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Abstract

Sarcopenia, defined as the loss of muscle mass, quality and strength commonly occurs over
the course of ageing and disease states such as chronic liver disease. In chronic liver disease
sarcopenia is associated with a number of negative outcomes including an increase in
mortality, increased risk of infections and an increase in length of hospital stay, presenting a
major socioeconomic issue. Despite the known complications associated with the progression
of sarcopenia, the mechanisms relating to its development across the different stages of
chronic liver disease is largely unknown. Inflammatory cytokines and ammonia may be key
systemic drivers of sarcopenia within cirrhosis. However, the investigation of these factors is
limited to supraphysiological in vitro treatments. Therefore, in Chapter 3 we investigated the
use of ex vivo human serum to condition C2C12 skeletal muscle cells in order to develop a
more physiologically relevant model, which may be applied to a number of conditions to
investigate the development of sarcopenia in both age and disease. We found that myotubes
treated with serum from older individuals resulted in myotube atrophy and a blunted anabolic
response to leucine provision. Based upon the in vitro model developed here, Chapter 4
assessed the potential mechanisms of myotube atrophy in C2C12s conditioned with serum
from end-stage liver disease (ESLD), non-cirrhotic non-alcoholic fatty liver disease
(NAFLD) patients and age-matched controls. We found a reduction in myotube diameter in
cells treated with serum from ESLD patients, which may be characterised by a reduction in
mitochondrial respiration, mitophagy and an increase in proteolysis. Following on from this
in vitro work, in Chapter 5 we investigated fasted-state skeletal muscle regulatory protein
content and gene expression in ESLD, NAFLD and age-matched controls. We found a
decline in the protein content of OXPHOS complexes I and IV, alongside a decline in citrate
synthase activity in ESLD patients. Additionally, we identified an upregulation in genes

related to the oxidative stress response in ESLD and senescence in NAFLD patients. In



conclusion, this thesis enhanced our understanding of the potential mechanisms which may
underpin the development of sarcopenia in chronic liver disease, through the development of
a novel in vitro model of liver disease and completion of an in vivo human muscle biopsy
trial. These findings highlight that mitochondrial dysfunction may be a key driver of
sarcopenia in ESLD. Additionally, we describe a valuable model for the investigation of

nutritional and pharmaceutical compounds, prior to in vivo trials.
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CHAPTER 1 - GENERAL
INTRODUCTION




1.1 Chronic Liver Disease

Chronic liver disease (CLD) is a term given to a group of heterogenous disease states, which
result in damage to the liver structure and hepatic function in response to inflammation and
insults to the liver (1, 2). Under normal conditions, the liver contains a small amount of
fibrotic tissue, however in response to chronic damage to liver cells, an accumulation of
fibrillar extracellular matrix (ECM) develops (3, 4). This accumulation of fibrillar ECM
arises due to a defective liver and represents the outcome of continuous wound healing in
response to damage to the liver (4, 5). This stage of liver damage can be reversed to restore a
state of normal liver function with an appropriate intervention (5). However, in the absence
of interventions an advanced stage of liver disease may arise, known as cirrhosis, regardless
of the underlying aetiology (5). Cirrhosis represents end stage liver disease (ESLD) and is
defined as the structural development of regenerative nodules that are encompassed by
fibrous bands (6). The progression to ESLD is heterogenous and can be dependent on genetic
and environmental factors, however most cases develop over 20-40 years. The presentation
of fibrosis is largely asymptomatic, however the development of cirrhosis leads to significant
increases in mortality (3). Once patients develop cirrhosis they may progress through
compensated cirrhosis, an asymptomatic phase, followed by the development of
decompensated cirrhosis, defined as the development of liver failure and portal hypertension

(3), predicted to occur at a rate of 5-7% per year (7).

The stage of CLD progression can be classified by a number of factors including fibrosis,
steatosis, inflammation, hepatocellular injury and miscellaneous features (8, 9). In 2005
Kleiner et al (8) outlined the validation of a histological scoring system, specific to non-
alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH). Within this
definition Kleiner et al (8) defined the stage of liver fibrosis by a 4-point scale (F1-4), with 1

representing mild fibrosis and 4 representing cirrhosis. Once a stage of fibrosis reaches the



end of the spectrum (cirrhosis) and is considered ESLD, alternative scales may be used to

classify an individual’s stage of ESLD (Figure 1.1).

Potential Causes:

- Alcohol

- Obesity / Metabolic disease
- Viral infections

- Autoimmune Disease

Healthy Liver Fatty Liver Fibrosis Cirrhosis
- Inflammation - Angiogenesis - Irreversible
- T adipose - Fibrotic liver damage
scarring (liver failure)

-Loss in function

Figure 1.1. Trajectory of chronic liver disease. A healthy liver experiences insults which
causes an increase in inflammation and adipose tissue which progress to the development of a
fatty liver. A fatty liver may deteriorate further and develop angiogenesis, fibrotic scarring
and a loss of liver function. At a stage of fibrosis, the degree of liver damage is reversible
with the adherence to appropriate interventions. A stage of fibrosis may then progress to the

development of cirrhosis, irreversible liver damage.

Over the last 50 years a number of models have been proposed to characterise the stages of
ESLD including; Child-Turcotte score (10), Child-Pugh score (11), model for end stage liver
disease (MELD) (12) and the United Kingdom (UK) model of end stage liver disease
(UKLED) (13). One of the first proposed models was the Child-Turcotte score, which aimed
to predict the outcome after portal hypertension surgery (10). This was later modified to form

the Child-Pugh scoring system which categorises patients into 3 grades; grade A, B and C,



with grade C accounting for the most severe cases (11). Individuals are scored based upon the
grade of encephalopathy, ascites, bilirubin, albumin and prothrombin time, providing a
‘multiorgan’ assessment of patients (11, 14). In comparison, MELD incorporates 3 factors
into the diagnosis of ESLD; international normalised ratio (INR), serum creatine, total serum
bilirubin and the etiology of cirrhosis (12). MELD was originally developed to assess
morality risk post transjugular intrahepatic portosystemic shunt (15). Although MELD has
been shown to accurately predict ESLD in patients with cirrhosis, it cannot accurately predict
mortality in those with ascites (12, 16, 17). As a result, serum sodium was suggested to be a
key predictor of morality in patients with ascites (16, 18, 19). This led to the development of
MELD-Na, an updated version of the MELD scoring system which includes the level of
serum sodium level within the mortality assessment (17).

In the UK, patients are allocated a position on the transplant list based upon their UKLED
scores. This model scores patients based upon sodium, serum bilirubin, creatinine and INR in
addition to patient specific factors (13). A score of >49 predicts that individuals have a 1-year
mortality risk of 9%, the minimum criteria required to enter patients onto the UK waiting list
in this category (13, 20). This model was developed through the analysis of 1103 patients and
later validated in a cohort of 452 patients (20). This study identified that a UKLED score
below 49 in those without hepatocellular carcinoma (HCC) represents a predicted 1-year

mortality of 9%, suggesting that this is a suitable score (20).

1.1.1 Epidemiology of Chronic Liver Disease and the Health Care Burden

ESLD can arise due to a range of factors including both genetic and environmental factors
such as excessive alcohol consumption, obesity, hepatitis B and hepatitis C infections (Table
1.1) (2, 21, 22). In the western world and industrialised countries, alcoholic liver disease
(ArLD) and NAFLD are the two most common aetiologies of ESLD, whilst in low income

countries viral hepatitis infections equate to the highest prevalence of ESLD aetiology (22).



Table 1.1. Aetiology of end stage liver disease (1, 23).

Cause Type of Liver Disease
Lifestyle e.g., alcohol and diet Alcoholic liver disease (ArLD)
Non-alcoholic fatty liver disease (NAFLD)
Viral Hepatitis B, C, D
Autoimmune Autoimmune hepatitis
Primary biliary cirrhosis
Primary sclerosing cholangitis

ESLD is associated with a number of consequences, including portal hypertension, HCC and
reductions in liver function (6). ESLD is associated with a reduced quality of life (QoL),
which does not differ between the type of disease, but worsens with age and disease severity
(24). Patients with CLD also suffer from a range of physical and psychosocial symptoms
including fatigue, anxiety, reduced self-esteem, muscle spasms and reduced physical
function, highlighting the burden of the disease (24, 25). While mild to moderate fibrosis is
partially reversible with successful treatment of the underlying liver disease, regardless of the
initial etiology, cirrhosis represents a state of irreversible liver damage requiring a liver

transplant (26).

The socioeconomic burden of ESLD is rapidly increasing worldwide, with cirrhosis and liver
cancer attributing to 3.5% of deaths (22). In 2014, ESLD was responsible for a total of
151,513 deaths across Europe, with two-thirds occurring in individuals under the age of 65-
years old (21). In the UK, ESLD constitutes as the third leading cause of premature death,
increasing at a more rapid rate than other European countries (27). Ultimately, ESLD
presents a considerable burden on healthcare resources both within the UK (28, 29) and
United States (30) equating to annual health care costs of ~£3.4billon and $2.5 billon

respectively. This is largely attributed to excessive alcohol consumption and obesity (21, 29).

1.2 Malnutrition, Sarcopenia and Chronic Liver Disease



Malnutrition, defined by the World Health Organisation (WHO) as an imbalance, deficiency
or excess in an individual’s energy and nutrient intake is commonly identified in cirrhotic
patients (31, 32). One of the most widely accepted components of malnutrition affecting
ESLD patients is sarcopenia (33, 34). The term sarcopenia was first proposed in 1989 by
Irwin Rosenberg to describe the loss of muscle mass identified throughout the course of
ageing and was derived from the words “sarco” meaning flesh and “penia” meaning poverty
(35). Although sarcopenia is widely recognised in elderly individuals, many other causes
have been identified (36). This led to the development of two distinct categories: primary
sarcopenia and secondary sarcopenia. Primary sarcopenia is considered to be age-related,
whilst secondary sarcopenia is identified when factors apart from, or in addition to ageing are
present (36). Secondary sarcopenia is often classified in one of three categories, activity-
related, nutrition-related and disease-related (37). However, the etiology of sarcopenia is
often multifactorial, consequently it may not be possible to distinguish between primary and
secondary sarcopenia (37, 38). Therefore, the same diagnostic criteria are utilised for both
primary and secondary sarcopenia (36-38). In contrast, the term cachexia is also used to
describe a metabolic syndrome which is associated with a loss of muscle mass, with or
without the loss of fat mass (39). While the term cachexia has been linked to malnutrition in
liver cirrhosis, the vast majority of literature choose to focus on the incorporation of
sarcopenia. This is likely due to the fact that weight loss has been identified as a key clinical
feature associated with cachexia (40). Table 1.2 highlights the key differences in definitions
of sarcopenia and cachexia. Importantly, sarcopenia is not associated with weight loss and
may be reflective in a ‘pre-cachectic’ state without fat loss (39). Indeed, liver disease patients
often experience a loss of muscle mass, often masked by an increase in adipose tissue i.e.,
sarcopenic obesity (41). Therefore, for the purpose of this thesis, the definition of secondary

sarcopenia will be focused upon throughout.



Table 1.2 Key diagnostic criteria for sarcopenia and cachexia

Sarcopenia (EWGSOP Guidelines) (36) (1) Low muscle strength
(2) Low muscle mass or quality
(3) Low physical performance

Cachexia (Evans et al) (39) (1) Weight loss of >5% in 12 months

(2) Prescence of 3/5 of the following
criteria

(A)Decreased muscle strength

(B) Fatigue

(C) Anorexia

(D)Low fat-free mass index

(E) Abnormal biochemistry (increased
inflammation (e.g. CRP, IL-6),
anaemia (Hb <12g/dl), low serum
albumin (< 3.2 g/dl)

CRP, c-reactive protein, EWGSOP, European Working Group on Sarcopenia in Older
People, Hb, haemoglobin, IL-6, interleukin-6.

1.2.1 The Definition of Sarcopenia

Over the last two decades the definition of sarcopenia has been updated to reflect advances in
research. Initially, sarcopenia was identified through the use of appendicular skeletal muscle
mass (kg/height?) (42). Baumgartner et. al. (42) classified individuals as sarcopenic if the
appendicular skeletal muscle mass was two or more standard deviations below that of a
young control group. In 2002, this definition was expanded by Janssen et al (43) who utilised
bioelectrical impedance analysis (BIA) to estimate skeletal muscle mass index (SMI). The
researchers defined sarcopenia in two classes; class I was diagnosed when individuals were
within one to two standard deviations below the mean of young individuals, whilst class 11
sarcopenia was identified as those that were two or more standard deviations below that of

the young reference values (43).

In 2010, the European Working Group on Sarcopenia in Older People (EWGSOP) suggested
that a loss of muscle mass was central to the development of sarcopenia, along with the

presence of low muscle strength and/ or reduced physical performance (37). However, in 2019
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the EWGSOP updated their previous description of sarcopenia to “ a progressive and
generalised skeletal muscle disorder that is associated with increased likelihood of adverse
outcomes including falls, fractures, physical disability and mortality” (36). The diagnosis of
sarcopenia was based on three outcome measures; muscle strength, quantity, quality and
reduced physical performance (36). Probable sarcopenia (stage 1) can be defined by a reduction
in muscle strength only. Sarcopenia (stage 2) can be described by low muscle strength
accompanied with either low muscle quality or quantity. Severe sarcopenia can be diagnosed

when individuals present with low muscle strength, quality and quantity alongside reductions

in physical performance (36).

1.2.2 Diagnosis of Sarcopenia in Chronic Liver Disease

In CLD there are currently no standardized definitions or cut-off values specific to liver-related
sarcopenia (44). This is likely a consequence of the significant heterogeneity in the methods
utilised to assess and define sarcopenia (Table 1.3) (44). This variability generates a major
challenge and a degree of uncertainty that limits the assessment of sarcopenia in routine clinical
care (45). Further, many retrospective studies which have investigated the prevalence of
sarcopenia only utilise one measure of sarcopenia, most commonly the measurement of muscle

mass (46), potentially underestimating the prevalence and severity in this patient group.

Table 1.3. Overview of modes used to assess sarcopenia in chronic liver disease (45,
47).

Mode of Assessment

Muscle Mass MAMC, DEXA, BIA, ultrasound, CT, MRI

Muscle Strength HGS, isokinetic dynamometry

Physical Performance SPPB, gait speed, timed up and go, 6(MWD,
CPET, LFI

MAMC, midarm muscle circumference, DEXA, dual-energy x-ray absorptiometry, CT,
computed tomography, MRI, magnetic resonance imaging, HGS, handgrip strength,
SPPB, short physical performance battery, 6MWD, 6-minute walk distance, CPET,
cardiopulmonary exercise test, LFL, liver frailty index.



The most common measure of muscle mass in patients with CLD is the SMI of the third lumbar
vertebrae (L3), imaged through computed tomography (CT) (48). While SMI incorporates the
measure of the psoas, paraspinal and abdominal muscles at L3, the measurement of psoas
muscle index (PMI) also obtained through CT imaging may be utilised (49, 50). Whilst CT
scans are expensive and irradiating, abdominal imaging is often completed in the routine
assessment of transplant candidates and cancer screening (49, 51), thereby allowing
identification of sarcopenia without the need for additional imaging. However, the application
of SMI in a clinical setting remains limited due to a lack of standardised definitions and sex-
specific cut off values. Nonetheless, recent work by Carey et al (52) sought to generate specific
SMI cut off values for sarcopenia in CLD patients. The authors reported these cut offs as
<50cm?/m? and <39c¢m?/m? in men and women with CLD respectively. Importantly, these cut-
off values were shown to correlate with liver transplant (LT) wait list mortality (52) and are
considered to be the most robust definition of sarcopenia within CLD patients to date (44). In
contrast, when compared with SMI, the use of PMI was unable to identify LT-list patients with

a higher mortality risk (49).

As mentioned earlier, the latest EWGSOP update shows appreciation of the importance of
muscle strength and physical performance (36). As a result, the use of self-reported
questionnaires which evaluate aspects of sarcopenia such as the simple five-item questionnaire
(SARC-F) can be used to screen for the risk of sarcopenia development (53). The SARC-F
incorporates questions which evaluate an individual’s muscle strength, ability to walk, rise
from chairs, climb stairs and the incidence of falls and has shown to be a valid assessment of
sarcopenia risk (53). Additionally, high SARC-F scores have been more frequently identified
with the progression CLD (54). After the risk of sarcopenia has been identified further
assessment of muscle strength should be conducted. The use of handgrip strength (HGS)

assessment has been identified as a key, reproducible measure of sarcopenia and is now



typically incorporated in clinical assessments (55). HGS forms part of the recommended
diagnostic criteria for patients with liver failure in both the European Association for the Study
of Liver (EASL) and the European Society for Clinical Nutrition and Metabolism (ESPEN)
guidelines (55, 56). HGS is seen as a valuable tool as it is a quick, validated and cost effective
measure of muscle strength, which can be conducted at the bedside in patients with CLD, and
correlates with mortality (57). In addition to muscle strength, measures of physical
performance and muscle function, including the 6-minute walk distance (6MWD) (58), the
short physical performance battery test (SPPB) (59) and gait speed (60) are all practical as a
measure of sarcopenia in CLD. In patients with cirrhosis awaiting liver transplantation a
distance of less than 250m achieved within the 6MWD (58) and each 1-unit decrease in SPPB
score (59) are associated with an increase in mortality risk, while a reduced gait speed is
associated with an increased risk of complications, such as hepatic encephalopathy (HE),

gastrointestinal bleeding and infections (60).

1.2.3 The Clinical Impact of Sarcopenia in Cirrhosis

Globally, the prevalence of sarcopenia in CLD patients awaiting liver transplantation is
estimated to range from ~25-70%, with a higher prevalence identified amongst males (61).
Sarcopenia has consistently been identified as a predictor of mortality risk both pre- (51, 62)
and post-LT (50). It has been shown that the addition of sarcopenia to the MELD scoring
system improves the predictive accuracy of mortality, particularly in patients with MELD
scores below 15 (62). Sarcopenia is also associated with a number of poor clinical outcomes
including a risk of decompensation (63), HE (64), increased risk of infection (i.e. sepsis) (46,
51, 61), duration of mechanical ventilation, duration of hospital admission and length of
admission to intensive care post-LT (65, 66). It is therefore unsurprising that sarcopenic
patients have increased hospital costs in comparison to those associated with non-sarcopenic

patients (67).
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Whilst sarcopenia has clear implications for overall health outcomes, it is also associated with
reduction in QoL in liver cirrhosis patients (68). Recent research found that CLD patients with
‘pre-sarcopenia’, defined as a loss of muscle mass without subsequent decreases in muscle
strength and performance (37) experience greater reductions in QoL in comparison to non-
sarcopenic patients (68). One of the most frequently reported symptoms of CLD is sleep
disturbance (69), which can have a large impact upon many aspects of QoL including fatigue
(70). Sleep disturbances are often associated with the presence of HE, and are believed to arise
in CLD due to a number of mechanisms which include alterations in the metabolism of
melatonin and glucose (71) and disturbances to the intestinal microbiome (70). However, it is
largely unclear whether the poor QoL identified within CLD patients arises as a consequence
of muscle loss or functional disabilities (68). Furthermore, it is possible that factors such as
clinical characteristics, disease severity and cirrhosis-specific complications also contribute to

reductions in QoL (72).

Whilst LTs are thought to reverse complications such as ascites and portal hypertension,
sarcopenia may remain, or even worsen post-LT (73, 74). Indeed, previous research identified
the presence of post-LT sarcopenia in both individuals with and without pre-LT sarcopenia,
whilst only 6.1% of patients experienced a reversal of sarcopenia post-LT (74). Alongside
changes in muscle mass, patients often experience an increase in body weight post-LT (73).
This is largely attributed to an increase in fat mass (75), and a slower, incomplete restoration
of muscle mass (73). These changes are thought to closely resemble the onset of sarcopenic-
obesity, identified frequently in NAFLD (76). Collectively, current data highlights the need for
better nutritional and functional assessment and the implementation of interventions pre- and

post-LT to reduce sarcopenia.

11



1.3 Alterations in Muscle Protein Turnover in Chronic Liver Disease

Skeletal muscle protein exists in a constant state of turnover, with simultaneous synthesis and
breakdown (77). Alterations in muscle protein turnover occur on a daily basis due to a number
of environmental stimuli, such as the ingestion of dietary protein (78) and physical activity
(79). These alterations in muscle protein turnover contribute to changes in net protein balance
(NPB), whereby muscle loss may occur when muscle protein breakdown (MPB) is greater than
muscle protein synthesis (MPS) and muscle growth may occur when MPS is greater than MPB
(77). Although protein ingestion alone can be sufficient to maintain muscle mass in young
healthy individuals (77), the combination of exercise and protein ingestion can synergistically

augment MPS (80) (Figure 1.2a).
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Figure 1.2. Schematic representation of muscle protein turnover in response to anabolic

stimuli (protein feeding with/without exercise) in healthy and chronic liver disease. We
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hypothesize that the primary reason for muscle loss in chronic liver disease (CLD) patients is
a blunted muscle protein synthesis (MPS) in response to protein ingestion which coincides with
an increase in muscle protein breakdown (MPB) (A). This likely equates to a reduction in net
protein balance (NPB) within CLD patients, in response to the proposed alterations in muscle
protein turnover. However, exercise in combination with protein ingestion may partially restore

the MPS response in CLD patients (B).

Muscle protein turnover is regulated by a number of key molecular pathways, including the
mammalian target of rapamycin complex one (mTORC1) signalling cascade, satellite cell (SC)
signalling and the ubiquitin proteasome pathway (UPP) (Figure 1.3). mTORCI is a critical
serine/threonine protein kinase (81), which is activated by a number of factors including amino
acids, growth factors e.g. insulin-like growth factor-1 (IGF-1), energy status and mechanical
stress (82). This subsequently leads to the phosphorylation of two key effectors translation
initiation factor eukaryotic translation factor 4E-binding protein 1 (4EBP1) and ribosomal
protein S6 kinase (p70S6K) (81). Additionally, SC play a key role in the growth, repair and
regeneration of muscle fibres and are regulated by a number of factors such as interleukin-6
(IL-6), IGF-1 and myostatin (83-85). Several factors contribute to MPB including
inflammation, inactivity, mitochondrial dysfunction and myostatin. Myostatin is thought to
inhibit MPS through the inhibition of the IGF-1/ phosphoinositide 3-kinase (PI3K)/ protein
kinase B (Akt)/mTORCI1 pathway and SCs (84, 86, 87). Additionally, myostatin has been
suggested to activate the UPP, contributing to an increase in MPB, resulting in negative protein
balance (87). However, the activation of Akt, and inhibition of the transcription factor,
Forkhead box O (FOXO) can prevent the activation of the ubiquitin ligases, muscle RING

finger-1 (MuRF-1) and muscle atrophy box (MAFbx) (88).
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It is hypothesized that those suffering from CLD have a dysregulated muscle protein turnover
that underpins the progression of sarcopenia (Figure 1.2b). Indeed, initial studies investigating
muscle protein turnover in cirrhotic patients suggested that protein synthesis may be lower in
comparison to healthy controls, when utilising arteriovenous (AV) balance and whole-body
tracer methodologies (89-91). However, for whole-body protein breakdown (WbPB), previous
work has yielded conflicting results with different studies reporting that MPB rates in cirrhotic
patients were increased, decreased or even remained unaltered (91-94). These inconsistent
findings are likely due to a range of factors, including differences in methodology and patient

characteristics such as age, severity of CLD and disease aetiology (48).

Insulin/ Inflammation
Glucose Amino Acids Growth Factors Myostatin (TNF-a)

Muscle Protein Synthesis ) C Muscle Protein Breakdown )

Figure 1.3. Molecular regulation of muscle protein turnover. Muscle protein turnover is
regulated by muscle protein synthesis and breakdown. Muscle protein synthesis is regulated
by a number of signals including, energy status, amino acids and growth factors e.g. insulin

growth factor-1 (IGF-1). This leads to the activation of phosphoinositide 3-kinase (PI3K).
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protein kinase B (Akt) regulates muscle protein turnover through the activation of
mammalian target of rapamycin complex 1 (mTORCI1) and inhibition of forkhead box O
(FOXO). In turn the activation of mMTORCI1 leads to the phosphorylation of eukaryotic
translation initiation factor 4E-binding protein 1 (4EBP-1) and ribosomal protein S6 kinase
(p70S6K), which contribute to muscle protein synthesis. Muscle protein breakdown is
influenced by a number of factors including inflammation and myostatin which lead to an

increase in muscle atrophy box (MAFbx) and muscle ring finger 1 (MuRF-1).

