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FIB-4 Fibrosis-4 index
APRI AST-to-platelet ratio index
HOMA-IR Homeostasis model assessment of insulin resistance
HDL High-density lipoprotein
FFAs Free fatty acids
TNF-a Tumour necrosis factor alpha
IL-6 Interleukin-6
LPS Lipopolysaccharides
TLRs Toll-like receptors
CNV Copy number variation
XPO4 Exportin-4
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1. Burden of liver disease

1.1 Global mortality and morbidity

Liver diseases are major causes of morbidity and mortality in the world as they cause almost 2
million deaths per year (1, 2). Cirrhosis is the 11th major cause of death and liver cancer is the
16th major cause of death. Collectively, the two conditions cause 3.5% of all deaths globally

(3). According to the Global Burden of Disease 2019 study, cirrhosis and chronic liver diseases
accounted for approximately 46.2 million disabilities adjusted life years (DALYs) globally,

representing 1.6—1.8% of total DALY's (4).

1.2 Etiological contributors

Among the major causes of cirrhosis is metabolic dysfunction-associated fatty liver disease
(MAFLD), a rapidly growing public health concern affecting nearly 25% of the global
population (5). Alcohol-associated liver disease (ALD) is another cause of chronic liver injury
resulting from excessive alcohol consumption and can progress to steatosis, steatohepatitis,
fibrosis, and cirrhosis. Harmful alcohol use is responsible for approximately three million
deaths globally each year across all causes, while ALD specifically accounts for a substantial
proportion of cirrhosis-related mortality worldwide, contributing to approximately one quarter
to one third of global cirrhosis deaths (6).

Another major cause behind the liver disease is viral hepatitis, caused by numerous viruses
including “hepatitis A to G”, which is a leading contributor to cirrhosis, liver failure, and
hepatocellular carcinoma (HCC) (7). The world health organisation (WHO) has documented
an estimated 325 million people across the globe who have been suffering from hepatitis B or
C, with annual deaths amounting to 1 million caused by viral hepatitis (8).

With effective drugs available to treat viral hepatitis as well as the wide implementation of
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screening and vaccination programs for hepatitis B, the trend of liver diseases associated with
viral hepatitis is decreasing worldwide. On the contrary, with lifestyle changes, including an
increase in obesity and other manifestations of metabolic dysfunction and unsafe alcohol
consumption, the trend of ALD and MAFLD has been increasing (5, 9).

2 Metabolic dysfunction associated fatty liver disease (MAFLD)

2.1 Definition and nomenclature shift

Over the past few years, fatty liver disease attributed to metabolic dysfunction has been subject
of redefinition process that include an update in nomenclature from non-alcoholic fatty liver
disease (NAFLD) to more apt one, MAFLD (10, 11), and change of the accompanied
diagnostic criteria of exclusion of NAFLD to a positive diagnostic criteria for MAFLD that
require evidence of hepatic steatosis together with metabolic risk factors to establish diagnosis
(12).

This redefinition of the disease aims to recognise the role of metabolic dysfunction, including
insulin resistance, obesity, type 2 diabetes mellitus (T2DM), and dyslipidaemia as the principal
driver of disease pathogenesis, even in individuals without obesity (13). The utility of the new
definition has been validated in numerous studies, which have shown that it has a higher ability
to identify both hepatic and extra-hepatic outcomes, increase disease awareness and
recognition of liver in the metabolic health spectrum, among many other positive attributes (14,

15).
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2.2 Epidemiology and global burden

MAFLD is the most common chronic liver disease in the worldwide, affecting
approximately 25-30% of the global population (Fig. 1.1). The prevalence is increasing in line
with the rising trends of obesity, sedentary behaviour, and T2DM (5, 16), as consequences of
the global changes in dietary habits and other lifestyle behaviours, such as the intake of
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Figure 1.1 Global distribution of MAFLD prevalence and patatin-like phospholipase

domain-containing 3 (PNPLA3) genetic susceptibility (17).

The accelerating rate of urbanization has led to an increased prevalence of metabolic risk
factors in places formerly classified as low risk. Consequently, the prevalence of MAFLD is
also rising in many low- and middle-income countries (18). Alarmingly, this rise in MAFLD
is also being observed among children, coinciding with the growing rates of childhood obesity.
This surge in MAFLD across different populations and different age groups is a concerning
trend (19).

In addition to hepatic sequelae, MAFLD is now considered a multisystem metabolic disease
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linked with highly elevated risks of cardiovascular disease, chronic kidney disease, and a
variety of cancers, which result in significant non-liver morbidity and mortality (20).

Despite its high prevalence and significant implications, MAFLD remains underdiagnosed and
under-managed, which hinders proper intervention (21), indicating the need for more efficient
policies, including enhancing disease awareness, appropriate active case findings protocols,

and referral care pathways (22).

