plateau of frontal sections (Mapp
et al. 2013b). The scoring system used for chondropathy and osteophytosis
was the previously described from Janusz et al. (2002), and synovitis was
scored according to the thickness of the synovial lining layer and synovial

cellularity (Mapp et al. 2008).

Chondropathy is the pathological stage of cartilage deterioration. The score
is based on the scale of 0 to 5 where 0 = Cartilage of normal appearance;
1 = Minimal fibrillation in superficial zone; 2 = Mild, fibrillation extends to
upper zone; 3 = Moderate, well into the middle zone; 4 = Marked, well and
gasping into the deep zone; 5 = Severe, full thickness degeneration to the
tidemark. Additionally, the involvement of the damage in the medial tibia
plateau is considered: 1/3, 2/3, 3/3. The final cartilage damage score was
the multiplication of the chondropathy and involvement (1, 2 or 3) with a

maximum score of 15.
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Figure 2.1. Zones of articular cartilage important to distinguish for an accurate

scoring (Martel-Pelletier et al. 2016).

Osteophytosis is the formation of bone tissue from cartilage on the lateral
side of the condyle. The score is on scale of 0 to 3 where 0 = No presence
of osteophytes; 1 = Osteophytes <40 um; 2 = Osteophytes 40-160 um; 3 =

Osteophytes >160 um.

Synovitis is the synovium inflammation with the presence of inflammatory
cells and increased thickness. The score is based on the scale of 0 to 3
where 0 = No cellularity and 1-2 synovial layers; 1 = Mild, no cellularity and
3-5 synovial layers; 2 = Moderate, mildly increased of cellularity and/or 6-8

synovial layers; 3 = Severe, cellularity and = 9 synovial layers.

The model used for rheumatoid arthritis was the systemic inflammatory CIA
model that has the presence of ankyloses (inflammation and deterioration
of the ankle). As this is an inflammatory model, the purpose of the scoring
in the tibiotarsal joint in my thesis was the severity of synovitis only. There
are different scoring systems where some involve the whole joint pathology
together, and others divide the different pathologies into different parts of
the joint like in the tibiofemoral joint previously described. One of the
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commonly used scoring methods for the synovitis of the ankle is the OARSI
system (Gerwin et al. 2010), with some similarities to the knee joint scoring

used in the MNX model (Janusz et al. 2002).

2.8.Enzyme-linked immunosorbent assay (ELISA) to determine

cytokines in plasma

The ELISA kit employed for the detection of inflammatory cytokines levels
in plasma, extracted as detailed on section 2.1.5., was the Quantikine ®
ELISA (Rat IL-10, IL-6, TNFa) R&D Systems. This assay consists of the
guantitative sandwich immunoassay technique, where the rat antibodies for
the corresponding cytokine are attached to the microplate, the antigen
(cytokine) from plasma binds to them and a specific enzyme and its
substrate are added to quantify the product from its reaction by colour
intensity, which is equivalent to the quantity of cytokine selected. A different
kit per each cytokine was used following manufacturer’s protocol, and

samples were diluted 1:1 only for the TNFa quantification.

Firstly, 50 ul of Assay Diluent and 50 pl of standard, control and sample
were added to each well. Standards were made in a range from 4000 to
62.5 pg/ml, and the samples were diluted 1:1 with Calibrator Diluent. The
plate was mixed gently and incubated for 2 h at room temperature and then
washed 5 times with Wash Buffer using 400 ul per wash. A hundred pl of
Rat IL-6 Conjugate was added in each well and incubated for 2 h at room
temperature. The plate was then washed 5 times, and 100 ul of Substrate
Solution was added and protected from light. After 30 min incubation at

room temperature, 100 pl of Stop Solution was added and gently mixed.
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The optical density (OD) was determined within 30 min using a microplate
reader with the wavelength set at 450 nm. In order to calculate the
concentration of target cytokine, the OD from 0 pg/ml was subtracted as
blank, and the standard logarithmic curve created. The analysis was

performed by 4-Parameter Logistic Regression using online software.

2.9.Ex vivo analysis of muscle intermediary metabolites
2.9.1. Muscle metabolite extraction

Intermediary metabolite concentrations were analysed in freeze-dried
muscle tissue. Frozen, freeze-dried muscle samples were brought to room
temperature in silica gel to keep the muscle dry. Following this, muscle (5-
10 mg) was powdered with a scalpel, curved forceps and a small mortar at
room temperature. Visible connective tissue and superficial blood were then
removed and muscle powder weighted. Muscle metabolite extraction was
done with ice-cold perchloric acid (PCA) as previously described (Harris,
Hultman, and Nordesjo 1974). The adequate volume of 0.5 M PCA, 1 mM
EDTA solution was added to 5-10 mg powder (1 ml for every 12.5 mg
powder) and incubated on ice for 10 min, mixing occasionally. It was then
spun down at 24,000 g for 3 min at 4°C, and the supernatant was removed
and neutralised with 2.2 M KHCOs solution by adding a volume
corresponding to 1/4 of PCA mixture recovered. The perchlorate mixture
obtained was incubated for 10 min on ice and spun down at 24,000 G for 3
min at 4°C. The supernatant was transferred into a new tube and stored at
-80°C for subsequent analysis. The extraction factor (EF) of each sample

was determined using the following formula:
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EF= Vpca + Vkhcos (ul)
Tissue (mg)

2.9.2. Muscle adenosine triphosphate and phosphocreatine

determination

Muscle adenosine triphosphate (ATP) and phosphocreatine (PCr) content
was measured in a tandem assay. The buffer used contained 1 M
Triethanolamine, 0.1 M Mg (CH3COO)2 and 10 mM EDTA Naz, pH 7.5. This
was mixed with 10 mM DTT, 10 mM NADP*, 40 mM ADP and 5 mM
glucose. Two hundred and twenty-five pl of the mixture containing glucose-
6-phosphate dehydrogenase (G6PDH) were added to a well of a 96 well
plate together with 25 ul of muscle extract in PCA, blank or standard
(ATP+PCr). The initial absorbance (Assw0) was measured in a
spectrophotometer, and then 2 ul hexokinase (HK) was added to determine
the ATP content. In this reaction, hexokinase catalyses ATP hydrolysis by
transferring the phosphate group to a glucose molecule obtaining Glucose-
6-P and NADP*. The content of NADPH absorbance by G6PDH was used

to quantify the muscle ATP content.

G6PDH
Glucose-6-P + NADP P-gluconolactone + NADPH

ATP + Glucose HK » ADP + Glucose-6-P

The plate was shaken and incubated for 20 min and the NADPH Ass0 was
determined. Then, 2 pl creatine kinase (CK) dissolved in 0.5% NaHCOS3 +
0.05% BSA (15 mg/ml) were added to catalyse the phosphorylation of ADP

transferring a phosphate group from PCr. The change in NADPH
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absorbance (Asa0) was used to determine muscle PCr content after 30 min

of incubation.
PCr+ADP _CK | cr+ATP

2.9.3. Muscle free creatine assay determination

Muscle free creatine (Cr) content was measured with the buffer 320 mM
Glycine containing 16 mM Mg (CH3COO)2, pH 9.01, 30 mM KCI, 1.5 mM
ATP, 1 mM Phosphoenolpyruvate (PEP), 1 mM NADH, pyruvate kinase
(PK) and lactate dehydrogenase (LDH). Three hundred pl of the mix were
added to each well of a 96-well plate together with 20 pl of muscle
metabolite extract, blank or standard. The initial Ass0 was determined and
then 10 pl CK were added (dissolved in 0.5% NaHCO3 + 0.05% BSA (15
mg/ml) to determine free Cr content. Any free Cr was phosphorylated to PCr
and ADP which served as substrate for PK reaction obtaining pyruvate
which was reduced to lactate by LDH. The NADH Asso from LDH reaction

was determined after 30 min incubation.

cr+ATP K pcr+ADP

2.9.4. Muscle lactate determination

Muscle lactate content was measured using a modified method from Harris
et al., (1974). The buffer used contained 1 M Glycine, 0.5 M Hydrazine
sulphate, 5 mM EDTA, pH 9.5, and 2.5 mM NAD*. One hundred pl of the
mix were added into each well of a 96-well plate together with 150 pl of the
sample (25 pl muscle metabolites extract in PCA diluted in 125 ul water),

blank or standard. The initial Ass0 was determined, and then 2 pyl LDH was
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added to determine the lactate content. Lactate was converted to pyruvate
and NAD™* to NADH. The absorbtion of NADH at As40 was mesured after 30

min incubation.
Lactate + NAD* LDH  pyruvate + NADH

2.9.5. Calculations

Concentration of ATP, PCr, creatine and lactate in muscle extraction was

measured with the following formula:

“Metabolite” mmol/kg dry muscle = ((V1*(A1-B1)-Vo*(Ao-Bo))*EF
6.22*SV

Where:

V = Total volume (0O- initial; 1- after adding the corresponded enzyme)

A = Absorbance sample (0- initial; 1- after adding the corresponded

enzyme)

B = Absorbance blank (0- initial; 1- after adding the corresponded enzyme)

EF = extraction factor (ml/g)

6.22 = millimolar extinction coefficient for NADH at 340 nm

SV = Sample volume

2.9.6. Muscle glycogen

Muscle glycogen was measured in powdered tissue using the modified
spectrophotometric method (Harris et al., 1974). The extraction of glycogen

in powdered muscle (0.5-2 mg) was performed solubilising the muscle
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powder in 100 pl 0.1 M NaOH by shaking and heating at 80°C for 10 min. It
was then hydrolysed into glycosyl units with neutralisation solution (0.1 M
HCI, 0.2 M citrate buffer, pH 5 containing 0.2 M NazHPOa4). Then, 18 pl
amyloglucosidase (AGDase) were added and incubated at room
temperature for 1 h. The supernatant was collected after being centrifuged
for 2 min at 14,000 rpm and stored at -80°C until required. The extraction

factor was calculated by the following formula:

EF = VNaoH + VButier + VAGDase
Tissue (mQ)

Free glucose was then determined using 250 pl of triethanolamine, pH 8.2
containing 0.75 mM ATP, 1 mM DTT and 1 mM NAD* buffer mix. Two
hundred fifty ul of buffer mix were added into each well in a 96-well plate
together with 25 pl of glucose extract, blank or standard. The initial Asss was
determined and then 2 ul of a mixture 1:1 of Glucose 6 phosphate
dehydrogenase (G6PDH) from Leuconostoc mesenteroides and
Hexokinase (HK) from Saccharomyces cerevisiae was added. The
glycogen-derived glucose phosphorylated to G6P and it was oxidised to 6-

P-gluconolactone. The NADH Asss was determined after 30 min incubation.

ATP + Glucose HK ADP + Glucose-6-P
>

G6PDH

Glucose-6-P + NAD* |

6-P-gluconolactone + NADH

Concentration of glycogen in muscle extraction was then calculated using

the following formula:

Glycogen mmol/kg dry muscle = ((V1*(A1-B1)-Vo*(Ao-Bo))*EF
3.4*SV
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Where:

V = Total volume (0O- initial; 1- after adding the corresponded enzyme)

A = Absorbance sample (O- initial; 1- after adding the corresponded

enzyme)

B = Absorbance blank (0- initial; 1- after adding the corresponded enzyme)

EF = extraction factor

3.4 = millimolar extinction coefficient for NADH at 366 nm

SV = Sample volume

2.10. Muscle alkaline-soluble protein:DNA ratio

Quantifying the protein content can give a better view of the accuracy of
protein breakdown and consequent muscle mass reduction (Puthucheary
et al. 2013). There are different methods that can determine the content of
specific protein properties depending on interests. The determination of
muscle alkaline-soluble protein normalised to DNA has been applied for
protein content in muscle biopsies of critically ill patients with more sensitive
results (Soop et al. 1989). They demonstrated that there is a reduction of
skeletal muscle protein in the extracellular space and this occurs in the face
of an increase in the cellular water volume. Thus, this method is more

sensitive to muscle protein breakdown than the muscle weight.

2.10.1. Muscle extraction

Powdered muscle (approximately 3 mg) was used to extract the alkaline-

soluble proteins and the DNA in the same assay as previously described
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(Forsberg et al. 1991). Samples were shaken at 4°C for 10 min with 500 pl
of 0.2 M PCA in a glass tube and then centrifuged at 3,000 g for 15 min at
4°C. The supernatant containing the soluble acid metabolites was
discarded, and the pellet was washed twice with 500 ul 0.2 M PCA (spun at
3,000 g for 2 min at 4°C). The muscle residue was dissolved in 1 ml 0.3 M
KOH by incubating at 37°C and shaking sporadically for 1 h. Two samples
of 10 pl of the dissolved solution were taken into a new tube containing 90
ul Millipore water to quantify the alkaline-soluble protein extract. To the
remaining solution, the RNA was extracted by incubating with 1.2 M PCA
incubated at 4°C for 30 min and discarded after spinning at 3,000 g for 15
min at 4°C. The pellet obtained contained the DNA and was washed twice
with 500 pl 0.2 M PCA. The DNA was then hydrolysed with 250 pl 1 M PCA
by incubating at 70°C for 1 h and centrifuged at 3,000 g at 4°C for 10 min.
Two hundred of the digest was placed into a new glass tube, containing the

DNA extract, and stored at -20°C.

2.10.2. Protein quantification

The content of alkaline soluble proteins (ASP) was quantified by the method
of Lowry et al. (1951). All reagents used were freshly prepared. One ml of
0.1 M NaOH containing 2% Na2COs, 1% Potassium tartrate (50:1) and 0.5%
CuSOa4 pentahydrate was added to 100 pl of sample and standards and
incubated at room temperature for 10 min. The standards for the standard
curve were made with bovine serum albumin (BSA) diluted in 0.03 M KOH
in a range of 0 to 20 pg concentration. After 10 min incubation, 100 pl of
Folin Ciocalteu’s Phenol Reagent (diluted 1:1 with Millipore water) was
added and incubated at room temperature for 40 min. The aromatic amino
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acids resulted from the pre-treated samples with the solution containing
CuSOs4 reduced the acid present in the Folin Ciocalteu Phenol Reagent
obtaining a blue end product that can be quantified. The absorbance of the
product was measured in a spectrophotometer at 747 nm. A standard curve
was generated by plotting the BSA concentration at absorbance 747 nm
minus the absorbance of blank and the concentration of protein was

calculated by the following formula:

Protein pg/mg dry muscle = (A2-B2)*Dilution factor
(Slope of curve*mg muscle)

Where:

A2 = Absorbance sample

B2 = Absorbance blank

2.10.3. DNA guantification

To quantify the DNA content was performed using the modified method
using diphenylamine (Burton 1956; Giles and Myers 1965). All reagents
were freshly made on the day of the assay. To 200 pl sample, 50 pl 1.7 M
PCA was first added obtaining 250 pl volume. Standards were made with
calf thymus DNA in 1 M PCA in a range of 0 to 45 pg/ml. Two hundred fifty
pl of 4% diphenylamine in glacial acetic acid containing 4% acetaldehyde
(0.2%) were added to samples and standards and incubated at 30°C for 18-
24 h. The diphenylamine reacts with the deoxyribose sugar producing a
blue-coloured complex which absorbance was red at 595 nm and 700 nm.

A standard curve was generated by plotting the DNA concentration at the
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subtraction of Ases—A700 and the concentration of DNA were calculated with

the following formula:

DNA pg/mg dry muscle = (Asgs-Azo0)*Dilution factor
(Slope of curve*mg muscle)

2.11. Gene expression quantification in muscle tissue

Quantitative PCR (qPCR), a method developed by Higuchi et al. (1993), is
commonly used to quantify selected mRNA transcripts in a sample. Before
that mMRNA needs to be retro-transcript to the complementary DNA (cDNA),

which will be quantified by a quantitative PCR technique.

2.11.1. Muscle total mRNA extraction

The first thing to do in order to quantify the gene expression is to extract the
messenger ribonucleotide acid (MRNA). The mRNA is a complementary

copy of a single strand of the DNA double helix.

Total mMRNA was extracted from 20-30 mg of frozen wet muscle with TRIzol
reagent solution (Ambion, UK). The wet muscle was homogenised with 1
ml of cold TRIzol containing 10 pg/ul glycogen solution by using a Polytron
homogeniser for 40 s. The homogenate was transferred to a new tube and
incubated at room temperature for 5 min. The mRNA was isolated with 200
ul of chloroform and shaking twice vigorously for 15 s. After incubating at
room temperature for 10 min, the tubes were spun down at 12,000 g for 15
min at 4°C. The water top phase containing the mRNA was transferred to a
new tube, and 500 pl of iso-propanol were added. After 20 min of incubation
at room temperature, the samples were spun down at 12,000 g for 15 min

at 4°C to precipitate the mRNA. The supernatant was discarded, and the
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pellet with mRNA washed with 1 ml of 75% Ethanol. Samples were spun
down at 8,000 g for 10 min at 4°C, and the supernatant was discarded. The
MRNA was then isolated and left for 5 min to dry out and dissolved in 50-

30 ul of molecular RNase free water to store at -80°C.

Subsequently, the quality and quantity of the total mMRNA were measured
by spectrophotometry at 260 nm with the RNA integrity number (RIN); purity
Is determined as the ratio of 260/280 nm readings >1.7 using NanoDrop

One ™,

2.11.2. cDNA synthesis by reverse transcription PCR (RT-PCR)

The mRNA extracted was copied to cDNA in order to quantify the
expression of targeted genes. It is the complementary DNA from a single
MRNA strand. The conversion of mMRNA to cDNA is achieved by using a
reverse transcriptase that functions as a polymerase by the transcription of
de nucleotides from one strand (MRNA) to the complementary nucleotide
for the new strand (cDNA). Thus, there is a DNA-RNA hybrid helix which
RNA is hydrolysed creating some gaps. The pieces of mMRNA remaining in
the helix are used as primers to start sequencing the second strand of DNA
by the polymerase and get a double-strand of cDNA. The remaining RNA

is degraded during subsequent cycles.

For the cDNA synthesis, 1 pg of total mMRNA extracted would be copied to
1 pg of cDNA. The corresponding volume of sample to make up 1 ug in
RNase free water, containing 2 pl of Random Primers (50 pg/ml; Promega,
Madison, USA) and 1 ul of a nucleotide mix (dATP, dGTP, dCTP and dTTP

diluted 1:10 each), were added into a new tube and incubated at 70°C for 5
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min on a thermocycler to denature secondary structures and allow the
primers to anneal. The samples were cooled down at room temperature for
a couple of minutes, and a master mix containing 4 ul of enzyme buffer, 1
pul DTT and 1 pl RNase inhibitor (Promega) together with 1 pl of the reverse
transcriptase SuperScript Il (Invitrogen) were added. They were placed to
the thermocycler again at 25°C for 5 min, followed by 1h at 50°C for the
reverse transcription reaction and 40 min at 70°C to inactivate the

transcriptase enzyme. The generated cDNA was stored at -20°C.