However, it is known that in age-related sarcopenia a phenomenon known as muscle ‘anabolic
resistance’ is present, referring to a blunted MPS response to the ingestion of amino acids (95),
or exercise (96) in comparison to young individuals. It has been proposed that cirrhotic patients
experience a similar state of muscle anabolic resistance (97), but to the best of our knowledge
no study has investigated the MPS response to the ingestion of protein or exercise stimuli in
CLD patients. The absence of such studies may be due to concerns relating to obtaining muscle
biopsy samples from CLD patients, due to the perceived elevated risks related to platelet
dysfunction, coagulopathy and thrombocytopenia (98). However, more recently muscle
biopsies have been shown to be safe in patients with Childs Pugh A cirrhosis (98), which will
therefore enable a greater understanding of the dysregulation in muscle protein turnover that

underpins muscle wasting in CLD patients.

1.3.1 Hyperammonemia, Myostatin and Muscle Protein Turnover

Hyperammonemia is a consistent abnormality in cirrhotic patients caused by hepatocellular
dysfunction, portosystemic shunting and impaired ureagenesis, which in turn results in the
increased concentration of ammonia within skeletal muscle (99, 100). The increased uptake of
ammonia by skeletal muscle has been proposed as a protective mechanism in CLD, with the

aim of preventing ammonia neurotoxicity (100, 101). The specific mechanism driving the
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increased uptake of ammonia is currently unknown, although it has been suggested that the
expression of the ammonia transporters, Rh B glycoprotein (Rhbg) and Rh C glycoprotein
(Rhcg) may both play a role (102). However, the resultant accumulation of ammonia is not
without consequence and may contribute to the development of sarcopenia (101, 103, 104)

(Figure 1.4) thus reducing the muscle mass available to remove excess ammonia.

Mechanistically, in vitro experiments have shown that hyperammonemia induced activation of
nuclear factor-kB (NF-xB) is associated with an increase in myostatin expression, an inhibitor
of myogenesis, and a reduction in myotube diameter (101). In cirrhotic patients, skeletal muscle
hyperammonemia was also associated with an increase in myostatin expression and activation
of NF-kB, resulting in impaired MPS, increased autophagy and a reduction in skeletal muscle
mass (101, 103, 105, 106). As a consequence, hyperammonemia is considered a key regulator

in the liver-muscle axis (101).

The elevated myostatin expression in cirrhotic patients is thought to be one of the key drivers
of muscle anabolic resistance (105) as it is associated with a reduction in p70S6K, s6 protein
(RPS6) and 4EBP-1 protein content, indicating an impaired activation of the mTORCI1
pathway which is critical in the regulation of MPS (98). This is consistent with in vivo data
suggesting that myostatin inhibits MPS via impaired Akt signalling, and subsequently reduces
MPS via the Akt/mTORC1/p70S6K pathway (86). Myostatin may also influence MPS through
the impairment of SC function. In a portacaval anastomosis rat (PCA) model, myostatin
expression was threefold higher than control rats and was associated with a decline in SC
function mediated via a reduction in myogenic transcription factors myoblast determination
protein 1 (MyoD), myogenic factor 5 (myf5) and myogenin (104, 107). In addition,
hyperammonemia induced upregulation of myostatin may contribute to a reduction in skeletal
muscle mass through an increase in MPB. Cirrhotic patients have been shown to exhibit

increased WbPB, alongside an increase in the expression of myostatin, beclinl, sequestome 1
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(p62) degradation and LC3 lipidation, representing an increase in autophagy compared to
healthy adults (98). However, this increase in WbPB and autophagy occurred with no change
in ubiquitinated proteins or MuRF1 messenger ribonucleic acid (mRNA) at baseline, or after
branched chain amino acid (BCAA)/ leucine ingestion in healthy control and cirrhotic
participants (98, 103, 107). Collectively, this suggests that hyperammonemia induced increases

in MPB may largely occur through changes in autophagy, rather than the UPP.

Hyperammonemia may also contribute to a decrease in MPS through mitochondrial
dysfunction. Anaplerosis is the first reaction in the tricarboxylic acid (TCA) cycle, whereby
glutamine and glutamate are converted to a-ketoglutarate (¢-KG) and ammonia (108). This
reaction is catalysed by the enzyme glutamate dehydrogenase (GDH) (108), and under
physiological conditions this reaction is favoured as GDH has a low affinity for ammonia,
resulting in the conversion of glutamate to a -KG (109). However, due to the high
concentrations of ammonia present in the skeletal muscle of cirrhotic patients; it is likely that
cataplerosis, i.e. the removal of TCA intermediates, (108) may be favoured and in turn cause a
reduction in a -KG availability and impaired mitochondrial function (48, 101). The
consequence of reduced TCA cycle intermediates is a reduction in adenosine triphosphate
(ATP) synthesis (110), which may contribute to a reduction in MPS as translation initiation is
an energy intensive process (48). However, hyperammonaemia has also been found to increase
reactive oxygen species (ROS) and oxidative damage in both rats and humans (110). This
suggests that ROS may overwhelm the adaptive antioxidant defence systems and in turn lead
to muscle loss and tissue injury (110). Thus, hyperammonaemia may influence mitochondrial
functioning through impairments in TCA cycle metabolism, oxidative damage and,
consequently, a decrease in cellular energy status and subsequently MPS. However, this

remains to be clearly demonstrated.
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Figure 1.4. The proposed molecular alterations which contribute to ammonia induced
changes in muscle protein turnover. Ammonia enters the skeletal muscle through the
Rhcg/Rhbg receptors. Subsequently, ammonia contributes to mitochondrial dysfunction, an
impaired integrated stress response and an increase in myostatin transcription. These

contribute to an impairment in protein turnover and sarcopenia.

4EBP-1, eukaryotic translation initiation factor 4E- binding protein 1; elF2a, eukaryotic
initiation factor 2a; IGF-1, insulin growth factor 1; MAFbx, muscle atrophy-box; mTORCI,
mammalian target of rapamycin complex 1; MuRF1, Muscle RING finger-1; NF-«xB, nuclear
factor-kB; PI3K, phosphoinositide 3-kinase; p70S6K, ribosomal protein S6 kinase; Rhbg,
Rh B glycoprotein; Rhcg, Rh C glycoprotein; ROS, reactive oxygen species; TNF-a, tumor

necrosis factor-a; TCA cycle, tricarboxylic acid cycle; a-KG, alpha ketoglutarate
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1.3.2 Energy Expenditure and Amino acid Availability in Chronic Liver Disease

Cirrhosis is associated with an accelerated state of starvation (111). An overnight fast has been
shown to accelerate fat oxidation, gluconeogenesis, ketogenesis and a catabolic state in
cirrhotic patients compared to healthy individuals (111, 112). As a consequence of the
increased gluconeogenesis, amino acids are often utilised as an energy source (111, 113),
resulting in a low concentration of skeletal muscle BCAA in cirrhotic patients (114). In
response to a state of cellular stress, such as amino acid deprivation, an integrated stress
response (ISR) is activated in order to promote the restoration of cellular homeostasis (115). In
a state of amino acid deficiency the ISR is mediated through the activation of general control
non-depressed 2 (GCN2), an amino acid deficiency sensor (116). This leads to the
phosphorylation of eukaryotic initiation factor 2 (elF2 a), which subsequently causes a
reduction in global protein synthesis and an increase in activating transcription factor 4 (ATF4)
mRNA, thus reducing the requirement for amino acids (116, 117). The activation of ATF4
leads to the inhibition of mTORCI signalling and promotes autophagy in an attempt to restore
and preserve levels of amino acids (115). Once this balance has been restored, ATF4 signalling
contributes to the de-phosphorylation of elF2a, restoring normal levels of protein synthesis

(118).

Cirrhotic patients display increased GCN2 activation and elF2a phosphorylation alongside a
reduction in mMTORCI1 signalling, similar to the ISR seen in response to intracellular amino
acid deficiency (98, 106). However, hyperammonemia induces a state of cellular stress which
impairs the ISR by preventing an increase in ATF4 mRNA (106). This failure to induce an
increase in ATF4 mRNA may contribute to a further decline in MPS and an increase in
autophagy, due to the inability to terminate the ISR and return to normal levels of protein
synthesis (106, 115). Therefore, cirrhotic patients have been suggested to experience an

adaptive ISR, in which a second pathway is activated in response to increased ammonia
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concentrations (106) (Figure 1.4). This second signalling pathway appears to be mediated by
large neutral amino acid transporter 1 (SLC7AS5/LATI), an amino acid transporter, which is
increased in cirrhotic patients (98, 106). SLC7AS/LAT1 appears to act as an amino acid
exchanger, resulting in an increase in L-leucine uptake (98, 106). This increase in L-leucine
concentration is thought to occur in order to utilise this amino acid to generate acetyl-CoA
within the mitochondria, in order to generate an increase in energy output (119). Under normal
conditions the transport of leucine relies on glutamine transport via the glutamine exchanger
sodium-coupled neutral amino acid transporter 2 (SLC38A2/SNAT?2) (120), but under a state
of hyperammonemia glutamine is primarily utilised for the detoxification of ammonia (106,
119). Taken collectively, the activation of the ISR in cirrhotic patients results in an impairment
in mTORCI signalling and an increase in autophagy (98, 106); which may contribute to the

development of sarcopenia.

1.3.3 Alcohol and Chronic Liver Disease

Alcohol intake and CLD are both believed to contribute to sarcopenia in ArLD (121). As a
consequence, it is often challenging to distinguish between the specific effects of CLD and that
of alcohol. While ethanol is primarily metabolised in the liver and the brain, it can also be
metabolised in skeletal muscle (122, 123). ArLD is frequently associated with a reduction in
skeletal muscle mass, alongside alterations in muscle protein turnover (123) and ethanol can
inhibit mTORCI1 stimulation (124). Further, excessive alcohol intake has been linked to
increased myostatin, which is assumed to mediate impairments in MPS (123, 125).
Nonetheless, markers of the UPP remain unaltered in animal models of ArLD, and are
decreased in human ArLD patients, suggesting that autophagy is likely responsible for an
increase in MPB (123). Similar to hyperammonemia, ethanol may also contribute to reductions

in MPS through impairment of mitochondrial function, resulting in the generation of ROS and
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activation of autophagy (126). In turn, the above may impair MPS through a reduction in ATP

generation and mRNA translation (121).

1.3.4 Abnormalities in Endocrine Function

CLD is associated with a number of endocrine abnormalities that could contribute to
sarcopenia, including low serum testosterone (127). In male cirrhotic patients, low levels of
testosterone may arise as a consequence of changes in the hypothalamic-pituitary-gonadal axis
(128). This can lead to a decrease in testosterone production and an increase in aromatase
activity, an enzyme responsible for the conversion of testosterone to estradiol, similar to that
seen in ageing males (129) and PCA rats (130). PCA rats exhibit lower levels of testosterone
alongside a reduced growth rate, attributed to a reduction in food intake and efficiency,
calculated as the increase in body weight per gram of food eaten (130). Inhibition of aromatase
in this model led to an increase in testosterone and improved body weight, alongside
improvements in food intake and efficiency (130). However, further research is required in

human cirrhotic patients in order to confirm this relationship.

CLD is also associated with an increase in the secretion of growth hormone (GH) and a
reduction in serum IGF-1 concentration (131), a change also seen in human ageing. IGF-1 can
promote muscle growth through the activation of the Akt/PI3K/mTORCI signalling cascade,
which leads to an increase in MPS (132, 133). Furthermore, IGF-1 also contributes to a
reduction in muscle atrophy through the activation of Akt and inhibition of the transcription
factor FOXO; in turn, preventing the activation of the ubiquitin ligases MuRF-1 and MAFbx
(88). GH has been associated with an increase in myostatin expression and impairments in IGF-
1 signalling and therefore may further contribute to impairments in MPS (131, 134). Again,
the relative contribution of changes in the GH/IGF-1 axis to sarcopenia in CLD remain poorly

understood (48).
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1.3.5 Non-Alcoholic Fatty Liver Disease and Obesity

NAFLD is currently predicted to be the most common cause of CLD, with an estimated global
prevalence of ~25% (135). NAFLD is an umbrella term used to describe the spectrum of
disease from non-alcoholic fatty liver (NAFL), identified through the presence of >5%
steatosis, to non-alcoholic steatohepatitis (NASH) and cirrhosis (136, 137). In contrast,
progression to NASH is characterised by the presence of hepatic steatosis alongside
inflammation and hepatocellular injury with, or without the presence of fibrosis, this in turn
may lead to the development of cirrhosis and HCC (136, 137). NAFLD is a growing cause of
CLD, largely attributed to the increase in the incidence of obesity (21). However, obesity in
this cohort may occur alongside the development of sarcopenia (sarcopenic obesity) (41).
There are a number of risk factors associated with the development of both NAFLD and
sarcopenia, with physical inactivity, insulin resistance and chronic inflammation believed to
play key roles (138). It is therefore unsurprising that NAFLD and sarcopenia are typically
associated with increased sedentary behaviour, alongside a reduction in physical activity (139,
140). Unfortunately, this physical inactivity likely contributes to an increased risk of metabolic

syndrome due to an increase in visceral fat accumulation and insulin resistance (141).

A state of insulin resistance may directly lead to the development of sarcopenia through an
increase in MPB and a decrease in MPS. Insulin resistance in adipose tissue stimulates lipolysis
and the release of free-fatty acids (FFAs) to the liver (142, 143). In turn, FFA inhibit IGF-1
signalling which subsequently impair PI3K/Akt signalling (144) and reduce MPS (145) (Figure
1.5). Impairments in Akt signalling increase FOXO phosphorylation which activates the UPP,
leading to an increase in MAFbx and MuRF1 expression (144, 145). Combined, these
alterations in protein turnover are thought to contribute to the muscle loss identified in type II
diabetes (145). Therefore, increased insulin resistance may cause similar effects in CLD

patients with a NAFLD etiology. Insulin resistance also leads to the development of
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hyperinsulinemia within hepatocytes which can contribute to a decrease in gluconeogenesis,
an increase in lipogenesis and inhibition of B-oxidation (142, 143). This leads to the
accumulation of lipids within liver and muscle, termed myosteatosis (142, 145). Obesity and
a reduction in muscle quality, calculated as the ratio of muscle strength to muscle mass are
often associated with the development of insulin resistance and a reduction in muscle mass and
strength (146, 147). Furthermore, sarcopenia likely contributes to the development of insulin
resistance, independent of obesity as skeletal muscle is the primary tissue facilitating the uptake
of glucose mediated by insulin (148). This suggests that the pathology of NAFLD and

sarcopenia are closely intertwined (143).

Chronic inflammation and oxidative damage are also important factors associated with the
development of CLD (149) and sarcopenia (150). NAFLD is associated with an accumulation
of FFAs and increased adiposity, which contribute to an increase in pro-inflammatory
cytokines (151-153). Adipose tissue contains immune cells such as macrophages and also
senescent cells which are highly pro-inflammatory (154). In addition, adipose tissue produces
its own cytokines, termed adipokines, which can also contribute to an increased inflammatory
status (155). One key cytokine, tumor necrosis factor-a (TNF-a) appears to have a significant
role in the impairment of muscle protein turnover in CLD (156, 157). In rats, TNF-a impairs
MPS through a reduction in the phosphorylation of key signalling proteins involved in the
mTORCI1 pathway, such as eukaryotic translation initiation factor 4E (elF-4E) (156). In
addition, in vitro work has shown that TNF-a may also increase MPB through an increase in
UPP activity, as shown by an increase in MAFbx expression (157, 158). Further in vitro work
has shown that TNF-a induced MPB is thought to arise through an increase in type 1 TNF-a
receptor (TNFR1) binding and consequently an increase in ROS which leads to the subsequent
activation of NF-kB (157, 159). An increase in NF-xB signalling enhances protein degradation

through the activation of the UPP, reduction of myogenesis and a further increase in
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inflammation (157, 160). This increase in proinflammatory cytokines may further contribute
to the development of NAFLD and muscle loss (150, 161). Together, this suggests that an
increase in circulating proinflammatory cytokines, in particular TNF-a may contribute to a

reduction in MPS and increase in MPB.
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Figure 1.5. The molecular regulation of muscle protein synthesis and muscle protein
breakdown in chronic liver disease. The mammalian target of rapamycin complex 1
(mTORCT) can be activated in response to the activation of insulin growth factor-1 (IGF-1)
which leads to the activation of protein kinase B (Akt) and inhibited through general control
non-depressed 2 (GCN2), activated by a reduction in amino acids (AA) and ammonia.
mTORCI1 activation leads to the activation of eukaryotic translation initiation factor 4E-
binding protein 1 (4EBP1) and ribosomal protein S6 kinase (p70S6K). Akt regulates
forkhead box O (FOXO), and the subsequent activation of muscle atrophy-box (MAFbx) and

muscle ring finger-1 (MuRF-1). Inflammatory cytokines e.g. tumor necrosis factor-a (TNF-
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«) and ammonia activate nuclear factor-kB (NF-kB), which leads to the activation of

myostatin. Myostatin results in an increase in autophagy and inhibition of satellite cells.

1.3.6 Potential Drivers of Chronic Liver Disease Which May Influence Sarcopenia

Progression

In addition to the factors outlined above, adiponectin, vitamin D deficiency and alterations in
intestinal function may contribute to the progression of sarcopenia in CLD. Adiponectin is an
adipokine which plays an integral role in the regulation of glucose metabolism and oxidation
of fatty acids in an insulin dependent manner (162). In skeletal muscle, adiponectin binds to
adiponectin receptor I (AdipoR1), which is responsible for the regulation of insulin sensitivity
and fatty acid oxidation (163, 164). Therefore, a reduction in circulating levels of adiponectin
as seen in obesity (165) may contribute to impairments in muscle protein turnover as a
consequence of insulin resistance (166). In obese individuals, myostatin expression is
positively associated with a state of insulin resistance (167). Therefore, this increase in
myostatin is believed to contribute to muscle wasting through impairments in mTORCI1
signalling and increased autophagy, as discussed previously (86, 101, 103). As a consequence,
it is plausible to suggest that crosstalk between myostatin and adiponectin exists, and warrants

further investigation in CLD and NAFLD (143, 166).

Vitamin D deficiency has been shown to contribute to insulin resistance, metabolic syndrome
and NAFLD (168, 169). Evidence from animal models of NAFLD suggest that rats fed a
vitamin D deficient western diet experienced an increase in NAFLD activity, inflammation and
oxidative stress in comparison to those fed a vitamin D replete western diet (170). Thus, it
would seem that vitamin D deficiency may exacerbate NAFLD severity partly through an
inflammatory-mediated mechanism (169). Vitamin D has also been suggested to contribute to

an increased risk of age-related sarcopenia (171). In older individuals low levels of vitamin D
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are independently associated with a greater risk of sarcopenia (171), and is thought to
contribute to muscle loss through a number of mechanisms including a reduction in MPS, an
increase in muscle atrophy and mitochondrial dysfunction (172). However, it is currently
unclear whether low 25-hydroxyvitamin D (25(OH)D) levels are a cause or a consequence of
age-related sarcopenia (173). As CLD patients experience vitamin D deficiency, similar to that
identified within older sarcopenic individuals, it is possible that low levels of vitamin D
contribute to the pathology of sarcopenia within these patients. However, CLD patients often
experience a number of fat soluble vitamin deficiencies, including vitamin A, D, E and K,

which are affected by malabsorption, impaired synthesis and storage (174).

Cirrhosis is also associated with alterations in the gut microbiome such as an increase in
bacterial translocation which may lead to an increase in the level of circulating endotoxins,
pro-inflammatory cytokines and ROS (175, 176). The changes identified in the gut microbiome
diversity, include an increase in pathogenic and a decrease in autochthonous taxa, which
contribute to the development of endotoxemia and worsen with the severity of CLD (177). In
addition to the activation of immune cells which raise cytokine levels, elevated endotoxin can
activate circulating inflammatory cells and Kupffer cells in the liver, leading to an increase in
the production of TNF-«a via binding to soluble TNF-a-receptors (178). Indeed, previous work
has found that elevated levels of endotoxins within the portal and hepatic veins correlate with
the level of soluble TNF-a receptors (178). This increase in inflammation may potentially
contribute to increasing portal pressure and associate with the severity of liver dysfunction

(178, 179).
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1.4 Cell Culture: Current Perspectives, Limitations and Future Directions

Due to the limited number of human trials conducted in cirrhotic patients, the mechanisms
which underpin the development of sarcopenia in cirrhotic patients is largely unknown.
Therefore, it is unsurprising that a number of in vitro and in vivo models of cirrhosis have been
developed to investigate the potential mechanisms of cirrhotic-like myotube, and muscle
atrophy. These include the use of in vitro ammonia (103) and ethanol (180) treatment, and in
vivo trials using PCA rats (181). Although these models allow for insights into one potential
mechanistic driver of sarcopenia in CLD, the treatments utilised here are likely to be
supraphysiological, and therefore translation to in vivo human work may be limited, yielding
conflicting results. Additionally, a number of systemic factors may contribute to the atrophy
identified in cirrhotic patients (48). Consequently, the extent to which isolated factors may
contribute to the development of sarcopenia within cirrhosis is unknown. Similarly, key
hallmarks associated with the progression of disease severity and sarcopenia in ESLD e.g.

inflammation are yet to be investigated in detail, highlighting a clear knowledge gap.

1.4.1 In Vitro Models of Atrophy

Currently, in vitro models which probe the mechanisms of sarcopenia have been conducted
using pharmacological treatments such as dexamethasone (DEX) (88, 182-184), TNF-a (185,
186) and hydrogen peroxide (H20:) (187). DEX, a synthetic glucocorticoid has previously been
utilised as a model of atrophy, confirmed through its ability to decrease myotube diameter by
~40% (184). This model has allowed for the investigation of the potential mechanisms of
atrophy, highlighting a blockage of MPS through the Akt/mTORCI1 pathway, and an
upregulation of MPB through an increase in MuRF-1, MAFbx and myostatin (88, 183, 184).

However, it is unclear if DEX treatment induces age-related changes such as an increase in
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inflammation, and senescence, therefore it is unlikely to replicate a true model of age-related
atrophy (188).

Inflammation is considered a key hallmark of ageing (189) and correlates with a decline in
muscle mass (190). In particular, in vitro treatment with TNF-a has been shown to suppress
myotube formation and induce apoptosis (185). Similarly, Sharples et al (186) found that TNF-
a treatment in C2C12 skeletal muscle cells reduced proliferation, which occurred alongside a
reduction in the expression of key regulatory proteins such as MyoD, myogenin and IGF-1.
Furthermore, Wang et al (191) found that TNF-« induced a decrease in myotube diameter
within C2C12s, alongside an increase in markers of MPB; MAFbx and MuRF-1 and a
reduction in anabolic markers including Akt, mTORC1 and p70S6K. Taken together, this
suggests that TNF-a treatment provides a useful model to investigate inflammatory related
sarcopenia. However, the dosage of TNF-a utilised is supraphysiological, therefore the ability
to translate this model to in vivo trials is unclear.

Additionally, H,O, treatment has been utilised to induce a model of atrophy as ROS are
associated with the presence of sarcopenia (188, 192). Previous research which has utilised
H>O: to investigate oxidative stress-induced damage has been shown to induce autophagy
(193) and mitochondrial dysfunction (194). While this model provides a suitable avenue for
the investigation of oxidative stress, it lacks many fundamental characteristics commonly
associated with the progression of sarcopenia.

Alternative models of age-related atrophy have investigated the use of replicative ageing, in
which C2C12 skeletal muscle cells are subject to multiple passages, providing a potential
model of musculoskeletal ageing. In cells subjected to multiple passages, Sharples et al (195),
demonstrated a decline in IGF-1, myogenic regulatory factors and a reduced capacity for
myoblast differentiation, associated with a decrease in Akt signalling. While this model

provides a useful model to study age-related sarcopenia, cellular senescence, a key hallmark of

28



ageing (189) is not induced (195). Therefore, replicative ageing cannot be considered a true

model of musculoskeletal ageing.