2.3 Spectrum and natural history of MAFLD

MAFLD spectrum spans from hepatic steatosis, metabolic dysfunction-associated
steatohepatitis (MASH), fibrosis, cirrhosis, and HCC (23).

In the early stages, MAFLD is usually asymptomatic and is often discovered incidentally
through elevated liver enzyme levels or imaging tests conducted for unrelated issues. As the
disease advances, some patients may start to experience nonspecific symptoms such as fatigue
or discomfort in the right upper quadrant of the abdomen, and hepatomegaly may be detected
during a clinical examination (13, 24). Most patients remain asymptomatic until the disease
has progressed significantly or complications arise, which can lead to delays in diagnosis and
management (25).

In a small subset of patients, steatosis can progress to MASH, formerly known as NASH (26).
This form of the disease is more aggressive, characterized by hepatocellular ballooning, lobular
inflammation, and varying degrees of fibrosis (27). Identifying individuals at risk remains a
significant clinical challenge (28).

Repeated cycles of hepatocellular injury and inflammation can activate hepatic stellate cells
(HSCs), leading to deposition of extracellular matrix and the development of fibrosis (29),

which subsequently increases the risk of HCC. Notably, HCC may also arise in non-cirrhotic
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livers in MAFLD, particularly among patients with diabetes or metabolic comorbidities,
highlighting the systemic nature of the disease (30).

Recognising MAFLD as a spectrum disorder is important in clinical practice and research.
Disease progression is neither linear nor uniform, as some individuals may remain in a static
and stable state for decades. In contrast, others may rapidly progress to develop advanced
fibrosis over a short time span (31). Factors such as age, sex, ethnicity, comorbidities, and
lifestyle behaviours influence this trajectory (32). For example, patients with T2DM and
MAFLD are at particularly high risk for rapid progression and adverse outcomes, making them

a priority population for screening and intervention (33).

2.4 Pathophysiology of MAFLD

The pathophysiology of MAFLD is complex and shaped by a myriad of factors, including

genetic susceptibility, metabolic milieu, and lifestyle habits, as depicted in Fig. 1.2 (34).

Age
Sex
Ethnicity

Diet and
alcohol

MAFLD heterogeneity

——3 | Different disease sub-types

— Variable natural history

!

Inter-individual variation

-3 Variable response to therapy

Genetics
and
epigenetics

Figure 1.2 Multifactorial drivers of MAFLD heterogeneity and their impact on disease
subtypes, progression, and treatment response (10).
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A crucial factor in this process is insulin resistance, which leads to increased hepatic de novo
lipogenesis, reduced fatty acid oxidation, and increased adipose tissue lipolysis (35). The
outcome is an excess influx of free fatty acids (FFAs) into the liver that cannot be safely stored
or metabolised by hepatocytes (36). This subsequent lipotoxic environment promotes oxidative
stress, mitochondrial dysfunction and endoplasmic reticulum (ER) stress, ultimately leading to
hepaocellular injury and inflammatory signaling (37).

Additionally, systemic inflammation and adipose tissue dysfunction play significant roles in
disease progression (38). In insulin-resistant individuals, the adipocytes produce more pro-
inflammatory cytokines, including tumour necrosis factor-alpha (TNF-a) and interleukin-6
(IL-6), while producing less adiponectin, an anti-inflammatory and insulin-sensitizing
hormone (39). This imbalance exacerbates hepatic inflammation, facilitates fibrosis, and links
MAFLD to broader cardiometabolic conditions.

Another layer of complexity arises from the close anatomical and functional relationship
between the liver and the gut through the portal vein. When intestinal permeability increases—
often referred to as '"leaky gut” bacterial endotoxins and metabolites, including
lipopolysaccharides (LPS), can translocate into the liver (40). This gut-liver axis triggers toll-
like receptors (TLRs) activation and hepatic immune cells infiltration, further worsening
hepatic inflammation and fibrosis (41). The pathogenesis of MAFLD is also associated with
dysbiosis, involving alterations in bile acid metabolism, short-chain fatty acid production, and

pro-inflammatory compounds (Fig. 1.3) (42).
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Figure 1.3 The crucial role of gut-liver axis in the pathophysiology of MAFLD (43).

Despite often being linked to unhealthy lifestyle choices, indeed, MAFLD has a significant
genetic component, with heritability estimated at around 50% for both steatosis and fibrosis
(44, 45). Multiple Genome-Wide Association Studies (GWAS) and large multiple candidate
gene studies have identified several single-nucleotide polymorphisms (SNPs) that have been
linked to increased susceptibility to the disease and its progression (46).