2.11.3. Quantitative PCR (qPCR)

The process consists of denaturing the double strand cDNA into two single
strands at high temperature before its exponential amplification. The
primers of the genes selected bind to the single strand at 3’ and the
polymerase start complementing its sequence on each strand ina 5" to 3’
direction, in a way that the end product is two amplicons. This reaction is

repeated on each cycle resulting in exponential amplification.
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Figure 2.2: Typical real-time PCR plot showing the three main steps of the reaction;

the exponential, linear and plateau phase. A threshold of fluorescence is set in the
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exponential phase, and the cycle number at which reporter emission of the sample reaches

this threshold is reported as the cycle threshold (Ct) value.

The quantification is measured by fluorescence released during the
process. Briefly, the use of TagMan® probes, which are short
oligonucleotides with a fluorescent reporter dye and a corresponding
qguencher, bind to the target sequences. The DNA polymerase reaches the
probe and hydrolyses it separating the reporter dye from the quencher dye,
which emits fluorescence. The consecutive repetition (40 cycles) of this
process per amplicon increases the fluorescence intensity by PCR
technique exponentially, where the fluorescence detected is directly
proportional to the cDNA gquantity in the sample. There is a threshold value
of fluorescence reached at specific cycle number in each sample, which is
reported as cycle threshold (Ct) value generated by the Applied Biosystems
7900HT Fast-Real-Time PCR system, for the gene expression
guantification. The Ct value of a housekeeping gene was used as internal
control to normalise the concentration of each target gene. The relative

expression can be determined by the following steps:

1. ACtcontrol = ACttarget gene — ACltreference gene
ACtireated = ACttarget gene — ACltreference gene
2. AACt = ACttreated - AthontroI

3. Relative expression mRNA = 2-24Ct

The housekeeping gene selected was hydroxymethylbilane synthase
(HMBS), which has been shown in previous studies to be stable, i.e. not

affected by the treatment.
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There are different options to quantify the gene expression depending on
the technique and the number of genes desired. In this project, the
technique carried out was by TagMan ® using probes for individual genes

and microfluidic array cards for multiple genes.

2.11.3.1. Quantitative PCR (QPCR) by TagMan®

To quantify the number of amplicons that are proportional to the gene
expression from individual genes was used the TagMan® technique with
probes as previously described. It allows quantifying the expression of a
gene in a determined sample at a real time. The relative levels of gene
expression are determined from the fluorescence generated during the

amplification by PCR method after 40 cycles.

The cDNA at a concentration of 1ug/20ul was diluted four times (1:4). The
master mix was composed of 12.5 ul buffer, 1.25 pl probe and 9.25 ul
RNase free water per each sample. Twenty-three pl of master mix was

added to a 96 wells plate with 2 ul of diluted cDNA in each well.

2.11.3.2. Quantitative PCR (qPCR) by TagMan® low-density

array (TLDA)

To quantify the number of amplicons that are proportional to the gene
expression from a large number of genes was used the TagMan® low-
density array (TLDA) technique. It allows quantifying in real time the
expression of 48 genes altogether in one sample using the same technique
as that described above. Each TLDA card is designed with 384 wells
containing the primers of specific gene target in each well. Each sample is

loaded in a row composed of two rows of 24 wells (48 wells for one gene
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each). The relative levels of gene expression are determined from the

fluorescence generated during the amplification by PCR method.

The cDNA obtained (1 pg/20 pl) was diluted to 250 ng with RNase free
water to get a total of 50 pl of sample in a sterilised dark brown test tube
containing 50 pl of TagMan® Universal Master Mix Il. The TLDA card stored
at 4°C was brought to room temperature previously for 15 min. One hundred
pl of the mix was added to each channel in the TLDA card and centrifuged
twice at 1,200 rpm for 1 min before being sealed. Then, the fluorescence
was measured to generate the Ct value for each gene in each sample and

calculated as previously described.

2.11.4. Ingenuity Pathway Analysis

Ingenuity Pathway Analysis (IPA) is a web-based commercial software
application (Redwood City, CA, USA) that enables analysis, integration and
understanding of data from gene expression as well as metabolomics,
proteomics and RNA sequencing experiments amongst others. Data
analysis and interpretation with IPA builds on the manually curated content
of the Ingenuity Knowledge Base, identifying regulators, relationships,
mechanisms, functions and pathways relevant to changes observed in the
dataset analysed. IPA also generated novel networks of related genes and
molecules based on the relationships present in the current literature. The

log2 of the normalised fold change values were uploaded in IPA software.

2.12. Statistical analysis

Statistical analyses and graphs were performed using Prism v7 (GraphPad,

San Diego CA). All data are presented as Mean = S.E.M. Two-way ANOVA
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was used for in vivo data. Parametric data were analysed by one-way
ANOVA to compare 3 or more groups and t-student to compare two groups.
Non-parametric data were analysed using Kruskal-Wallis to compare 3 or
more groups and Mann-Whitney to compare two groups. A two-tailed P

value of <0.05 was taken to indicate statistical significance.
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Chapter 3:

Unaffected muscle mass and
energy metabolism in the MNX

model of knee OA
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3.1. Introduction

OA is the most prevalent type of arthritis and is common in ageing (>50
years old) (Litwic et al. 2013) and obesity (Manek et al. 2003). Knee OA is
caused by the degradation of collagen and proteoglycans in cartilage with
joint inflammation and erosion of articular cartilage (Aurich et al. 2005). It is
thought that it results from intrinsic alterations of the articular tissue,
including pro-inflammatory cytokines (Kapoor et al. 2010), or as a response
to mechanical stress such as extreme sporting activity (Fernandes et al.
2017). The degradation of cartilage triggers the formation of bone
(osteophytes) and therefore the wear and tear of the joint with pain and
inflammation as main symptomatic effects (Thorstensson et al. 2009). The
destabilisation of the joint causing pain and inflammation can be a major
deterrent and contributor to physical disability and sedentary behaviour in
patients with OA (Dekker et al. 1993), which can contribute to further
negative health effects (Fink et al. 2007). Patients with knee OA have
increased levels of inflammatory and atrophy markers in muscle (vastus
lateralis), such as MCP-1 protein, TNFa and atrogin-1 mRNAs, which are
negatively correlated with muscle strength (Levinger, Levinger, et al. 2011).
Therefore, muscle inflammation may also impact on muscle strength in OA
through several indirect putative pathways, which is worthy of further

investigation and may be relevant to the treatment of OA.

Muscle inflammation leads to skeletal muscle atrophy and dysregulated
intermediate metabolism (Crossland et al. 2008; Constantin et al. 2011).
The mechanisms underlying these events include reduced phosphorylation
of PI3K/Akt1 signalling pathway, which blunts translation initiation of muscle
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protein synthesis (Schiaffino and Mammucari 2011) and muscle FOX0O1/3
phosphorylation (Stitt et al. 2004). Reduced FOXO1/3 phosphorylation
increase FOXO transcriptional activity increasing mRNA expression of
several downstream targets regulating muscle protein breakdown and

carbohydrate oxidation (Crossland et al. 2008).

I hypothesised here that OA associated inflammation might alter muscle
mass and metabolic fuel regulation, thereby reducing muscle integrity. In
this study, the surgical model of OA was used involving transection of the
medial meniscus (MNX) in the knee joint of the rat. This model causes the
destabilisation of the knee, and is associated with cartilage damage,
synovial inflammation and pain behaviour (Mapp et al. 2013a; Janusz et al.
2002). | investigated the extent to which robust markers of muscle atrophy
and energy metabolism were altered in the MNX model and how these
changes related to the time-course of progression of systemic inflammation,

joint pathology, pain behaviour and physical activity levels.
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3.2. Methods

Experiments were carried out following the methodology described in

Chapter 2, where more details can be found.

3.2.1. Experimental design

Male Sprague Dawley rats (weighing 160-190 g, n=60) were used. Rats
were randomly allocated to either MNX group, a sham group or a naive
control group (n=20 each group). Experiments were terminated in pre-
determined time-points: 10 rats per group at day 28 post-surgery and 10
rats per group at day 55 post-surgery. Pain behaviour was measured at
baseline (B) before intervention and then weekly on days 7, 14, 21, 28, 35,
42, 49 and 55 after surgery (Figure 3.1). Locomotor activity was measured
at baseline the night before surgery and then weekly the evening before
pain behaviour testing on days 6, 13, 20, 27, 34, 41, 48 and 54 after surgery
(Figure 3.1). Venous blood (0.5 ml) was collected from the tail vain without
anaesthesia before treatment and then 28 and 55 days after treatment
when the study was terminated. The EDL muscle and knee joint were
harvested from both limbs under terminal anaesthesia at day 28 and 55

(see section 3.2.7).
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Figure 3.1: Experimental design scheme for in vivo study of the meniscus transacted
model of osteoarthritis. The experimental design involved two time-points for tissue

collection: 28 days n=10 each group and 55 days n=10 each group.
3.2.2. MNX model of osteoarthritis

The rodent model of OA was generated by surgical transection of the medial
meniscus (Janusz et al. 2002). Rats were anaesthetised with isoflurane
(3%) and oxygen (1 L/min). The left leg (ipsilateral) was shaved and
surgically prepared, maintaining body core temperature with a heating matt
underneath. The MCL was exposed by an incision on the skin and
cauterising connective tissue and small vessel. A section of MCL was
removed to expose the meniscus, which was cut through its full thickness
at the narrowest point. The connective tissue layer and skin were closed
with coated Vicryl 8.0 and 4.0 sutures, respectively. No post-operative
analgesic drug was administered as pain behaviour was an outcome
measure of the experiment. Sham-operated rats underwent an identical
procedure with the exception that meniscus was not transected. Naive rats

underwent under general anaesthesia; the left leg was surgically prepared
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and then allowed to recover. Rats were housed in groups of n=4 and n=3

per cage.

3.2.3. Pain behaviour

The weight-bearing asymmetry between limbs was tested using an
Incapacitance Meter (Linton Instruments, Norfolk, UK). Rats were placed in
an angled Perspex box and were allowed to habituate. The weight
distribution between the hind paws placed in the corresponding transducer
pad was recorded during 3 s. The average of 3 consecutive readings was
taken and expressed as the difference in percentage following the equation:

[(contralateral — ipsilateral) / (contralateral + ipsilateral)] x100.

Hind paw withdrawal thresholds were quantified in both limbs using
calibrated Von Frey monofilaments (bending forces from 2-26 g in a
logarithmic scale). Rats were habituated to pain assessment for two days
before the model induction. The PWT measurements were performed as

previously described in section 2.4.2.

3.2.4. Locomotor activity

Both vertical and horizontal movements were measured using locomotor
activity boxes using an established method (Watson et al. 2012). Rats were
placed in individual automated infrared activity boxes as previously
described in section 2.5. The beam-breaks were counted in intervals of 5

min time epochs for 1 h under the red light the night before of PWT testing.
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3.2.5. Plasma cytokines concentration

Tail vein blood (0.5 ml) was collected at the end of the experiment, and
plasma was isolated from whole blood as previously described in section
2.1.5. The anti-inflammatory cytokine IL-10 and pro-inflammatory cytokines
IL-6 and TNFa were quantified by ELISA (Quantikine ® ELISA, R&D
systems) following the manufacturer’s instructions as previously described

in section 2.11.

3.2.6. Knee joint histopathology

The knee joints were harvested from both hind limbs in all rats at the end of
the study to perform histopathology examination. The joints were processed
as described in section 2.6.3 and the histology of tibiofemoral joints was
performed with H&E staining. Frontal coronal sections (5 pm) were used for
microscopic evaluation of the medial tibia plateau. The scoring system for
chondropathy, osteophytosis and synovitis were following the described
method in section 2.7.2. The data presented represent values from the

ipsilateral limb.

3.2.7. Muscle analysis

The EDL muscle from both hindlimbs was harvested under terminal
anaesthesia by intraperitoneal injection of pentobarbital and snap-frozen as
described in section 2.6.1. Samples were stored at -80°C until analysis was

performed. Data presented represent values from the ipsilateral limb.
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3.2.7.1. Muscle metabolites

A portion of EDL muscle was freeze-dried and powdered. Two aliquots of
the powder were used to extract and measure muscle metabolites (ATP,
PCr, creatine, and lactate; 5-10 mg) and muscle glycogen (0.5-2 mg)
content, which was quantified using enzymatic spectrophotometry as
previously described in section 2.8. PCr and creatine were normalised to
the highest total creatine content (PCr+Cr) between left and right limbs

following the formula:

(PCr et/ Total Cr tef)) * Total Cr from limb with higher content

3.2.7.2. Protein and DNA quantification

A portion of freeze-dried and powdered EDL muscle (~3 mg) was used to
quantify total alkaline-soluble muscle protein and DNA contents in rats 55
days post-surgery as described in section 2.9. The protein : DNA ratio is a
reliable marker of muscle mass (Forsberg et al. 1991; Crossland et al.

2010).

3.2.8. Statistical analysis

All data are presented as mean + SEM and were analysed by Prism V.7
(GraphPad, San Diego, California, USA). The statistical analysis of
differences amongst groups for PWT and locomotor activity was performed
using two-way ANOVA with Bonferroni corrections. One-way ANOVA was
used to compare plasma cytokines IL-10, IL-6 and TNFa, muscle
intermediary metabolites (ATP, PCr, total Cr) glycogen and the muscle
protein : DNA ratio. Kruskal-Wallis test was used to compare muscle lactate,

cartilage damage, osteophytosis and synovitis due to the non-normal
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distribution of data. Mean values were considered statistically different

when p<0.05.

3.3. Results

The total n for weight-bearing, PWT and locomotor activity was n=20 per
group (MNX, sham, naive) from baseline to day 28 and n=10 per group from
day 29 to day 55 after model induction. Two rats were excluded from

analysis (1 MNX and 1 naive) due to incomplete datasets (Table 3.1).

Table 3.1: Description of group size over the time-course of the weight-bearing test.

Baseline-28

Treatment days 29-55 days Excluded
Naive 19 9 1
Sham 20 10 0

MNX 19 9 1

3.3.1. Pain behaviour in MNX model of OA

Weight-bearing was tested once a week following MNX, sham surgery or
naive. The MNX group had greater weight-bearing asymmetry throughout
the study with significant differences compared to naive rats on days 14,
28, 42 and 49 post-surgery and on day 14 compared to the sham group.
The sham and naive groups showed different profiles of weight-bearing
asymmetry although there were no significant difference between the

groups (Figure 3.2A).

PWT was tested once a week showed that the MNX group had significantly
lower PWTs on day 21, 28, 35, 42 and 55 after OA induction compared to

the naive group and on day 55 compared to the sham group (Figure 3.2B).
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Figure 3.2: Weight-bearing (A) and paw withdrawal thresholds (B) in MNX, sham and
naive rats. Group sizes for weight-bearing are in table 3.1 and for PWT are n=20 each
group on days B-28 and n=10 each group from days 29-55 after surgery. Results are mean
+ SEM. Statistically analysed by two-way ANOVA with Bonferroni correction: naive vs

MNX: *p<0.05, *p<0.01, ***p<0.001; sham vs MNX: #p<0.05, ##p<0.01.

3.3.2. Locomotor activity in MNX rats

Horizontal locomotor activity was constant amongst the three groups MNX,
sham and naive over time (Figure 3.3A). On the other hand, vertical activity
was more variable over the time-course of the study and levels were

consistently lower in the sham and MNX rats compared to the naive
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(unoperated controls) (Figure 3.3B). On day 20, all rats showed an increase
in vertical activity which may represent an environmental change altering
this behaviour per se. At this time-point, there was a significant difference
in vertical activity between the naive and sham groups and the MNX rats

(Figure 3.3B).
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Figure 3.3: Locomotor activity during the dark cycle in MNX, sham and naive rats.
Group sizes: n=20 each group from baseline to 28 days and n=10 each group from 29-55
days after surgery. Results are mean + SEM representing the total number of movements
(beam-break) for 1 h in the dark cycle (night). Statistically analysed by two-way ANOVA

with Bonferroni correction: naive vs MNX *p<0.05; sham vs MNX #p<0.05.
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3.3.3. Plasma inflammatory cytokine concentrations and EDL

MRNA expression

Plasma concentrations of the anti-inflammatory cytokine IL-10 and pro-
inflammatory cytokines IL-6 and TNFa were not different between MNX,
sham and naive rats at baseline or 55 days (Figure 3.4). Group sizes
differed amongst groups and assays due to the limited volume of plasma

(Table 3.2). The mRNA expression of cytokines in muscle was undetected

(data not are shown).

Table 3.2: Description of group size for cytokine measurement for each group.

0 days (B) Naive Sham MNX
IL-10 \ 9 9 9
IL-6 \ 9 7 9
TNFa \ 8 8 9
55 days Naive Sham MNX
IL-10 \ 9 9 10
IL-6 \ 9 8 9
TNFa \ 8 9 9
0 days 55 days
257 25+ ‘
W Naive
204 204 W Sham
£ £ m MNX
@ 154 @ 154
a '|' =
E 10 E 107 T
2 g
54 54
0- = 0 =
IL-10 IL-6 TNFa IL-10 IL-6 TNFa

Figure 3.4: Plasma concentrations of IL-10, IL-6 and TNFa in MNX, sham and naive
rats. Plasma concentrations of cytokines at baseline (0 days) on figure A and 55 days after
surgery on figure B. Group size represented in table 3.2. Results are mean + SEM.

Statistically analysed by one-way ANOVA.
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3.3.4. Histopathology of tibiofemoral joint and scoring

The H&E staining of the tibiofemoral joint (knee) was performed at days 28
and 55 to score cartilage damage, osteophytes and synovitis in the medial
tibia plateau. Due to the presence of damaged sections, the total scores for
the naive group was 10 (n=10) on day 28 and 8 (n=8) on day 55 after

surgery, whereas sham and MNX groups were n=10 at both time-points.

Cartilage damage (chondropathy) was significant in MNX rats at both 28
and 55 days compared to naive and sham groups (Figure 3.5A).
Osteophyte formation (osteophytosis) was greater in MNX rats compared
to naive and sham groups (Figure 3.5B). On the other hand, synovitis was
significantly higher in MNX rats than the naive group at both 28 and 55

days, and higher than the sham group at day 28.
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Figure 3.5: Scoring of cartilage damage (A), ostoephytosis (B) and synovitis (C) of
the tibiofemoral joint at the end of the study. Group sizes were MNX (n=10) sham
(n=10) at both 28 and 55 days and naive (n=10) at day 28 and (n=8) at day 55 after surgery.
Results are mean + SEM. Statistically analysed using non-parametric Kruskal-Wallis test.

naive vs MNX: **p<0.01, ***p<0.001. sham vs MNX: #p<0.05, ##p<0.01, ###p<0.001.
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On day 28 after surgery, the presence of osteophytosis and synovitis were
separately correlated with weight bearing asymmetry. On day 55, cartilage
damage and osteophyte score were correlated with paw withdrawal
thresholds. Horizontal and vertical locomotor activity was not correlated to

the knee pathology at any time-point measured (Table 3.2).