1.4.2 Making Cell Culture More Physiologically Relevant

Traditional methods of culturing C2C12 cell lines involve supplementation with animal-
derived serums. More specifically, fetal bovine serum (FBS) is used to allow for proliferation,
while horse serum (HS) is used to induce differentiation (196). In order to improve the
physiological relevance of the in vitro models outlined above, more recent work has modified
culturing techniques by using ex vivo human serum (197-200) or plasma (201, 202) to condition
cell culture media and thus change the systemic environment of the cells in culture. These
studies have investigated a range of factors, including myotube growth (202), regulatory
signalling pathways (197, 201) and MPS (199, 200), in response to a diverse range of stimuli
including, ageing, injury / illness e.g. sepsis, burns and nutrient status. Recent work by
Kalampouka et al (202) showed an increase in myotube diameter in C2C12s treated with 5%
human plasma from young, in comparison to old participants. These findings are in line with
in vivo research, highlighting an increase in the prevalence of sarcopenia with advancing age
(203). In addition, plasma from septic shock patients has been found to induce a reduction in
myosin content and an increase in markers of proteolysis, highlighting the induction of
myotube atrophy (201). Similarly, Corrick et al (197) identified a decrease in markers of
anabolic signalling within human primary myoblasts in response to treatment with serum from
burns patients. These studies, highlight the potential applications in which ex vivo human
plasma can be used to study myotube atrophy across a range of disease states and illness.
Therefore, this model may provide a more physiologically relevant model which can be used
to study the potential drivers of sarcopenia in CLD.

In addition, more recent models have aimed to utilise ex vivo human serum to investigate

changes in MPS in response to different nutrient compositions (199, 204). In 2018, Carson et
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al (199) identified an increase in MPS in response to an acute, 4-hour treatment with ex vivo
human serum obtained 60-minutes after the ingestion of whey protein ingestion, in comparison
to myotubes treated with fasted serum. Furthermore, the authors aimed to investigate the ability
of serum obtained postprandial after the ingestion of whey protein hydrolysate, or non-essential
amino acids to stimulate MPS in C2C12 skeletal muscle cells (204). Results highlighted a
significant increase in MPS in myotubes conditioned with whey protein hydrolysate fed serum,
in contrast to non-essential amino acid fed serum, highlighting the importance of amino acid
composition. This work supports findings from in vivo human trials which show that non-
essential amino acids are not required to stimulate MPS (205). Therefore, it is plausible to
suggest that conditioning C2C12s with ex vivo human serum can be utilised to investigate the
effectiveness of nutraceutical compounds, prior to the completion of in vivo human trials.

Alternative models have utilised human primary skeletal muscle cells with varied findings.
Indeed, previous work investigating myotube growth within samples obtained from young and
old participants failed to identify a difference between the two conditions (206). It is therefore
plausible to suggest that without the systemic environment induced by human serum or plasma,
primary cell cultures may have a limited capability of withholding the specific phenotype.
However, when human myoblasts obtained from young individuals were treated with human
serum from young or old donors, no difference in myogenic fusion index was identified (207).
In contrast to these findings, previous work investigating the myogenic fusion index in muscle
samples obtained from old sarcopenic and middle-aged individuals identified a significantly
slower fusion index in older myotubes (208). Similarly, Bechsheft et al (209) showed that
myotubes obtained from older individuals maintained their phenotype, exhibited with a lower
myogenic fusion index. Therefore, this highlights the potential use of human primary skeletal

muscle cells to improve the physiological relevance of in vitro work.
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Additionally, more recent work has investigated the potential to utilise human serum to
condition human primary SCs, obtained from the vastus lateralis over the course of 5 days of
differentiation in comparison to normal growth conditions (i.e. FBS) (198). The authors found
that culturing with human serum from healthy individuals throughout the course of
differentiation preserved the cell-dependent variability, in contrast to FBS controls, while
serum from chronic obstructive pulmonary disease (COPD) induced myotube atrophy (198).
However, similar to in vivo human work, reproducibility may be reduced due to the biological
variability in human samples (198). In order to overcome this variability, pooling blood
samples from a number of individuals may provide a suitable solution (198). Future research
should therefore aim to investigate the utility of human primary cell cultures with ex vivo
human serum to create a more physiologically relevant model of cell culture. Thus,
undoubtedly creating the ‘gold-standard’ approach to improving the physiological relevance

of cell culture.

1.5 Overview and Thesis Aims

As described in this introductory chapter, sarcopenia is a common complication affecting CLD
patients and is associated with a number of adverse outcomes. CLD is characterised by a state
of hyperammonemia, increased catabolism, systemic inflammation, physical inactivity and
poor nutritional status, all of which may contribute to the development of sarcopenia through
alterations in muscle protein turnover. However, the molecular mechanisms which contribute
to the development of sarcopenia remain largely unclear. Therefore, based upon the identified
gaps within the literature surrounding the mechanisms of sarcopenia in CLD patients, the
studies presented in this thesis aimed to improve our understanding on the molecular
mechanisms which may underpin the development of sarcopenia in decompensated ESLD
patients and non-cirrhotic NAFLD patients, through the use of in vitro experiments and an

observational study. Chapter 2 describes the methods developed, particularly in reference to
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the leucine dosage and serum parameters utilised throughout the in vitro work within this
thesis. This chapter also describes methodological considerations for the incorporation of ex
vivo human blood samples in vitro. Chapter 3 describes a methods development study in
which ex vivo human serum from young and old participants was used to condition C2C12
skeletal muscle cells to investigate changes in myotube diameter, MPS and anabolic signalling.
We hypothesized that myotubes treated with ex vivo serum from young participants would
exhibit elevated levels of MPS and anabolic signalling, alongside increases in myotube
diameter in comparison to those treated with serum from older participants. This model offers
the potential to study the regulators of sarcopenia in inflammatory disease conditions such as
chronic liver disease. Chapter 4 describes an in vitro study in which we utilised ex vivo human
serum from ESLD patients and age-matched control participants to investigate changes in
MPS, anabolic signalling and myotube diameter, as previously described in the methods
development study outlined in Chapter 3. We hypothesized that myotubes treated with ex vivo
serum from ESLD patients will lead to reductions in myotube diameter in comparison to those
treated with serum from age-matched control individuals. Chapter 5 describes the analysis of
muscle biopsy samples obtained from ESLD, NAFLD and control patients during an
observational study, which aimed to characterise the markers of intracellular signalling
pathways that may underpin the development of sarcopenia in CLD. We investigated the
protein and ribonucleic acid (RNA) content of key anabolic, catabolic and mitochondrial
signalling proteins. We hypothesized that ESLD patients would exhibit an increase in catabolic
markers, and mitochondrial function in comparison to healthy age-matched control individuals.
Chapter 6 discusses the main findings of the studies described in the contents of this thesis
and provides an overview of the conclusions identified in these studies. This chapter aims to
incorporate these results with evidence from the literature which has emerged since the start of

this doctoral study.
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2.1 Cell Culture

Cell culture was utilised in chapters 3 and 4 of this thesis. In Chapter 3, we describe the
development of an in vitro model of ageing through the use of ex vivo human serum to
improve the physiological relevance of cell culture. This model aimed to allow for the
investigation of the potential mechanisms of age-related atrophy. In Chapter 4, ex vivo human
serum was used to create an in vitro model of ESLD and non-cirrhotic NAFLD, to investigate
the processes which may underpin the progression of sarcopenia across the spectrum of
chronic liver disease. Specific information regarding ethical approval and participant
recruitment are detailed within the appropriate chapters. Details regarding the preparation of

human skeletal muscle for analysis are described in Chapter 5.

2.1.1 C2C12 Cell Line

Mouse skeletal muscle C2C12 myoblasts were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). This vial of cells was expanded and frozen down

for future use after serial passages.

2.1.2 Thawing Cells

To begin experiments using a fresh culture of C2C12s, a cryovial of cells was removed from
liquid nitrogen storage and thawed quickly. Once thawed, the cell suspension was added
immediately to 9ml of pre-heated growth media (see section 2.1.4) in a T25cm? flask and
incubated overnight. The next day confluency of the flask was assessed, and media was

changed if needed. The cells were then grown as outlined in the following section (2.1.4).

2.1.3 Freezing Cells

To preserve stocks of C2C12 myoblasts, excess C2C12 myoblasts were frozen down and stored

for future use. Cells were cultured in T75¢cm? flasks and washed in 5ml of phosphate-buffered
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saline (PBS) (Gibco, 10010015). Following this wash, cells were trypsinsed with TrypLE
Express Enzyme (2ml) (Thermo Fisher Scientific, Massachusetts, USA) at a confluency of
~70%. Cells were incubated for 2-5 minutes to allow for dissociation. Once dissociated 8ml of
growth media was added to the flask and transferred to a falcon tube. Cells were then
centrifuged at 10,000 x g for 5S-minutes. The supernatant was discarded, and the cell pellet was
resuspended in 1ml of media supplemented with 10% dimethyl sulfoxide (DMSO) and added
to a cryovial. Cryovials were stored at -80°C for 24-hours in a NALGENE™ Cryo 1°C
Freezing container, containing 500ml of isopentane to freeze cells at a slow rate of -

1°C/minute. Subsequently, vials were transferred to liquid nitrogen storage.

2.1.4 Cell Maintenance

Murine C2C12 skeletal muscle cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) (11966025, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS) (F9665,
Sigma-Aldrich, St. Louis, MO, USA), 1% (v/v) penicillin/streptomycin (P/S) (15070-063,
Gibco), 5SmM glucose (G7021, Sigma-Aldrich), 1mM sodium pyruvate and 1mM
GlutaMAX™ (35050-038, Gibco) (growth media) in standard conditions (5% CO2, 100%
humidity, 37°C). Media was changed every 48-hours until a confluency of ~70% was reached.
Passage numbers between 10-12 were selected to ensure C2C12s prior to treatment, showed
normal levels of muscle protein synthesis (MPS) and growth were present, in contrast to using
cells considered as an ageing model, investigated in previous work (1). Once a confluency of
~70% was achieved, cells were washed in PBS and trypsinised as previously described in
section 2.1.3. The supernatant was discarded, and cells were subsequently resuspended in 1ml
growth media. 9ml of growth media was subsequently added to this mixture. At this stage, cells
were transferred to a number of T75 flasks to passage, or seeded into 6-well plates, or 24-well

plates for experimentation at a density of 2.0x10° and 5.0x10* cells. mL! respectively.
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2.1.5 Cell Counting

Cells were counted using a Countess™ II FL Automated Cell Counter (Thermo Fisher
Scientific). 10 ul of cell suspension was added to the counting chamber. The slide was inputted
into the cell counter and brightfield illumination and focus was automatically adjusted. The
number of live and dead cells was then calculated. This was conducted twice, with an average

of the two values used for the calculation of total cell number as part of the following equation:

Total cell count = (Value 1 + Value 2) / 2

Average of cell count / 2 = number of cells /1ml

(Number of cells /1ml) / 1000 = number of cells /1ul

The appropriate volume of cell suspension was added to the necessary volume of growth media

and mixed to ensure uniform distribution across the plates.

2.1.6 Cell Differentiation

At a confluency of ~90% myoblasts were differentiated in DMEM supplemented with 2% (v/v)
horse serum (HS) (16050, Gibco), 1% (v/v) P/S, SmM glucose, ImM sodium pyruvate and
ImM GlutaMAX™, (differentiation media) over the course of 5-7 days. During the

differentiation period media was changed every 24 hours.

2.2 Cell Treatments

2.2.1 The Investigation of Conditioning C2C12 Skeletal Muscle Cells with Ex Vivo Human

Serum

C2C12 myoblasts were seeded in 6-well plates at a density of 2.0x10° cells. mL™! and
maintained in DMEM supplemented with FBS as described above in the ‘2.1.4 cell

maintenance’ section. Once a confluency of ~90% was reached, growth media was replaced
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with differentiation media and changed every 24 hours (see section 2.1.5). On day 7 of
differentiation myotubes were changed to an amino acid, and serum free media (D9800-13, US
Biological, Salem, MA, USA) (pH 7.3) and underwent a 1-hour serum and amino acid
starvation period prior to treatment. Myotubes were subsequently treated with media
containing 10% human serum from fasted young or old participants for 4-hours. This time
period of ‘preconditioning’ was chosen as previous research has shown that MPS induced by
growth medium is reduced within 30-60 minutes of serum and amino acid starvation and is
significantly downregulated alongside key mammalian target of rapamycin complex 1
(mTORCI) pathway signaling proteins (2, 3). A range of plasma and serum doses have
previously been utilised in previous investigations with similar outcomes, ranging from 5-20%
(2, 4, 5). Therefore, given limited serum sample availability and the detection of protein
expression during preliminary experiments, a dilution of 10% was deemed optimal for the
current experimental outcomes. Additionally, conditioned media containing 10% human serum
has been shown to exhibit high cell adherence and viability throughout a 4-hour time-course

treatment (2).

In addition to serum treatment, we also compared the use of plasma treatment in vitro.
However, we found that plasma treatment greater than 5% resulted in cell viability issues,
identified through visible cell peeling and was significantly less tolerated. This is similar to
work shown by Kalampouka et. al. (4) who utilised a dilution of 5% plasma throughout ex vivo
plasma treatments. However, we also found clotting of the cell culture media in plasma treated
wells when compared to both serum treated and control wells. This finding is likely a
consequence of plasma collection in ethylenediaminetetraacetic (EDTA) tubes, in comparison
to lithium heparin coated vacutainers. Lithium heparin treated vacutainers are desirable for the
use of ex vivo treatments due to their ability to inhibit coagulation through the activation of

antithrombin and subsequent inhibition of thrombin.
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All in vitro experiments involving treatment with ex vivo human serum were performed with

n=4 in each group and were repeated in triplicate.

2.2.2 In Vitro Leucine Treatment

Unfortunately fed blood samples were not obtained from ESLD and NAFLD patients. To
overcome this issue, we aimed to utilise in vitro leucine treatment, within an in vitro model of
ageing to establish whether in vitro leucine treatment was appropriate for further
investigation. Prior to conditioning with human serum, the appropriate dosage of leucine
needed to be determined. Therefore, preliminary data aimed to investigate a dose response to
leucine treatment with dosages of 2mM, 5SmM, 10mM and 15mM investigated (Figure 2.1).
The dosages used for preliminary investigation were selected based upon previous work by
Areta et al (6) who compared the phosphorylation of a number of anabolic targets including;
ribosomal protein S6 kinase (p70S6K), eukaryotic translation initiation factor 4E- binding
protein 1 (4EBP-1), s6 protein (RPS6), eukaryotic elongation factor 2 (eEF2), alongside the
incorporation of phenylalanine to investigate MPS in response to 1.5mM, 3.2mM, 5SmM and
16.5mM leucine treatment. In this study a 1-hour serum starvation was performed, prior to
treatment with leucine for 30 minutes. The authors identified an increase the phosphorylation
of mMTORCI1, 4EBP-1 and RPS6 in C2C12 myotubes, in response to SmM of leucine
treatment (6). Similarly, we conducted a 1-hour serum and amino acid starve as previously
described (section 2.2.1). Subsequently cells were treated with leucine for 30-minutes, with
the addition of puromycin to measure MPS. We found that SmM induced a significant
increase in MPS, measured through the incorporation of puromycin in comparison to the
control. Additionally, no other dosage appeared to have a significant increase in MPS,
therefore SmM was utilised for in vitro treatment after conditioning with ex vivo human
serum. The in vitro leucine stimulation used provides an alternative model to investigate the

effect of a nutritional supplement, providing us with an alternative ‘fed’ state.
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Figure 2.1. Western blot of puromycin incorporation for leucine dose response.

2.2.3 Conditioning with Ex vivo Human Serum Prior to In Vitro Leucine Treatment

C2C12 skeletal muscle cells were seeded into 6-well plates and grown as previously described
(section 2.2.1). On day 7 of differentiation, myotubes underwent a 1-hour amino acid and
serum starvation. Subsequently, myotubes were treated with 10% ex vivo human serum for 4-
hours as previously described. In a subset of C2C12 myotubes, SmM leucine was added to
wells for 30-minutes after the 4-hour serum conditioning treatment with ex vivo human serum

in order to investigate the anabolic response to the addition of an essential amino acid.

2.3 Muscle Protein Synthesis

Acute measures of MPS were assessed using the surface sensing of translation (SUnSET)
technique, as previously described (7). Briefly, this method utilises the antibiotic puromycin, a

tyrosyl-tRNA analogue and immunoblotting to assess the incorporation level of puromycin
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into newly synthesized peptide chains (7, 8). Myotubes were incubated with puromycin

(P8833, Sigma-Aldrich) (1umol/L) for the final 30-minutes of treatment.

2.4 Protein Analysis

2.4.1 Cell Lysis

After the relevant treatment, culture media was aspirated and cells were washed with cold PBS,
3 times over ice. The PBS was removed and ice cold 1X radioimmunoprecipitation assay
(RIPA) lysis buffer (Merck Millipore, Watford, UK) (150ul) was added to each well to lyse
the cells and left for 20-minutes. Subsequently, cell lysates were collected into Eppendorfs and

centrifuged at 13,000rpm for 15-minutes at 4°C.

2.4.2 Sample Preparation — Cell Lysates

The concentration of protein lysates was determined using a detergent compatible (DC)
protein assay (Bio-Rad, Hercules, California, USA) using an FLUOstar Omega plate reader
(BMG Labtech, Aylesbury, UK). The lysate concentrations were read at an absorbance of
750nm. Subsequently, equal amounts of protein from each sample were added to 1x Laemmli
sample buffer and left for 24-hours on the benchtop to allow for denaturing of protein, before

being transferred to storage at -80°C until further analysis.

2.4.3 Gel Preparation and Electrophoresis

Samples were thawed and allowed to come to room temperature prior to use. Protein (15-30
ug) was loaded onto 4-20% graded pre-cast gels (561095, Bio-Rad). Protein was separated

by electrophoresis at 100V for 10-minutes and 140V for 1-hour.

2.4.4 Transfer and Blocking

After electrophoresis, proteins were transferred from the gel to a nitrocellulose membrane

(Whatman, Dassel, Germany) at 100V for 1-hour. After transfer, membranes were stained
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with Ponceau S solution as a loading control (9) and subsequently blocked with 5% bovine
serum albumin (BSA) (Fisher Scientific, Thermo Fisher Scientific) or 5% milk diluted in

Tris-buffered saline and 0.1% Tween-20 (TBST) for 1-hour.

2.4.5 Antibodies

Following blocking, membranes were incubated overnight at 4°C with the primary antibodies
detailed in Table 2.3 After an overnight incubation, membranes were washed with TBST for
15-minutes and incubated for 1-hour in the appropriate secondary antibody, listed in Table

2.1. All antibodies were prepared using 5% BSA.
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Table 2.1. Antibodies

Primary antibody Code Company Host Dilution
IgGG2a monoclonal anti- clone Merck Millipore Mouse | 1:1000
puromycin 12D10
Phopho-mTORSer2448 #2971 CST Rabbit | 1:1000
Total-mTOR #2972 CST Rabbit | 1:1000
Phospho-eEF2Tr6 #2331 CST Rabbit | 1:1000
Total-eEF2 #2332 CST Rabbit | 1:1000
Phospho-p70S6K Th389 #9205 CST Rabbit | 1:500
Total-p70S6K #9202 CST Rabbit | 1:1000
Phospho-AktSe73 #3787 CST Rabbit | 1:1000
Total-Akt #9272 CST Rabbit | 1:1000
Phospho-RPS65er240/244 #5364 CST Rabbit | 1:1000
Total-RPS6 #2217 CST Rabbit | 1:1000
Phospho-4EBP-] Thr37/46 #9459 CST Rabbit | 1:1000
Total-4EBP-1 #9452 CST Rabbit | 1:1000
MuRF-1 #sc-398608 | SC Mouse | 1:1000
MAFbx AM3141 ECM BioSciences Rat 1:1000
Caspase-3 #14220 CST Rabbit | 1:1000
LC3A/B #12741 CST Rabbit | 1:1000
Myostatin ab201954 ABCAM Rabbit | 1:1000
OXPHOS ab110413 ABCAM Mouse | 1:1000
OPA-1 BD61260 BD BioSciences (New | Mouse | 1:1000
Jersey, USA)
DRP1 (D8HS) #5391 CST Rabbit | 1:1000
FIS1 ab156865 ABCAM Rabbit | 1:1000
MFN2 (D2D10) #9482 CST Rabbit | 1:1000
MFF #84580 CST Rabbit | 1:1000
Anti-myosin (skeletal M8421 Sigma-Aldrich Mouse | 1:1000
muscle, slow)
Anti-myosin (skeletal M4276 Sigma-Aldrich Mouse | 1:1000
muscle, fast)
Pax7 PA1-117 Thermo Fisher Rabbit | 1:1000
Scientific
MyoD #13812 CST Rabbit | 1:500
Myogenin SC-12732 SC Mouse | 1:500
Anti-ubiquitinylated 04-263 Merck Millipore Mouse | 1:1000
proteins, clone FK2
Secondary antibody
Anti-rabbit IlgG HRP- #7074 CST Rabbit | 1:10000
conjugated secondary
antibody
Anti-rat IgG, HRP-linked #7077 CST Rat 1:500
antibody
Anti-mouse IgG, HRP- #7076 CST Mouse | 1:1000
linked antibody

4EBP-1, eukaryotic translation initiation factor 4E binding protein 1, Akt, protein kinase B,
CST, Cell Signalling Technology, DRP1, dynamic related protein 1, eEF2, eukaryotic
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elongation factor 2, FIS1, mitochondrial fission protein 1, HRP, horseradish peroxidase
LC3 A/B, microtubule-associated protein 1A/B- light chain 3, MAFbx, muscle atrophy-
box, MFF, mitochondrial fission factor, MFN2, mitofusin 2, mTOR, mammalian target of
rapamycin, MuRF-1, muscle ring finger 1, myo D, myoblast determination protein 1, OPA-
1, optic atrophy protein 1, p70S6K, ribosomal protein S6 kinase, Pax7, paired box 7,
RPS6- s6 ribosomal protein, SC, Santa Cruz Biotechnology (Texas, USA), ECM
BioSciences (Kentucky, USA), Ser, serine, Thr, threonine.

2.4.6 Image Capture and Analysis

After incubation with the secondary antibody, membranes were washed in TBST for 15-
minutes. Protein content was quantified using Immobilon Western chemiluminescent
horseradish peroxidase (HRP) substrate (Merck Millipore). Images were captured on a
G:BOX Chemi XT4 imager using GeneSys capture software (Syngene, Cambridge, UK).
Subsequent band quantification was conducted using ImageJ software (US National Institutes
of Health, Bethesda, MD, USA). For puromycin blots the whole lane was quantified in order
to account for the range of proteins which incorporate puromycin (7). Relative arbitrary units

were normalised to a protein band stained with ponceau S solution (9).

2.5 Myotube Morphology
2.5.1 Staining for Myotube Diameter

C2C12 cells were seeded in 24-well plates at a density of 5.0x10* cells. mL! as previously
described in section 2.1.4. At a confluency of ~90% cells were differentiated for 6 days as
described in section 2.1.6. Myotubes were subsequently incubated in differentiation media
supplemented with 10% ex vivo human serum for 24-hours. A subset of myotubes were
maintained in differentiation media throughout the treatment period, providing a comparison
to normal growth conditions. Similar to previous work by Kalampouka et a/ (4) we chose to
add serum to differentiation media, as we aimed to observe growth following normal

conditions, rather than after the stress of a serum and amino acid starvation period. After a 24-
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hour incubation period, media was removed and myotubes were washed with PBS. Myotubes
were incubated with 2% paraformaldehyde for 30-minutes. Following a PBS wash, cells were
incubated for 10-minutes with 100% methanol. Cells were washed 3 times in PBS prior to
blocking in 5% (v/v) goat serum in PBS. After 3 PBS washes, cells were then incubated with
the primary antibody Desmin (1:100, D8281, Sigma-Aldrich) for 1-hour. After incubation,
cells were washed twice with PBS and incubated with the secondary antibody (1:200, Alexa
Fluor Plus 488 goat anti-rabbit IgG H+L, A32731, Thermo Fisher Scientific) for 1-hour in
darkness. Cells were washed once with PBS and incubated in the dark with DAPI (1:5,000,
4083, Cell Signaling Technology (CST), Leiden, Netherlands) for 5-minutes. Finally, cells
were washed with PBS prior to the addition of mountant (P36930, Thermo Fisher Scientific)
to each well. A 13mm coverslip was applied and image acquisition was performed after an
overnight incubation using a fluorescent microscope (Leica DMI6000B, Leica Microsystems,

Wetzlar, Hessen, Germany).

2.5.2 Myotube Diameter and Nuclear Fusion Index Quantification

For analysis, approximately 10 fields per well were randomly selected, with at least 100
myotubes included in the analysis of each well (10). Myotubes for this work were defined as a
desmin positive structure with 3 or more nuclei. The mean of five measurements along each
myotube was used to calculate the average myotube diameter. The mean of 10 images, with 10
myotubes per image was used for analysis. Nuclear fusion index (NFI) was defined as the
number of nuclei within myotubes, expressed as a percentage of the total number of nuclei in

a field of view (11). Images were analysed using ImageJ software.
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2.6 Mitochondrial Respirometry
2.6.1 Cell Seeding, Maintenance and Preparation

Mitochondrial respiration was measured in intact, attached cells as described previously (12).
Briefly, C2C12s were seeded at 4.0x10* cells. mL! on XFe24 cell culture plates (Seahorse
Bioscience, Agilent Technologies, Manchester, UK) and were grown to a confluency of
~70% prior to differentiation. On day 5 of differentiation, myotubes underwent a 24-hour

treatment with DMEM conditioned with 10% ex vivo human serum.

2.6.2 Mitochondrial Stress Test

After the 24-hour treatment, myotubes were washed in Agilent Seahorse XF Base medium
(DMEM) supplemented with SmM of glucose, 1 mM of sodium pyruvate, 2 mM of L-
glutamine and 5SmM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(15630106, Thermo Fisher Scientific), pre-warmed to 37°C. The cells were then transferred
to a non-CO; incubator for 50-minutes at 37°C. Subsequently, cells were transferred to a
Seahorse XFe24 extracellular flux analyzer (controlled at 37°C) for a 10-minute calibration.
Following calibration, 4 measurement cycles were completed to obtain the recording of basal
cellular respiration. Following baseline measures, oligomycin (1uM), N> N°-bis(2-
Fluorophenyl)-[1,2,5]oxadiazolo[3,4-B]pyrazine-5,6-diamine (BAM 15) (3uM), and a
mixture of rotenone (1#M) and antimycin A (2uM) were added to sequentially inhibit
adenosine triphosphate (ATP) synthase, uncouple oxidative phosphorylation and determine
non-mitochondrial rates of respiration. Throughout the experiment, a total of 4 measurement
cycles were recorded after the addition of each compound. For all respirometry experiments
each measurement cycle involved a 1-minute mix, 2-minute wait, and 3-minute measurement
period. A calculation for respiratory parameters obtained through the completion of the

mitochondrial stress test can be found in Table 2.2.
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Table 2.2. Respiratory analysis

Respiratory
Parameter

Definition

Calculation

Basal Respiration

O consumption required to meet
the cellular ATP demand from
proton leak respiration.

Final rate measurement obtained
before OM injection — non-
mitochondrial respiration rate

Maximal
Respiration

The maximum rate of oxygen
consumption, visible after the
addition of an uncoupler.
Representative of the maximum
rate of respiration a cell can
achieve.

Maximum rate measurement
taken after BAM-15 injection —
non-mitochondrial respiration

Protein Leak

Basal respiration which is not

Minimum rate measurement

Respiration accounted for by ATP coupled taken after OM injection — non-
respiration. mitochondrial respiration

ATP Coupled ATP produced within the Last rate measurement before

Respiration mitochondria to meet metabolic OM injection — minimum rate
demands, shown by a decrease in | after OM injection
oxygen consumption rate after the
injection of an ATP synthase
inhibitor.

Spare Respiratory | The ability of a cell to respond to | Maximal respiration — basal

Capacity changes in energetic demand. respiration

Coupling The percentage of basal ATP production rate / basal

Efficiency respiration rate attributed to ATP | respiration rate x 100
coupled respiration.

Basal Glycolysis | The conversion of glucose into The last proton efflux rate
lactate (within a Seahorse XFe measurement before the first
analyser) injection

Compensatory The rate of glycolysis, after the The maximum proton efflux rate

Glycolysis addition of an ATP synthase measurement after the injection

inhibitor

of rotenone and antimycin A.

ATP, adenosine triphosphate, BAM-15, N° N%-bis(2-Fluorophenyl)-[1,2,5]oxadiazolo[3,4-
B]pyrazine-5,6-diamine, OM, oligomycin

2.6.3 Estimation of ATP Production

Estimation of intracellular rates of glycolysis and ATP production were conducted utilising
both the oxygen consumption rate (OCR), which measures oxidative phosphorylation and
extracellular acidification rate (ECAR), a measure of glycolysis (13). Previous work has
measured the rate of glycolysis utilising the rate of lactate and proton production, however

more recent work has investigated the measurement of extracellular proton production (PPR)
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to calculate glycolysis (14, 15). The measurement of PPR can be determined through the
measurement of potential of hydrogen (pH) to measure the rate of acidification
simultaneously with measures of oxygen consumption rate. However, most current analyses
which compare the ECAR to oxygen consumption are problematic. In order to overcome
these potential issues, Mookerjee et. al. (14) created a new method in which total ATP
production (JaTpproduction) 18 calculated. ATP can be produced through both glycolytic
(ATPglyc)) and oxidative reactions (ATPox). The authors of this method described ATPgiyc as
the amount of ATP formed during the glycolytic reaction which results in the formation of
pyruvate from glycose, thereby describing the overall flux of glycolysis (14). ATPox was
defined as the amount of ATP formed during oxidative metabolism e.g., through the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation (14). Therefore, based upon the
calculations outlined by Mookerjee et. al. (14), the equations outlined in Table 2.3 were
utilised to calculate ATP production, from both glycolytic (ATPgyc) and oxidative capacities

(ATP.y).
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Table 2.3. Estimation of ATP production

of glucose to pyruvate via glycolysis

Respiratory | Definition Calculation
Parameter
OCRuito Mitochondrial oxygen consumption rate | (OCRot — OCRrovaa) / ug of
(OCR) protein
OCRcoupled OCR coupled to oxidative ((OCRot — OCRo1i) x 0.908) /
phosphorylation ug of protein
PPRot Total proton production rate (PPR) (ECAR: / buffer factor) / ug
of protein
PPResp Proton production rate associated with OCRumito x CCF (0.61) (16)
HCOj3 production
PPRgjyc Proton production rate associated with PPRot = PPResp
lactate production
JaTPox Amount of ATP produced by oxidative (OCRcoupled X 2P/Ooxphos
reactions (2.486)) + (OCRmito X 2P/O1ca
(0.121))
JaTpglyc Amount of ATP produced by conversion | (PPRgyc x ATP/lactate) +

(OCRpito X2P/Ogiye (0.2420))

J ATPproduction

Total amount of ATP produced.

ATP (Jatpox) + ATP (Jatpglye)

ATP (Jatpox) | Percentage of total ATP produced by (ATP (Jatpox) / ATP
(%) oxidative reactions JATPproduction) x 100
ATP Percentage of total ATP produced by (ATP (Jatpglyc) / ATP
(Jatpalye) (%) | glycolytic reactions JATPproduction) X 100

CCF, CO; Contribution Factor = PPR mito/OCRmito, OCRyor, Total OCR; OCRoyaa, OCR in
the presence of rotenone/ antimycin, P/O, per mol of oxygen atoms consumed.

2.6.4 Normalisation

After completion of the experiment, cells were lysed in ice cold 1X RIPA lysis buffer and

stored at -80°C until further analysis. Upon thawing, protein concentration was determined

using a DC protein assay as previously described (section 2.4.2). Data was normalised to the

total protein content quantified by a DC protein assay (17), and corrected for background. A

total of 3 experimental runs was included for analysis, across 3 different passage numbers.
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2.7 Mitophagy
2.7.1 Mito-QC Cell Line

Mitophagy was measured using a mitophagy reporter cell line (mito-QC) in C2C12s, kindly
provided by Dr Yu-Chiang Lai (University of Birmingham). Briefly, the mito-QC C2C12 cell
line express a stable functional insert tandem mCherry- green fluorescent protein (GFP) tag,
which is fused to the mitochondrial targeting sequence of mitochondrial fission protein 1
(FIS1) (residues 101-152) (18). Under basal conditions, the mitochondria fluoresce two
colours; red (mCherry) and green (GFP), which when merged appear gold in colour (17).
However, mitophagy induces an acidic environment within the lysosomes which quench the
signal of GFP, but not mCherry. As a consequence, an increase in mCherry signal is visible in

the mitochondrial network.

2.7.2 Sample Preparation

C2C12 myoblasts expressing the stable mCherry-GFP-mt-FIS1 were seeded onto imaging
dishes with a polymer coverslip bottom (Ibidi, Gréfelfing, Germany) at a seeding density of
6x10% cells. mL-'. After 24-hours, cells were treated with ex vivo human serum or 10 uM of
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) for 24-hours. After treatment, cells
were washed twice with PBS and fixed in 3.7% formaldehyde with 200mM HEPES (pH 7.0)
for 10-minutes. Following fixation, cells were washed and incubated for a further 10-minutes
in DMEM supplemented with HEPES (10mM, pH 7.0) and washed with PBS. Subsequently,

a mounting solution was added to the wells.

2.7.3 Image Analysis and Quantification

After an overnight incubation in the dark, images were taken using a Crest X-Light spinning
disk system coupled to a Nikon Ti-E base, 60x/1.4 NA (CFI Plan Apo Lambda) air objective

and Photometrics Delta Evolve EM-CCD. Excitation was required during imaging and
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delivered at A= 458-482nm and A= 563-587 for GFP and mCherry respectively. Signals were

detected at A=500-550nm and A= 602-662 respectively.

Mitophagy was quantified using mean fluorescence intensity of mCherry and GFP, alongside
the measurement of circularity and Feret’s diameter, measured in 25 cells across at least 15
fields of view within each condition within ImageJ software (17). Myoblasts expressing the
mCherry-GFP construct display a yellow color upon merging the red and green, fluorescent
signals. An increase in mitophagy was detected through changes in pH induced by an increase
in mitochondrial delivery to the lysosome, which lowers the pH and quenches the GFP signal
(19). Subsequently, this allows for a stronger mCherry signal, therefore the quantification of
mitophagy at the cellular level was conducted through the relative increase in mCherry/GFP

ratio. The mCherry/GFP ratio was normalised to control serum treated samples.

2.8 Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics version 26 (IBM SPSS inc.
Chicago, Illinois, USA). Data were tested for normality using Shapiro-Wilk test, and for
homogeneity of variances using Levene’s test. In Chapter 3, independent samples t-tests were
used to investigate changes in arthrometric measures, body composition, strength and blood
analyses. A one-way ANOVA was utilised for the analysis of myotube diameter, NFI,
puromycin incorporation, markers anabolic and catabolic signaling. In Chapter 4, a one-way
ANOVA was used to assess differences in arthrometric measures, body composition, strength
and blood analyses between groups (i.e., control, non-alcoholic fatty liver disease (NAFLD)
and end stage liver disease (ESLD). A 3 (group) x 2 (treatment) ANOVA was used to assess
differences in puromycin incorporation, anabolic and catabolic signalling. A one-way ANOVA
was used to assess differences in myotube diameter, NFI, mitophagy and respirometry between

groups. In Chapter 5, a one-way ANOVA was used to assess differences in arthrometric

63



measures, body composition, strength and blood analyses between groups (i.e., control,
NAFLD, ESLD). Additionally, one-way ANOVA was used to assess differences in anabolic,
regulatory, catabolic and mitochondrial signalling markers. Where the results of the one-way,
or two-way ANOVAs revealed a positive interaction effect, post-hoc analysis t-tests were
completed using Tukey’s HSD. Effect size was calculated using Cohen’s d for t-test and post-
hoc comparisons, while partial eta squared (n?) was used for omnibus tests. Cohen’s d was

calculated using the equation:

(Mean 1 — Mean 2) / ((Standard deviation 1 + Standard deviation 2) / 2))

Effect size assessed by Cohen’s d can be classified as small (d = 0.2), medium (d = 0.5) and
large (d < 0.8) (20). Effect size assessed by partial eta squared was classified as small (n? =
0.01), medium ( n? = 0.06) and large (n? = 0.14). Statistical significance was set at p < 0.05.
The data presented throughout tables in this thesis include the mean of each participant, over
the 3 passage numbers to provide one data point per participant & standard deviation unless
stated otherwise. The data presented in figures throughout this thesis are expressed as the mean
(cross), median (central horizontal line), 25" and 75™ percentiles (box) and the minimum and
maximum values (vertical lines), Figures were generated in GraphPad Prism V8.4.3. Data
presented in tables include the mean of each participant + standard deviation, unless stated

otherwise.
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3.1 Abstract

In vitro models of muscle ageing are useful for understanding mechanisms of age-related
muscle loss and aiding the development of targeted therapies. To investigate mechanisms of
age-related muscle loss in vitro utilising ex vivo human serum, fasted blood samples were
obtained from 4 old (72 + 1 years) and 4 young (26 * 3 years) men. Older individuals had
elevated levels of plasma CRP, IL-6, HOMA-IR, and lower concentric peak torque and work-
per-repetition compared with young participants (P < 0.05). C2C12 myotubes were serum
and amino acid starved for 1-hour and conditioned with human serum (10%) for 4- or 24-
hours. After 4-hours C2C12 cells were treated with SmM leucine for 30-minutes. Muscle
protein synthesis (MPS) was determined through the surface sensing of translation (SUnSET)
technique and regulatory signalling pathways measured via western blot. Myotube diameter
was significantly reduced in myotubes treated with serum from old, in comparison to young
donors (45%, P < 0.001). MPS was reduced in myotubes treated with old donor serum,
compared to young serum prior to leucine treatment (32%, P < 0.01). MPS and the
phosphorylation of Akt, p70S6K and eEF2 were increased in myotubes treated with young
serum in response to leucine treatment, with a blunted response identified in cells treated with
old serum (P < 0.05). Muscle protein breakdown signalling pathways did not differ between
groups. In summary, we show that myotubes conditioned with serum from older individuals
had decreased myotube diameter and MPS compared with younger individuals, potentially

driven by low-grade systemic inflammation.
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3.2 Introduction

Sarcopenia (1), defined as the age-related loss of skeletal muscle mass, strength and
function is associated with an increased risk of mortality, physical disability and metabolic
disease which can reduce quality of life and independence (2-6). This phenomenon is predicted
to affect ~32 million older individuals (>65 years) across Europe by 2045 (7), placing a
significant strain on healthcare resources (8, 9). A number of factors contribute to the aetiology
of sarcopenia, including alterations in lifestyle, hormone concentrations and peripheral nervous
system changes (10). In particular, ageing is often associated with a state of chronic low-grade
inflammation, termed inflammaging, consisting of raised levels of c-reactive protein (CRP)
and pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-a
(TNF-a), which have been associated with reductions in muscle mass, strength (11-16), and
diminished muscle protein synthesis (MPS) (17, 18). Previous acute metabolic investigations
show that the postprandial MPS response to protein/amino acid ingestion is blunted in older
individuals, particularly at moderate-to-low protein doses (<20g) (19), which may contribute
to the progression of sarcopenia (20, 21). Due to the significant costs, complexities and often
invasive nature of in vivo human studies of muscle protein turnover, there is a need for in vitro
models to identify mechanisms of sarcopenia and expedite the development of targeted

therapeutic interventions.

To date, in vitro models to probe mechanisms of sarcopenia have been conducted using
pharmacological treatments to induce myotube atrophy, such as TNF-a (22, 23) and
dexamethasone (DEX) (24-27). While these models provide an insight to the potential
mechanisms of muscle wasting, the supraphysiological dosages used hinders the translation of
this work to humans. Alternatively, C2C12 skeletal muscle cells subjected to replicative
ageing, a process in which a population of cells undergo multiple passages, provides a potential

in vitro model of musculoskeletal ageing. Using this approach Sharples et al, demonstrated
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reductions in insulin growth factor-1 (IGF-1), myogenic regulatory factors and a diminished
capacity for myoblast differentiation that was associated with impaired protein kinase B (Akt)
signalling (28). However, undergoing multiple passages within cell lines such as C2C12
skeletal muscle cells does not induce senescence (28). In fact, immortalised cell lines have been
shown to maintain their telomerase activity (29, 30). Thus, as senescence is considered to be a
key hallmark of ageing (31), replicative ageing may not closely represent inherent ageing

Pprocesses.

To overcome the potential drawbacks of in vitro experimental models outlined above,
studies have used ex vivo human plasma (32, 33) and serum (34-37) to condition cell culture
media. These studies have investigated a range of factors including changes in myotube
diameter (32), MPS (34, 35), anabolic and catabolic regulatory signalling (33, 36) in response
to divergent nutrient status, states of disease and injury (i.e. septic shock and burns) and ageing.
Recently, Kalampouka et a/ (32) identified an increase in myotube diameter in C2C12 cells in
response to 24- and 48-hour treatments with 5% plasma from young vs. older participants.
Additionally, Carson et al (34) identified an increase in MPS in response to an acute 4-hour
treatment with ex vivo human serum in comparison to serum-free control cells. Furthermore,
the authors detected differences in anabolic signalling with the addition of serum obtained after
the ingestion of a bolus of whey protein compared with the ingestion of non-essential amino
acids (35) or fasted serum (34). Collectively, this evidence suggests that ex vivo human serum
or plasma can be used to condition cell culture media in order to investigate changes in MPS

and muscle cell morphology.

Although there is growing evidence demonstrating the use of ex vivo human serum to
condition cell culture media in vitro, no studies have used serum to create an in vitro model of
ageing in response to an acute stimulus. Additionally, no studies have conditioned media with

human serum prior to in vitro nutritional treatment, which would enhance our understanding
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of mechanisms of age-related muscle anabolic resistance. Therefore, the primary purpose of
this study was to assess acute changes in MPS and regulatory signalling in response to leucine
treatment, after conditioning media with ex vivo human serum from young and old participants
to investigate mechanisms of age-related muscle wasting. Secondly, we aimed to investigate
age-related alterations in myotube growth in response to a chronic 24-hour conditioning period
with ex vivo human serum, to identify whether acute signalling responses correlated with
chronic morphological changes. We hypothesized that myotubes conditioned with serum from
older men would display impairments in MPS and lower myotube diameter in comparison to

those treated with serum from young men.

3.3 Materials and Methods
3.3.1 Subject Characteristics and Ethical Approval

Four young (26 + 3 years) and four old (72 % 1 years) healthy male participants provided their
written, informed consent to participate in this study. All participants were screened with a
general health questionnaire and deemed healthy for the completion of this study. Participants
were expected to be normotensive (<140/90), free from inflammatory and metabolic disease
conditions (i.e. rheumatoid arthritis, type II diabetes, hyperlipidemia), not prescribed any
medications such as anticoagulants or non-steroidal anti-inflammatory drugs (NSAIDs) and be
habitually and / or recreationally active i.e. participate in regular physical activity such as
walking. Ethical approval for this study was obtained through the local ethics committee at the
University of Birmingham (ERN 19-0831) and conformed to the standards set by the

Declaration of Helsinki.

3.3.2 Study Design

Participants reported to the laboratory after an overnight fast and were asked to refrain from

the consumption of caffeine on the morning of the trial. Participants were additionally asked
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to refrain from involvement in strenuous forms of exercise 24-hours prior to their visit. A fasted
blood sample was obtained from the antecubital vein and collected into
ethylenediaminetetraacetic (EDTA) and serum separator vacutainers (BD, Oxford, UK). After
collection the serum separator tubes were allowed to sit for 30-minutes at room temperature to
enable the blood to clot. Both types of tube were then centrifuged at 3,000 rpm for 10-minutes
at 4°C to obtain serum and plasma. Aliquots were frozen at -80°C for further analysis. Finally,
participants underwent body composition analysis and completed basic functional assessment

in the form of isokinetic functional assessment and handgrip strength (HGS).

3.3.3 Body Composition

Body mass was measured using digital scales by weighing each participant in loose, light
clothing without shoes to the closest 0.1kg. Height was measured using a stadiometer and made
to the nearest 0.1cm. After assessment of body mass and height, body composition was
measured using 8-electrode bioelectrical impedance analysis (BIA), allowing for the non-
invasive measurement of fat-mass (FM), fat-free mass (FFM) and skeletal muscle mass (SMM)
(mBCA 525, SECA, Hamburg, Germany). BIA has previously been observed to be a valid and

clinically reliable measure of body composition in younger and older adults (38).

3.3.4 Handgrip Strength

HGS assessment was utilised as a clinically relevant measure of muscle strength (39).
Participants were asked to hold a handheld dynamometer (Jamar hydraulic handheld
dynamometer, Patterson Medical, Warrenville, IL, USA) with their arm straight and palm
facing medially in a semi-pronated position. Participants completed 3 trials on each hand with
a 30-second rest period between each test. Participants were asked to exert their maximal grip
strength throughout the test with standardised verbal encouragement. The highest recording

across all 6 measurements was used for analysis (39).
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3.3.5 Leg Strength

Eccentric and concentric muscle strength of the knee flexors and extensors was assessed using
an isokinetic dynamometer (Cybex, division of Lumex Inc., Ronkonkoma, New York, USA)
for the evaluation of isokinetic muscle strength of both limbs. Participants were seated with
their hips and knees flexed at a 90° angle, with the tested limb, hips and chest secured. The
rotational axis of the lever arm was aligned with the lateral epicondyle of the femur. The knee
range of motion as set between 5° and 90° of knee flexion. Participants were asked to start the
test at full flexion, extend their leg and return to flexion with as much force as possible,
completing a total of 5 repetitions at an angular velocity of 60deg/s. After the procedure was
explained in full, participants were asked to complete a short warm-up set of 5 repetitions to
ensure familiarity with the test, without reaching the point of fatigue. Standardised verbal

encouragement was given by the operator throughout the test.

3.3.6 Blood Analyses

Fasting plasma glucose concentrations were measured utilising a Glucose-Glo™ Assay (J6021,
Promega Corporation, Madison Wisconsin, USA) following the manufacturer’s instructions.
Plasma insulin (DINS00), IL-6 (D6050) and CRP (DCRP00) concentrations were determined
through the use of commercially available enzyme-linked immunosorbent assay (ELISA) kits

following the manufacturer’s instructions (R&D systems Inc., Minneapolis, MN, USA).

3.3.7 Cell Culture

A detailed account of the methodology utilised for the in vitro work described in this chapter
is provided in Chapter 2. Briefly, C2C12 skeletal muscle cells were cultured in growth media
and maintained in standard conditions as previously described (section 2.1.4). Cells were then
seeded onto 6-well plates, or 24-well plates at a density of 2.0x10° and 5.0x10* cells. mL"!

respectively. At a confluency of ~90% myoblasts were differentiated in differentiation media
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over the course of 5 days (section 2.1.6). During the differentiation period media was changed
every 24-hours. All in vitro experiments were performed with n=4 in each group and were

repeated in triplicate.

3.3.8 Myotube Diameter

C2C12 cells were prepared for experiments as previously described within Chapter 2 (section
2.5) of this thesis. On day 6 of differentiation, myotubes were incubated in differentiation
media supplemented with 10% ex vivo human serum from either fasted young or old male
donors for 24-hours. A subset of myotubes were maintained in differentiation media
throughout the treatment period, providing a comparison to normal growth conditions. After a
24-hour incubation period, media was removed and myotubes were prepared for
immunofluorescent imaging as previously described (section 2.5.1). The analysis of myotube

diameter and nuclear fusion index (NFI) was conducted as described in section 2.5.2.