Table 3.3: Correlation of knee joint pathology to pain behaviour and activity tests. In

bold, significant correlations by non-parametric Spearman test: *p<0.05, **p<0.01,

***p<0.001.
28 days 55 days

Variable Cartilage  Osteophytes  Synovitis | Cartilage Osteophytes  Synovitis
Weight bearing | ) 35g 0.537% 0392 | 0157 0.182 0.1632
asymmetry
Paw withdrawal | 558 0.050 0290 | -0590*  -0.502%  -0.351007
thresholds
Horizontal 10.068 0.192 0.082 | -0.102 0.187 0.172
activity
Vertical activity -0.272 -0.318 -0.253 0.018 -0.019 0.063
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3.3.5. Muscle metabolites

Muscle metabolites were measured in the EDL muscle at 28 and 55 days
post-surgery (Figure 3.7). Muscle ATP, PCr and total creatine content in the
MNX group were not different from sham or naive groups at either time-
point (Figure 3.7 A and B). Values were comparable to those reported for
resting rat EDL muscle (Alamdari et al. 2008), demonstrating good muscle
tissue viability in this model. Additionally, muscle glycogen and lactate
content in the EDL was comparable in MNX, sham and naive groups when

comparing day 28 and day 55 time-points (Figure 3.7 A, B, C, D).
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Figure 3.7: Muscle metabolites in the EDL muscle from MNX, sham and naive rats
(n=10 each group). Results are presented as mean + SEM in EDL dry muscle at day 28
and 55 after surgery. There were no differences between time-points within each group, or
between groups at each time-point. Statistically analysed with parametric one-way ANOVA

(ATP, PCr, Total Cr and glycogen) and non-parametric Kruskal-Wallis (lactate).
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3.3.6. Muscle alkaline-soluble protein to DNA ratio

The content of alkaline-soluble protein in the EDL from the MNX, sham
and naive groups were similar. Hence, the protein : DNA ratios in the EDL

muscle did not differ between groups at day 55 (Figure 3.8).
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Figure 3.8: Alkaline-soluble protein to DNA ratio in EDL muscle of MNX, sham and
naive rats (n=10 each group) at 55 days after surgery. Results are mean + SEM.

Statistically analysed with parametric one-way ANOVA test.
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3.4. Discussion

In this chapter, the progression of systemic inflammation, joint pathology,
pain behaviour and physical activity levels were quantified in a surgical
model of OA. Furthermore, whether changes observed were associated
with changes in markers of muscle energy metabolism and atrophy in EDL
muscle was investigated. Following MNX model induction, pain behaviour
varied over the 55 days after surgery, with greatest changes in pain
behaviour being observed on day 42 after model induction (Figure 3.2). The
model was not associated with marked changes in locomotor activity, which
remained fairly stable (Figure 3.3). The model exhibited significant
pathology, including chondropathy, osteophytosis and synovitis (Figure
3.5). However, there were no significant changes in EDL muscle metabolite
concentrations (Figure 3.6) and no evidence of muscle mass loss and

inflammation (Figure 3.7) in this model of knee OA.

The rat MNX model has been extensively used to study the development
and progression of knee pain in OA. For example, it has been reported that
rats perceived discomfort which was accompanied by weight-bearing
asymmetry from day 28 after induction with greater pain on day 49 (Mapp
et al. 2013a). In the present study, it was found that MNX rats showed
weight-bearing asymmetry earlier, from day 14 with a peak on day 42 post-
surgery compared to sham and naive groups which decreased on day 55
(Figure 3.2A). On the other hand, paw withdrawal thresholds were
significantly lower in MNX than in the control groups from day 21 post-
surgery until the end of the study (Figure 3.2B). Knee joint damage in MNX
rats is likely to cause changes in pain behaviour as reflected by the clear
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pathology evident in the subchondral bone, synovium and joint capsule.
This contention is supported by the finding of a significant correlation
between paw withdrawal thresholds and magnitude of chondropathy and
ostoephytosis on day 55 as well as between weight-bearing and the
magnitude of osteophytosis and synovitis on day 28 after surgery (Table
3.2). Nevertheless, non-correlated pain behaviour with structural pathology
in a different model of OA induced by monosodium iodoacetate injection
(MIA) was found (Nwosu et al. 2016), which may indicate that MNX is a

more suitable model to study pain an pathology aspects of the disease.

Locomotor activity was assessed to quantify total movement over 1 h during
the dark cycle. Given that pain may alter activity behaviour due to discomfort
and that patients with OA show low physical activity or sedentary behaviour,
it was hypothesised that low activity might alter muscle function. Both
vertical and horizontal activity was similar amongst groups over the time-
course of the study (Figure 3.3). A naive group was tested due to the
discomfort that the invasive surgery may cause in sham rats, whose MCL
is removed. Naive rats tended to rear more compared to sham and MNX at
the majority of time-points, including baseline, which suggests that MNX
surgery and OA progression may not have impaired daily activity levels.
This novel finding is at odds with the reduced physical activity levels
reported in patients with knee OA (Dekker et al. 1993). Pain and discomfort
is a major stimulus to sedentary behaviour and physical disability, which
may promote skeletal muscle deconditioning and atrophy (Dekker et al.
1993). Hence, the natural exploratory instinct from rats under moderate to

mild conditions may have influenced the fact that MNX model does not
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mimic the symptoms of low activity identified in patients with knee OA. It
was reported instead, that the vertical activity in an OA model with anterior
crucial ligament transection and partial medial meniscectomy (ACLT +
pMMX), was significantly lower than in control after 8 weeks of surgery
accompanied with weight-bearing asymmetry (Hamilton et al. 2015) whilst
it was no different in the ACLT model without menisectomy (Silva et al.
2018). Therefore, different animal models may differ on severity, disease

progression and results.

The molecular events underlying muscle atrophy in OA are still unresolved,
and could be direct (e.g. inflammation) and/or indirect (e.g. reduced habitual
physical activity). Patients with knee OA and quadriceps strength deficits,
present with overexpression of muscle FOXO1 protein (Levinger et al.
2016). As mentioned in Chapter 1, FOXO1, which is regulated by the
PI3K/Akt signalling pathway, is involved in the control of muscle protein
turnover (Stitt et al. 2004). Thus, the activation (dephosphorylation) of
FOXO1 protein triggers the transcription of genes involved in protein
breakdown, such as atrogin-1 and MuRF1, which are accepted markers of
muscle atrophy (Gomes et al. 2001). In animal models of OA, it has been
difficult to demonstrate that muscle wasting occurs by the activation of
FOXO and downstream atrogenes. For example, in the destabilisation of
medial meniscus (DMM) model of post-traumatic OA, despite the loss of
muscle function of tibialis anterior with specific force alteration and
increased relaxation rate compared to sham mice after 8 weeks of surgery,
there was no evidence of upregulation of muscle atrophy markers (atrogin-

1 mRNA) or muscle histology (van der Poel et al. 2016).
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Moreover, in the rat ACLT model of OA, expression of the atrophy markers
MuRF1 and MyoD mRNA in gastrocnemius was not different from sham
group (Silva et al. 2018). However, Silva et al. did show increased myostatin
and decreased myogenin mRNA in the gastrocnemius of ACLT rats
suggesting an impairment in the regeneration process after 12 weeks of
disease (Silva et al. 2018). It is important to consider that disease
progression is different between animal models. DMM mice with loss of
muscle specific force developed mild-moderate cartilage damage after 4
weeks of surgery at which time-point synovitis improved (van der Poel et al.
2016). The ACLT + pMMx model exhibits pain behaviour and reduced
vertical activity, and cartilage damage and osteophytosis on weeks 4 and 8
post-surgery (Hamilton et al. 2015). However, the ACLT model in rat which
does not have altered MuRF1 and MyoD, but myostatin, showed cartilage
degradation and synovial hyperplasia 12 weeks after surgery (Silva et al.
2018). In my study, MNX developed cartilage damage, osteophytosis and
synovitis at both 28 and 55 days post-surgery (approximately 4 and 7
weeks) (Figure 3.5). Hence, the different animal models take varying
amounts of time to develop OA pathology. Since no inflammatory markers
were studied and identified in the previous studies, it is difficult to predict
inflammatory-induced muscle changes in animal models, which may be due
to pain induced lowering of physical activity. Accordingly, the protein:DNA
ratio was not altered in MNX group compared to sham and naive rats at the
later point (55 days after surgery) (Figure 3.8), used as a marker of muscle
mass loss in other models of inflammation and muscle atrophy (Crossland

et al. 2008; Mallinson et al. 2015). Moreover, the inflammatory models with
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muscle atrophy mentioned were associated with lactate accumulation.
Inflammation dysregulates phosphorylation of PI3K-Akt signalling,
activating FOXO1 which upregulates muscle atrogenes and PDK4
expression. Collectively this impairs PDC flux and carbohydrate oxidation,
which is reflected with muscle lactate accumulation and greater glycogen
degradation. In this study, | also sought to identify lactate accumulation due
to inefficient use of muscle carbohydrate in the fast-twitch EDL from the
MNX model of OA. In the MNX model, EDL muscle was dissected after 28
and 55 days of surgery with no differences in lactate and glycogen content
from sham and naive rats (Figure 3.7) contrary to catabolic states such as

sepsis (Alamdari et al. 2008).

Since inflammation is a major driver of muscle atrophy and dysregulation of
carbohydrate use, we quantified plasma cytokines and the mMRNA
expression of cytokines IL-10, IL-6 and TNFa in EDL muscle of MNX model.
The expression levels of MRNA of inflammatory cytokines were too low to
be detected in muscle (data not shown), and protein levels of cytokines in
plasma were not different to control groups (Figure 3.4). Thus, these data
demonstrate that the MNX model of OA does not result in systemic or
muscle inflammation, and therefore one might not expect to see evidence
of inflammation induced dysregulation of fuel and protein metabolism in
EDL muscle, unlike more severe inflammatory conditions such as sepsis
where marked increases in expression of IL-6 and TNFa in EDL was
paralleled by muscle atrophy and dysregulated metabolism (Crossland et
al. 2008). Our findings are consistent with recent reports of no changes in

IL-6 in plasma and tibialis anterior muscle in the DMM model of OA pain,
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and no differences in TNFa mRNA expression in gastrocnemius of ACTL of
knee OA (van der Poel et al. 2016; Silva et al. 2018). In contrast, in patients
with knee OA compared to healthy individuals serum IL-6 and TNF
receptors 1 and 2 was associated with pain, disability and walking speed
(Penninx et al. 2004). Muscle IL-6 protein and muscle MCP-1 and TNFa
MRNAs are elevated and associate with reduced muscle strength,
(Levinger, Levinger, et al. 2011) and muscle protein MCP-1 was positively
correlated with stiffness, pain and physical function (Levinger, Caldow, et

al. 2011).

The divergences of results across patients and animal models show the
complexity of finding an adequate animal model for research and highlight
the need to optimise the conditions to take benefit for a specific hypothesis.
Patients with knee OA are usually diagnosed in a mid-late and chronic stage
and is difficult to predict the time it started to develop in adults and elderly.
Instead, research in animal models of OA is mostly done in early and acute
stages in young-adult animals. It seems that systemic and muscle
inflammation is evident in patients with knee OA, however, the MNX model
of OA together with other animal models did not induce systemic and
inflammatory muscle response as well as impaired locomotor activity, which

may explain the differences with patients.

In conclusion, the MNX model resulted in the development of pain and knee
OA with synovitis, but there was no evidence of systemic and muscle
inflammation or reduced locomotor activity compared to control. As might

be expected therefore, these responses were accompanied by no evidence
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of muscle metabolic dysregulation or atrophy, despite this clear joint

pathology.
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Chapter 4:

Dysregulation of indices for
muscle metabolism and
wasting in a rat model and
patients with rheumatoid

arthritis
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4.1. Introduction

RA is an autoimmune disease that causes joint inflammation and articular
degradation following infiltration of inflammatory cells (See references in
Ledingham, Snowden, and Ide 2017). The main regulators of the immune
response are secreted inflammatory cytokines IL-1B, IL-6 and TNFa
amongst other signals produced by macrophages to combat the
autoimmune response against an external stimulus (see in Chapter 1). One
consequence of this response is that the inflammatory response is
associated with pain, which can be a major deterrent and contributor to a
reduction in habitual physical activity levels and increased sedentary
behaviour in patients with RA. This behaviour coupled with tissue
inflammation is likely to a negative effect on muscle mass and insulin

sensitivity (Fenton and Kitas 2016).

However, the extent to which muscle disuse and inflammation contribute to
muscle dysfunction in RA is unclear. Severe inflammatory states (such as
sepsis and COPD exacerbation) lead to a disruption of intermediary muscle
metabolism and the molecular regulation of muscle mass and carbohydrate
oxidation, leading to muscle atrophy and dysregulated fuel metabolism
(Crossland et al. 2008; Constantin et al. 2011). The mechanisms underlying
these events include suppression of PI3K/Aktl signalling protein
phosphorylation, which inhibits protein synthesis (Schiaffino and
Mammucari 2011) and increases activation (dephosphorylation) of the
FOXO family of transcription factors (Stitt et al. 2004). It is believed that
PI3K signalling may be modulated by IRS-1, which is an important substrate
for insulin receptor activation (Rui et al. 2001). In short, it is suggested that
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inflammatory cytokines (such as IL-6, TNFa) may disrupt IRS-1 and its
signalling cascade (Hotamisligil et al. 1996; Jian et al. 2014), triggering the
activation of FOXO and downstream FOXO targets, such as PDK4, MAFbx
and MuRF1, which are central to the regulation muscle carbohydrate
oxidation and protein breakdown in skeletal muscle (Bodine et al. 2001a;
Kwon et al. 2004). Muscle PDK4 inhibits PDC activity, reducing
mitochondrial pyruvate flux leading to muscle lactate accumulation, as seen
in a variety of inflammatory states, such as endotoxaemia (Alamdari et al.
2008), and in dietary-induced muscle insulin resistance (Furuyama et al.
2003; Constantin-Teodosiu 2013). The E3 ubiquitin ligases MAFbx, and
MuRF, and cathepsin-L are key mediators of muscle protein catabolism via
the ubiquitin-proteasome and lysosomal proteolytic pathways, respectively

(Sandri et al. 2004; Deval et al. 2001).

In this study, | hypothesised that compared to control animals, inflammation
in the CIA rat model of RA may contribute to the development of pain and
reduced locomotor activity and that this would be associated with the
dysregulation of muscle metabolism and muscle mass loss. The CIA model
has been extensively used to study different aspects of arthritis, especially
pain and joint pathology (Kuniaki Terato et al. 1982; Bendele et al. 1999),
and it has been proven to be an adequate model to study rheumatoid
cachexia (Alabarse et al. 2018). In addition, it was hypothesised that the
pattern of differences in muscle metabolites in the CIA model would be
paralleled with differences in muscle mRNA abundance of genes known to
be intimately involved in reduced protein synthesis (such as Eif4ebpl),

increased muscle protein breakdown (such as MAFbx, MuRF1) and
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carbohydrate use (such as PDK4, FOXO1, IRS1) compared to controls.
Furthermore, | had the opportunity to test whether differences in muscle
gene expression from control in this CIA model were consistent with
differences in muscle gene expression between healthy, age-matched

control volunteers and patients with RA.

4.2. Methods

Experiments were carried out following the methodology described in

Chapter 2, where more details can be found.

4.2.1. Experimental design
4.2.1.1. Rodent study

Female Lewis rats (weighing 160-180 g, n=18) were used. Rats were
randomly allocated to either the CIA model group or a complete Freund’s
adjuvant control group (n=9 per group). Pain behaviour, locomotor activity
and paw swelling were measured at baseline before intervention and on
day 3, 7, 14, and 18 after induction of CIA and control intervention. Venous
blood (0.5 ml) was collected from the tail vain without anaesthesia before
and after 18 days of treatment. The study was terminated when rats
presented with paw swelling at day 16-18 post-intervention. The EDL
muscle, predominantly type Il (fast twitch) in nature, was harvested under
terminal anaesthesia and stored at -80°C for further investigations, and
ankle joints were fixed and preserved at room temperature. For clarity, the
end time-point is represented as day 18 for all rats. All data represent

means for both hind limbs in the control group and the inflamed hind limb in
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the CIA group, except for the synovitis score where only one limb per animal

was obtained.
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Figure 4.1: Experimental design scheme for in vivo study of the collagen-induced

model of arthritis.

4.2.1.2. Human volunteer study

MRNA from quadriceps biopsies obtained from patients with RA (n=7) and
age-matched healthy volunteers (n=6) was acquired via a collaboration with
the University of Birmingham. The gender of the patients with RA was not

provided, but relevant characteristics are summarised in Table 4.1.

Table 4.1: Clinical features from patients with rheumatoid arthritis whose muscle

MRNA was used for gene expression quantification.

Erythrocyte

Patients Age Duration Protein C- sedimentation Medication

reactive (CRP) rate (ESR)
JRPO01 62 - - - -
JRPO06 63 35 years 11 mg/L 2 mm/h Prednisolone
JRP0O36 67 >20 years 15 mg/L 13 mm/h Infliximab
JRP039 67  >10 years 25 mg/L 46 mm/h Methotrexate
JRPO59 81 2 years <3 mg/L 7 mm/h None
JRP0O83 60 - N/A N/A Unknown
JRP0O84 = 37 - <3 mg/L 19 mm/h Methotrexate
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4.2.2. Collagen-induced model of arthritis

The rodent model of RA was generated by intradermal injection of bovine
collagen type Il in the base of the tail. Bovine collagen type Il (4 mg/ml; MD
Bioproducts, UK) was dissolved in acetic acid 10 mM and emulsified 1:1
with CFA, which was made with 1 mg Mycobacterium Tuberculosis in 1 mi
of Incomplete Freund’s Adjuvant. Two hundred pl of bovine collagen type I
emulsion (2 mg/ml) was injected in the base of the tail to induce arthritis
(n=9), and 200 ul of CFA emulsified 1:1 in acetic acid (10 mM) was injected
in the control rats (n=9) under general anaesthesia. Rats were housed in

groups of n=4 per cage.

4.2.3. Pain behaviour

Hind paw withdrawal thresholds were quantified using calibrated Von Frey
monofilaments (bending forces from 2-26 g on a logarithmic scale). Rats
were habituated to pain assessment for two days before the baseline
measurement, which was measured on the same day as the model
induction. The PWT method was performed as previously described in

section 2.4.2.

4.2.4. Paw thickness

The increase of paw thickness during the development of arthritis in the
ankle as measured with a digital electronic calliper as described in section

2.3.
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4.2.5. Locomotor activity

Both vertical and horizontal movements were measured at the same time
using locomotor activity boxes used as a reference method (Watson et al.
2012). Rats were placed in individual automated infrared activity boxes as
previously described in section 2.5. The beam-breaks were counted at
intervals of 5 min time epochs for 30 min under the red light the night before

of PWT testing.

4.2.6. Plasma cytokines

Tail vein blood (0.5 ml) was collected at the end of the experiment, and
blood plasma was isolated from whole blood as previously described in
section 2.1.5. The anti-inflammatory cytokine IL-10 and pro-inflammatory
cytokines IL-6 and TNFa were quantified by ELISA using R & D kits
following the manufacturer’s instructions as previously described in section

2.11.