3.3.9 Muscle Protein Synthesis

C2C12 myoblasts were seeded in 6-well plates as described in section 2.2.1. Once a confluency
of ~90% was reached, growth media was replaced with differentiation media and changed
every 24-hours. On day 7 of differentiation myotubes were changed to an amino acid and serum
free media and underwent a 1-hour serum and amino acid starvation period prior to treatment.
Myotubes were subsequently treated with media containing 10% ex vivo human serum from
fasted young or old participants for 4-hours. In a subset of C2C12 myotubes, SmM leucine was
added to wells for 30-minutes after the 4-hour serum conditioning treatment with ex vivo
human serum with either young or old donor serum in order to investigate the anabolic response
to the addition of an essential amino acid (section 2.2.3). This in vitro leucine stimulation

provides an alternative model to investigate the effect of a nutritional supplement, providing

75



us with an alternative ‘fed’ state. A detailed justification of leucine dosage can be identified

within section 2.2.2.

Acute measures of MPS were assessed using the surface sensing of translation (SUnSET)
technique, as previously described (section 2.3). Briefly, myotubes were incubated with
puromycin (1pmol/L) for the final 30-minutes of treatment. Subsequently, cellular protein
lysates were obtained as previously described in section 2.4.1. Samples were then stored at -

80°C for further analysis.

3.3.10 Immunoblotting

Cellular protein lysate concentrations were determined through the use of a detergent
compatible (DC) assay using an FLUOstar Omega plate reader and prepared for western blot
analysis as previously described (section 2.4.2). Protein (15-30ug) were separated on 4-20%
linear graded pre-cast gels by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) for 1-hour as previously described (section 2.4.3). After electrophoresis proteins
were transferred to a nitrocellulose membrane at 100V for 1-hour and subsequently stained
with Ponceau S as previously described (section 2.4.4). Membranes were then blocked with
5% (BSA) or 5% milk diluted in Tris-buffered saline and 0.1% Tween-20 (TBST) for 1-hour.
Membranes were incubated overnight at 4°C with the following antibodies: mouse IgG2a
monoclonal anti-puromycin, phospho- mammalian target of rapamycin (mTOR) Ser2448, total
mTOR, phospho-protein kinase B (Akt) Serd73, total Akt, phospho-ribosomal protein S6
kinase (p70S6K) Thr389, total p70S6K 1, phospho-eukaryotic translation initiation factor 4E-
binding protein 1 (4EBP-1) Thr37/46, total 4EBP1, phospho-S6 protein (RPS6) Ser240/244,
total RPS6, phospho-eukaryotic elongation factor 2 (eEF2) Thr56, total eEF2, microtubule-
associated protein 1A/B- light chain (LC3A/B), caspase-3 (D3R6Y), muscle RING finger 1

(MuRF-1), and muscle atrophy F-box (MAFbx) (section 2.4.5). After 15-minutes of washing
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with TBST membranes were incubated for 1-hour in an anti-rabbit IgG horseradish peroxidase
(HRP)-conjugated secondary antibody with the exception of MAFbx (anti-rat I[gG, HRP-linked
antibody), puromycin and MuRF-1 (anti-mouse IgG, HRP-linked antibody). Details of the
antibodies used within this chapter are outlined in Table 2.1. Following 15-minutes of washing
in TBST protein content was quantified using immobilon western chemiluminescent HRP
substrate and imaged on a G:BOX Chemi XT4 imager using GeneSys capture software as
previously described (section 2.4.6). Once the image was captured, band quantification was

conducted through the use of ImagelJ software as described in section 2.4.6.

3.3.11 Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics version 26 (IBM SPSS inc.
Chicago, Illinois, USA). Data were tested for normality using Shapiro-Wilk test, and for
homogeneity of variances using Levene’s test. Independent samples t-tests were used to assess
differences in anthropometric measures and body composition components (FFM, SMM, FM
and body fat %). Additionally, measures of muscle strength; both HGS, and isokinetic
dynamometry measures were also assessed using an independent samples t-test. Independent
sample t-tests were also used to analyse differences in plasma insulin, glucose and IL-6. A one-
way ANOVA was utilised for the analysis of myotube diameter, NFI, puromycin incorporation,
and markers anabolic and catabolic signalling. Where the results of the one-way ANOVA
revealed a positive interaction effect, post-hoc analysis t-tests were completed using Tukey’s
HSD. Effect size was calculated using Cohen’s d for t-test and post-hoc comparisons, while
partial eta squared (n?) was used for omnibus tests. Statistical significance was set at p < 0.05.
The data presented include the mean of each participant, over the 3 passage numbers to provide
one data point per participant + standard deviation, unless stated otherwise. Figures were

generated in GraphPad Prism V8.4.3.
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3.4 Results

Table 3.1 Participant characteristics for anthropometric, body composition and
strength data in young and old males

Young (n=4) Old (n=4) P value
Anthropometrics
Age (years) 26.5 £3.1 72.7+ 0.8 <0.001
Body mass (kg) 80.61£19.2 77.1 £12.0 0.77
Height (cm) 1749 £11.8 1793 + 4.4 0.50
BMI (kg m™) 26.1 +3.1 24.04+3.8 0.43
Body Composition
FFM (kg) 62.4 +11.8 594+63 0.67
WBFM (kg) 18.2 £ 8.8 17.7 £ 9.7 0.95
BF (%) 21.6 £ 8.0 222 +8.9 0.92
SMM (kg) 3.7+ 6.3 27.0 £3.7 0.25
Strength
HGS (kg) 54.75 £ 12.1 458 £ 104 0.30
Con PT (nm) 209.0 + 69.1 91.0 £ 18.3 0.016*
Ecc PT (nm) 93.8 +46.1 63.0 £ 19.2 0.27
Con WPR (nm) 217.5 + 90.3 £ 51.1 0.03%*

74.8

Ecc WPR (nm) 97.3 £23.7 69.5 + 28.1 0.18
Blood Analyses
Fasting plasma insulin (uIU/mL) 6.410.8 8.22+1.6 0.08
Fasting plasma glucose (mmol/L) 4.5+0.4 4.9+0.04 0.11
HOMA-IR 1.340.13 1.8+0.4 0.03*
Plasma IL-6 (pg/mL) 0.41£0.07 0.78+0.08 <0.001%
Plasma CRP (ng/mL) 0.4040.05 0.53+0.01 <0.001%

BMI, Body Mass Index, FFM (Fat Free Mass), WBFM (Whole Body Fat Mass), BF (Body
Fat %), SMM (Skeletal Muscle Mass) HGS, handgrip strength, Con PT, concentric peak
torque, Ecc PT, eccentric peak torque, Con WPR, concentric work per repetition, Ecc WPR,
eccentric work per repetition, HOMA-IR, homeostatic model assessment of insulin
resistance, IL-6, interleukin-6, CRP, c-reactive protein.

* Significantly different from young (P < 0.05)

 Significantly different from young (P < 0.001)

3.4.1 Body Composition and Strength

Body composition and strength measures are shown in Table 3.1. No significant difference was
observed between young and old participants for whole-body FM, body fat percentage, FFM

or SMM. Concentric peak torque (P =0.02, d =2.70) and concentric WPR (P =0.03, d =2.03)
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were significantly greater in the young compared to old participants. No significant difference

was identified in eccentric peak torque, eccentric WPR or HGS between groups.

3.4.2 Inflammatory Markers and Blood Analysis

Plasma IL-6 and CRP were significantly greater in old, compared with young participants (P
<0.001,d=4.92, P =0.002, d = 4.3) respectively (Table 3.1). No significant difference was
identified in fasting plasma insulin (P = 0.08, d =1.52) and plasma glucose (P =0.11,d =
1.71) between young and old participants. Homeostatic model assessment of insulin
resistance (HOMA-IR) was significantly greater in old, compared with young participants (P

=0.03,d=2.2).

3.4.3 Myotube Diameter and Nuclear Fusion Index

Differentiated myotubes were cultured in media conditioned with ex vivo human serum from
young and old participants over a 24-hour time period. A one-way ANOVA revealed a
significant main effect between groups (P < 0.001, n?>= 0.98, F = 196.1) (Figure 3.1).
Myotube diameter was significantly greater (45%) in response to conditioning with ex vivo
human serum from young participants, in comparison to serum from old participants (p <
0.001, d = 14.11). Additionally, myotube diameter of those treated with serum from young
participants was significantly greater (48%) than untreated control myotubes, receiving
normal differentiation media over the 24-hour treatment period (P <0.0001, d = 9.82). In
contrast, cells treated with serum from older participants showed a significant decrease (20%)

in myotube diameter in comparison to the untreated control myotubes (P =0.0009, d = 4.05).
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Figure 3.1. Myotube diameter and nuclear fusion index. The effect of ex vivo human
serum conditioned media on myotube diameter and nuclear fusion index (NFI) in vitro. (A)
representative images illustrating atrophy in myotubes conditioned with serum from older
males in comparison to untreated control C2C12 myotubes and myotubes treated with serum
from young males, (B) mean myotube diameter, (C) mean NFI. Data are expressed as the

mean (cross), median (central horizontal line), 25" and 75" percentiles (box) and the
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minimum and maximum values (vertical lines), with n=4 per group, corresponding to

treatment of each participant’s serum, repeated in triplicate. * P < 0.05, *** P <(.001.

A one-way ANOVA revealed a significant main effect between groups for the analysis of
NFI (P <0.5,n*>=0.62, F = 7.3) (Figure 3.1). NFI was significantly greater (20%) in
myotubes conditioned with young serum, in comparison to the untreated control myotubes (P
=0.2,d=2.71). The NFI tended to be greater in myotubes conditioned with young serum, in
comparison to old serum, though significance was not reached (P = 0.06, d = 2.02). No
difference was identified in NFI between myotubes conditioned with old serum and untreated

control myotubes (P =0.5,d =0.7).

3.4.4 Muscle Protein Synthesis

There was a significant main effect of MPS, measured by the incorporation of puromycin
through the SUnSET technique (P < 0.001, n?= 0.83, F = 20.11) (Figure 3.2). After
conditioning with serum from young participants, MPS was significantly increased (32%) in
comparison to serum from old participants (P = 0.008, d = 3.7). Additionally, leucine
treatment significantly elevated MPS in myotubes conditioned with young serum compared
with myotubes treated with young serum only (25%, P = 0.04, d = 1.7) and myotubes treated
with old serum and leucine (14%, P < 0.0001, d = 3.8). The addition of leucine did not

significantly increase MPS in myotubes conditioned with old serum (P = 0.6, d = 1.5).
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Figure 3.2. Measures of MPS and anabolic signalling in response to the addition of ex

vivo human serum with and without leucine treatment. Data are represented as fold

change in relation to the myotubes treated with ex vivo serum from young males. (A)

82



representative western blot images for puromycin incorporation and total protein, (B)
representative western blot images for anabolic signaling markers, (C) puromycin
incorporation, (D) phospho-mTORSer?*8 / total-mTOR, (E) phospho-eEF2™3¢ / total-eEF2,
(F) phospho-p70S6K ™38 / total-p70S6K, (G) phospho-AktSe73 / total-Akt, (H) phospho-
RPS65240244 / total-RPS6, (1) phospho-4EBP-1Tm37/46 / total-4EBP-1. Data are expressed as
the mean (cross), median (central horizontal line), 25" and 75" percentiles (box) and the
minimum and maximum values (vertical lines), with n=4 per group, corresponding to
treatment of each participant’s serum, repeated in triplicate. * P <0.05, ** P <0.01, *** P <

0.001.

3.4.5 Anabolic Signalling

In response to conditioning media with human serum, with and without the addition of
leucine treatment, significant main effects were identified in the phosphorylation of Akt (P <
0.001,72=0.77, F = 13.1), p70S6K (P = 0.03,n>=0.51, F = 4.2) and eEF2 (P = 0.03, n*=
0.51, F =4.3) (Figure 3.2). No significant difference was identified in the phosphorylation of
Akt, eEF2, and p70S6K in response to conditioning with fasted ex vivo serum, from young
and old participants. However, the activation of Akt (68%, P =0.001, d =4.97), eEF2 (120%,
P =10.032,d=2.2) and p70S6K (45%, P = 0.02, d = 2.35) significantly increased in response
to leucine treatment in myotubes conditioned with ex vivo serum from young participants. In
contrast, there was no significant increase in the activation of Akt and p70S6K in response to
the addition of leucine in myotubes conditioned with serum from older individuals.
Additionally, no significant difference in eEF2 phosphorylation was identified between
myotubes treated with ex vivo human serum from older participants, and with the addition of
leucine. Akt phosphorylation was significantly elevated in myotubes conditioned with young
serum and leucine treatment in comparison to those conditioned with old serum prior to

leucine treatment (73%, P < 0.05, d = 3.29).
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There were no significant differences identified in the phosphorylation of mTOR (P = 0.77,
n?=0.38, F =2.46), RPS6 (P = 0.82, n?=0.07, F = 0.30) and 4EBP-1 (P = 0.95, = 0.03, F
= (.12) between myotubes treated with ex vivo human serum from young and old males

alone, and with additional leucine treatment.

3.4.6 Catabolic Signalling

No significant differences were identified between myotubes conditioned with young and old
serum, with or without leucine treatment, in MuRF-1 (P = 0.74, n>= 0.1, F = 0.42), MAFbx

(P=0.81,72=0.1, F = 0.31), caspase 3 (P = 0.9, n>= 0.1, F = 0.25) and LC3A/B 1/ LC3A/B

I1 (P =0.056, n?>= 0.5, F = 3.33) protein content (Figure 3.3).
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Figure 3.3. Changes in markers of catabolic signalling in response to the addition of ex

vivo human serum with and without leucine treatment. Data are represented as fold
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change in relation to the myotubes treated with ex vivo serum from young males. (A)
representative western blot images, (B) MAFbx, (C) MuRF-1, (D) caspase-3, (E) LC3A/B.
Data are expressed as the mean (cross), median (central horizontal line), 25" and 75%
percentiles (box) and the minimum and maximum values (vertical lines), with n=4 per group,

corresponding to treatment of each participant’s serum, repeated in triplicate.

3.5 Discussion

The development of an in vitro model of age-related muscle wasting is useful for the
investigation of potential mechanisms and interventions, with potential application to myriad
disease conditions. Recent developments have involved the use of replicative ageing (28),
TNF-a (22, 23) and DEX (24-27) treatment, but these approaches may not closely represent
inherent physiological ageing processes. Therefore, we used ex vivo human serum from
young and old men to condition C2C12 skeletal muscle myotubes, with and without
subsequent in vitro anabolic treatment with leucine, in order to develop a more
physiologically relevant model to study regulatory mechanisms of muscle ageing. In line with
our hypotheses, we demonstrated that cells conditioned with serum from older men led to a
decrease in myotube diameter compared with serum from young men. Mechanistically, the
smaller myotube diameter appeared to be underpinned by a reduced MPS in older vs.
younger serum treated cells. In addition, myotubes treated with old vs. young serum showed
a blunted MPS and anabolic signalling response to in vitro leucine treatment (i.e., anabolic
resistance). The impairment in diameter, MPS and anabolic signalling dysregulation of MPS
in myotubes treated with old serum showed associations with markers of inflammation.
Collectively, these data highlight that conditioning cell culture media with human serum can
be effectively used to study mechanisms of age-related muscle loss, and that systemic
inflammatory factors may contribute to age-related muscle loss through impaired anabolism,

though blockade of cytokine signalling would be required to confirm this.
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Following a 24-hour treatment with ex vivo human serum, we found that serum from
young men led to a significant increase in myotube diameter in comparison to old serum and
untreated control myotubes, whereas old serum decreased myotube diameter compared with
untreated control myotubes. This observation is consistent with work by Kalampouka et a/
(32), who identified a reduction in myotube diameter after 24 and 48 hours of treatment with
ex vivo human plasma from old vs. young humans. In contrast, previous work investigating
myotube diameter within human primary skeletal muscle cells failed to identify a difference
between young and old donor cells, when cultured under standard conditions (44). It is
possible that the absence of any age-related atrophic effect in this study, may result from
primary skeletal muscle cells not retaining their phenotype. Similar to the effects of young
and old serum on myotube growth, conditioning media with ex vivo human serum from
young participants resulted in a significant increase in NFI compared with untreated control
myotubes, whereas NFI was numerically lower in myotubes treated with old compared with
young serum (large effect size). Previous work investigating myogenic fusion index in
primary myoblasts identified a decrease in myoblast fusion in cultures from older compared
with younger donors (45). In contrast, no difference in myogenic fusion index was observed
in myoblasts treated with serum from young and old participants, suggesting that myoblasts
sustain the capacity to fuse, independent of the donor age (46). However, the absence of an
age-related difference in NFI herein, may be due to the lower percentage (2%) serum
enriched media used throughout the experiment. Notwithstanding, the present data reinforce
the concept that serum from human participants can modulate myotube growth and NFI and
be applied to probe mechanisms and countermeasures to age and disease-related muscle

atrophy.

Analogous to myotube growth data, we report that acute MPS stimulation and

anabolic signalling were dysregulated in myotubes conditioned with serum from old donors.
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This observation is in line with in vivo human trials highlighting a reduction in basal MPS in
older men (47-49). However, it is important to note that others have suggested that basal
MPS rates are not influenced by the ageing process (50). Despite the age-related difference in
MPS, no difference in the phosphorylation of mTOR, p70S6K, Akt, 4EBP-1 and RPS6 was
found between young and old serum treated myotubes. Whilst this observation is generally
consistent with data from in vivo human trials showing no age-related impairment in basal
anabolic signalling (20, 51, 52), it should be noted that the phosphorylation of mTOR,
p70S6K and Akt increased only in myotubes conditioned with young serum. Similarly, in
response to the addition of leucine, a blunted MPS response and mTOR, p70S6K and Akt
phosphorylation was observed in myotubes conditioned with older vs. younger donor serum.
This suggests that old serum treated myotubes experience a diminished anabolic response to
leucine treatment, which aligns with the concept of age-related muscle anabolic resistance to
protein provision demonstrated in in vivo human and animal experimental studies (20, 21, 53,
54). Additionally, we identified no difference in markers of MPB, including MuRF-1 and
MAFDbX, in response to the addition of young vs. old serum alone, which is consistent with
previous in vivo work in rats which identified no difference in MuRF-1 protein content
between middle-aged and older mice (55). However, despite the fact that MuRF-1 and
MAFbx have been shown to be upregulated in models of atrophy such as immobilization and
limb unloading, the role of the ubiquitin proteasome pathway in sarcopenia progression is
unclear (56, 57). Overall, this suggests that the addition of serum from older individuals
contributes to a dysregulation in MPS, that may underpin changes in myotube atrophy

identified.

The differences in myotube growth and MPS between cells treated with ex vivo serum
from young and old individuals, may partially be underpinned by the low-grade inflammatory

status that is a hallmark of ageing (31). Ageing is often associated with chronic elevations in
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concentrations of pro-inflammatory cytokines including CRP, IL-6 and TNF-a (58) and may
increase sarcopenia risk (11) through association with MPS (17). Indeed, the present data
show elevated concentrations of pro-inflammatory cytokines in old vs. young individuals. In
rodents, it has been suggested that low-grade inflammation (LGI) influences the age-related
anabolic resistance to food intake, whereas rodents without LGI appear to restore robust
postprandial MPS responses (59, 60). Further in vivo human studies are required to resolve
the role of LGI on postprandial MPS in older humans, which is currently unclear (61, 62).
Other systemic factors, such as glucose (63) and insulin (64), have been suggested to
influence the growth of C2C12s through myogenesis, although these factors did not differ
between young and old donors in the present study. We acknowledge that alterations in
factors not measured in this study including: myostatin (65), irisin (66), testosterone (67),
insulin growth factor-1 and growth hormone (68) may also influence age-related muscle
atrophy. Finally, the relative role of inherent ageing processes (e.g. senescence (69),
endocrine changes and mitochondrial dysfunction (70)) and artefacts of biological ageing,
(e.g. inactivity (71-73) and raised BMI (74)), that induce LGI, in age-related muscle loss and
MPS dysregulation requires further attention. It is likely that all of these factors play some

role in sarcopenia progression, with the degree varying between individuals.

Although this in vitro model provides a novel, valuable means of investigating
mechanisms of age-related muscle loss, it is worth noting that there are limitations to this
approach. In the present study, myotubes were conditioned with only 10% human serum in
order to maintain cell viability. Although this induced some changes in anabolic signalling
markers, this low concentration may not maximally stimulate changes in MPS, anabolic or
catabolic markers. Additionally, we did not condition primary human skeletal muscle cells
with young and old human serum, instead using C2C12 murine cells, which may cause issues

related to cross-species differences. While this approach is beneficial for use when human
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primary skeletal muscle cells are unavailable, we are unable to discount the potential role of
intrinsic muscle properties and cellular environmental factors on the regulation of growth
with serum treatment. Future research should therefore aim to replicate this work using
human primary skeletal muscle cells from young and old donors, matched with serum from
these participants. Finally, the dose of leucine applied herein could be deemed
‘supraphysiological’ and repeat experiments using fed vs. fasted serum would be a useful

means of confirming and expanding on the current findings.

In conclusion, conditioning cell culture media with ex vivo human serum enabled us
to establish a novel model to study the effects of the young and old systemic milieu on
regulatory mechanisms of myotube growth. We report that ex vivo serum from young
participants increased MPS and induced myotube hypertrophy, while serum from old
participants induced myotube atrophy in comparison to untreated control myotubes and
young treated myotubes, allied to lower rates of MPS. Furthermore, we showed that
myotubes conditioned with old serum display a diminished anabolic response to the addition
of leucine treatment, in comparison to those treated with young serum. Collectively, this
study indicates that ex vivo human serum can be successfully utilised to create an in vitro
model to study potential mechanisms of and countermeasures to age-related muscle loss,

providing a more physiologically relevant model than current pharmacological treatments.
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CHAPTER 4 - THE DEVELOPMENT
OF A NOVEL IN VITRO MODEL OF
LIVER DISEASE
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4.1 Abstract

Background: Sarcopenia is a common complication affecting liver disease patients, yet the
underlying mechanisms remain unclear. We aimed to elucidate the cellular mechanisms that
underpin sarcopenia development in liver disease through the use of an in vitro model
utilising C2C12 muscle cells and serum from End-Stage Liver Disease (ESLD) and non-
alcoholic fatty liver disease (NAFLD) patients.

Methods: Fasted blood samples were obtained from 4 non-cirrhotic NAFLD patients (aged
61.81+7.6 years), 4 decompensated ESLD patients (aged 60.5+1.7 years) and 4 age-matched
healthy controls (CON; aged 64.7410.0 years). C2C12 myotubes were serum and amino acid
starved for 1-hour and subsequently conditioned with serum from CON, NAFLD and ESLD
patients for 4- or 24-hours. After 4-hours C2C12 myotubes were treated with SmM leucine
for 30-minutes to provide an anabolic stimulus. Myotube diameter was assessed using
fluorescence microscopy. Mitochondrial function was measured through respiration utilising
a mitochondrial stress test on an XFe24 Seahorse Analyser and mitophagy was assessed
using a C2C12 mitoQC cell line. Muscle protein synthesis (MPS) was determined using the
surface sensing of translation (SUnSET) technique and markers of anabolic and catabolic
signalling were measured via western blotting.

Results: ESLD patients exhibited increased serum ammonia, CRP, IL-6 and HOMA-IR vs.
CON and NAFLD (p < 0.05). Myotube diameter was reduced following treatment with
serum from ESLD compared with CON (-45%) and NAFLD (-35%; p < 0.001 for both)
serum. A reduction in maximal mitochondrial respiration (24% and 29%, respectively),
coupling efficiency (~12%) and mitophagy (~13%) was identified in myotubes conditioned
with NAFLD and ESLD serum compared with CON (p < 0.05 for both). Mitochondrial
protein content was unchanged. Myostatin (43%, p = 0.04) and MuRF-1 (41%, p = 0.03)

protein content was elevated in myotubes treated with ESLD serum compared with CON. No
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change in basal or leucine-stimulated MPS or anabolic signalling was identified within or
between groups.

Conclusions: We show myotube atrophy in cells conditioned with ex vivo serum from ESLD
patients in comparison to CON and NAFLD patients, which was accompanied by
mitochondrial dysfunction and increased markers of proteolysis. This work provides an
experimental platform to further probe changes in circulating markers associated with chronic
liver disease which may drive sarcopenia and develop targeted therapeutic interventions to

mitigate sarcopenia.
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4.2 Introduction

A loss of muscle mass, quality and strength, termed sarcopenia, is a common
complication affecting ~25-70% of cirrhotic patients (1) and is considered a major
component of malnutrition (2, 3). Sarcopenic cirrhotic patients have been shown to have an
increase in pre- and post- liver transplant complications including infections, length of
hospital stay (4), mortality (5) and a decrease in quality of life (QoL) (6). Despite the
recognised clinical complications and socio-economic burden of sarcopenia in chronic liver
disease, the underlying mechanisms remain poorly understood (7).

Muscle atrophy is underscored by a negative net muscle protein balance arising from
differences in muscle protein synthesis (MPS) and muscle protein breakdown (MPB).
Impaired muscle protein turnover in chronic liver disease patients may be driven by
hyperammonemia (8), inflammation (9), alcohol (10), physical inactivity (11) and insulin
resistance (12). Limited evidence in humans suggests that end stage liver disease (ESLD)
patients experience a diminished MPS and anabolic signalling response to amino acid
provision (13) compared with healthy individuals. Whole-body protein breakdown (WbPB)
and MPB are also reportedly elevated in cirrhotic patients compared with healthy individuals,
alongside increased markers of autophagy (14, 15). Finally, the myogenesis inhibitor
myostatin has been found to be elevated in cirrhosis (8) and may be linked to alterations in
protein turnover (9). Given the paucity of evidence from human studies, the mechanisms of
sarcopenia in liver disease patients across different aetiologies and disease stages remain
unclear. This is compounded by safety concerns around serial muscle biopsy sampling in
liver disease patients due to their altered coagulation status and thrombocytopenia (14).

Beyond in vivo human studies, alternative in vitro (8) and in vivo (16) models of
ESLD-like muscle atrophy have been developed through the use of ammonia treatment.

These models highlight reductions in myotube atrophy in vitro (8) and muscle mass in
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portacaval anastomosis (PCA) rats (16). However, the physiological relevance of in vivo
animal and in vitro cell models of liver disease has been questioned (17). Recently, an in
vitro model in which C2C12 cells were conditioned with ex vivo human serum was used to
demonstrate differences in cell morphology and MPS in the context of age-related sarcopenia
(18), with findings aligned to evidence from in vivo human studies (19). This novel
experimental approach offers a potential avenue to probe mechanisms of sarcopenia in liver
disease patients across different aetiologies (e.g., alcohol-related and non-alcoholic fatty liver
disease; NAFLD) and stages of disease severity (cirrhotic and non-cirrhotic).

Alterations in muscle protein turnover in chronic liver disease may arise due to a
number of contributing factors, including impairments in mitochondrial function (20).
Specifically, mitochondrial dysfunction may contribute to a reduction in MPS through the
diminution of tricarboxylic acid cycle (TCA) intermediates and adenosine triphosphate
(ATP) synthesis, as shown with in vitro and in vivo hyperammonemia treatment (20). This
reduction in ATP may impair MPS, as translation initiation is known to be an energy
intensive process (21). Additionally, hyperammonemia has been shown to increase reactive
oxygen species (ROS) and oxidative damage in rats and cirrhotic patients (20). This increase
in ROS may in turn lead to tissue injury and subsequent muscle loss (20). Additionally, the
removal of damaged mitochondria, termed mitophagy has been implicated in age-related
sarcopenia (22) and cancer cachexia (23), but has not been investigated in the context of
chronic liver disease.

The aim of the present study was to use a physiologically relevant in vitro model to
elucidate the mechanisms of sarcopenia progression in chronic liver disease, through
conditioning C2C12 skeletal muscle cells with ex vivo human serum from decompensated
ESLD and non-cirrhotic NAFLD patients. To achieve this, we investigated myotube diameter

and the regulatory mechanisms of myotube morphology, including mitochondrial respiration
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and mitophagy in response to 24-hours of treatment with patient serum, as well as markers of
MPS and proteolysis in response to a 4-hour treatment with patient serum, with and without a
30-minute leucine treatment. We hypothesized that serum from ESLD patients would lead to

the development of myotube atrophy, alongside impairments in mitochondrial function, MPS
and elevated proteolysis in comparison to myotubes treated with serum from non-cirrhotic

NAFLD and age-matched controls (CON).

4.3 Methods
4.3.1 Participant Characteristics and Ethical Approval

Four decompensated ESLD, four non-cirrhotic NAFLD and four age-matched healthy CON
participants provided their written, informed contest to participate in this study. CON
participants were screened with a general health questionnaire and deemed eligible to
participate. CON participants were expected to be normotensive (<140/90), free from
metabolic disease conditions (i.e., type II diabetes and hyperlipidaemia) and chronic
inflammatory disease (i.e., chronic liver disease, inflammatory bowel disease and rheumatoid
arthritis). ESLD patients with cirrhosis, who were assessed for liver transplant (LT) and non-
cirrhotic NAFLD patients, were recruited after screening in a clinical setting. Presence of
cirrhosis in ESLD was confirmed through elastography, with or without a liver biopsy, or
through consistent imaging and clinical findings. All ESLD patients had alcohol-related liver
disease (ArLD) as the underlying etiology. The non-cirrhotic NAFLD patients were recruited
through a dedicated liver clinic and a diagnosis of cirrhosis was excluded in these through
transient elastography or liver biopsy. Patients were not assessed for sarcopenia prior to
recruitment to this study in order to allow for the assessment of prevalence to be determined
in the ESLD and NAFLD cohorts. Ethical approval for this study was obtained through the

local ethics committee at the University of Birmingham (ERN_19-0831) for the recruitment
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of CON participants and the Health Research Authority — West Midlands Solihull Research
Ethics Committee Authority (REC reference: 18/WM/0167) for the recruitment of NAFLD
and ESLD patients and conformed to the standards set by the Declaration of Helsinki. This

was a registered clinical trial (clinicaltrials.gov, ID: NCT04734496).

4.3.2 Study Design

All participants reported to the laboratory after a minimum of a 4-hour fast and were asked to
refrain from the consumption of caffeine on the morning of the trial. Participants were also
asked to refrain from strenuous exercise for 24-hours prior to their visit to the laboratory.
Upon arrival, a fasted blood sample was obtained from the antecubital vein and collected in a
serum separator vacutainer (BD, Oxford, UK). The serum vacutainer was allowed to stand
for 30-minutes at room temperature to allow the blood to clot and was then centrifuged at
3,000 g for 10-minutes at 4°C to obtain serum. Serum was stored at -80°C until required.
Finally, participants underwent basic body composition (body mass index (BMI), fat free
mass (FFM), whole body fat mass (WBFM), body fat (BF) percentage) and functional

strength assessment through handgrip strength (HGS), as previously described (18).

4.3.3 Blood Analyses

Serum C-reactive protein (CRP) (DCRP00), interleukin-6 (IL-6) (D6050) and insulin
(DINSO00) concentrations were determined using commercially available enzyme-linked
immunosorbent assay (ELISA) kits following manufacturer’s instructions (R&D systems
Inc., Minneapolis, MN, USA). Serum glucose concentrations were measured using a
Glucose-Glo™ Assay (J6021, Promega Corporation, Madison Wisconsin, USA). Serum
ammonia concentrations were measured utilising an ammonia assay kit (ab83360; abcam,

Cambridge, UK).

4.3.4 Cell Culture
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C2C12 skeletal muscle cells were maintained in growth media under standard conditions as
previously described in section 2.1.4 and were seeded for experiments as described in section
2.1.5. Once a confluency of ~90% was reached, growth media was replaced with
differentiation media (section 2.1.6). For myotube diameter and respirometry analysis,
myotubes were incubated with differentiation media supplemented with 10% ex vivo human
serum from CON, NAFLD and ESLD patients for 24-hours, on day 6 of differentiation. In
order to investigate MPS, anabolic and catabolic signalling, myotubes were nutrient and
serum starved in amino acid and serum free media for 1-hour, following which they were
treated with media containing 10% ex vivo human serum from CON, NAFLD and ESLD
patients for 4-hours. This preconditioning time period and serum dilution was selected based
upon previous work described in section 2.2.1 and was performed with n=4 per group,

replicated in triplicate.

4.3.5 Myotube Diameter

C2C12s were seeded in 24-well plates for experiments as described in section 2.1.5. Once a
confluency of ~90% was reached, growth media was replaced with differentiation media
(section 2.1.6) and media was changed every 48-hours. On day 6 of differentiation, myotubes
were treated with 10% ex vivo human serum from CON, NAFLD and ESLD patients. After
treatment, media was removed and myotubes were fixed in 2% paraformaldehyde and
prepared for immunofluorescent imaging as outlined in section 2.5.1. Myotube diameter and

nuclear fusion index (NFI) analysis was conducted as described in section 2.5.2.
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4.3.6 Muscle Protein Synthesis

C2C12 myoblasts were seeded in 6-well plates and differentiated as outlined in section 2.2.1.
On day 7 of differentiation, myotubes underwent a 1-hour amino acid and serum starvation,
prior to treatment. Subsequently, myotubes were treated with media containing 10% ex vivo
human serum from CON, NAFLD and ESLD patients. In a subset of samples, SmM leucine
was added for 30-minutes at the end of the 4-hour conditioning period to assess the anabolic
response to leucine as previously described (section 2.2.3). MPS was assessed using the
surface sensing of translation (SUnSET) technique, previously described in section 2.3.
Briefly, the SUnSET technique utilises the antibiotic puromycin, a tyrosyl-tRNA analogue
and immunoblotting to assess the incorporation level of puromycin (1uM) into new
synthesised peptide chains during the final 30-minutes of treatment (24). Subsequently,
cellular lysates were obtained as described in section 2.4.1. Lysates were stored at -80°C until

further analysis.

4.3.7 Immunoblotting

The concentration of protein within cellular lysates was determined using a detergent
compatible (DC) protein assay, with absorbance measured using a FLUOstar Omega plate
reader and prepared as described previously (section 2.4.2). Protein was then separated on 4-
20% linear graded pre-cast gels by sodium dodecyl sulphate (SDS) — polyacrylamide gel
electrophoresis (PAGE) as previously described (section 2.4.3). Following electrophoresis
protein were transferred to a nitrocellulose membrane as outlined previously (section 2.4.4).
As a loading control, membranes were stained with Ponceau S solution and blocked with 5%
milk or bovine serum albumin (BSA) diluted in Tris-buffered saline and 0.1% Tween-20
(TBST) for 1-hour (section 2.4.4). Overnight, the membranes were incubated at 4°C with the

following primary antibodies: phospho- mammalian target of rapamycin (mTOR) Ser2448,
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total mTOR, phospho-eukaryotic elongation factor 2 (eEF2) Thr56, total eEF2, phospho-
ribosomal protein S6 kinase (p70S6K) Thr389, total p70S6K 1, phospho-protein kinase B (Akt)
Ser473, total Akt, phospho- S6 protein (RPS6) Ser240/244, total RPS6, phospho- eukaryotic
translation initiation factor 4E-binding protein 1 (4EBP-1) Thr37/46, total 4EBP1, mouse
IgG2a monoclonal anti-puromycin, total oxidative phosphorylation (OXPHOS) rodent
cocktail, myostatin, muscle RING finger 1 (MuRF-1) and muscle atrophy F-box (MAFbx),
microtubule-associated protein 1A/1B light chain 3 (LC3A/B) and caspase-3 (D3R6Y). The
following day, membranes were washed for 15-minutes with TBST and incubated for 1-hour
with the following secondary antibodies: anti-rabbit IgG horseradish peroxidase (HRP)-
conjugated secondary antibody with the exception of MAFbx (anti-rat IgG, HRP-linked
antibody), puromycin, OXPHOS and MuRF-1 (anti-mouse I[gG, HRP-linked antibody). Details
of all antibodies utilised herein are outlined in Table 2.1. Membranes were washed for 15-
minutes in TBST prior to the quantification of protein content using Immobilon Western
chemiluminescent HRP substrate. Images were captured on a G:BOX Chemi XT4 imager using
GeneSys capture software (Syngene, Cambridge, UK), and band quantification was conducted
using Image] software as previously described (section 2.4.6). Normalisation of relative

arbitrary units was conducted using the protein band stained with Ponceau S solution.

4.3.8 Mitochondrial Respirometry

Mitochondrial respiration was measured in C2C12 skeletal muscle cells, which were seeded
as described in section 2.6.1 on XFe24 cell culture plates. On day 5 of differentiation,
myotubes were treated with differentiation media containing 10% ex vivo human serum from
CON, NAFLD and ESLD patients for 24-hours. Additionally, a number of wells were
maintained under normal growth conditions to provide an untreated control condition. After
treatment, myotubes underwent a mitochondrial stress test as described in detail in section

2.6.2. Measurements for respiratory analysis were obtained as described in Table 2.2.
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Additionally, estimations of ATP production were made, as described in section 2.6.3 and
Table 2.3. All data was normalised to the total protein content quantified by a DC protein

assay (26) as described in section 2.6.4.

4.3.9 Mitophagy Assay

Mitophagy was assessed using a mito-QC cell line outlined in section 2.7.1. Briefly, mito-QC
cells were seeded onto imaging dishes as previously described (section 2.7.2). Once a
confluency of ~40% was reached, mito-QC myoblasts were treated with serum from CON,
NAFLD or ESLD patients for 24-hours. Following treatment, cells were prepared for
immunofluorescent imaging as previously described (section 2.7.2). After an overnight
incubation, images were taken using a Crest X-Light spinning disk system coupled to a Nikon
Ti-E base, 60x/1.4 NA (CFI Plan Apo Lambda) air objective and Photometrics Delta Evolve

EM-CCD, outlined previously in section 2.7.3.

Mitophagy was quantified using the mean fluorescence intensity of mCherry/ green florescent
protein (GFP) measured in 25 cells across at least 15 fields of view for each condition using
Image] software (26). The mCherry/GFP ratio was normalised to CON treated samples (see

section 2.7.3).

4.3.10 Statistical Analysis

Statistical analysis was performed using GraphPad Prism V8 4.3. Data were tested for
homogeneity of variances (Levene’s test) and normality (Shapiro-Wilk test). A one-way
ANOVA was used to investigate differences in anthropometrics, body composition (FFM,
FM, BF %), HGS and plasma analytes/hormones (glucose, insulin, IL-6, CRP and serum
ammonia) and the analysis of myotube diameter, NFI, respirometry, mitophagy and the
protein content of OXPHOS between groups (i.e., CON, NAFLD, ESLD). A 3 (group) x 2

(leucine vs serum only) ANOVA was used to investigate differences in the protein content of
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anabolic and catabolic signaling and puromycin incorporation. Where the results of the one-
way or two-way ANOVAs revealed a significant interaction or main effect, post-hoc analysis
t-tests were completed using Tukey’s HSD. Effect size was calculated using Cohen’s d for t-
test and post-hoc comparisons, while partial eta squared (%) was used for omnibus tests.
Statistical significance was set at p < 0.05. Data are reported as mean + standard deviation in
tables and as the mean (cross), median (central horizontal line), 25" and 75™ percentiles (box)

and the minimum and maximum values (vertical lines) in figures.

4.4 Results
4.4.1 Body Composition and Strength

Measures of anthropometrics, body composition and strength are shown in Table 4.1. No
significant between-group difference was observed in age (P = 0.7, n>= 0.07), body mass (P =
0.08, n?>= 0.4) and BMI (P = 0.06, n>= 0.5). Additionally, no significant between-group
difference was identified between FFM (P = 0.2, n>= 0.3) and WBFM (P = 0.06, %= 0.5).
However, BF percentage was significantly elevated in both NAFLD (100%, P <0.01,d =
3.9) and ESLD patients (75%, P <0.05, d = 2.6) compared with CON. No significant

difference in HGS was identified between groups (P = 0.08, n%= 0.42).
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Table 4.1. Participant characteristics for anthropometric, body composition
and strength data in healthy control, NAFLD and ESLD patients
CON (n=4) NAFLD (n=4) ESLD (n=4)

Anthropometrics

Age (years) 64.7+£10.0 61.8 7.6 60.5+1.7
Body mass (kg) 74.8+£7.6 108.4+31.3 108.1+£18.5
Height (cm) 179.0+7.4 171.6+3.6 174.3+4.3
BMI (kg m™) 23.3%£1.6 37.1+11.33 35.7£7.3
FFM (kg) 61.4+6.1 67.9+11.4 73.216.7
WBFM (kg) 13.442.2 40.6%£20.1 34.9+15.5
BF (%) 17.8+1.9 35.7+£7.3* 31.3+£8.7*
Strength

HGS (kg) 54.0+9.8 41.1+7.1 40.218.2
Blood Analyses

Fasting Serum Insulin 9.61+4.1 16.88+3.5 24.6+10.1*
(uWU/mL)

Fasting Serum Glucose 4.440.1 4.340.1 4.340.1
(mmol/L)

HOMA-IR 1.840.7 3.24+0.6 4.8+2.0*
Serum IL-6 (pg/mL) 0.68%0.1 2.1+0.3 3.74£2.2%
Serum CRP (ng/mL) 1.240.7 1.6£0.5 6.1+0.8**7
Serum Ammonia 11.54+0.09 11.6240.1 11.7340.04*

BF, body fat, BMI, body mass index, CRP, c-reactive protein, FFM, fat free mass,
HGS, hand grip strength, HOMA-IR, homeostatic model assessment of insulin
resistance, IL-6, interleukin-6, WBFM, whole body fat mass.

*=P < 0.05 significantly different from CON

**=P <0.01 significantly different from CON

*x%=P <0.001 significantly different from CON

1t =P <0.001 significantly different from NAFLD

4.4.2 Blood Analysis

Serum ammonia concentration was significantly greater in ESLD patients compared with
CON participants (p = 0.01, d = 3.5). No significant difference was found between CON and
NAFLD patients (P = 0.2, d = 1.2), and NAFLD and ESLD patients (P = 0.2, d = 1.4) (Table
4.1). Serum IL-6 was significantly greater in ESLD patients compared with CON (P =0.02, d
= 2.7). Serum CRP was significantly increased in ESLD patients compared with CON (P <
0.001, d=7.0) and NAFLD (P <0.001, d = 6.6) patients. No significant difference in CRP
concentration was found between CON and NAFLD patients (P = 0.7, d = 0.7). Serum

insulin was significantly greater in ESLD patients in comparison to CON participants (158%,
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P =0.02, d = 2.2). No significant difference in serum insulin concentration was identified in
NAFLD patients when compared to both CON and ESLD patients, however a large effect
size was observed for both (P =0.3,d =2.2; P=0.2, d = 1.2 respectively). Serum glucose
was not significantly different between groups (P = 0.5, n?>= 0.16). Homeostatic model
assessment of insulin resistance (HOMA-IR) was significantly increased in ESLD patients in
comparison to CON participants (159%, P = 0.02, d = 2.6). No significant difference in
serum IL-6 (P=0.3,d=1.2; P=0.3, d = 8.4 respectively), and HOMA-IR (P =0.2,d=1.2;
P =0.3, d = 2.0 respectively) was identified in NAFLD compared with both ESLD and CON
participants.

Myotube Diameter and Nuclear Fusion Index

A one-way ANOVA revealed a significant main effect between groups (P < 0.001, > = 0.86)
(Figure 4.1b). Myotube diameter was significantly reduced in response to conditioning with
serum from ESLD patients compared with CON (45%, P <0.0001, d = 5.9) and NAFLD
(35%, P =0.001, d = 17.4) patients. Myotube diameter was numerically lower in myotubes
conditioned with serum from NAFLD compared with CON patients, but this did not reach
significance (15%, P =0.081, d = 1.7). No significant difference in NFI was identified

between experimental groups (P = 0.3, n?= 0.24) (Figure 4.1c¢).
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Figure 4.1. Serum from NAFLD and ESLD patients induces myotube atrophy. (A)
representative Images illustrating atrophy in myotubes treated with ex vivo serum from non-
alcoholic fatty liver disease (NAFLD) and end stage liver disease (ESLD) patients, in
comparison to myotubes treated with serum from age-matched control participants (CON).
(B) Mean myotube diameter (C) mean nuclear fusion index (NFI). Data are expressed as the

mean (cross), median (central horizontal line), 25" and 75" percentiles (box) and the
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minimum and maximum values (vertical lines), with n=4 per group, corresponding to the
mean of treatment of each participant’s serum, replicated in triplicate. *** P = (0.001, **** P

<0.0001.

4.4.3 Muscle Protein Synthesis and Anabolic Signalling

After conditioning myotubes with serum from CON, NAFLD and ESLD patients, we found
no significant difference in MPS between groups (F (2, 18) = 0.7, P = 0.5), in basal
conditions or following the addition of leucine (F (1, 18) = 0.7, P = 0.4) (Figure 4.2).
Additionally, we found no significant difference in the phosphorylation of mTOR, 4EBP-1
and eEF2 between groups, with and without leucine treatment (Figure 2). A two-way
ANOVA revealed a significant interaction effect between the effects of group and treatment
in the phosphorylation of RPS6 (F (2, 18) = 5.6, P = 0.01). Additionally, a significant main
effect for treatment (i.e., serum only vs. leucine) was identified for the phosphorylation of
p70S6K (F (1, 18) =5.4, P =0.03). Furthermore, a significant main effect for treatment (F (1,
18) = 6.1, P =0.02) and group (i.e., CON, NAFLD, ESLD) (F (2, 18) =4.1, P = 0.04) was
identified for the phosphorylation of Akt. Despite the interaction and main effects identified
here, post-hoc analysis revealed no significant difference in the phosphorylation of RPS6,

p70S6K and Akt between groups with and without leucine (Figure 4.2).
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Figure 4.2. Measures of MPS and anabolic signalling in response to treatment with
CON, NAFLD and ESLD serum. Myotubes were treated for 4 hours with ex vivo serum
from age-matched control (CON), non-alcoholic fatty liver disease (NAFLD) and end stage
liver disease (ESLD) patients. (A) representative western blot for puromycin and total
protein, (B) representative western blots for anabolic signalling targets and loading control,
(C) puromycin incorporation, (D) phospho-mTORS®>#48 / total-mTOR, (E) phospho-eEF2T36
/ total-eEF2, (F) phospho-p70S6K ™38 / total-p70S6K, (G) phospho-AktSe™73 / total-Akt, (H)
phospho-RPS65¢240244 / t6ta]-RPS6, (I) phospho-4EBP-1Tr37/46 / total-4EBP-1. Data are
expressed as fold change in comparison to the CON. All data are expressed as the mean

(cross), median (central horizontal line), 25" and 75™ percentiles (box) and the minimum and
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maximum values (vertical lines), with an n=4 per group, with each data point corresponding

to the average of 3 technical repeats.

4.4.4 Proteolytic Signalling

A two-way ANOVA revealed a significant main effect for group for the protein content of
myostatin (F (2, 18) = 6.3, P = 0.008), MuRF-1 (F (2, 18) = 6.9, P = 0.006), MAFbx (F (2,
18) =12.1, P = 0.0005), caspase-3 (F (2, 18) = 6.7, P =0.007) and LC3A/B (F (2, 18) =11.8,
P =0.0005) (Figure 3). Additionally, a significant main effect for treatment was identified for
the protein content of myostatin (F (1, 18) = 7.1, P = 0.02).