4.2.7. Ankle histopathology

The ankle joints were harvested from both hind limbs in all rats at the end
of the study to perform histopathology examination of synovia inflammation
throughout the intervention. The joints were processed as described in
section 2.6.3 and the histology of tibiotarsal joints was performed with H&E
staining. The pathology for synovitis was scored using synovia lining layers

and cellularity (0-3) as described in section 2.7.
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4.2.8. Muscle analysis

The EDL muscle from both hind limbs was harvested under terminal
anaesthesia by intraperitoneal injection of pentobarbital and snap-frozen as

described in section 2.6.1.

4.2.8.1. Muscle metabolites

A portion of EDL muscle was freeze-dried and powdered. Two aliquots of
the powder were used to extract and measure muscle metabolites (ATP,
PCr, creatine, and lactate; 5-10 mg) and muscle glycogen (0.5-2 mg)
content, which was quantified using enzymatic spectrophotometry as

previously described in section 2.8.

4.2.8.2. Protein and DNA guantification

A portion of freeze-dried and powdered EDL muscle (~3 mg) was used to
quantify total alkaline-soluble protein and DNA contents as described in
section 2.9. The ratio protein : DNA is a reliable marker for muscle mass

loss (Forsberg et al. 1991).

4.2.8.3. RNA extraction and quantitative PCR

Total MRNA from control and CIA animals was extracted from 20-30 mg of
frozen wet EDL muscle, from which first strand cDNA was synthesised and
guantified using gPCR. The protocols followed are described in section
2.10. Forty-eight genes were selected following literature searches and
from in-house research interests in skeletal muscle energy metabolism,

protein metabolism, inflammation and neurotrophic factors. The forty-eight
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gene targets were identified for mRNA abundance quantification using

Applied Biosystems TagMan low-density array cards (Table 4.2).

Table 4.2: Genes included in the Tagman low-density array with its catalogue

number.
Genes Name Catalogue number
Mitochondria
Mtnd1 Mitochondrial subunit ND1 Rn03296764_s1
Ucp3 Mitochondrial uncoupling protein 3 Rn00565874_m1
Tfam Transcription factor A mitochondrial Rn00580051_m1
Tufm Tu translational elongation factor mitochondrial Rn01509017_g1
Tf2bm Transcription factor B2 mitochondrial Rn01412502_m1
Mtnd4 Mitochondrial subunit ND4 Rn03296781_s1
Bcl2l1 Bcl-2-like 1 Rn00437783_m1l
Angiogenesis
Vegfa Vascular endothelial growth factor A Rn01511602_m1

Carbohydrate metabolism

Pdk2 Pyruvate dehydrogenase kinase 2 MmO00446681_m1

Slc2a4 (Glut4) Glucose transporter 2 Rn00562597_m1

Pdk4 Pyruvate dehydrogenase kinase 2 Rn00585577_m1

Foxol Forkhead box protein 1 Rn01494868_m1l
Lipid metabolism

Cptla Carnitine palmitoyltransferase 1A Rn00682395_m1

Cptlb Carnitine palmitoyltrasnferase 1B Rn00580702_m1
Insulin sensitivity

1gfl Insulin-like growth factor 1 Rn00710306_m1

Insr Insulin receptor Rn00690703_m1

Irs1 Insulin receptor substrate 1 Rn02132493_s1

Ppara Peroxisome proliferator-activated receptor alpha Rn00566193_m1

Ppard Peroxisome proliferator-activated receptor delta Rn00565707_m1

Pparg Peroxisome proliferator-activated receptor gamma Rn00440945_m1

Ppargcla Peroxisome proliferator-activated receptor gamma Rn00580241_m1

coactivator 1 alpha
Ppargclb Peroxisome proliferator-activated receptor gamma Rn00598552_m1

coactivator 1 beta

Endogenous genes

Hmbs Hydroxymethylbilane synthase Rn01421881_m1l

18S (Hs) 18 S ribosomal RNA MmO04277571_s1
Myogenic factors

Myf5 Myogenic factor 5 Rn01502778_m1

Myod1 Myogenic differentiation 1 Rn00598571_m1

Mstn Myostatin Rn00569683_m1

Protein synthesis
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Eifdebpl

Eukaryotic translation initiation factor 4E binding

Rn00587824 m1l

protein 1
Mtor Mammalian target of rapamycin Rn00693900_m1
Murfl Muscle RING-finger protein 1 Rn00590197_m1
Mafbx Muscle atrophy f-box Rn00591730_m1
Psma3 Proteasome subunit alpha type 3 Rn02587201_s1
Mt1A Metallothionein 1A Rn01536930 g1
Ctsl Cathepsin L Rn04341361_ml
Aktl Serine/threonine-protein kinase 1 Rn00583646_m1
Atg9 Autophagy-related 9 Rn01400691_m1
Inflammation
Nfkb1 Nuclear factor kappa-light-chain-enhancer of activated Rn01399572_m1l
B cells
16 Interleukin 6 Rn01410330_m1
1110 Interleukin 10 Rn01644839_m1
Tird Toll-like receptor 4 Rn00569848 m1
Jakl Janus kinase 1 Rn01763899_m1
Tnfa Tumour necrosis factor alpha Rn99999017_m1
Neurotrophic factors

Ngf Nerve growth factor Rn01533872_m1
Bdnf Brain-derived neurotrophic factor Rn01484928 _m1l
Gdnf Glial cell line-derived neurotrophic factor Rn01402432_m1
Trka Tropomyosin receptor kinase A Rn00572130_m1
Trkb Tropomyosin receptor kinase B Rn01441749_m1
p75 Low-affinity nerve growth factor receptor Rn00561634_m1

MRNA expression of 19 genes from the muscle of patients with RA and

age-matched healthy volunteers was quantified by TagMan probes from

Applied Biosystems (Table 4.3). Theses 19 genes selected were chosen on

the basis of being modulated from control in CIA rats.

The relative quantification of gene expression between control CFA and CIA

rats, and between control healthy volunteers and RA patients, was

calculated as fold change using the 222t method as described in section

2.10.3. The housekeeping gene used in both rats and humans was HVBS,

used extensively in the past in similar muscle focussed studies (Alamdari et

al. 2008).
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Table 4.3: Genes selected to be quantified by Tagman probes in RA patients.

GENE CATALOGUE NUMBER
PPARGCIA Hs00173304_m1
IL6 Hs00174131_m1
IRS1 Hs00178563_m1
FOXO1 Hs00231106_m1
PSMA3 Hs00541061_m1
EIF4EBP1 Hs00607050_m1
HMBS Hs00609297_m1
MURF1 Hs00822397_m1
MT1A Hs00831826_s1
VEGFA Hs00900055_m1
IL10 Hs00961622_m1
CTSL Hs00964650_m1
MSTN Hs00976237_m1
PPARGC1B Hs00993805_m1
NTRK1 Hs01021011_m1
PDK4 Hs01037712_m1
MAFBX Hs01041408_m1
TFAM Hs01082775_m1
UCP3 Hs01106052_m1

4.2.9. Statistical analysis

All data are presented as mean + SEM and were analysed by Prism V.7
(GraphPad, San Diego, California, USA). The statistical analysis of
differences between control and CIA groups for PWT, locomotor activity and
paw thickness was performed using two-way ANOVA with Bonferroni
corrections. Student's unpaired t-test was used to compare muscle
metabolites and the protein : DNA ratio between control and CIA groups.
The Mann-Whitney test was used to compare plasma cytokines,
histopathology scoring system and muscle mRNA expression. Ingenuity
Pathway Analysis software (Redwood City, CA, USA) was used to

interrogate differences in mMRNA abundance from control as described in
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section 2.10.4. Mean differences were considered statistically significant

when p<0.05.

4.3. Results
4.3.1. Rodent study

Inflammation in the CIA model developed at slightly different rates in the
rats, the manifestation of paw swelling was taken to indicate model success

(Table 4.4).

Table 4.4: Description of group size and end-point based on paw swelling in each
treatment group.

Normal paw Paw swellin Paw swelling
Treatment : P 9 between days Total
thickness before day 16
16-18
Control 9 0 0 9
CIA 1 1 7 9

As a consequence of one CIA animal developing paw swelling earlier than
the others, the group size was different for the last time-point of the

behavioural experiments (Table 4.5 and 4.6).

Table 4.5: Group size during the time-course of paw withdrawal thresholds test. Note
one rat developed paw swelling on day 15 in the CIA group and was terminated together
with the accompanied rats in the same cage and one rat did not withdraw due to severe
inflammation.

Treatment Baseline Day 3 Day 7 Day 14 Day 18
Control 9 9 9 9 7
CIA 9 9 9 9 6

Table 4.6: Group size during the time-course of the locomotor activity test. Note one
rat developed paw swelling on day 15 in the CIA group and was terminated together with
the accompanied rats in the same cage.

Treatment Baseline Day 3 Day 7 Day 14 Day 18
Control 9 9 9 9 7
CIA 9 9 9 9 7
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4.3.1.1. Pain behaviour and paw thickness in the CIA model of RA

Baseline PWT between the two groups of rats were consistent (Figure 4.2).
Paw withdrawal thresholds were quantified at 3, 7, 14, and 18 days following
induction of the CIA model or control treatment. PWTs remained stable for
the duration of the study for the control group, whereas the CIA group had
significantly lower PWTs at 18 days (Figure 4.2.A). At this time point, there
was also a significant increase in the paw thickness in the CIA group,
compared to control (Figure 4.2.B). The change in PWT (indicative of pain)

was significantly correlated with the increase of paw thickness (Table 4.6).
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Figure 4.2: Paw withdrawal thresholds and thickness at baseline (B) and after
treatment with CIA (n=9) or control (n=9) rats. Results are mean + SEM. Statistically
analysed two-way ANOVA with Bonferroni correction. Differences between CIA and control

groups during treatment **p<0.01, ***p<0.001.
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4.3.1.2. Locomotor activity in CIA rats

At baseline, the horizontal and vertical activity of the two groups of rats were
comparable (Figure 4.3). Following induction of the CIA model, locomotor
activity remained relatively stable until the later time-points. There was a
trend towards a reduction in the vertical activity of rats in the CIA group,
compared to control on day 13. At day 17, there was a significant reduction
in both the horizontal and vertical activity of the CIA group, compared to
control (Figure 4.3 A, B). Changes in locomotor activity at day 17 were
significantly correlated with the increase of paw thickness (Table 4.6).
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Figure 4.3: Locomotor activity at baseline and after treatment with CIA (n=9) or
control (n=9) groups in 18 female rats. Results are mean + SEM representing the
number of movements (beam-break) for 30 min in the dark cycle (night). Statistical analysis
using two-way ANOVA with Bonferroni correction. Differences between CIA and control

groups on day 17: *p<0.05, ***p<0.001.
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4.3.1.3. Plasma inflammatory cytokine concentrations

The plasma concentration of the anti-inflammatory cytokine I1L-10 and the
pro-inflammatory cytokine TNFa was very low in both CIA and control
groups, with no difference between groups detected. However, the plasma
concentration of the pro-inflammatory cytokine IL-6 was markedly and
significantly increased in CIA rats, compared to control (Figure 4.4).
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Figure 4.4: Plasma inflammatory cytokine concentrations from CIA rats (n=6) and
control (n=7) rats at the end of the study. Results are mean + SEM. Statistically
analysed using Mann-Whitney non-parametric test. Differences between CIA and control

groups on day 18: **p<0.01.
4.3.1.4. Histopathology of tibiotalus joint results in synovitis

The H&E staining of the tibiotalus joint (ankle) was performed at day 18,
and a score of synovitis measured to quantify the extent of inflammation.
There was a significantly greater number of cells in the talus and an
increase in the cellularity in the synovium of CIA rats, compared to the

control group (Figure 4.5).
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Synovitis, the main feature of inflammatory arthritis, was significantly

correlated with paw thickness and both horizontal and vertical locomotor

activity. However, synovitis was not correlated with plasma levels of IL-6, or

pain behaviour (PWTSs). In contrast, paw thickness was strongly correlated

with pain behaviour (PWTs), locomotor activity and IL-6 in plasma as a

marker of systemic inflammation (Table 4.7).

Table 4.7: Correlation of inflammatory synovitis and paw thickness with in vivo

parameters in CIA rats. Data are shown as Pearson correlation coefficients. In bold are

the levels of significance for each relationship.

Variable Synovitis  Pvalue | Paw thickness  Ppvalue
Paw withdrawal thresholds -0.4446 0.0968 -0.6476 0.0067
Horizontal locomotor activity | -0.7403 0.0007 -0.7188 0.0008
Vertical locomotor activity -0.7541 0.0005 -0.779 0.0001
Paw thickness 0.7081 0.0015 - -
IL-6 in plasma 0.4444 0.1478 0.6807 0.0130

Additionally, pain behaviour (PWTs) was negatively correlated with

systemic IL-6 (p<0.01). Interestingly, PWTs were not correlated with vertical

(p<0.1) or horizontal (p<0.085) activity (Fig 4.6).
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Figure 4.6. Correlations of paw withdrawal threshold as indicative of pain with

systemic inflammation (A) and activity (B). Paw withdrawal threshold (PWT) axis is

represented as a log scale. PWT vs IL-6: r=-0.7883, p<0.01. PWT vs horizontal activity:

r=0.444. PWT vs vertical activity: r=0.426. Data are shown as the Pearson correlation.
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4.3.1.5. Muscle glycogen and metabolites

Muscle glycogen and intermediary metabolites were measured in the EDL
muscle at the end of the study in CIA rats with paw swelling (n = 9) and
control rats (n = 9; Figure 4.7). Glycogen content in the EDL from the CIA
rats was less than in the control rats. Similarly, muscle lactate content in the
EDL was greater in the CIA rats, compared to the control group. Importantly,
muscle ATP, phosphocreatine and total creatine contents were not different
between the two groups of rats, indicating muscle viability and metabolic

stress responses were comparable between the two groups (Figure 4.7.C).
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Figure 4.7: Levels of intermediate metabolites in the EDL muscle of CIA (n=9) and
control (n=9) rats. Results are mean + SEM representing glycogen (A), lactate (B), ATP,
PCr and total creatine (C) content in EDL dry muscle. Statistically analysed using Student’s

t-test. Differences between CIA and control group on day 18: *p<0.05, **p<0.01.
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4.3.1.6. Alkaline-soluble protein to DNA ratio

CIA rats tended to have less alkaline-soluble protein content (1052.45
png/mg), compared to control rats (1119.8 pg/mg) and the muscle DNA
content was similar between groups (2-2.1 pg/mg), therefore the
protein:DNA ratio tended to be less (P=0.067) in CIA rats compared to
control rats at the end of the study (Figure 4.8) pointing to greater muscle
atrophy.

Protein:DNA ratio
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Figure 4.8: Alkaline-soluble protein to DNA ratio in the EDL muscle of CIA (n=9) and
control (n=9) rats at the end of the study. Results are mean + SEM. Statistically

analysed using Student’s t-test.

4.3.1.7. Muscle mRNA expression

Expression levels of 4 mRNAs known to regulate muscle protein breakdown
and atrophy (Ctsl, Eif4bpl, Fbxo32, Trim63) were greater in EDL muscle in
CIA rats, compared to CFA rats. Expression levels of mRNA related to
neurotrophin receptor kinase 1 (Ntrk1l) were less. Expression levels of 6
MRNAS associated with carbohydrate oxidation and insulin sensitivity were
altered in the CIA rats, compared to control rats. Expression of FOXO1
MRNA was higher in the EDL of CIA rats, compared to controls. The

expression of Irs1, PPARa, PPARgcla, PPPARgclb, Slc2a4 and Vegfa
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Figure 4.9: Fold-change in EDL mRNA abundance from control in CIA rats at day 18 (n=9). Results are mean + SEM. Statistically analysed using non-

parametric Mann-Whitney test. Differences between CIA and control group: *p<0.05, **p<0.01.
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(hypoxia-related factor) mMRNA was lower in the EDL of CIA rats, compared
to CFA controls. There were no differences in the expression levels of IL-

10 and IL-6 in the EDL between the two groups of rats.

In addition to identifying individual mRNA abundance differences, muscle
MRNA abundance values for the whole cohort of genes identified in Table
4.2 were used to predict differences in metabolism from control in the CIA
model using IPA bioinformatic software, thereby providing novel insight of
metabolic pathways that might underpin any biochemical changes seen at
a muscle level between groups. Fig 4.10 depicts the mRNAs most
differentially regulated from control in the muscle of CIA treated animals
(outer ring), and the centre predicts the changes expected in the CIA group
based on these collective changes (see figure legend for a more detailed
description). IPA predicted the inhibition of carbohydrate and fatty acid
metabolism in the CIA group compared to control, with the confidence of
predicted inhibition being greatest for carbohydrate metabolism (Figure
4.10A). Additionally, IPA predicted the activation of protein metabolism in
CIA treated animals compared to control based on the differential mMRNA
abundance changes (Figure 4.10B). These predictions are in accordance

with the other muscle level analyses performed in this study.

Importantly, provided that only 48 genes were introduced in the IPA
analysis, and most were related to metabolic process, the system is

subjected to highlight a metabolic dysfunction.
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Figure 4.10: IPA prediction of energy metabolism including fatty acid and
carbohydrate metabolism (A) and metabolism of protein (B) in EDL muscle based
upon changes in mRNA expression from CIA rats (n=9) compared to control rats
(n=9). In the outer ring: schematic representation of the most differentially regulated
mRNAs in CIA compared to control rats, and with the colour intensity reflecting greater
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type of protein encoded. The centre of each ring indicates the network function connecting
the genes by lines and arrows indicating the predicted relationship leading to activation

(orange), inhibition (blue) or inconsistent (yellow).
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4.3.2. Human volunteer study

Differences in muscle mRNA expression from control volunteers in
rheumatoid arthritis patients are shown in Fig. 4.11. Expression levels of
the anti-inflammatory cytokine IL-10 and pro-inflammatory IL-6 were higher
in the muscle of RA subjects compared to control volunteers (Figure 4.11A).
The expression of Mafbx mMRNA was downregulated in the quadriceps
muscle of RA subjects compared to controls, whilst MSTN and MT1A were
upregulated in the muscle from RA patients compared to the control (Figure
4.11.B). PDK4 was highly upregulated, and PPARGC1lb was
downregulated in the quadriceps muscle of RA patients, compared to

control volunteers (Figure 4.11.C).
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Figure 4.11: Expression of different clusters of genes in quadriceps from patients
with RA (n=7) versus controls (h=6). Results are mean + SEM representative of genes
selected from results in muscle from CIA rats. Statistically analysed using non-parametric
Mann-Whitney test. Differences between CIA and control groups at day 18: *p<0.05,
**p<0.01.
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4.4. Discussion

The studies undertaken in this chapter demonstrate the development of RA
features, increase in pain behaviour, swelling and reduction of locomotor
activity in the rat CIA model. New evidence for the presence of a systemic
inflammatory response and metabolic and molecular changes in EDL
muscle (from limbs with swollen hind paws) is presented herein. Joint
swelling correlated with the decrease in paw withdrawal thresholds
(indicative of pain), decreased locomotor activity and the elevation of
plasma levels of the cytokine IL-6. Importantly, the evidence of systemic
inflammatory response in the CIA model may be related to the changes in

gene expression in the EDL muscle despite low muscle inflammation.