Post-hoc analysis revealed that myostatin protein content was significantly increased in
myotubes treated with serum from NAFLD (42%, P = 0.05, d =2.5) and ESLD (44%, P =
0.04, d = 3.6) compared with those treated with serum from CON. Similarly, MuRF-1 protein
content was significantly increased in myotubes treated with serum from ESLD patients
compared with CON (P =0.03, d = 3.5). No difference in the protein content of MAFbx,
caspase 3 and LC3A/B was identified in myotubes in basal conditions between groups. In
response to the addition of leucine we found a further increase in MAFbx (51%) and caspase
3 (99%) above basal conditions in ESLD treated myotubes, which was significantly greater
than myotubes treated with CON serum, in a basal non-leucine state (P =0.02,d =2.0; P =
0.02, d = 2.6 respectively). Similarly, in the presence of leucine stimulation myotubes treated
with serum from ESLD patients showed elevated levels of MAFbx (59%), caspase 3 (102%)
and LC3A/B (237%) compared with CON treated myotubes with leucine (P = 0.007, d = 2.4;
P=0.01,d=2.2; P=10.02, d = 2.8 respectively). The protein content of MAFbx was also
found to be elevated in myotubes treated with serum from ESLD patients compared with
those treated with serum from CON with leucine (46%, P = 0.05, d = 2.8). Additionally, in
comparison to CON leucine-stimulated myotubes, NAFLD and ESLD basal conditions

showed an increase in myostatin protein content (12%, P = 0.04, d = 0.6, 23%, P =0.03,d =
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1.4 respectively). The protein content of caspase 3 was also shown to be elevated in

myotubes treated with ESLD serum and leucine compared with NAFLD serum alone (173%,

P =0.03, d = 2.2). No difference in the protein content of myostatin, MuRF-1, MAFbx and

LC3A/B was detected between myotubes treated with serum from NAFLD and ESLD

patients without the presence of leucine.
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Figure 4.3. Markers of catabolic signalling are elevated within myotubes treated with

serum from ESLD patients for 4 hours and a 30 minute treatment with leucine.

Myotubes were treated with ex vivo human serum from age-matched control (CON), non-

alcoholic fatty liver disease (NAFLD) and end stage liver disease (ESLD) patients for 4-

hours, with and without a 30-minute treatment with SmM leucine. (A) representative western

blot images of catabolic signalling markers, (B) myostatin, (C) MAFbx, (D) MuRF-1, (E)

caspase-3, (F) LC3A/B. Data are expressed as fold change in comparison to the CON. Data
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are expressed as the mean (cross), median (central horizontal line), 25" and 75 percentiles
(box) and the minimum and maximum values (vertical lines), with an n=4 accounting for
each participant group, with each data point corresponding to the average of 3 technical

repeats. * P > 0.05.

4.4.5 Mitochondrial Respiration

We assessed oxygen consumption through the completion of a mitochondrial stress test after
a 24-hour treatment with serum from CON, NAFLD and ESLD cohorts (Figure 4.4a). No
significant difference was identified in basal mitochondrial respiration (P = 0.6, n>=0.1)
(Figure 4.4b). However, a significant main effect was identified in maximal mitochondrial
respiration (P < 0.001, n% = 0.9) (Figure 4.4¢). Indeed, maximal mitochondrial respiration
significantly decreased in myotubes treated with serum from NAFLD (24%, P <0.001, d =
4.20) and ESLD patients (30%, P <0.001, d = 6.3) compared with CON, with no significant
difference between NAFLD and ESLD treated myotubes (P = 0.4, d = 0.9). Furthermore, a
significant main effect of spare respiratory capacity was identified between groups (P <
0.001, n? = 0.87) (Figure 4d). Spare respiratory capacity was significantly greater in
myotubes treated with serum from CON, in comparison to NAFLD (31%, P <0.001, d =
4.02) and ESLD (35%, P <0.001, d = 5.61). No significant difference was identified between
myotubes treated with NAFLD and ESLD serum (P = 0.7, d = 0.6). A significant main effect
was identified for proton leak respiration between groups (P = 0.02, n? = 0.57) (Figure 4.4¢).
Proton leak respiration was significantly increased in myotubes treated with serum from
NAFLD patients compared with CON (39%, P = 0.02, d = 2.3). While a large effect size was
observed, no significant difference in proton leak respiration was identified between CON
and ESLD treated myotubes (28%, P = 0.09, d = 1.7). No significant difference was
identified between NAFLD and ESLD serum treated myotubes (P = 0.6, d = 1.0). Similarly, a

significant main effect was identified between groups in coupling efficiency (P = 0.02, n? =
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0.6) (Figure 4.4g). Coupling efficiency was significantly decreased in myotubes treated with
serum from NAFLD (12%, P = 0.03, d = 2.2) and ESLD patients (12%, P = 0.04, d = 2.6)
compared with CON, with no significant difference between myotubes treated with serum
from NAFLD and ESLD patients (P = 0.9, d = 0.1). No significant difference in ATP coupled

respiration was identified between groups (P = 0.2, n?= 0.3) (Figure 4.4f).
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Figure 4.4. Serum from NAFLD and ESLD patients induces impairments in
mitochondrial respiration, despite no changes in markers of mitochondrial protein
content. (A) raw trace of oxygen consumption rate (OCR) for myotubes treated with ex vivo
serum from non-alcoholic fatty liver disease (NAFLD), end stage liver disease (ESLD) and
age-matched controls (CON), (B) basal mitochondrial respiration was assessed prior to the
addition of oligomycin (OM), an ATP synthase inhibitor and represents the energetic demand
of the cell in baseline conditions, (C) maximal mitochondrial respiration was calculated after
the addition of the uncoupler, N°,N%-bis(2-Fluorophenyl)-[1,2,5]oxadiazolo[3,4-B ]pyrazine-
5,6-diamine (BAM-15), (D) spare respiratory capacity indicates the ability of a cell to
respond to an increase in energetic demand (E) proton leak respiration represents the portion
of basal respiration not associated with ATP production, (F) ATP coupled respiration was
calculated upon the addition of OM, (G) coupling efficiency was calculated as the percentage
of respiration accounted for by ATP production, (H) quantification of OXPHOS/total protein,
(I) representative western blot of OXPHOS. Respirometry data was normalized to protein
content. Western blot data are expressed as fold change in comparison to CON. All data are
expressed as the mean (cross), median (central horizontal line), 25" and 75™ percentiles (box)
and the minimum and maximum values (vertical lines), with an n=4 per group, with each data

point corresponding to the average of 3 technical repeats. *** P > 0.001, * P > 0.05.

4.4.6 Mitophagy

Mitophagy was assessed using a mitophagy reporter cell line (mitoQC) in C2C12 skeletal
muscle cells, in which C2C12s express a stable functional insert tandem mCherry-GFP tag,
which is fused to the mitochondrial targeting sequence of FIS1 (residues 101-152) (27).
Under basal conditions, the mitochondria fluoresce both red (mCherry) and green (GFP),
which when merged appear gold in colour. However, mitophagy induces an acidic

environment in the lysosomes which quench the signal of GFP, but not mCherry (26). As a
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consequence, an increase in mCherry signal is visible in the mitochondrial network. A one-
way ANOVA revealed a significant main effect between groups for the analysis of
mCherry/GFP (P < 0.001, n* = 0.9) (Figure 4.6a). Specifically, in comparison to myoblasts
treated with serum from CON there was a significant reduction in the level of mitophagy, as
shown by a decrease in the ratio of mCherry/ GFP reported in myoblasts treated with serum
from NAFLD (14%, P <0.001, d =3.9) and ESLD (13%, P <0.001, d = 5.1) patients. No
significant difference in mitophagy was evident between myotubes treated with serum from

NAFLD and ESLD patients (P = 1.0, d =0.2).
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Figure 4.5. Serum from NAFLD and ESLD patients induces a reduction in mitophagy.
(A) representative images illustrating that treatment of mitoQC cells with ex vivo serum from
patients with non-alcoholic fatty liver disease (NAFLD) and end stage liver disease (ESLD)
in comparison to age-matched control (CON) patients in C2C12 myoblasts stably expressing
mCherry-GFP-FIS1101-152, (B) quantification of mitophagy, expressed as mCherry/GFP.
Data are represented a fold change from CON. Data are expressed as the mean (cross),

median (central horizontal line), 25" and 75™ percentiles (box) and the minimum and
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maximum values (vertical lines), with each data point corresponding to the mean of 25

measurements per condition. An n=4 was utilized within each group. ** P > 0.01.

4.4.7 Mitochondrial Content

Treatment with serum from CON, NAFLD and ESLD patients showed no significant
difference in markers of mitochondrial protein content measured through the expression of
OXPHOS subunits; complex I (NFUFBS) (P = 0.8, n*> = 0.04), complex II (SDHB) (P = 0.6,
n?=0.1), complex IV (P = 0.6, n> = 0.1) and complex V (MTCO1) (P =0.2, n*>=0.3)

(Figure 4.4h).

4.5 Discussion

The use of an in vitro model utilising ex vivo human serum from CON, NAFLD and
ESLD patients to condition C2C12 skeletal muscle cells, provides a model to investigate the
potential mechanisms which underpin the progression of sarcopenia in chronic liver disease
patients of different underlying aetiologies and clinical stages of disease. This model is
advantageous as it circumvents concerns associated with muscle biopsies in ESLD patients
(14) and provides a more physiologically relevant basis to study mechanisms of muscle
atrophy compared with typical in vitro approaches (18). In line with our hypotheses, we
demonstrated that conditioning myotubes with serum from ESLD patients induced myotube
atrophy compared with those treated with CON serum. Mechanistically, we identified
mitochondrial dysfunction in myotubes treated with serum from NAFLD and ESLD patients
compared with CON. Additionally, we identified an increase in myostatin and proteolytic
markers in myotubes treated with ESLD serum compared with CON. Fasted and fed state
MPS and anabolic signalling did not differ between groups. Collectively, these data
demonstrate potential mechanisms of sarcopenia progression in ESLD and NAFLD patients

(Figure 4.6).

121



11 0% serum

‘ e~
7 c2ci12s

o0 “' v
4 ) (&) (@D

Myotube Muscle Markers of Muscle Mitochondrial
Diameter Protein Protein Breakdown Resp_lratlon
Synthesis and Mitophagy

Figure 4.6. ESLD serum induces a reduction in myotube diameter, mitochondrial
function and an increase in markers of MPB, with no change in MPS. Blood samples
were obtained from age-matched controls (1), non-cirrhotic NAFLD (2) and decompensated
ESLD (3) patients. C2C12 cells were treated with 10% ex vivo serum for 4- or 24-hours.
Treatment with ESLD serum led to a decline in myotube diameter, which may be
characterised by a reduction in mitochondrial function, shown through a reduction in
respiration and mitophagy and an increase in markers of muscle protein breakdown. No

change in muscle protein synthesis was identified.

After 24-hours of conditioning with ex vivo human serum, we found that serum from
ESLD patients led to a significant decrease in myotube diameter in comparison to CON and

NAFLD treated myotubes (~45% and 35%, respectively). This observation is consistent with
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in vivo animal work, highlighting muscle atrophy in a PCA rat model of cirrhosis (28).
Potential underlying factors that may contribute to the observed myotube atrophy and
sarcopenia in ESLD include increased inflammation (29, 30) and ammonia (15), which are
exacerbated with liver disease progression and were markedly greater in ESLD compared
with CON and NAFLD in the present study (9). Further in vitro and in vivo research is
required to understand the systemic factors which may contribute to myotube atrophy and
sarcopenia progression in chronic liver disease, including other aetiologies (e.g., alcohol-
related liver disease; ArLD).

The observed myotube atrophy in response to ESLD patient serum would
undoubtedly be underscored by dysregulation of muscle protein turnover. In contrast to our
hypothesis, we did not observe an impairment in fasted-state MPS or markers of anabolic
signalling in response to ESLD serum treatment compared with CON and NAFLD patients.
These findings are in contrast to previous work showing a reduction in fasted-state anabolic
signalling in cirrhotic ArLD patients compared with healthy controls (14). The lack of fasted-
state anabolic signalling impairment identified in this study could be partially explained by
the differences between experimental models, patient status (i.e., compensated vs
decompensated), anthropometrics and age. Although previous in vitro and in vivo animal
ArLD models have demonstrated an impairment in mTOR signalling with ethanol treatment
(10), patient donors with an ArLD etiology in the present study had abstained from alcohol
prior to recruitment, which may explain the absence of any impairment in fasted-state
anabolic signalling herein.

Alongside no differences in fasted-state MPS, we found no increase in leucine-
stimulated MPS in any of the groups. As CON participants in this study had a mean age of
~65 years, it is plausible that the absence of a leucine-stimulated MPS or anabolic signalling

response could be due to older age, as demonstrated in our recent work using this in vitro
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model (18). Interestingly, previous in vivo work reported a similar increase in anabolic
signalling in ArLD cirrhotic and healthy controls in response to leucine-enriched branched-
chain amino acid (BCAA) ingestion (14), although the large dose of leucine provided in this
study (7.5g) may have masked any potential muscle anabolic resistance (31). Nonetheless, it
is surprising that we did not detect an impairment in postprandial MPS stimulation in ESLD
or NAFLD compared with CON, particularly as BMI and body fat mass was greater in the
liver disease cohorts and obesity exacerbates age-related muscle anabolic resistance to
protein provision (29). Notwithstanding, the present findings suggest that myotube atrophy in
response ex vivo ESLD serum treatment is not due to an impairment in fasted-sate or leucine-
stimulated MPS or anabolic signalling. However, in vivo human studies of fasted and
postprandial MPS in liver disease patients across different aetiologies are required fully
elucidate whether MPS dysregulation contributes to sarcopenia in chronic liver disease.
Despite the absence of any difference in MPS, we report an increase in the
myogenesis inhibitor, myostatin in myotubes treated with serum from NAFLD and ESLD
patients. This finding is consistent with the observation that myostatin expression is increased
in cirrhotic patients alongside reduced skeletal muscle mass (8). Similarly, ammonia and
ethanol treatment have been shown to increase myostatin expression and reduce myotube
diameter in C2C12 (32). Mechanistically, increased myostatin has been linked to the
suppression of MPS and anabolic signalling (33); however we did not detect alterations in
MPS herein. Myostatin has also been linked to an increase in MPB, through an increase in
ubiquitin proteasome markers (34). In cirrhotic patients, elevated myostatin has also been
reported alongside increased autophagy and WbPB compared with healthy controls (14, 15).
Similarly, we identified an increase in autophagy and the ubiquitin proteasome markers in
ESLD treated myotubes compared with CON. We also observed an increase in MuRF-1

protein content in response to ESLD serum treatment, which has not been detected in earlier
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human studies (14, 15). Beyond fasted-state proteolytic signalling, BCAA treatment in ArLD
cirrhotics has been reported to attenuate autophagy (14). In contrast, markers of proteolysis
were not altered by leucine treatment in the present study across groups. This discrepancy
may be due to differences in signalling responsiveness in leucine-treated C2C12 cells and
human skeletal muscle with orally ingested high-dose BCAA/leucine. Interestingly, despite
elevated myostatin expression in ESLD and NAFLD compared with CON serum treated
cells, markers of proteolysis differed between ESLD and CON only. This finding may partly
explain why differences in myotube atrophy in NAFLD vs. CON did not reach significance,
whereas ESLD serum treated cells experienced significant atrophy compared with NAFLD
and CON. We acknowledge that the stage of disease severity differed between NAFLD and
ESLD donors in this study, and that serum treated cells from decompensated cirrhotic
NAFLD patients may have undergone greater proteolysis and myotube atrophy compared
with the noncirrhotic NAFLD patients included herein. Taken together, the present findings
suggest that myotube atrophy with ex vivo ESLD serum treatment, may be partially
underpinned by elevated myostatin and markers of proteolysis. Although these purported
mechanisms of myotube atrophy in ESLD require further exploration, interventions targeting
myostatin and proteolytic pathway regulators may provide a promising approach to offset
sarcopenia progression in chronic liver disease.

In the present study, we report for the first time that mitochondrial respiration and
coupling efficiency was impaired in C2C12s treated with serum from NAFLD and ESLD
patients compared with CON. Previously, reduced mitochondrial oxidative capacity has been
observed in conditions of muscle atrophy including age-related sarcopenia (35) and cancer
cachexia (36), but has not been studied in chronic liver disease. In vitro work has shown
impairments in cellular respiration in response to ammonia (20) and ethanol (10) treatment,

and reversal in the reduction of ATP content with ammonia removal from culture media.
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Expanding on these observations by using a physiologically relevant in vitro model, our
novel findings support the notion that mitochondrial dysfunction could play an important role
in sarcopenia progression in chronic liver disease. Additionally, we observed a reduction in
mitophagy in both NAFLD and ESLD treated C2C12 mitoQC cells compared with CON.
This is in line with previous in vivo work highlighting a reduction in mitophagy in the context
of age-related sarcopenia (37) and NAFLD models (38). Although the mechanisms of
mitophagy across the chronic liver disease spectrum remain unclear, this process is
considered to be beneficial for the clearance of damaged mitochondria (39). Indeed, the
inhibition of mitophagy leads to the accumulation of dysfunctional mitochondria (22). As a
consequence, this may explain the reduction in mitochondrial respiration observed in the
present study.

Changes in mitochondrial respiration and mitophagy occurred independently of
changes in mitochondrial protein content, similar to observations from an in vitro ArLD
model (10). Despite a similar degree of mitochondrial dysfunction in NAFLD and ESLD
treated myotubes compared with CON, significant myotube atrophy was only present in
ESLD treated myotubes. Previous in vivo mouse models of cancer cachexia have shown that
mitochondrial dysfunction develops prior to the loss of muscle mass (23). Therefore, it is
plausible that mitochondrial dysfunction may arise at an early stage of liver disease (e.g.,
non-cirrhotic NAFLD patients) prior to accelerated sarcopenia and myotube atrophy that is
observed in ESLD (40). Additionally, ESLD patients were found to be insulin resistant in
comparison to CON participants, a factor which has also been linked to the development of
mitochondrial dysfunction (41). It is worth noting that the mitochondrial dysfunction
identified here may be related to increased myostatin, which can influence glucose

metabolism and the development of insulin resistance (42). Further exploratory research is
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required to understand the causes of mitochondrial dysfunction and potential links to
impairments in muscle protein turnover that underlie sarcopenia in chronic liver disease.

Although this in vitro work provides a valuable platform to investigate the
mechanisms which underpin muscle atrophy in ESLD, there are limitations to this approach.
Firstly, we did not treat human primary skeletal muscle cells with serum from NAFLD and
ESLD patients or CON individuals, but instead used C2C12 murine cells, which may cause
potential cross-species issues. As a result, future research should aim to replicate this work
using human primary muscle cells, from the patient cohorts where possible, to investigate the
potential links between the systemic factors driving this atrophy shown in this study.
Secondly, as an extensive blood analysis was not completed, the systemic factors which drive
the myotube atrophy and/or mechanistic dysregulation identified in ESLD and NAFLD
serum treated cells remain unclear. Whilst hyperammonemia (15), inflammation (9) and
alcohol (10) may drive sarcopenia progression in chronic liver disease, other systemic factors
including insulin resistance (9), decreased testosterone (43) and IGF-1 (44) may influence
sarcopenia progression. Finally, beyond the mechanisms explored in the present study, others
have suggested that increased oxidative stress (20, 45), impaired ribosomal biogenesis (46)
and satellite cell function (28) may contribute to the dysregulated muscle protein turnover in
cirrhotic animals. It is likely that all of these factors may underpin the development of
sarcopenia in ESLD, with the degree varying between individuals due to disease aetiology
and possibly gender (1) and lifestyle factors (diet, physical activity; (47, 48)).

In conclusion, our data suggest that sarcopenia progression in ESLD may be linked to
mitochondrial dysfunction, increased myostatin and potentially proteolysis. /n vivo human
studies are now required in order to confirm these observations and to resolve the systemic
factors that drive sarcopenia across complex multi-faceted chronic liver disease pathologies

and disease stage.
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5.1 Abstract

Background: Low muscle mass, quality and strength (sarcopenia) commonly affects patients
with chronic liver disease (CLD). However, the intracellular regulatory pathways which may
underpin sarcopenia in CLD patients are unclear. The aim of this study was to characterise
the intracellular regulatory signalling pathways that may underscore sarcopenia in CLD

patients of different aetiologies and disease stages.

Methods: Muscle biopsy and blood samples were obtained from 9 non-cirrhotic non-
alcoholic fatty liver disease patients (NAFLD; aged 61.1+£9.0), 12 decompensated end-stage
liver disease patients (ESLD; aged 55.7+5.7) and 12 healthy, age-matched healthy controls
(CON; aged 55.748.7), alongside physical function and body composition tests. The protein
content of skeletal muscle anabolic, catabolic, mitochondrial and other regulatory signalling
intermediates was determined via western blot. The muscle transcriptome was analysed using

RNA-sequencing and pathway analysis.

Results: Body mass and BMI was higher in NAFLD and ESLD patients compared with CON
(P <0.05). Serum ammonia was higher in ESLD vs. NAFLD patients (P < 0.001), whereas
insulin was higher in NAFLD and ESLD compared with CON (P < 0.001). Citrate synthase
(CS) activity (~43%) and the protein content of OXPHOS complex I was significantly lower
(~26%) in ESLD vs. CON (P < 0.01) whereas OXPHOS complex IV was significantly lower
in ESLD vs. CON (71%; P <0.01) and NAFLD (61%; P = 0.04). Total-mTOR protein was
significantly lower in NAFLD (62%, P = 0.01) and ESLD (52%, P = 0.03) vs. CON.
Myostatin protein content was significantly greater in NAFLD vs. CON (77%; P <0.01) and
ESLD (70%; P <0.01). Gene pathway analysis revealed a significant enrichment in pathways
related to oxidative stress and protein ubiquitination in ESLD vs. CON. A significant

enrichment in genes related to senescence was evident in NAFLD vs. CON.
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Conclusion: Here we show a reduction in total-mTOR protein content in ESLD and NAFLD
patients. Additionally, mitochondrial dysfunction and the activation of pathways related to
oxidative stress were evident in ESLD patient muscle, while elevated myostatin protein
content and genes related to senescence were evident in NAFLD patient muscle. Collectively
these findings highlight some similar but largely distinct signalling pathways that may

underscore sarcopenia in CLD patients across different aetiologies and disease stages.
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5.2 Introduction

Sarcopenia, defined low muscle quality, mass and strength is a common disease
complication, affecting an estimated ~25-70% of cirrhotic patients (1). The burden of
sarcopenia in end-stage liver disease (ESLD) is considered to be extensive due to its
association with pre- and post- liver transplant (LT) complications including; length of
hospital stay, mortality and risk of infection (2, 3). Although there is increasing
understanding of the clinical complications of sarcopenia in chronic liver disease,
investigations into the intracellular signalling pathways which may contribute to the onset of

sarcopenia in liver disease patients are scarce (4).

A range of factors may influence the development of sarcopenia in chronic liver
disease, including severity or stage of disease (5) and underlying aetiology, with higher
sarcopenia prevalence identified amongst alcoholic related liver disease (ArLD) compared
with non-alcoholic fatty liver disease (NAFLD) (6). Mechanistically, alterations in muscle
protein synthesis (MPS) and muscle protein breakdown (MPB) (7) underpin sarcopenia
progression in chronic liver disease and may be driven by a number of systemic factors
including; hyperammonemia (8), inflammation (9, 10) and alcohol (11, 12). How these
factors influence the intracellular signalling pathways that regulate muscle protein turnover
has largely been investigated in cellular and animal models (8, 12-14). The translation of
findings from pre-clinical models of intracellular signalling regulation in patients across the
spectrum of liver disease, is unclear and is compounded by difficulty in obtaining muscle

biopsy samples from cirrhotic patients (15).

A number of intracellular molecular pathways have been implicated in the regulation
of muscle protein turnover, including the mammalian target of rapamycin (mTOR) pathway

(15), autophagy (13), mitochondrial-related signalling (8, 16) and satellite cell (SC)
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signalling (17). Indeed, a decline in mTOR-anabolic signalling and increased proteolysis
have been identified in skeletal muscle biopsies from cirrhotic patients, compared with
healthy participants (13, 15). Furthermore, we (Chapter 4) and others have suggested that
mitochondrial dysfunction may drive myotube atrophy in cellular models of liver disease,
induced by ex vivo patient serum (Chapter 4), hyperammonemia (8) and ethanol (16)
treatment. At the genome level, the downregulation of genes associated with mTOR
signalling, mitochondrial oxidative phosphorylation and the tricarboxylic acid cycle (TCA),
alongside an upregulation in genes related to reactive oxygen species (ROS) generation have
been identified in ethanol treated myotubes (11, 16). Similarly, an upregulation of genes
related to mitochondrial dysfunction has been reported in obese individuals (e.g.,
representative of early-onset NAFLD) (18). Furthermore, pathways related to oxidative
stress, senescence and cell cycle regulation are differentially expressed in cirrhotic patients,
as well as ammonia-treated mice and myotubes (19). Collectively, these studies highlight the
potential role of mTOR-related signalling, and mitochondrial dysfunction in the development
of liver disease-related sarcopenia. In order to implicate dysregulated intracellular signalling
pathways in liver disease-related sarcopenia, and identify appropriate targets for therapeutic
intervention, comprehensive intracellular protein-to-gene analysis across different aetiologies

and disease stages is now required.