Increased pain and reduced locomotor activity in CIA at the stage of early
acute inflammation supports the previous findings in models of rheumatoid
arthritis and patients with the disease, where spontaneous locomotor
activity decreased from day 14 in CIA and AIA rats coinciding with a fall of
the pain threshold (Sasakawa et al. 2005; Tanimoto et al. 2015). However,
the correlation between pain and locomotor activity was not significant,
suggesting that low activity may be independent of pain and systemic
inflammation, but more dependent on paw thickness and synouvitis.
Nevertheless, paw withdrawal thresholds were correlated with plasma
levels of IL-6, and with paw thickness but not synovitis. These findings are
consistent with evidence for a close relationship between pain behaviour
and inflammation due to the role of cytokines, involved in the process of
pathological pain modulating neuronal activity (Zhang and An 2007) in
several diseases including rheumatoid arthritis (Bingham et al. 2009). In the
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AIA model of RA, there is also an increase of IL-6 cytokine in serum and
paw swelling by day 15 coinciding with low paw thresholds on day 22

(Tanimoto et al. 2015).

On the other hand, the locomotor activity may be affected by the discomfort
of paw swelling and synovitis pathology in the CIA model. Therefore, as
paw withdrawal thresholds is a test measuring pain sensitivity, it may not be
representative of joint pain and thereby not correlated to locomotor activity.
Pain tests focused locally to the joint, where the presence of swelling and
synovitis is, could explain if the low activity may be due to pain in the

inflamed joint.

There was a large increase in paw thickness, which correlated positively
with plasma levels of IL-6. Previously, it was suggested that IL-6 has a key
role in the inflammation associated with the early stages of RA, as plasma
levels were extremely high in pre-arthritis patients and CIA model
(Kokkonen et al. 2010; Alonzi et al. 1998). Furthermore, paw swelling was
positively correlated with synovitis in the ankle joint of rats with early
rheumatoid arthritis. However, plasma IL-6 levels did not correlate with
levels of synovitis. Despite the evidence of systemic inflammation, cytokine
levels were not significantly higher in the EDL muscle of CIA rats, compared
to control CFA rats. Previous studies supported the concept that skeletal
muscle dysfunction in CIA rats is triggered by inflammation and cytokine
release, rather than muscle disuse (de Oliveira Nunes Teixeira et al. 2013).
The metabolic and molecular changes in the muscle in the CIA model after
18 days of RA induction could potentially be due to a systemic inflammatory

response at the muscle membrane (Peake et al. 2015). To better
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understand and identify the grade of inflammation in the CIA model, it would
be necessary to do a time-course of inflammatory development and

cytokines during the disease progression in plasma, muscle and synovium.

Skeletal muscle integrity in the CIA model in this study was viable as muscle
ATP, phosphocreatine and total creatine contents were similar to the control
group. Nevertheless, glycogen content was lower while lactate content was
greater in CIA rats compared to control, reflecting dysregulation of
carbohydrate metabolism as seen in inflammatory states such as sepsis
and COPD amongst other diseases (Crossland et al. 2008; Constantin et
al. 2011). It has been proposed in these and other studies that muscle
mitochondrial carbohydrate oxidation is impaired in inflammatory states,
and via the Akt1/FOXOL1 signalling pathway. Elevated cytokines have been
proposed to reduce Akt phosphorylation thereby increasing FOXO1
activation (dephosphorylation) and the upregulation of downstream gene
targets, including MAFbx, MuRF1 and PDK4 in rats with endotoxaemia
(Crossland et al. 2008) and critically ill patients (Constantin et al. 2011).
PDK4 phosphorylates and inactivates the pyruvate dehydrogenase
complex PDC, which reduces mitochondrial pyruvate entry thereby
decreasing muscle carbohydrate oxidation and increasing muscle lactate
production. Considering the slight upregulation of PDK4 mRNA in this
study, this may explain the greater muscle content of lactate compared to
control, and the lower muscle glycogen content (which presumably resulted
from less efficient glycogen use in the face of unchanged muscle ATP and
phosphocreatine). In keeping with this observation, it has been

demonstrated that some genes related to insulin sensitivity were
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downregulated in muscle from different inflammatory and catabolic
diseases, including a mouse CIA model (Arias de la Rosa et al. 2018). In
this study, the following genes related to insulin signalling pathway were
downregulated: insulin receptor substrate 1 (IRS1), glucose transporter
type 4 translocation (Glut4), peroxisome proliferator-activated receptor
PPARa, Peroxisome proliferator-activated receptor gamma coactivator 1
alpha (PPPARgcla or PGCla) and beta (PPPARgc1b or PGC1B). IPA

analysis predicted its involvement to regulate carbohydrate metabolism.

Considering that RA is a disease characterised by the autoimmune and
inflammatory response, we hypothesised that muscle mass and
functionality would be reduced in this model. It has been reported that
proteolytic pathways are regulated by Akt/FOXO1 signalling (Sandri et al.
2004), including the muscle-specific UPP ligases Mafbx and MuRF1.
Expression levels of mRNAs involved in muscle protein breakdown and
associated in muscle atrophy were increased in CIA treated animals
compared to control. Expression of these genes has been previously shown
to be increased in muscle from animal models of arthritis and inflammatory
diseases (Castillero et al. 2009; Crossland et al. 2010; Constantin et al.
2011) suggesting the activation of ubiquitin-proteasome and autophagic-
lysosomal proteolytic pathways (Gomez-SanMiguel et al. 2016) leading to
muscle wasting. Furthermore, IPA analysis predicted the activation of
protein metabolism in the CIA treated animals compared to control in the
present study, and in keeping with the muscle alkaline-soluble protein:DNA
ratio was less in the CIA rats compared to control. The activation of protein

degradation pathways can be regulated by the dephosphorylation of
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Aktl/FOXO1 signalling in different acute systemic inflammatory diseases,
including sepsis, COPD and glucocorticoid treatments (Crossland et al.
2008; Doucet et al. 2007; Martin et al. 2014). Regardless, it remains unclear
if the same mechanism exists in cachexia and arthritis due to normal Akt
activity (Stephens et al. 2010; Castillero et al. 2011). These discrepancies
may become from the severity grading between acute and chronic
inflammatory states. However, | acknowledge that protein expression
analysis would need to determine the levels of phosphorylated Aktl and

FOXO1 proteins in the CIA model.

Based on the IPA predictions, | could also associate the expression of
different clusters of genes with muscle protein breakdown and carbohydrate
metabolism. | documented lower expression of VEGFa, which has already
seen to be associated with FOXO activation suppressing cellular metabolic
flux, mitochondrial respiration and fatty acid synthesis (Domigan et al. 2015)
as IPA predicted in this study. Neurotrophic receptor Ntrk1 (TrkA) for NGF
neurotrophins has been suggested to be implicated in carbohydrate
metabolism as shown in L6 muscle cells, where it was found its implication
with pain and muscle regeneration (Rende et al. 2000). Additionally, TrkA
is required to induce phosphorylation (activation) of Akt and insulin receptor

complex by insulin stimulation (Geetha et al. 2013).

Overall, our study provides evidence of inflammation associated with pain,
synovitis, and locomotor inactivity and provides a mechanism which may

underlay the muscle wasting and metabolic dysregulation observed.
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This approach can help to better understand the mechanisms of muscle
mass loss and metabolic dysregulation in inflammation. It highlights the
importance of muscle health in RA for its development as a disease and
possible future treatments. However, further clinical experiments need to be
undertaken to identify relevant similarities with the rodent model. In this
study, mRNAs from quadriceps muscle of patients with RA was used to
identify the more clinically relevant genes changed in the EDL muscle of
ClArats. In these clinical samples, levels of the IL-10 and IL-6 in the muscle
from RA subjects were significantly higher than in healthy control, while
MRNA markers of proteolytic pathways levels were not prominently
changed. Interestingly, myostatin mMRNA was upregulated in the RA muscle
from clinical patients, which is a major indicator of muscle wasting as
previously seen in critically ill patients (Constantin et al. 2011). On the other
hand, the extremely high levels of mMRNA PDK4 in clinical samples may
indicate the impairment of carbohydrate oxidation in muscle from RA
patients. Consistent with my data in the CIA rat model, PGC1lb mRNA was
downregulated in muscle from RA subjects, and Mtla mRNA was
upregulated. There are some key limitations of this study, patients used for
the gene quantification in muscle had received treatments (NSAID and
DMARD) which may have influenced the outcomes of this study. It would
be an advantage to have more clinical parameters such as levels of
cytokines in blood, disease progression and protein and metabolites
content in muscle to better compare the stage of RA that the CIA model
mimics. However, it will not be possible to compare directly the conditions

of RA samples and CIA model as the duration of the disease is different. It
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is yet to be known the equivalence of days in CIA model versus days in

patients with RA.

In conclusion, the rat CIA model of RA is an inflammatory model with the
development of disease pathology reflected on pain, low activity, paw
swelling and synovitis. | evidenced that cytokine IL-6 is a major deterrent of
the systemic inflammatory response in the CIA model and that it may trigger
the activation of metabolic and molecular signalling pathways regulated by
Akt/FOXO in the muscle. In accordance to previous research with
inflammatory models, muscle from CIA rats are exposed to protein
degradation and lactate accumulation with indices of carbohydrate
metabolism impairment. Simultaneously, clinical samples of RA also

showed muscle dysregulation by gene expression analysis.
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Figure 4.12: Proposed signalling pathway regulated by rheumatoid arthritis induced
inflammation in the rodent model of CIA based on mRNA expression in muscle. IL-6
alters the phosphorylation cascade of the IGF1-PI3K-Akt axis by the downregulation of
IRS1, activating FOXO and its downstream transcription factors. It triggers muscle atrophy
by the protein imbalance (decreased protein synthesis and increased protein degradation)
as well as decreased in muscle insulin sensitivity, which leads to a rise in muscle lactate

levels.
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Chapter 5:

Peroxisome proliferator-activated
receptor y agonist ameliorates
Inflammation and modifies muscle
metabolism and lactate
accumulation in a rat model of

rheumatoid arthritis
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5.1. Introduction

Skeletal muscle weakness, fatigue and weight loss are features of
rheumatoid arthritis that impair the quality of life in patients. As it is
demonstrated in chapter 4, collagen-induced arthritis model-related
inflammation in rats resulted in arthritis-like symptoms such as ankle
synovitis, pain, low locomotor activity and muscle dysfunction. It is widely
reported that inflammation is a catabolic state that increases muscle protein
breakdown via several pathways, including the ubiquitin-proteasome
pathway and lysosomal-mediated autophagy (Bodine Sue C. et al. 2001b;
Deval et al. 2001). Inflammation is also associated with muscle lactic
acidosis, which is at least partly a result of reduced pyruvate
dehydrogenase complex flux (Alamdari et al. 2008) arising from
inflammation-induced increases in expression of PDK4, which inhibits PDC
(Furuyama et al. 2003; Constantin-Teodosiu 2013). Reduced muscle PI3K-
Akt phosphorylation by inflammatory cytokines results in dephosphorylation
of FOXO transcription factors and their translocation to the nucleus resulting
in increased transcription of downstream targets, such as PDK4, Mafbx,
MuRF1 and cathepsin-L (Crossland et al. 2008). The physiological
consequences of which include inhibition of muscle carbohydrate oxidation
(Alamdari et al. 2008; Crossland et al. 2008) and promotion of muscle
protein breakdown (Bodine et al. 2001a; Kwon et al. 2004; Sandri et al.

2004).

Rheumatoid arthritis patients and rodent models of this disease present with
increased systemic inflammation, such as elevated concentrations of
circulating IL-6 (both serum and plasma) (Alonzi et al. 1998; Heidi et al.
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2010), which are associated with muscle wasting and altered body
composition with a decrease in total and appendicular lean mass
(Tournadre et al. 2017), increased fat mass (Khoja et al. 2018) and muscle
function and physical inactivity (Huffman et al. 2017; Alabarse et al. 2018).
Thus, it can be predicted that suppression of systemic inflammatory under
these conditions may reduce muscle mass loss and preserve muscle
carbohydrate oxidation. Indeed, this has shown to be the case in an animal

model of endotoxaemia (Crossland et al. 2008; Crossland et al. 2010).

Disease-modifying anti-rheumatic drugs (DMARDS), such as cytokine
antagonists, which suppress inflammatory response have beneficial effects
on the severity of rheumatoid arthritis in some patients (Tournadre et al.
2017; Wilsdon and Hill 2017). Potential beneficial effects of these types of
treatment upon the regulation of muscle mass and fuel metabolism in RA

have yet to be evaluated.

Peroxisome proliferator-activated receptors (PPARs) are members of the
nuclear hormone receptor superfamily, which act to regulate gene
expression and metabolism (Berger and Moller 2002; Forman, Chen, and
Evans 1996). They control the expression of networks of genes involved in
adipogenesis, lipid metabolism, inflammation and maintenance of
metabolic homeostasis (Ahmadian et al. 2013). PPARy regulates
adipogenesis and whole-body lipid metabolism and insulin sensitivity
(Evans, Barish, and Wang 2004; Tontonoz and Spiegelman 2008) as well
as gene networks involved in glucose homeostasis. Additionally, PPARy
controls the expression of numerous factors secreted from adipose tissue,

such as adiponectin, leptin and tumour necrosis factor-a (TNF-a), which
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also influence insulin sensitivity (Ahmadian et al. 2013). Different tissues
are directly involved with the mechanism and effects of thiazolidinediones
(TZDs), which are synthetic agonists of PPARY, including adipose tissue,
skeletal muscle and liver. Administration of synthetic agonists of PPARY,
called thiazolidinediones (TZDs), can improve insulin sensitivity and
glucose homeostasis in different tissues and have been extensively used to
treat type Il diabetes (Rizos et al. 2008; Rizos, Kei, and Elisaf 2016). PPAR
ligands have anti-inflammatory effects in different diseases, such as
diabetes and sepsis (Liu et al. 2005). Chronic pre-treatment with the
selective PPARYy agonist, rosiglitazone (8.5 mg kg day?), suppressed
lipopolysaccharide (LPS)-induced reductions in the phosphorylation status
of Akt and FOXO, which was associated with reduced expression of muscle
IL-6 and TNFa mRNA. Additionally, it preserved muscle mass and
carbohydrate use by reducing the expression of MuRF1, Mafbx and PDK4
in the EDL muscle (Crossland et al. 2017). Similarly, rosiglitazone reduced
circulating concentrations of TNFaq, IL-1 and IL-6 in a mouse CIA model of
RA (Cuzzocrea et al. 2003) and had anti-inflammatory effects reflected by
a reduction in joint synovitis and bone erosions in adjuvant-induced
polyarthritis rats (Koufany et al. 2008). However, the potential beneficial
effects of PPARy agonists in preserving skeletal muscle mass and

metabolic function in RA has yet to be reported.

This chapter addressed the hypothesis that the beneficial effects of
rosiglitazone on inflammation improve skeletal muscle function in a rodent
model of RA. The effects of rosiglitazone on inflammation, pain responses,

locomotor activity, muscle energy metabolism pathways and muscle mass
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were determined in the CIA model of RA. Finally, to understand better the
pathways underlying the beneficial effects of rosiglitazone in this model of
RA, targeted analysis of 48 gene transcripts was performed utilising a
microfluidic, low-density array approach coupled with Ingenuity Pathway

Analysis of expression data generated.

5.2. Methods

Experiments were carried out following the methodology described in

Chapter 2, where more details can be found.

5.2.1. Experimental design

Female Lewis rats (weighing 170-190 g, n=40) were used. Rats were
randomly allocated to either rosiglitazone (Rosi) or vehicle intervention
(n=20 per group). Fourteen days after daily administration of either
rosiglitazone or vehicle (see 5.2.2), rats were randomly allocated to CFA
(control) or CIA (treatment) intervention (see 5.2.3), creating a total of 4
experimental groups (n=10 per group): control + vehicle; control +
rosiglitazone; CIA + vehicle and CIA + rosiglitazone. Pain behaviour and
paw thickness were measured before and at day 3, 8, and 17 following
commencement of control and CIA intervention. Locomotor activity was
measured the night before daily rosiglitazone and vehicle administration
commenced, and before and on day 8 and 17 following commencement of
control and CIA intervention. Venous blood (0.5 ml) was collected from the
tail vain without anaesthesia before and 17 days after commencement of

control and CIA intervention, and the study was terminated after 17 days.
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At this time, the EDL muscle and ankle joints were harvested under terminal

anaesthesia and stored at -80°C.
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Figure 5.1: Experimental design scheme for in vivo study of the collagen-induced

model of arthritis with daily treatment with rosiglitazone/vehicle.

5.2.2. Oral gavage

Rats were dosed via oral gavage as described in section 2.2. Rosiglitazone
(8.5 mg/kg; Bepharm Ltd, China) was suspended in 0.5% HPMC (10 ml/kg;
Sigma) and administered once per day for 14 days before commencement
of control and CIA intervention and then every day until the end of the study.

The control group received vehicle 0.5% HPMC identically.

5.2.3. Collagen-induced model of arthritis

The rodent model of RA was generated by intradermal injection of bovine
collagen type Il in the base of the tail. Bovine collagen type Il (4 mg/ml; MD

Bioproducts) was dissolved in acetic acid 10 mM and emulsified 1:1 with
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CFA, which was made with 1 mg Mycobacterium Tuberculosis in 1 ml of
Incomplete Freund’s Adjuvant. Two hundred pl of bovine collagen type I
emulsion (2 mg/ml) was injected in the base of the tail to induce arthritis
(n=20) under general anaesthesia. The control for this model (200 ul of CFA
emulsified 1:1 in acetic acid 10 mM) was injected into the base of the tail
(n=20) under general anaesthesia. Rats were housed in groups of n=4 per

cage.

5.2.4. Pain behaviour

Hind paw withdrawal thresholds were quantified for both limbs using
calibrated Von Frey monofilaments (bending forces from 2-26 g in a
logarithmic scale). Rats were habituated to pain assessment for two days
before the intervention. The PWT method was performed as previously
described in section 2.4.2 before and at day 3, 8, 17 after model induction

(Figure 5.1).

5.2.5. Paw thickness

The paw thickness was measured in both hind limbs with a digital electronic
calliper as described in section 2.3 before and at day 3, 8, 17 after the

intervention (Figure 5.1.).

5.2.6. Locomotor activity

Both vertical and horizontal movements were measured using locomotor
activity boxes using an established method (Watson et al. 2012). Rats were
placed in individual automated infrared activity boxes as previously

described in section 2.5. The beam-breaks were counted in intervals of 5
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min time epochs for 30 min under the red light the night before starting oral

gavage and then every night before PWT testing (Figure 5.1).

5.2.7. Plasma cytokine concentration

Tail vein blood (0.5 ml) was collected at the end of the experiment, and
plasma was isolated from whole blood as previously described in section
2.1.5. The pro-inflammatory cytokine IL-6 was quantified by ELISA
(Quantikine® ELISA, R&D systems) following the manufacturer’s

instructions as previously described in section 2.11.

5.2.8. Ankle histopathology

The ankle joints were harvested from both hind limbs in all rats at the end
of the study to perform histopathology examination of synovia inflammation
throughout the intervention. The joints were processed as described in
section 2.6.3 and the histology of tibiotarsal joints was performed with H&E
staining. Synovitis of the joint was scored using a cellularity scale (0-3) as
described in section 2.7. Data presented represent values from the left hind
limb in the control group and the most swollen limb of the CIA group

measured by paw thickness.

5.2.9. Muscle analysis

The EDL muscles from both hind limbs were harvested under terminal
anaesthesia by intraperitoneal injection of pentobarbital and snap-frozen as
described in section 2.6.1. Data presented represent values from the left
hind limb in the control group and the most swollen limb of the CIA group

measured by paw thickness.
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5.2.9.1. Muscle metabolites

A portion of EDL muscle was freeze-dried and powdered. Two aliquots of
powder were used to extract and measure muscle metabolite (ATP, PCr,
creatine, and lactate; 5-10 mg) and muscle glycogen (0.5-2 mg) content,
which was quantified using enzymatic spectrophotometry as previously

described in section 2.8.

5.2.9.2. Protein and DNA quantification

A portion of freeze-dried and powdered EDL muscle (~3 mg) was used to
quantify total alkaline-soluble protein and DNA contents as described in
section 2.9. The ratio protein : DNA is a reliable marker for muscle mass

loss (Forsberg et al. 1991).

5.2.9.3. RNA extraction and quantitative PCR

Total MRNA from control and CIA animals was extracted from 20-30 mg
frozen wet EDL muscle, from which first strand cDNA was synthesised and
qguantified using gqPCR. The protocols followed are described in section
2.10. Forty-eight genes previously selected in Chapter 4 associated with
the regulation of skeletal muscle energy metabolism, protein metabolism,
inflammation and neurotrophic factors were quantified for MRNA
abundance using Applied Biosystems TagMan low-density array cards
(Table 4.2). The relative quantification of gene expression amongst groups
was calculated using the fold change from the 2-22% value as described in
section 2.10.3 using control + vehicle group as a reference control. The
housekeeping gene used was HMBS, which has been approved and used

extensively (Alamdari et al. 2008).
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5.2.9.4. Statistical analysis

All data are presented as mean + SEM and were analysed by Prism V.7
(GraphPad, San Diego, California, USA). The statistical analysis of
differences amongst groups for PWT, locomotor activity and paw thickness
was performed with two-way ANOVA with Bonferroni corrections. Ordinary
one-way ANOVA was used to compare metabolites (ATP, PCr, lactate,
glycogen), protein : DNA ratio and synovitis. A Kruskal-Wallis test was used
to compare muscle total creatine, plasma IL-6 and muscle gene expression
due to non-normal distribution data. Ingenuity Pathway Analysis software
(Redwood City, CA, USA) was used to interrogate differences in mRNA
abundance from control + vehicle as described in section 2.10.4. Mean
values were considered statistically different when p<0.05. Values in text,

tables and figures are represented as mean + SEM.
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5.3. Results

Of the 20 CIA rats, one treated with rosiglitazone had eczema which was
close to the severity limit to get infected and therefore the rat was humanly
killed and not included in any analyses (final group size for CIA +
rosiglitazone n=9). The manifestation of paw swelling was taken as a
primary indication of CIA model success and was evident in 8 of the 10 rats

in the CIA + vehicle group (Table 5.2).

Table 5.1: Description of group size and end-point based on paw swelling in each

treatment group.

No paw

Treatment swelling Paw swelling Humanly Killed Total
Control + vehicle 10 0 0 10
Control + Rosi 10 0 0 10
CIA + vehicle 2 8 0 10
CIA + Rosi 5 4 1 10

Pain behaviour was quantified as a change in PWT. This commonly used
measure is dependent upon the withdrawal of the hind limb. In some cases,
in the CIA vehicle group, the swelling was judged to confound this measure
with the inability of withdrawing, and this is evident in the group size of the

last time-point for these data (Table 5.3).

Table 5.2: Description of group size over the time-course of PWT measurement. Note

starting group size for CIA + Rosi was 9.

Treatment Baseline Day 3 Day 8 Day 17
Control + vehicle 10 10 10 10
Control + Rosi 10 10 10 10
CIA + vehicle 10 10 10 6
CIA + Rosi 9 9 9 7
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There were no differences in PWT, paw swelling and locomotor activity in
the control groups treated with vehicle or rosiglitazone, and therefore these
two groups were merged as a single group (control n=20) to improve the

clarity of line graphs.

5.3.1. Rosiglitazone reduced pain behaviour and blunted paw

thickness

Baseline paw withdrawal thresholds amongst the groups of rats were
comparable (Figure 5.2). PWTs were quantified at 3, 8, and 17 days
following induction of the CIA model or control. In the control group, PWTs
remained stable for the duration of the study, whereas the CIA + vehicle
group had significantly lower PWTs at 17 days compared to the control
group. The CIA group treated with rosiglitazone had significantly lower
PWTs than the control group at day 17. There were no significant
differences between CIA treated with rosiglitazone and CIA treated with
vehicle although the mean of PWT always remained higher in CIA +
rosiglitazone group (Figure 5.2.A). At this time-point, there was also a
significant reduction in the paw thickness in the CIA group treated with
rosiglitazone, compared to the CIA vehicle group and control (Figure 5.2.B).
There was a significant negative correlation between paw thickness and
PWT (Figure 5.3), with lowered PWTs (increased paw responses)

correlated with paw thickness.
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Figure 5.2: Effects of vehicle versus rosiglitazone (rosi) on paw withdrawal
thresholds (A) and paw thickness (B) in CIA rats. Group sizes: control (n=20);
ClA+vehicle (n=10); CIA+rosi (n=9). Results are mean + SEM. Statistically analysed by
two-way ANOVA with Bonferroni correction: control vs CIA+vehicle ***p<0.001; control vs
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Figure 5.3: Correlation of paw withdrawal thresholds and paw thickness as
indicative of pain responses and paw swelling. Paw withdrawal threshold axis is

presented as a log scale. Data analysed with a Pearson correlation (r). *p<0.05.
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5.3.2.  Effects of rosiglitazone treatment on locomotor activity in

ClA rats

At day -14 horizontal and vertical activity of rats was comparable between
the three groups. Following CIA induction horizontal and vertical activity of
rats remained stable and comparable to the control group until day 7. At
day 17, horizontal and vertical activity was reduced in CIA rats treated with
vehicle or rosiglitazone (Figure 5.4). Following induction of the CIA model,
horizontal activity remained relatively stable until the later time-points
(Figure 5.4.A). At day 17 there was a significant reduction in horizontal
activity of rats in CIA rats treated with vehicle and the group treated with
rosiglitazone, compared to the control group. Although there were changes
in the vertical activity, significant differences between groups were not

observed (Figure 5.4.B).
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Figure 5.4: Effects of rosiglitazone (rosi) treatment on locomotor activity in CIA rats.
Group sizes: control (n=20); CIA+vehicle (n=10); CIA+rosi (n=9). Results are mean + SEM
representing the total number of movements (beam-break) for 30 min in the dark cycle
(night). Statistically analysed by two-way ANOVA with Bonferroni correction: control vs

ClA+vehicle ***p<0.001; control vs CIA+rosi ###p<0.001.
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Changes in horizontal activity at day 17 were significantly correlated with

the paw thickness, but not with the PWT (Figure 5.5).
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Figure 5.5: Correlation of horizontal activity with paw withdrawal thresholds and paw
thickness, indicative of pain responses and paw swelling respectively. Paw
withdrawal threshold axis is log scale. Data analysed with a Pearson correlation (r).

*p<0.05.

5.3.3. Plasma levels of the inflammatory cytokine IL-6

Analysis of plasma at the end of the study revealed that IL-6 concentration
was significantly increased in CIA + vehicle rats compared to the control
group (Figure 5.6). Plasma levels of IL-6 in the CIA group treated with
rosiglitazone were not significantly different to the control group treated with
rosiglitazone. However, there was no significant difference between the

vehicle CIA group and the rosiglitazone CIA group (Figure 5.5).
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Figure 5.6: Plasma concentrations of IL-6 in CIA and control rats treated with
rosiglitazone (Rosi) or vehicle on day 17. Group sizes: control (n=20); CIA+vehicle
(n=10); CIA+rosi (n=9) Data are mean + SEM. Statistically analysed using non-parametric

Kruskal-Wallis test. Differences between CIA vehicle and control groups: ***p<0.001

Plasma concentration of IL-6 was significantly correlated with PWTs, but

not with paw thickness (Figure 5.7).
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Figure 5.7: Correlation of plasma concentrations of IL-6 and paw withdrawal
thresholds and paw thickness as indicative of pain and paw swelling. Paw withdrawal
threshold axis is a log scale. Data analysed with Pearson correlation coefficient (r).

*p<0.05.
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5.3.4. Histopathology of tibiotalus joint and synovitis

The H&E staining of the tibiotalus joint (ankle) was performed at day 17
when the extent of inflammation was also analysed using semi-quantitative
score of synovitis. The control + rosiglitazone group was not analysed and
the control + vehicle group was used as the reference control. There was a
significant increase in the cellularity in the synovium of CIA rats compared
to control + vehicle group, indicative of synovitis (Figure 5.9). There was a
trend towards a reduction in the cellularity in the CIA group treated with
rosiglitazone, but there was no significant difference between CIA + vehicle

and CIA + rosiglitazone (Figure 5.8).
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Figure 5.8: Synovitis scoring of the tibiatarsal joint at the end of the study. Group
sizes: control + vehicle (n=8); CIA + vehicle (n=9); CIA + Rosi (n=8). Data are mean *
SEM. Statistically analysed using ordinary one-way ANOVA test. Differences compared to

control + vehicle group on day 17: *p<0.05, **p<0.01.
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Synovitis, the main feature of inflammatory arthritis, was significantly

correlated with PWTs, horizontal activity and paw thickness (Table 5.3).

Table 5.3: Correlation of synovitis score with PWTs, horizontal activity and paw
thickness. Data are shown as Pearson correlation coefficients and exact P values. In bold

are the significant P value (p<0.05).

Variable Synovitis P value
Paw withdrawal thresholds -0.7396 0.0005
Horizontal locomotor activity | -0.4535 0.0340
Vertical locomotor activity -0.1631 0.4683
Paw thickness 0.525 0.0101
Plasma IL-6 0.0361 0.8733
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5.3.5. Muscle glycogen and metabolites

Muscle glycogen and intermediary metabolites were measured in the EDL
muscle at the end of the study (Figure 5.10). There were no differences in
muscle glycogen concentration between the four groups (Figure 5.10.A).
Muscle lactate content in the EDL was significantly higher in the CIA +
vehicle group compared to the control group (Figure 5.10.B). There were
no differences in the muscle lactate content in the EDL between CIA +

rosiglitazone group and the control rosiglitazone group (Figure 5.8.B).
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Figure 5.10: Glycogen and Intermediate metabolite content in the EDL muscle of CIA
rats. Group size: control + vehicle (n=10); control + rosi (n=10); CIA + vehicle (n=10); CIA
+ rosi (n=9). Results are mean + SEM representing glycogen (A), lactate (B), ATP, PCr
and total creatine (C) content in EDL dry muscle. Statistically analysed using ordinary one-
way ANOVA test. Differences between CIA + vehicle and control groups on day 17:
*p<0.05.
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Importantly, muscle ATP, PCr and total creatine content were not different
between groups and representative of resting rat EDL muscle (Alamdari et

al. 2008), demonstrating excellent muscle tissue viability (Figure 5.8.C).

5.3.6.  Alkaline-soluble protein to DNA ratio

CIA rats and control rats treated with either vehicle or rosiglitazone had
similar alkaline-soluble protein : DNA ratio content in EDL muscle (Figure

5.11).

Protein:DNA ratio

800 1
600
4001

200

mmol/kg EDL dry muscle

control CIA control CIA

vehicle rosi

Figure 5.11: Alkaline-soluble protein to DNA ratio in EDL muscle of CIA rats. Group
size: control + vehicle (n=10); control + rosi (h=10); CIA + vehicle (n=10); CIA + rosi (n=9).

Results are mean + SEM. Statistically analysed using one-way ANOVA.
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5.3.7. Effects of rosiglitazone treatment on muscle mRNA expression

MRNA expression levels of 48 genes previously selected (Chapter 4, Table
4.2) were guantified to assess potential differences in gene expression

between the CIA model treated with vehicle versus rosiglitazone.

Fig. 5.12 depicts changes in cellular function from the control + vehicle
group response in the remaining three experimental groups. These
changes in cellular function are predicted by IPA from the observed
changes in EDL mRNA expression of the targeted genes compared to the
control + vehicle group. IPA predicted changes in 8 cellular functions as a
result of the CIA model and the effects of rosiglitazone in this model. The
most affected cellular functions in the CIA rats (CIA V) were lipid
metabolism, carbohydrate metabolism, and energy production ([-log (p-
value) all >12.5]); skeletal muscular system development and function and
protein synthesis ([-log (p-value) all >10]) (Figure 5.10). The most affected
cellular functions associated with rosiglitazone treatment in CIA rats (CIA
R) were lipid metabolism ([-log (p-value) >15]), protein synthesis ([-log (p-
value) >12.5]), carbohydrate metabolism and energy production ([-log (p-
value) both >10]), whereas in control rats (C Rosi) these were lipid and

carbohydrate metabolism ([-log (p-value) both >10]) (Figure 5.12).
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Figure 5.12: Cellular functions identified by IPA as being different from control vehicle (n=10) in control + rosiglitazone (C Rosi, n=10), CIA + vehicle

(CIA V, n=10) and CIA + rosiglitazone (CIA R, n=9) groups. Predictions are based on mRNA expression levels in EDL muscle. The X-axis displays
cellular functions most affected while the Y-axis displays the —log of the p-values. The threshold in yellow line represents the control + vehicle group used as

reference for foldchange. The —log of the p-value was calculated by Fisher’s exact test right-tailed (p<0.05).



IPA illustrated the prediction of marked activation of muscle lipid oxidation
(Fig 5.13) and specific lipid moieties (Fig 5.14), activation of carbohydrate
metabolism to different degrees across groups (Fig 5.15) and synthesis of
protein (again to different degrees across groups) (Fig 5.16) in CIA +
vehicle, CIA + rosiglitazone and control + rosiglitazone groups compared to
control + vehicle. The control + rosiglitazone group has represented a
reduced number of genes whose expression was modified compared to CIA

groups.

The outer ring of the 12 rosettes depicts the individual muscle mRNAs that
collectively represent the altered cellular functions depicted in Fig. 5.12,
along with the direction of mMRNA expression change relative to control +
vehicle (increased [red] or decreased [green] expression). The centre of
each rosette depicts the IPA predicted change in metabolism based on the
mutual changes in mMRNA abundance (activation [orange] or inhibition
[blue]). The level of confidence of this prediction is reflected by the colour

intensity.
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Figure 5.13: IPA prediction of oxidation of lipid in EDL muscle based upon changes

in MRNA expression from control + rosiglitazone (n=10), CIA + vehicle (n=10) and

CIA + rosiglitazone (n=9) compared to control + vehicle rats. In the outer ring are

depicted schematic representation of the most differentially regulated mRNAs and with the

colour intensity reflecting greater (red) or less expression (green) compared to control +

vehicle. Oxidation of lipids is equally activated in all groups compared to control + vehicle.

The centre of each ring indicates the network function connecting the genes by lines and

arrows indicating the predicted relationship leading to activation (orange), inhibition (blue)

or inconsistent (yellow).
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5.14: IPA prediction of oxidation of lipid moieties (energy production) in EDL muscle
based upon changes in mRNA expression from control + rosiglitazone (n=10), CIA +
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connecting the genes by lines and arrows indicating the predicted relationship leading to

activation (orange), inhibition (blue) or inconsistent (yellow).
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5.15: IPA prediction of metabolism of carbohydrates in EDL muscle based upon
changes in mRNA expression from control + rosiglitazone (n=10), CIA + vehicle
(n=10) and CIA + rosiglitazone (n=9) compared to control + vehicle rats. In the outer
ring are depicted schematic representation of the most differentially requlated mRNAs and
with the colour intensity reflecting greater (red) or less expression (green) compared to
control + vehicle. Metabolism of carbohydrates is mostly activated in CIA + rosiglitazone
group compared to control + vehicle. The centre of each ring indicates the network function
connecting the genes by lines and arrows indicating the predicted relationship leading to

activation (orange), inhibition (blue) or inconsistent (yellow).
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Figure 5.16: IPA prediction of protein synthesis in EDL muscle based upon changes

in mMRNA expression from control + rosiglitazone (n=10), CIA + vehicle (n=10) and

CIA + rosiglitazone (n=9) compared to control + vehicle rats. In the outer ring are

depicted schematic representation of the most differentially regulated mRNAs and with the

colour intensity reflecting greater (red) or less expression (green) compared to control +

vehicle. Protein synthesis is mostly activated in control + rosiglitazone group compared to

control + vehicle. The centre of each ring indicates the network function connecting the

genes by lines and arrows indicating the predicted relationship leading to activation

(orange), inhibition (blue) or inconsistent (yellow).
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Expression levels of the following mRNAs involved with lipid oxidation (Fig
5.13 and 5.14), carbohydrate metabolism (Fig 5.15) and synthesis of protein
(Fig 5.16) were detected as the most altered genes in EDL muscle from CIA
+ vehicle and with a lesser extent in CIA + rosiglitazone, compared to

control + vehicle rats.

There is a significant increase of Ctsl, Fbxo32, Trim63 and Mtla in EDL of
the CIA + vehicle group compared to controls, indicative of activation of
protein degradation (Fig 5.17A). There is also an increase of FOXO1 and
Ucp3 in EDL of the CIA + vehicle group compared to controls indicative of
mitochondrial and metabolic disruption (Fig 5.17B). Due to variability, the
standard error of the mean is wide in a considerably number of genes and
the significance of potential dysregulation of expression of genes

highlighted in the prediction rossetes is unreached (Fig 5.17).
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Figure 5.17: Fold-change in EDL mRNA abundance from control + vehicle group
(n=10) in control + rosiglitazone (n=10), CIA + vehicle (n=10) and CIA + rosiglitazone
(n=9) treated rats. Results are mean + SEM. Statistically analysed suing non-parametric
Kruskal-Wallis test. Differences between CIA + vehicle and control + vehicle groups:
*p<0.05, **p<0.01; differences between CIA + rosiglitazone and CIA + vehicle groups:

#p<0.05, ##p<0.01.
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5.4. Discussion

Rosiglitazone is a PPARY agonist used as insulin sensitizer to maintain
glucose homeostasis (Rizos et al. 2008; Rizos, Kei, and Elisaf 2016).
Moreover, its anti-inflammatory effects have been reflected in the reduction
of circulatory cytokines TNFa, IL-1p and IL-6 in different animal models
including the CIA model in mouse (Cuzzocrea et al. 2003) as well as in
synovium (Koufany et al. 2008) and muscle in a model of sepsis (Crossland
et al. 2017). To my knowledge, this is the first study to comprehensively
examine the impact of PPARYy agonism (rosiglitazone) on pain behaviour,
joint pathology and muscle metabolism in a rodent model of RA. The CIA
model of RA developed inflammation with high levels of cytokine IL-6 in
plasma, paw swelling and synovitis accompanied by heightened pain
behaviour and altered locomotor activity. This study provides evidence that
rosiglitazone administered 14 days before induction of the RA ameliorates
inflammation, as evidenced by a reduced paw swelling in the rodent CIA
model. However, PWT and locomotor activity in CIA rats did not change
with rosiglitazone treatment. These effects of rosiglitazone in CIA rats were
accompanied by lower muscle lactate content and unchanged glycogen
content compared to CIA + vehicle group, keeping with the activation of
muscle carbohydrate metabolism predicted by IPA. Collectively these data
suggest a better matching of muscle glycolytic flux with mitochondrial
carbohydrate use occurred in the CIA + rosiglitazone treated animals, which
may be attributable to rosiglitazone anti-inflammatory properties (Crossland

et al. 2017).