The aim of the present study was to characterise the intracellular protein content of
key regulatory markers of skeletal muscle morphology and metabolism in muscle biopsy
tissue from decompensated, alcohol related-ESLD, non-cirrhotic NAFLD patients and
healthy control participants (CON). In addition, we conducted pathway enrichment analysis
through ribonucleic acid (RNA)-sequencing to investigate gene enrichment patterns in CON,
NAFLD and ESLD. We hypothesized that muscle from ESLD patients would exhibit

impaired signalling related to mitochondrial function and anabolism alongside an increase in
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proteolytic markers compared with CON. We hypothesized that NAFLD patients would
show a similar pattern of intracellular signalling dysregulation to ESLD, albeit at a lesser

magnitude.

5.3 Methods

5.3.1 Participant Characteristics and Ethical Approval

12 healthy CON, 12 decompensated alcohol related-ESLD, and 9 non-cirrhotic NAFLD
patients were recruited and provided their written informed consent to participate in this
study. ESLD patients and NAFLD patients were recruited after screening in a clinical setting.
ESLD patients were assessed for LT and presence of cirrhosis in ESLD was confirmed
through consistent imaging, clinical findings and elastography with or without a liver biopsy.
All ESLD patients recruited to this study had an underlying etiology of ArLD. The NAFLD
patients were non-cirrhotic and were recruited through a dedicated liver clinic, with cirrhosis
excluded by a liver biopsy or transient elastography. Prior to recruitment of this study,
participants were not assessed for sarcopenia to allow the opportunity to assess the
prevalence in both ESLD and NAFLD cohorts. A number of comorbidities were present in
NAFLD and ESLD patients which are detailed in Table 5.1. CON participants were expected
to be free from chronic inflammatory disease (i.e., chronic liver disease, inflammatory bowel
disease and rheumatoid arthritis), metabolic disease conditions (i.e., type II diabetes and
hyperlipidaemia) and normotensive (<140/90). Ethical approval for this study was obtained
through the local ethics committee at the Health Research Authority — West Midlands
Solihull Research Ethics Committee Authority (REC reference: 18/WM/0167) and
conformed to the standards set by the Declaration of Helsinki. This was a registered clinical

trial (clinicaltrials.gov, ID: NCT04734496).
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Table 5.1. Co-morbidities in NAFLD and ESLD patients

NAFLD (n=9) ESLD (n=12)

O

Hepatic encephalopathy
Portal hypertension
Cardiovascular disease

Stroke

Hypertension

Chronic obstructive pulmonary disease
Diabetes mellitus

Insulin dependence

Oral hypoglycaemic treatment
Hypercholesterolemia
Chronic kidney disease
Asthma

[a—
\S]

O A UNMWANDIANDNDOOO
— A= O RO DNDODND

5.3.2 Study Design

Participants reported to the laboratory after a minimum of a 4-hour fast and were asked to
refrain from the consumption of caffeine on the morning of the trial. Participants were also
asked to refrain from strenuous exercise for 24-hours prior to their visit to the laboratory.
Upon arrival, a fasted blood sample was obtained from the antecubital vein and collected in
ethylenediaminetetraacetic acid (EDTA) and serum separator vacutainers (BD, Oxford, UK).
After the collection of blood samples, a subset was allowed to sit for 30-minutes at room
temperature to allow the blood to clot. Blood was centrifuged at 3,000 g for 10-minutes at
4°C to obtain plasma and serum. Participants underwent basic body composition analysis and
functional assessment through handgrip strength (HGS) and short physical performance
battery (SPPB) testing. Both HGS and SPPB have previously been utilised to assess muscle
strength and physical performance respectively in older, and cirrhotic populations (20-23).
Additionally, a muscle biopsy of the vastus lateralis was performed after confirmation

participants had a platelet count of >30 and an international normalised ratio (INR) of < 1.6.

5.3.3 Blood Analyses
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Concentrations of serum myostatin and insulin growth factor-1 (IGF-1) were analysed using
commercially available DuoSet enzyme-linked immunosorbent assays (ELISA) (DY 788-05,
R&D Systems; DY291, R&D Systems respectively) and were completed in line with
manufacturer’s instructions. Serum interleukin (IL)-14, IL-4, IL-9, IL-16, tumor necrosis
factor-beta (TNF-f), hepatocyte growth factor (HGF), insulin and c-peptide were analysed
using commercially available Bio-Plex Pro immunoassays (171A7001M Bio-Rad; 12007283
Bio-Rad) and were completed following manufacturer’s instructions. Immunoassays were

imaged using a Luminex multiplex platform (Luminex, R&D Systems).

5.3.4 Muscle Sample Preparation

After blood samples were obtained, a muscle biopsy (~100mg) was obtained from the vastus
lateralis muscle of the dominant leg under local anaesthesia (1% lidocaine) using the
Bergstrom needle. After extraction from the needle, muscle tissue was washed in sodium
chloride (saline) and any visible adipose, or connective tissue was removed. Samples were

snap frozen in liquid nitrogen and stored for future protein and RNA analysis at -80°C.

5.3.5 Immunoblotting

For protein analysis, approximately 20-30mg of muscle tissue was homogenised in ice-cold
radio-immunoprecipitation assay (RIPA) lysis buffer (10ul /mg) (Merck Millipore, Watford,
UK) with protease (1x complete protease inhibitor tablet (Roche, Switzerland) and
phosphatase inhibitors (1x PhosSTOP tablet (Roche) using a TissueLyser II. Once
homogenised, samples were centrifuged for 10-minutes at 8,000g at 4°C. The concentration
of protein lysates was determined using a detergent compatible (DC) protein assay and
concentrations were read at an absorbance of 750nm using a FLUOstar Omega plate reader,

as previously described (section 2.4.2). Equal amounts of protein from each sample were
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added to 1x Laemmli sample buffer and left on the bench-top for 24-hours to denature, before

immunoblotting.

Protein (15-30 ug) was loaded onto 4-20% pre-cast gels and subjected to electrophoresis at
100V for 10-minutes, followed by 140V for ~1-hour to separate samples as outlined
previously in section 2.4.3. Protein was then transferred from the gel to a nitrocellulose
membrane at 100V for 1-hour as previously described (section 2.4.4). Membranes were
stained with Ponceau S solution as a loading control and subsequently blocked with 5%
bovine serum albumin (BSA) or 5% milk diluted in Tris-buffered saline and 0.1% Tween-20
(TBST) for 1-hour (section 2.4.5). Afterwards, membranes were incubated overnight at 4°C
with the following primary antibodies: phospho-mTOR Ser2448, total-mTOR, phospho-
eukaryotic elongation factor 2 (eEF2) Thr56, total-eEF2, phospho- protein kinase B (Akt)
(Ser473), total-Akt, phospho- S6 kinase (RPS6) Ser240/244, total-RPS6, phospho- eukaryotic
translation initiation factor 4E- binding protein 1 (4EBP-1) Thr37/46, total-4EBP-1, muscle
ring finger-1 (MuRF-1), muscle atrophy box (MAFbx), caspase-3, microtubule-associated
protein 1A/B light chain 3 (LC3A/B), myostatin, oxidative phosphorylation (OXPHOS)
human cocktail, optic atrophy protein 1 (OPA-1), dynamic related protein 1 (DRP1) (DS8HS),
fission-1 (FIS-1), mitofusin-2 (MFN-2) (D2D10), mitochondrial fission factor (MFF), anti-
myosin (skeletal muscle, fast), anti-myosin (skeletal muscle, slow), paired box 7 (Pax7),
myoblast determination protein 1 (MyoD), myogenin and anti-ubiquitinylated proteins, clone
FK2. Finally, membranes were washed in TBST for 15-minutes and incubated for 1-hour
with an anti-rabbit IgG horseradish peroxidase (HRP)-conjugated secondary antibody with
the exception of MAFbx (anti-rat I[gG, HRP-linked antibody), MuRF-1, OXPHOS, OPA-1,
anti-myosin (skeletal muscle, slow), anti-myosin (skeletal muscle, fast), myogenin and anti-
ubiquitinylated proteins, clone FK2 (anti-mouse IgG, HRP-linked antibody). Detailed

information of both primary and secondary antibodies can be found in Table 2.1. Following a
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further 15-minutes of TBST washes, protein was quantified using Immobilon Western
chemiluminescent HRP substrate and imaged on a G:BOX Chemi XTR imager using
GeneSys capture software as described previously in Section 2.4.6. Upon image capture,
band quantification was conducted using ImagelJ software and normalized as described

previously (section 2.4.6).

5.3.6 RNA Sequencing Analysis

Snap frozen muscle tissue was homogenised in RLT lysis buffer (74704, Qiagen,
Manchester, UK), supplemented with 2-mercaptoethanol using a TissueRupter II (Qiagen).
Next, total RNA was extracted using a RNeasy Fibrous Tissue Kit (74704, Qiagen) and
treated with DNase (79254, Qiagen). Values of RNA integrity number were >7 (Aglient
Bioanalyser). Library preparation and RNA-sequencing was performed using a QuantSeq 3’
kit (Lexogen, Austria) and sequenced on an Illumina’s NextSeq 500 by the Genomics
Facility at the University of Birmingham. Once sequenced, RNA data was imported into
Galaxy, a web platform (usegalaxy.org) and aligned to the human reference genome (hg38)
with HISAT2 (24). Subsequently, aligned binary alignment (BAM) files were imported into
Qlucore Omics Explorer v3.6 (Qlucore, AB, Lund, Sweden). Differential analysis was then
performed following Trimmed Mean of M values normalization. Data was filtered to allow
for the identification of differentially expressed genes using a multi-group statistical
comparison set at p <0.05. To establish differences between CON and either NAFLD and
ESLD data was filtered using a two-group analysis with parameters set at P < 0.05 and a fold

change > 1.5.

Differentially expressed genes from each patient cohort (P < 0.05, fold Change > 1.5) were
analysed using Ingenuity Pathway Analysis (IPA, Qiagen, UK) in order to determine the

significance of the association with certain functions and pathways. To calculate the p-values
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of the association between pathways and genes a Fisher’s exact test was used. To predict
upstream regulators, p-values and z-scores were generated based upon the significant overlap
present between the genes within the differentially expressed data set and known targets that

are regulated by the transcriptional regulator.

5.3.7 Citrate Synthase Activity Assay

For the assessment of citrate synthase (CS) activity, protein (20ug) was loaded into each
well. CS activity was measured in 50mmol/L Tris (pH 8.0), 100pumol/L 5,5-dithio-bis-(2-
nitrobenzoic acid) (DTNB) and 120umol/L acetyl CoA. The reaction was started with the
addition of 100 pmol/L oxaloacetic acid to each well. CS activity was assessed
spectrophotometrically through the measurement of 5-thio-2-nitrobenzoic acid (TNB) at an
absorbance of 412 nm at 37°C with measurements taken every 15-seconds over a 3-minute

period.

5.3.8 Statistical Analysis

Statistical analysis was performed using GraphPad Prism Version 9.2. Data was tested for
normality using a Shapiro-Wilk test, and for homogeneity of variances through a Levene’s
test. A one-way ANOVA was used to investigate differences in anthropometric measures,
body composition components and muscle strength between groups (i.e., CON, NAFLD,
ESLD). A one-way ANOVA was also used to investigate changes in myostatin, IGF-1, INR,
alanine aminotransferase (ALT), bilirubin, albumin, insulin, c-peptide, IL-13, IL-4, IL-9, IL-
16, TNF-£ and HGF. An independent samples t-test was used to investigate changes in
ammonia. A one-way ANOVA was used to analyse the protein content of markers of
anabolic, catabolic, regulatory and mitochondrial signalling and CS activity. Where the
results of a one-way ANOVA revealed a positive interaction effect, post-doc analysis t-tests

were completed using Tukey’s HSD. Effect size was calculated using partial eta squared (n?)
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for omnibus tests and Cohen’s d for post-hoc comparisons. RNA-sequencing analysis was
performed using two-group comparisons in Qlucore Omics Explorer v3.7 and IPA software
(i.e., CON vs. NAFLD, CON vs. ESLD). Statistical significance was set at p < 0.05. The data
presented in this chapter include the mean of each participant + standard deviation unless

stated otherwise. Figures were generated in GraphPad Prism version 9.2.

5.4 Results
5.4.1 Body Composition, Muscle Mass and Strength

Participant characteristics can be found in Table 5.2. No significant difference was identified
in age, height, body fat (BF) (%) (P = 0.3, n*> = 0.09) and lean body mass (% of total body
mass) (P = 0.2, n?> = 0.1) between CON, NAFLD and ESLD. A one-way ANOVA revealed a
significant main effect for BMI (P = 0.004, n? = 0.3, F= 6.6), weight, (P = 0.005, > = 0.3, F
= 6.4) fat mass (P = 0.03, n> = 0.2, F = 4.0) and fat free mass (FFM) (P =0.02, n*’=0.2,F =
4.6) between groups. BMI was found to be significantly higher in NAFLD (~36%, P = 0.007,
d=10.1) and ESLD (~30%, P = 0.02, d= 11.2) compared with CON. Similarly, body mass
was significantly greater in NAFLD (~48%, P =0.07,d = 7.7) and ESLD (~38%, P =0.02, d
= 9.8) patients, compared with CON. However, body fat mass was significantly elevated in
NAFLD patients only compared with CON (~ 99%, P = 0.3, d =4.1). No significant
difference in body fat mass was identified between ESLD and both NAFLD and CON
participants. Additionally, FFM was significantly greater in ESLD patients compared with
CON (~32%, P=10.02, d =9.1). No difference in FFM was identified between NAFLD in

comparison to ESLD and CON participants.

A one-way ANOVA revealed a significant main effect for SPPB between groups (P = 0.001,
n?=0.4, F = 8.8). SPPB scores were significantly lower in ESLD patients compared with

NAFLD (~ 2.8%, P =0.02, d = 24.6) and CON (~ 12.5%, P =0.001, d = 31.1). No significant
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difference in SPPB was identified between NAFLD and CON participants. No significant

difference in HGS was identified between groups.

Table 5.2 Participant characteristics for anthropometric, body composition and
strength data in CON, NAFLD and ESLD patients.

CON (n=12)  NAFLD (n=9) ESLD (n=12)
Gender (Male: Female) 6:6 6:3 7:5
Age (years) 55.7+8.7 61.1£9.0 55.7+5.7
Body mass (kg) 72.7£13.5 107.3£33.2x 100.4422.0%
Height (m) 1.7£0.08 1.7£0.08 1.7+0.07
BMI (kg m™) 25.3+3.8 34.5£8.0%x 32.916.6%
FM (kg) 22.2+6.4 42.1424.9% 33.6+13.3
BF (%) 30.6£7.1 38.1+13.3 33.1+9.1
FFM (kg) 50.5%+11.3 63.1+13.8 66.7+14.4x
Lean Mass (% of body mass) 69.4+7.1 61.2+12.9 66.9+8.9
HGS (kg) 35.0+8.1 33.74£9.8 32.6+7.7
SPPB 12.0+0.0 11.6740.5 10.5+1.5%**F
Serum ALT (IU/L) 20.6%6.5 43.2440.6 24.3+12.6
Serum Bilirubin (umol/L) 12.1+£5.2 8.8+2.9 49.31+41.2*%*t
Serum Albumin (g/L) 41.8+2.7 41.1+3.0 33.7£6.6***+tt
International Normalised Ratio 0.94+0.07 1.0£+0.1 1.4+£0.2%**%
Serum Ammonia (umol/L) N/A 32.948.9 73.9425.5%
Serum Insulin (pg/mL) 179.7+144.8 812.3+691.8* 675.74453.5*
Serum C-peptide (pg/mL) 574.44311.0 1153.0+561.6 1311.0£620.1%**
Serum IGF-1 (pg/mL) 1199+£1907 171942617 9901857
Serum Myostatin (pg/mL) 157941010 10594+372.4 31631387
Serum HGF (pg/mL) 185.3+£77.7 282.6+166.5 528.24151.4%**++
Serum TNF-g (pg/mL) 38.5+12.5 33.7749.5 53.1+27.7
Serum IL-18 (pg/mL) 1.1£1.0 0.610.2 1.1+1.0
Serum IL-4 (pg/mL) 2.1t14 0.9+0.3* 1.5+0.4
Serum IL-9 (pg/mL) 40.7+8.9 34.07£10.1 54.0+24.3
Serum IL-16 (pg/mL) 6.613.6 4.54£3.6 14.91+12.6%

ALT, alanine aminotransferase, BMI, Body Mass Index, FM, Fat Mass, BF, Body Fat,
FFM, Fat Free Mass, HGS, Handgrip Strength, SPPB, Short Physical Performance Battery,
IGF-1, insulin growth factor-1, HGF, hepatocyte growth factor, TNF-£, tumor necrosis
factor-beta, IL-1p, interleukin-1 beta, IL-4, interleukin-4, IL-9, interleukin-9, IL-16,
interleukin-16

* Significantly different from CON (P < 0.05)

** Significantly different from CON (P < 0.01)

***Significantly different from CON (P < 0.001)

t Significantly different from NAFLD (P < 0.05)

t1Significantly different from NAFLD (P <0.01)

F Significantly different from NAFLD (P <0.001)

5.4.2 Blood Analysis
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Clinical blood markers are shown in Table 5.2. ESLD patients had significantly greater
bilirubin (P =0.003,d=1.6; P=0.01,d=1.4), INR (P <0.001,d =3.2; P <0.001, d =2.4),
and a significant reduction in serum albumin concentration (P <0.001,d=2.9; P =0.002, d =
1.5) compared with CON and NAFLD patients, respectively. Additionally, serum ammonia
was significantly elevated in ESLD compared with NAFLD patients (P < 0.001, d = 2.4). No
significant difference in alanine aminotransferase (P = 0.07, n?> = 0.2), serum IGF-1 (P = 0.7,
n? = 0.02), myostatin (P = 0.2, n>=0.1), TNF-8 (P =0.09, > =0.2) or IL-18 (P=0.5, > =
0.06) concentration was found between groups. Although a significant main effect was
identified for the concentration of IL-9 (P = 0.05, n? = 0.2), no significant difference was
identified in CON vs. NAFLD and ESLD (P =0.7,d=0.7; P =0.2, d = 0.8 respectively), nor
NAFLD vs. ESLD (P =0.053, d = 1.2). Serum insulin was significantly greater in both
NAFLD (P =10.02,d=1.5) and ESLD (P =0.04, d = 1.6) compared with CON. Serum c-
peptide concentration was also significantly greater in ESLD compared with CON (P =
0.006, d = 1.6). C-peptide concentration in NAFLD did not differ from CON (P = 0.06, d =
1.3) or ESLD (P = 0.8, d = 0.3). Serum HGF was significantly elevated in ESLD compared
with CON (P <0.0001, d = 3.0) and NAFLD patients (P = 0.002, d = 1.5). IL-4 concentration
was significantly greater in CON compared with NAFLD patients (P = 0.03, d = 1.4). No
difference in IL-4 concentration was identified between ESLD and CON (P =0.2,d = 0.8) or
NAFLD (P = 0.4, d = 1.5) patients. In addition, IL-16 was significantly greater in ESLD
compared with NAFLD patients (P = 0.04, d = 1.3). No significant difference in IL-16 was
found between CON and both ESLD (P =0.07, d = 1.0) and NAFLD (P =0.8, d = 0.6)

patients.

5.4.3 Anabolic Signalling

No significant difference in the phosphorylation of mTOR (P = 0.3, n*> = 0.1), eEF2 (P = 0.9,

n? = 0.004), Akt (P = 0.1,n2=0.1), RPS6 (P = 0.5, n> = 0.04) and 4EBP-1 (P = 0.2, 1% = 0.1)
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in basal-fasted muscle biopsy tissue between groups (Figure 5.1). Additionally, we found no

significant difference in total eEF2 (P = 0.9, n*> = 0.007), Akt (P = 0.5, n> = 0.04), RPS6 (P =

0.9, 7% =0.005) and 4EBP-1 (P = 0.5, n*> = 0.04) between groups. However, a significant

main effect was identified for the protein content of total-mTOR between groups (P = 0.006,

n? = 0.3), with lower total-mTOR protein in NAFLD (62%, P = 0.01, d = 2.8) and ESLD

(52%, P =0.03, d = 3.6) compared with CON. No significant difference in total-mTOR

protein was evident between NAFLD and ESLD patients (P = 0.9, d = 0.3).
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Figure 5.1. Western blot analysis of anabolic signalling targets in CON, NAFLD and

ESLD patients. (A) representative western blot images of anabolic markers and loading
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control, (B) total-mTOR, (C) phospho-mTORS®?448 / total-mTOR, (D) total-eEF2, (E)
phospho-eEF2Th736 / total-eEF2, (F) total-Akt, (G) phospho-AktSe73 / total-Akt, (H) total-
RPS6, (1) phospho-RPS65¢2401244 / total RPS6, (J) total-4EBP-1, (K) phospho-4EBP-1Thr37/46 /
total-4EBP-1. Data are expressed as fold change in comparison to the CON participants. Data
are expressed as the mean (cross), median (central horizontal line), 25" and 75 percentiles

(box) and the minimum and maximum values (vertical lines). * P <0.05, ** P <0.01.

5.4.4 Catabolic Signalling

No significant difference in the protein content of FK2 (P = 0.1, n?> = 0.1), MuRF-1 (P = 0.4,
n?=0.1), MAFbx (P = 0.6, n*> = 0.1), caspase-3 (P =0.9, > =0.01) or LC3A/B (P=0.4,n> =
0.03) was identified between CON, NAFLD and ESLD (Figure 5.2). However, a significant
main effect was identified in myostatin protein content between groups (P = 0.003, n% = 0.3).
Myostatin protein content was increased in NAFLD patients compared with CON (77%, P =
0.006, d =5.5) and ESLD (70%, P = 0.007, d = 5.2). No significant difference was identified

between CON and ESLD (P = 1.0, d = 0.04).
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Figure 5.2. Markers of proteolytic signalling in CON, NAFLD and ESLD patients. (A)

representative western blot image of FK2 and loading control, (B) Representative western

blot images of proteolytic markers and loading control, (C) FK2, (D) myostatin, (E) MAFbx,

(F) MuRF-1, (G) caspase-3, (H) LC3A/B. Data are expressed as fold change in comparison to
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the CON participants. Data are expressed as the mean (cross), median (central horizontal
line), 25 and 75™ percentiles (box) and the minimum and maximum values (vertical lines).

** P <0.01.

5.4.5 Mitochondrial Markers and Activity

No significant difference in the protein content of fission markers; FIS1 (P = 0.7, n* = 0.02),
DRPI (P = 0.6, n*> = 0.04) and MFF (P = 1.0, n> = 0.002) was found between CON, NAFLD
and ESLD. Similarly, no significant difference in the protein content of fusion markers;
OPA1 (P=0.2,71n%>=0.1) and MFN2 (P = 0.3, n? = 0.02) was found between CON, NAFLD
and ESLD. A one-way ANOVA revealed a significant main effect of CS activity between
groups (P =0.007, n?> = 0.3). CS activity was significantly lower in ESLD patients compared
with CON (43.4%, P =0.005, d = 4.6). No difference was found between NAFLD and both
CON and ESLD patients (P =0.4,d =0.6; P = 0.2, d = 1.0, respectively). Additionally, a
significant main effect was identified in the protein content of OXPHOS complex I (P =
0.006, n*> = 0.3) and complex IV (P = 0.007, n*> = 0.3, F = 5.9) between groups. The protein
content of complex I (26%, P = 0.005, d = 6.0) and complex IV (71%, P =0.008, d = 2.8)
was significantly lower in ESLD patients compared with CON. The protein content of
complex IV was significantly lower in ESLD compared with NAFLD patients (67%, P =

0.04,d =2.7).
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