163



Paw swelling was evident in CIA rats, to a similar extent as reported in
Chapter 4. Rosiglitazone had a marked effect on paw thickness, which was
significantly greater in CIA rats treated with vehicle rather than
rosiglitazone. Fewer of the CIA rats treated with rosiglitazone exhibited
increases in paw thickness. However, paw thickness and cellular infiltration
(synovitis) were significantly correlated (r=0.525, p=0.0101). Again, |
demonstrated that paw thickness significantly correlated to pain (r=-0.447,
p<0.01) and low activity (r=-0.364, p<0.05) in CIA rats, emphasising that
paw swelling and synovitis may cause some discomfort and alter normal

activity (Table 5.5).

It is widely believed that joint pain in arthritis leads to reduced locomotor
activity and together with inflammation may cause muscle deconditioning
and weakness in patients with RA. Although CIA rats exhibited lowered
thresholds when testing with a mechanical punctate stimulus and reduced
horizontal locomotor activity, these changes in behaviour were not
correlated at least at the end of the study. However, the timing of the onset
of changes in PWT and horizontal locomotor activity did coincide and it is
possible that the study was not adequately powered to identify potential
inter-dependencies of these two features of arthritis. The administration of
rosiglitazone increased neither PWT nor locomotor activity in CIA rats
enough to be significant. This finding is supported by the unmodified
nocturnal mobility in adjuvant-induced arthritis (AlA) rats treated with
glitazones (Koufany et al. 2008). Therefore there was not a significant
positive effect of the PPARY agonist on in vivo traits of arthritis in the CIA

model. It would be advantageous to test if different dose and routes of
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rosiglitazone administration in the CIA model have a positive effect on pain
relieve in RA. In a model of neuropathic pain, oral administration (30
mg/kg/day) of the thiazolidinedione PPARY agonist pioglitazone seven days
before surgery and after, decreased mechanical pain responses by PWT
test from 7 days after surgery (Morgenweck et al. 2013). Moreover,
intrathecal injection of rosiglitazone (100-200 pg/15 pl) to the lumbar region
of the spinal cord decreased mechanical pain responses by pinprick test
after 30-60 min of injection in a model of neuropathic pain (Morgenweck et

al. 2013; Churi et al. 2008).

There was evidence that rosiglitazone had an anti-inflammatory effect in the
CIA model with a significant reduction in hind paw swelling and a trend
towards a reduction in plasma IL-6 levels. These data support the existing
evidence that rosiglitazone may ameliorate inflammation in arthritis,
including a reduction in plasma IL-6 levels in a murine model of CIA after
15 days of treatment with rosiglitazone (10 mg/kg/day) from day 21 after
CIA induction (Cuzzocrea et al. 2003). Previous findings also support the
protective effects of PPARY agonists (pioglitazone and rosiglitazone) on the
joint inflammation in the AIA rat model and a murine model of CIA
respectively (Cuzzocrea et al. 2003; Koufany et al. 2008). However, in my
study rosiglitazone did not reduce significantly the synovitis in the tibiotalus
joint from CIA rats and it would be interesting to test with different doses
and routes of administration. Furthermore, accelerated cartilage
degradation and synovitis was evident in a cartilage-specific PPARy knock
out mice, which suggests that this system controls cartilage homeostasis

(Vasheghani et al. 2013).
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It is important to study skeletal muscle integrity when employing animal
models to induce muscle wasting and metabolic disturbance. In CIA rats,
the viability of the muscle integration was maintained comparable to control
rats with muscle ATP, PCr and total creatine levels in the normal range for
resting EDL muscle in the rodent (Alamdari et al. 2008). Nevertheless, there
was evidence of muscle dysregulation with an accumulation of lactate in the
EDL muscle in the CIA rats compared to control. Rosiglitazone treatment in
CIA rats reduced the lactate concentration in EDL muscle to a comparable
level as seen in control rats, which is in keeping with the predicted increased
carbohydrate metabolism via IPA. These data are consistent with earlier
findings that LPS-induced impairment of carbohydrate oxidation in the rat is

reversed by a PPARYy agonist (Crossland et al. 2017).

Both CIA and rosiglitazone treatment had important effects on the muscle
cellular functions compared to control + vehicle rats (Figure 5.10). The
predictions in the cellular functions in each group of rats showed that lipid
and specific lipid moieties oxidation, carbohydrate metabolism and protein
synthesis were activated by CIA and rosiglitazone treatments, indicating
that both interventions affected the muscle function independently.
Alternatively, the vehicle (HPMC) in which rosiglitazone was suspended
may have initiated a muscle metabolic response. Particularly, lipid and its
moieties oxidation were activated similarly across groups whereas
carbohydrate metabolism was more active and protein synthesis less in the
CIA group treated with rosiglitazone (Figure 5.11). These results are in
accordance with inflammatory diseases such as obesity, diabetes and

sepsis resulting with altered lipid, fatty acid and carbohydrate oxidation (Al-
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Khalili et al. 2006; Alamdari et al. 2008). Particularly, RA patients and CIA
model have an increase of skeletal muscle fat, which is associated with
inflammation and reduced physical function (Khoja et al. 2018; Alabarse et
al. 2018). The increase of fat mass and adipose tissue stores are a constant
source of lipolysis releasing circulatory fatty acids and triglycerides in
plasma, which together with inflammatory cytokines contribute to
dysregulated carbohydrate metabolism and insulin resistance in skeletal
muscle (Andersson et al. 2008; Tsintzas et al. 2007). Furthermore, PPARY
are known to regulate glucose homeostasis and lipid metabolism in skeletal
muscle (Amin et al. 2010) in addition to its anti-inflammatory effects

(Cuzzocrea et al. 2003; Crossland et al. 2017).

When reducing inflammation by rosiglitazone administration, it has a
differential impact with the greatest activation on carbohydrate metabolism
and reduced protein synthesis, consistent with the reduced lactate content
and myostatin mRNA expression found in the CIA + rosiglitazone group.
The upregulation of the anti-inflammatory cytokine IL-10, with high intensity
in carbohydrate metabolism, and pro-inflammatory cytokine IL-6 influencing
energy production, with different intensity in all groups compared to control
+ vehicle group may indicate the origin of the metabolic changes found in
muscle. It was found that IL-6 promoted lipid and fat oxidation and together
with IL-10, they modulated glycogen in primary skeletal muscle cultures, L6
myotubes and mouse gastrocnemius promoting insulin resistance (Carey

et al. 2006; Al-Khalili et al. 2006; Kim et al. 2004).

The IPA predictions point that despite the activation of lipid oxidation,

carbohydrate metabolism and protein synthesis in all groups compared to
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control + vehicle, different altered genes may lead to those events in each
group. The proposed signalling pathway in the hypothesis mediating
inflammation-induced muscle metabolism and mass dysregulation, was the
PI3K-Akt-FOXO axis as identified in catabolic states. Taking into account
that other mechanisms may be involved, the mRNA upregulation of factors
from the PI3K-Akt signalling were identified. Albeit PI3K and Akt were not
dysregulated, whose phosphorylation would need to be determined by a
different method, FOXO1 was highest in CIA + vehicle rats, suggesting an
activation of lipid and carbohydrate oxidation and being inconsistent with
protein synthesis, probably due to its role in activating protein degradation.
As demonstrated previously in a sepsis model, Akt dephosphorylation
activates FOXO, known to regulate the carbohydrate and protein
metabolism via the expression of FOXO-dependent transcripts such as
PDK4 and atrogenes (Crossland et al. 2008). Both the activation of lipid and
fatty acid oxidation and activation of carbohydrate metabolism involves
cross-talk in genes dysregulated on inflammatory states. It may be
indicative that reduced of insulin signalling in skeletal muscle associated
with inflammation in CIA rats may be induced not solely by carbohydrate
metabolic pathway, as demonstrated in LPS-induced model (Crossland et
al. 2017), but also by lipid and fatty acid metabolism, as long chain fatty
acids induce PDK4 expression (Tsintzas et al. 2007; McGrath and Young
2015). In patients with RA and mouse CIA model, inflammation triggered
IR, which was correlated to defective muscle carbohydrate and lipid
metabolism (Arias de la Rosa et al. 2018). In RA is widely recognised the

development of dyslipidaemia contributed to cardiovascular comorbidities
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(Soubrier et al. 2014). Knowing that PPARSs, especially PPARa and PPARY
subtypes, regulate energy homeostasis through control of lipids and
carbohydrate metabolism (Berger and Moller 2002), in addition to the anti-
inflammatory effects (Ricote et al. 1998), rosiglitazone may alter
dyslipidaemia. However, the mechanisms and mediators underlying the

metabolic dysregulation in skeletal muscle in RA is unresolved.

RA and the CIA model have been associated with muscle atrophy, probably
due to inflammation. RA patients tend to have sedentary behaviour and low
physical activity in response to pain and fatigue. Muscle weakness and
atrophy is reported in patients and animal models of RA. In patients with
RA, muscle performance is reduced, maintaining body weight with an
increase of fat mass (MATSCHKE et al. 2010) resulting with molecular
alterations associated to disease activity and disability (Huffman et al.
2017). In the murine CIA model, there was a loss of muscle weight and
reduced sarcoplasmic ratio and diameter, reduced cross-sectional area and
increased MuRF1 (Alabarse et al. 2018; de Oliveira Nunes Teixeira et al.
2013). Also, AIA rats had reduced cross-sectional area and increased
expression of muscle atrogenes MuRF1 and MAFbx (Gomez-SanMiguel et

al. 2016) indicative of muscle atrophy.

In contrast, CIA rats in this study did not have altered muscle protein:DNA
content. The protein:DNA ratio indicates the increase or decrease of muscle
mass in total protein content. It has been demonstrated that reduced
protein:DNA in systemic and inflammatory diseases are associated with the
activation of protein degradation (Crossland et al. 2008; Mallinson et al.

2015). As IPA predicted, protein synthesis was activated in CIA rats and
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reduced in rats treated with rosiglitazone. However, the genes involved
most upregulated in CIA + vehicle rats were FOXO1 and Eif4bp1, which is
inconsistent with protein synthesis. As mentioned, FOXO1 activates the
downstream factors for protein degradation (i.e: MuRF1, MAFbx and
Cathepsin-L) and Eif4bpl, which suppresses Eif4E (mMRNA translation
initiation factor) inhibiting protein synthesis (Sandri et al. 2004; Terada et al.
1994). However, no indices of muscle mass loss was found when studying
protein:DNA content. Interestingly, myostatin tended to be upregulated in
the CIA + vehicle group and was downregulated in CIA rats treated with
rosiglitazone. Myostatin is a growth factor inhibitor that reduces muscle
regeneration and contributes to the loss of skeletal muscle mass. Therefore,
it is suggested that in CIA model, the dysregulation of skeletal muscular
system development and function (figure 5.10) may be mediated by the
increase of myostatin, whose mMRNA expression was less in rats treated
with rosiglitazone. It would be important to identify PPARy targets that
reduce Mstn expression in RA as it is also reported that PPARa reduces

Mstn in the AIA model of RA (Castillero et al. 2011).

In summary, the CIA model of RA is a robust model of inflammation
exhibiting paw swelling and increases in plasma IL-6 and features of RA:
pain, low locomotor activity, synovitis and muscle metabolic dysregulation
but no atrophy. EDL muscle from CIA rats exhibited alterations in the mRNA
expression of several genes involved in metabolic and protein metabolism
reflected with the accumulation of lactate but no alkaline-soluble
protein:DNA ratio. In CIA rats, the administration of PPARY agonist

rosiglitazone reduced paw swelling, but effects on the other features of RA
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did not reach significance. Interestingly, plasma IL-6 levels were
ameliorated by the administration of rosiglitazone, which modulated the
gene expression towards more active carbohydrate metabolism, lipid
oxidation and protein synthesis. In this study, the identification of genes with
altered expression due to inflammation can help future research to identify

the cause of muscle dysregulation in the CIA model of RA with new targets.
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Chapter 6:

General Discussion
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6.1.Overview of findings

There are many physiological and pathophysiological changes associated
with OA and RA, including muscle weakness in early and established
disease (Lewek, Rudolph, and Snyder-Mackler 2004; Helliwell and Jackson
1994). The hypothesis of the thesis was that joint inflammation in arthritis
will impact behavioural pain and activity, and skeletal muscle function.
Therefore, this thesis aimed to identify whether dysregulated muscle
metabolism is present in arthritis, which may contribute to associated
dysregulation of muscle carbohydrate metabolism, wasting and weakness,
similar to other inflammatory states, such as COPD and sepsis. Using
established animal models of OA and RA, | investigated the potential
contribution (s) of local and systemic inflammation to changes in muscle

metabolism and muscle mass.

The surgical model of OA exhibited clear joint pathology and pain behaviour
but did not result in reduced activity (Fig 6.1), and neither systemic or
muscle inflammation was evident, nor was there any evidence of overt
muscle necrosis/pathology based on muscle ATP and phosphocreatine
levels. Muscle lactate and protein content in the fast-twitch EDL muscle of
the model of OA was comparable to that of control rats, consistent with the
unaltered activity and inflammatory status. By contrast, in the CIA model of
RA there was overt paw swelling and systemic (Fig 6.2) and muscle
inflammation, which coincided with the accumulation of lactate in the EDL

muscle (Fig 6.3).
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Furthermore, changes in gene expression in the EDL muscle in the CIA
model, compared to control, suggest the inhibition of carbohydrate
metabolism and activation of protein metabolism. In the clinical study,
genes altered in the CIA model were quantified in muscle from RA patients
compared to age-matched healthy volunteers. There were some
differences and similarities in gene expression and the findings in the
clinical samples did not mirror those in the CIA model. Patients with RA had
muscle inflammation and high levels of PDK4 suggesting disrupted muscle
carbohydrate metabolism. Proteolytic factors in the human RA muscle were
not significantly different to control samples. However, MT1A and myostatin
levels were upregulated in the muscle samples from the RA patients,

compared to the healthy volunteers.

PPARYy is an insulin sensitising agent which has anti-inflammatory effects
and has been shown to ameliorate muscle lactate accumulation, blunt
increases in MRNAs and proteins associated with protein degradation and
spare EDL muscle protein content in LPS-induced endotoxaemia
(Crossland et al. 2017). It was hypothesised that rosiglitazone
administration might alter the progression of the changes in the CIA model
of RA. There was evidence that treatment with rosiglitazone had a blunting
effect on inflammatory responses, reducing paw swelling (but not synovitis
score) and reducing circulating levels of cytokines. Rosiglitazone treatment
of CIA rats was associated with differences in muscle lactate levels and
gene expression in the EDL muscle, compared to CIA rats treated with
vehicle, predicting activation of carbohydrate metabolism and lipid oxidation

as well as protein synthesis.
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The effects of rosiglitazone in the model of RA are consistent with the anti-
inflammatory effects of pioglitazone in RA patients, reducing levels of
inflammatory markers in plasma, but not joint swelling (Ormseth et al. 2013).
Previous pre-clinical studies have shown that pioglitazone and rosiglitazone
reduced synovium inflammation but did not alter cartilage lesions in the
ankle joint in the adjuvant-induced arthritis model in the rat (Koufany et al.
2008). My novel data that rosiglitazone alters muscle gene expression in
the CIA model of RA advances understanding of the events underlying
muscle wasting in RA and has the potential for the identification of new

targets for treatment.

6.1.1. Inflammation and physical inactivity in arthritis

6.1.1.1. Inflammation

It is well established that different forms of arthritis impact differently on
disease progression, symptoms and especially muscle functionality. OA
was previously categorised as a mechanical disease, but nowadays it is
considered that inflammation has an important role in disease progression
(Scanzello and Goldring 2012). In accordance to the results in this thesis,
the MNX and CIA models are good models for OA and RA, respectively,
both from the perspective of pathology and pain showing similarities to
human features. Despite synovitis being present in both MNX rats and
patients with OA; there is a lack of evidence for systemic and muscle
inflammation in animal models. Inflammation is a major indicator of muscle
atrophy and dysregulation of metabolic flux, including insulin resistance. My

findings are consistent with previous studies in other models of OA (DMM
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and ACTL) which reported no change in muscle mRNA expression for
inflammatory cytokines (van der Poel et al. 2016; Silva et al. 2018).
Nevertheless, patients with OA exhibit muscle and systemic inflammation,
with high levels of IL-6 protein and TNFa, MCP-1 mRNA in muscle and IL-
6 in serum (Levinger, Levinger, et al. 2011; Penninx et al. 2004). These
differences between the animal models and clinical OA may reflect the long
duration that people have OA compared to the relatively short OA models.
Another factor may be that the animal models of OA are generated in young
animals whereas OA is a disease of older people, generally > 50 years old.
RA is an autoimmune disease with a very high inflammatory response in
different tissues including muscle and synovium. Consistent with my data
generated in the CIA model in this thesis, multiple animal models of RA
have identified high levels of IL-6 in serum (Alonzi et al. 1998; Tanimoto et
al. 2015), consistent with data from RA patients (Kokkonen et al. 2010), as
well as muscle inflammation (Gémez-SanMiguel et al. 2016). The changes
in muscle mRNA for cytokines from RA patients identified in this thesis are

consistent with changes in previous studies (Huffman et al. 2017).

6.1.1.2. Physical activity

Physical inactivity is an important determinant of muscle quality and
functionality that is associated with muscle atrophy and metabolic flux
dysregulation. The majority of pre-clinical models of OA, including MNX in
this study, fail to reproduce the reduced physical activity seen in OA patients
(Silva et al. 2018), except reduced vertical activity in the ACLT + pMMX
model (Hamilton et al. 2015). The duration of the pre-clinical studies
compared is the same, 8 weeks. Physical inactivity is a common feature in
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patients with OA probably due to pain and associated inflammation (Dekker
et al. 1993). Indeed, the inflammatory response of high IL-6 protein and
increased TNFa mRNA in the vastus lateralis muscle of OA patients is
associated with greater physical disability, slower gait velocity and impaired
knee function during walking coinciding with a loss of muscle strength as
seen in muscle disuse atrophy (Levinger, Levinger, et al. 2011; Levinger,
Caldow, et al. 2011). Also, increased serum levels of IL-6 was associated
with slow walking speed in patients with knee OA (Penninx et al. 2004).
Reduced physical activity in OA is associated with increased mortality in
patients, being at risk of death from cardiovascular diseases (Nuesch et al.

2011).

Physical activity was reduced in the CIA model implemented in this study
coinciding with additional results from different pre-clinical models
(Alabarse et al. 2018; Sasakawa et al. 2005; Tanimoto et al. 2015), as well
as sedentary behaviour was persistent in patients with RA (Fenton et al.
2018). Low physical activity in RA patients is inversely correlated with
disease activity and metabolic syndrome (Hernandez-Hernandez, Ferraz-

Amaro, and Diaz-Gonzalez 2014).

6.1.2. Muscle atrophy and metabolic flux in arthritis

Several studies identified that muscle wasting, and inflammation in chronic
diseases results in cachexia, characterised by the loss of body cell mass
(BCM) (Roubenoff et al. 1994). Rheumatoid cachexia differs from classic
cachexia (muscle wasting with reduced body weight in chronic iliness) as

loss of body weight is unusual in patients with RA. Muscle wasting often
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occurs alongside the maintenance or increase of total fat mass and
maintained or reduced lean body mass (Elkan et al. 2009; Tournadre et al.
2017). In rheumatoid cachexia, reduced physical activity is associated with
increased fat mass resulting from low energy expenditure and increased
fatigue and weakness (Roubenoff et al. 2002), which would alter lipid
storage and metabolism, consistent with lipid and fatty acid oxidation being
the most altered cellular function seen in CIA in this thesis. Blunting
inflammation with the PPARY agonist rosiglitazone resulted in increased
lipid oxidation and carbohydrate metabolism at the gene expression level.
Both physical inactivity, as seen in CIA rats, and PPARY intervention
modulate lipid metabolism in skeletal muscle (Tontonoz and Spiegelman

2008).

An activated inflammatory system has energy demands that may be driven
by cytokine-induced stimulation (mainly by IL-6) of the central nervous
system, endocrine organs and energy storage organs such as skeletal
muscle (Straub et al. 2010). Both fatty acid metabolites and inflammatory
cytokines may lead to insulin resistance activating the serine
phosphorylation of IRS1 that prevents the downstream insulin signalling
cascade (Aguirre et al. 2002). In this thesis, the mRNA expression of genes
associated with insulin signalling, including GLUT4 (Slc2a4) and IRS1, were
downregulated in EDL muscle of CIA rats, consistent with the accumulation
of lactate and less glycogen. Additionally, a contributing factor to
metabolism regulation was the upregulation of the gene MT1A, a marker of
stress oxidation that participates in the cellular defence against free radicals

activated by cytokines (Nath et al. 2000). These findings suggest a role of
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cellular stress conditions in the EDL muscle of CIA rats, probably caused

by inflammation.

This study supports the hypothesis that in the CIA model of RA,
inflammation accompanied by muscle disuse dysregulates muscle
carbohydrate and lipid metabolism that may lead to insulin resistance. In
RA patients, there is a large heterogeneity in different cohorts, but all them

exhibit systemic inflammation and insulin resistance (Nicolau et al. 2017).

6.1.2.1. Regulation of muscle mass in CIA rats, a cross-talk with

insulin signalling

Increased levels of circulating cytokines TNFa, IL-6 and IL-18 are
associated with muscle wasting and insulin resistance in rheumatoid
arthritis (Svenson et al. 1988; Yamaguchi et al. 2003). Given that insulin
inhibits muscle protein degradation (Wang et al. 2006), the association of
insulin resistance and muscle wasting via inflammatory response may
explain the cross-talk found in RA and chronic diseases (Crossland et al.
2008). Total protein:DNA content of the EDL muscle tended to be lower,
while total body weight was not significantly different in the CIA rats
compared to controls on day 17 after immunisation (Annexe 2). At the
MRNA level, there was evidence for dysregulation of genes involved in
protein metabolism in the EDL of CIA rats, compared to controls. Overall,
the data support the use of the CIA model to study muscle wasting in RA.
This statement is supported by previous additional studies where

decreased free exploratory locomotion, reduced muscle strength, fatigue
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and muscle loss maintaining normal body weight were found in the CIA

model in mice (Alabarse et al. 2018).

Insulin resistance is associated with unbalanced protein turnover
accompanying muscle loss in obesity and diabetes (Wang et al. 2006) as
well as in RA (Mdller et al. 2017). The phosphorylation of downstream
factors from insulin receptor is mandatory to regulate the signalling pathway
PI3K-Akt-FOXO by IRS1 activity. In inflammatory conditions, the
phosphorylation cascade in the signalling pathway is disrupted, leading to
activated protein degradation, less protein synthesis and blunted insulin
signalling (Aguila, Claffey, and Kirwan 1999; Wang et al. 2006). In CIA rats,
there was a higher proteolytic and low protein synthesis and carbohydrate
metabolic gene expression compared to control (LECKER et al. 2004;
Crossland et al. 2010). Accordingly, the protein:DNA ratio tended to be low
compared to control rats. Rosiglitazone treatment was predicted to increase
gene expression associated with protein synthesis, potentially related to
proteins involved in many cellular functions such as carbohydrate and lipid

oxidation.
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Figure 6.4: Schematic diagram of RA-induced muscle metabolic function in the EDL
from CIA rats. RA is characterised for the development of pain and inflammation, both
leading to reduced physical activity creating a vicious cycle. Muscle disuse and
inflammation are causes for altered metabolic regulation leading to low glucose metabolic

flux, insulin signalling and greater FA and lipid oxidation as well as protein metabolism.
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6.2.Future directions for research

6.2.1. Adapting the MNX model of OA to human disease symptoms

The MNX model of knee OA seems to be a mild model unable to mimic the
inflammatory and physical activity conditions occurring in patients with knee
OA, at least up to 55 days of post-surgery. Given that the overweight is an
important risk factor that widely affects patients developing knee OA, the
introduction of fat high diet in MNX rats may aggravate the symptoms of the
disease. Obesity can lead to mechanical stress in the joints as well as
systemic inflammation with associated metabolic disorders. Obesity is
classically defined as an imbalance of energy intake and energy
expenditure but the underlying mechanisms from high fat diet are more
complex (Murphy, Velazquez, and Herbert 2015). It is reported that high fat
diet induces an inflammatory response in rats altering the gut microbiota
and by direct effects of fatty acids on intestinal cells leading to systemic
inflammation (Sanmiguel, Gupta, and Mayer 2015). Pro-inflammatory
factors such as cytokines and fatty acids accumulates in plasma triggering
inflammation to the peripheral tissues, including brain, liver, adipose tissue
and skeletal muscle (this last including lipid accumulation) (Bleau et al.
2015). On the other hand, obesity is associated with the systemic release
of adipocytokines and adipokines, which are pro-inflammatory cytokines,
primarily by abdominal adipose tissue causing a low-grade inflammatory
state involved in damage to many peripheral tissues, including joint tissues
(Berenbaum 2013). It is stablished that high fat diet exacerbates OA
development after transacted meniscus in mice, independently of weight
gaining (Mooney et al. 2011). In patients, saturated fatty acids aggravates
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structural knee OA, while unsaturated fatty acids may ameliorated its

progression (Lu et al. 2017).

Additionally, aging is a major risk factor contributing to muscle atrophy
(sarcopenia) and inflammation (Sanada et al. 2018). Since OA develops
mainly >40 years old, aging is considered a risk factor associated to
disease. Measuring muscle metabolic and atrophy factors after inducing OA

in old rats could result in a model with a similar stage than patients.

6.2.2. Muscle disuse, fatigue and disability

Given that the CIA model resulted in reduced locomotor activity, which is
related to sedentary life in patients with RA and associated with increase fat
mass, measuring muscle strength and endurance exercise performance
would add relevant information. LMA boxes are limited to measure only the
number of movements, but it does not measure the capacity and disability
of each rat with precision. Muscle strength and endurance exercise in a
treadmill measures the distance walked, velocity and time that rats can
spend, being able to identify fatigue and disability in the CIA rats compared

to control and associate it with muscle dysfunction.

6.2.3. Effects on muscle function in CIA by inhibiting pain

Currently, the treatment of pain is a big problem for patients suffering from
any form of arthritis. As described in Chapter 1, analgesics and anti-
inflammatory treatments are not effective for the long-term treatment of OA
and RA pain. In this study, blunting, at least partly, inflammation with
rosiglitazone treatment in CIA rats resulted in less muscle lactate content

and reduced dysregulation of metabolism. Despite of a partly reduction of
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inflammation, locomotor activity was still reduced in CIA groups with
rosiglitazone treatment, therefore both muscle disuse and inflammation
may be involved with muscle metabolic dysregulation. Administering an
analgesic drug to reduce pain but not inflammation, may improve locomotor
activity in CIA rats. Therefore, it would be able to identify the metabolic
muscle changes and gene expression induced only by inflammation. Given
that slow-twitch muscles are more susceptible to changes conducted by
muscle disuse and immobilisation, the analysis of Soleus muscle would

need to be analysed too.

6.2.4. Overview of body homeostasis and the origin of metabolic

dysregulation and inflammation in CIA

It would be advantageous to explore heterogeneity in skeletal muscle
inflammation. Specifically, if different muscles respond in a similar manner
in the CIA model. The metabolic flux and inflammation in muscle can be
influenced by many circulatory factors coming from distant tissues induced
by the autoimmune response. Using untargeted metabolomics would be
interesting to explore tissue-specific metabolic finger prints and insulin
resistance in response to CIA in different tissues, including skeletal muscle,
adipose tissue, fat mass, blood, etc, during a time-course. It would help to
identify the origin of its dysregulation and how it is spread to different
tissues, quantifying the metabolites involved in the carbohydrate and lipid
metabolism and protein turnover at once in each tissue and determine the
cause of insulin resistance in RA. This could be achieved by measuring fat
and carbohydrate oxidation rate using stable isotope tracers as well as
energy expenditure using calorimetry chambers.
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6.2.5. Molecular analysis for muscle atrophy in the CIA model

Myostatin is a negative regulator of muscle protein synthesis. Despite the
unchanged protein:DNA ratio in EDL muscle from CIA rats, myostatin was
downregulated in EDL muscle from rats treated with rosiglitazone and
upregulated in patients with RA. Myostatin was identified to be upregulated
in muscle from critically ill patients, which was accompanied with muscle
atrophy, and it was reduced during rehabilitation after 2 weeks of bed rest
(Constantin et al. 2011; JONES et al. 2004). The mechanism (s) by which
myostatin modulate protein metabolism have not been studied in detail in
models of RA. PPARa and y agonists are known to downregulate myostatin
expression in muscle in models of RA (Castillero et al. 2011). However, the
involvement myostatin in muscle wasting and metabolism in RA is poorly
understood. Determining the expression of myostatin receptors (ActRIIB)
and downstream factors in a time course will help to identify its implication
in muscle dysregulation in RA by muscle disuse and inflammation.
Additionally, measuring the expression of IGF-PI3K-Akt signalling pathway
at the protein level as well as its downstream factors, the overview of muscle
disuse and inflammation induced muscle atrophy in CIA would be

interpreted with more precision.

6.2.6. In vitro models

The in vitro models from human cell lines from different tissues could help
understanding the metabolic dysfunction in muscle cells associated with the
disease. Co-culturing muscle and synovial fibroblast cells from early and/or

late stages of OA or RA patients would serve as a good model to study
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signalling mechanisms of impaired carbohydrate oxidation. Using various
genetic and pharmacological interventions, it would be possible to explore

how synovial fibroblasts influence muscle function and metabolism.

6.3.Limitations in this study

In this thesis, the major objective was to identify potential changes in muscle
metabolism and atrophy in the EDL muscle in models of arthritis. The use
of animal models can be very beneficial for research, allowing the control of
many variables present in clinical studies, as well as the short time needed
for a single study, short breeding time and lifespan. Moreover, working with
pre-clinical models allows analysis of multiple entire tissues from the same
animal to explore the full body instead of a small biopsy as is the case in
humans. However, in arthritis, even though MNX and CIA pathology are
similar to human OA and RA respectively (Bendele et al. 1999; Bendele
2001), the findings do not strictly extrapolate to humans. For instance, rats
grow throughout most of their lifespan with protein turnover and metabolic
rate greater than in humans (Agoston 2017). Rat models develop rapidly in
young-adult age whereas arthritis and pain progress slowly in humans

predominantly from middle age.

Moreover, it is difficult to predict the start of the onset of disease in patients,
which can be monitored in pre-clinical models. In MNX rats, disease
pathology and symptoms develop quickly but progressively. In the rat CIA
model implemented in this study, the onset of disease when swelling

appears spontaneously is between 12-18 days, at which point the model
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was used for the mechanistic studies. Therefore, these studies were
performed in the early stages of RA instead of the mid and late-chronic
stages, which is possibly most relevant to the human disease. The study
could not be prolonged to later stages due to UON Home Office
recommendations and rats were terminated when paw oedema appeared.
Nevertheless, temporal changes in inflammation and muscle integrity
before swelling appears may be important factors in the progression of the
disease and muscle metabolism, as systemic inflammation is detected up
to 10 years prior to the development of RA in humans, in the pre-clinical

phase (Ridgley, Anderson, and Pratt 2018; Deane et al. 2010).

In both OA and RA, muscle biopsies are mainly from quadriceps in humans.
In animal models, quadriceps is also a recurrent muscle due to its
dimensions and proximity to human analysis. It is a muscle supporting a
reasonable part of the body weight, composed of slow- and fast-twitch
fibres. In this study, EDL was chosen due to its composition of fast-twitch
fibres, which are the most susceptible to inflammatory-induced muscle
changes (Tiao et al. 1997; Ciciliot et al. 2013). This is an additional limitation
to take into account when comparing results from other studies, particularly
with patients, as the type of muscle analysed may be different. Furthermore,
in arthritis the modulation of muscle metabolism may arise not only due to
inflammatory states, but also muscle disuse. Analysis of slow-twitch muscle
such as soleus, would advance mechanistic understanding of the
processes of atrophy and metabolism regulation in a muscle susceptible to
changes related to muscle disuse, immobilisation and denervation (Ciciliot

et al. 2013).
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The composition of the skeletal muscle during disease can vary from
healthy conditions, consisting of inflammatory cells and fat mass as well as
muscle fibre cells. Infiltration of inflammatory cells into the muscle during
inflammatory conditions likely alters the parameters measured. In RA,
autoimmune and inflammatory cell function depends on metabolic
conditions to regulate glucose utilisation for energy production and cell
survival. Immune and inflammatory cells need glucose to complete their
functions, such as cytokine synthesis and macrophage maturation, produce
energy by glycolysis and activate lipid oxidation (Perl 2010; Michalek et al.
2011; Krawczyk et al. 2010; Roiniotis et al. 2009; Tannahill and O'Neill
2011). Therefore, although the greatest proportion of cells will be muscle
cells compared to infiltrating inflammatory cells, it is not entirely evident my
findings arise exclusively from muscle cells. An accumulation of lactate was
also found in RA joints from increased inflammatory-induced glycolysis
(Haas et al. 2015). Also, it is increasingly evident that there is an increase
in fat mass in muscle from patients and models of RA (Tournadre et al.

2017; Alabarse et al. 2018).

Interpretation of my data must also consider that changes quantified at the
MRNA level were not confirmed at the protein level. The PI3K-Akt-FOXO
signalling pathway is a major regulator of carbohydrate and protein
metabolism. However, AKT and FOXO phosphorylation were not measured
to quantify its activation as well as PDC activity, which would help to
interpret the lactate accumulation in the muscle. Moreover, carbohydrate
and fatty acids oxidation rates and intermediary metabolites were not

measured, except lactate and glycogen.
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In this study, the number of samples and information received from patients
with RA was limited. To better study the effects on gene expression in
patients with RA, a larger number of samples and the analysis of the same
genes as in the TLDA cards in CIA would give a better overview of muscle
mechanisms regulating muscle mass and metabolism under disease.
Although studies to identify the cause (s) of the molecular events in RA
patients are of considerable research benefit, current drug treatments need
to be considered when interpreting the findings. Additionally, in this study,
the muscle samples were taken in different stages of disease. It would be
important to differentiate between early and late stages as well as

considering collecting muscle from patients during disease flare.
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6.4.Conclusions

This thesis confirms that RA has a greater disease severity than OA. Muscle
disuse and inflammation were only detected in the CIA model of RA with
the consequent alterations in muscle mass and metabolic regulation. The
changes in MRNA expression in RA depict the presence of muscle protein,

carbohydrate and lipid metabolism activation modulated with rosiglitazone.

The findings in this study contribute to understand better the mechanism
regulating muscle wasting and metabolism in RA, being the CIA model
representative of rheumatoid cachexia. Muscle wasting and disability in
arthritis are major problems in patients that need to be targeted and
resolved for an accurate treatment in order to reduce morbidity and

premature mortality.
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Annexe 1

Chapter 4 - Correlations of genes investigated with carbohydrate

metabolites, protein:DNA ratio and inflammation.

Variables Lactate Glycogen Protein:DNA IL-6 TNFa

Protein metabolism

Ctsl 0.7234*** -0.5294* -0.4778* 0.4987 -0.1253
Eif4ebpl 0.6928** -0.4935* -0.5648* 0.2664 -0.2596
Fbxo32 0.7796*** -0.5018* -0.5318* 0.3529 -0.1804
Mtla 0.5377* -0.3622 -0.4241 0.5098 -0.3319
Psma3 0.5638* -0.3211 -0.3304 0.2734 0.0901
Trim63 0.6474** -0.4522 -0.539* 0.3148 -0.3626

Energy metabolism

Foxol 0.5992** -0.2665 -0.4721* 0.3259 -0.3366
Irs1 -0.6085** 0.4463 0.5207* -0.4134 0.3194
Pdk4 0.4345 -0.2797 -0.4469 0.1059 -0.5473*
Ppara -0.4799* 0.5067* 0.5232* -0.3482 0.2923
Ppargcla -0.3748 0.3118 0.4925* -0.1142 0.4202
Ppargclb -0.634** 0.5111* 0.5534* -0.3487 0.2816
Slc2a4 -0.4716* 0.3973 0.356 -0.3371 0.1077
Tfam 0.4781* -0.4399 -0.2943 0.4123 -0.0286
Ucp3 0.5542* -0.4324 -0.5026* 0.2842 -0.3187
Vegfa -0.5885* 0.443 0.475* -0.3984 0.2747
Cytokines

IL-6 0.0052 -0.2797 0.0155 0.6547* -0.0725
TNFa -0.1115 -0.2261 -0.2261 0.0056 -0.5956*

Data are shown as Pearson correlation coefficients. In bold are the significant P-

value: *p<0.05, **p<0.01.
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Annexe 2

Body weight in CIA rats compared to control in chapter 4 (A) and with

interventions (B) in chapter 5.
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