The most notable of these is the variant of the patatin-like phospholipase domain-containing 3
(PNPLA3) gene (rs738409), which is associated with the entire spectrum of the disease (47).
In addition to PNPLA3, other variants such as those in transmembrane 6 superfamily member
2 (TM6SF2) (48), membrane-bound O-acyltransferase domain-containing 7 (MBOAT?7) (49),

and glucokinase regulatory protein (GCKR) have been identified (50).
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Some other genetic variants regulating key processes involved in metabolic and immune
signalling have also been implicated in MAFLD pathogenesis. Such as those in fibroblast
growth factor 21 (FGF21) gene which plays a key role in hepatic metabolic regulation and
mitochondrial stress responses through endocrine and transcriptional mechanisms that
modulate lipid handling and energy homeostasis (49), fibronectin type III domain-containing
protein 5 (FNDCS5) that contributes to systemic energy balance and metabolic adaptation (51),
and MER proto-oncogene tyrosine kinase (MERTK) influences MAFLD progression via
macrophage-mediated efferocytosis and immune regulation, and transforming growth factor
beta (TGF-B) signalling modulation, with dysregulated signalling promoting persistent
inflammation and fibrogenesis (52).

In addition to SNPs, other types of variants were also identified, such as copy number variation
(CNV) in the exportin-4 (XPO4), which has been associated with MAFLD severity, with
reduced hepatic XPO4 expression linked to hepatic stellate cell activation and fibrosis through
dysregulation of SMAD3/4 signalling (49)

Advancing our understanding of the genetic basis of MAFLD may help in future risk

stratification and the development of personalized management plans (49).

2.5 Diagnosis and risk stratification

Ultrasound is the first-line imaging modality for steatosis evaluation due to its accessibility and
low cost. However, its sensitivity can be limited, particularly in cases of mild steatosis or
among individuals with a high BMI (53). Advanced imaging modalities, such as magnetic
resonance imaging-proton density fat fraction (MRI-PDFF) and the controlled attenuation
parameter (CAP) via transient elastography, provide more accurate quantification of hepatic

fat, although their availability may be restricted in some healthcare settings (54).

28



Detecting liver injury through routine liver enzyme tests can be challenging, as alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels often remain normal in
the early stages of MAFLD (55).

Risk stratification for fibrosis can be performed through multiple non-invasive scoring systems
which could also predict liver-related outcomes (56). Some commonly employed scoring
systems include the NAFLD Fibrosis Score (NFS), the Fibrosis-4 (FIB-4) index, and the AST
to platelet ratio index (APRI) (57). The scores evaluate the likelihood of advanced fibrosis
through a combination of age, BMI, AST, ALT, platelet count and albumin levels. The FIB-4
is often preferred in both primary and specialty care because of its simplicity and reliable
performance. Patients with indeterminate or elevated scores may require further evaluation
with elastography or liver biopsy to determine fibrosis severity (58, 59). Despite several
limitations, these tools remain valuable (60). For instance, age can significantly influence the
interpretation of FIB-4 scores, with older adults more likely to have scores that overestimate
fibrosis risk (61). Conversely, the accuracy of fibrosis scores may be lower in younger
individuals or those with fewer comorbidities (62).

Transient elastography (FibroScan) is widely used as a second-step test to quantify liver
stiffness, providing a non-invasive assessment of fibrosis severity and helping refine risk
stratification after FIB-4 (63).

Liver biopsy remains the gold standard for confirming steatohepatitis and assessing the stage
of fibrosis (64). Histological evaluation enables the direct identification of key features such as
hepatocyte ballooning, lobular inflammation, and fibrosis, which collectively indicate the
severity of disease progression (65). However, the biopsy is invasive procedure that is costly
and carries risks, including bleeding and sampling variability (66). For these reasons, it is

typically reserved for patients with inconclusive or conflicting non-invasive test results, or
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when histological confirmation is necessary before initiating therapies that involve significant

risks (67).

3 Lean MAFLD

Increasing evidence indicates substantial heterogeneity in MAFLD presentation. Although
MAFLD is commonly associated with overweight and obesity, a proportion of individuals with
normal BMI develops MAFLD, a subset commonly referred to as lean MAFLD. This subgroup
represents a distinct clinical entity with important diagnostic, metabolic, and prognostic

considerations.

3.1 Definition and diagnostic criteria of lean MAFLD

Lean MAFLD refers to the presence of hepatic steatosis accompanied by metabolic dysfunction
in individuals with a normal BMI (68). According to the international consensus criteria (69)
and the Asian pacific association for the study of the liver (APASL) guidelines (70), diagnosis
of lean MAFLD requires evidence of hepatic steatosis along with the presence of metabolic
dysfunction defined by at least two metabolic risk abnormalities out of seven predefined criteria
(increased waist circumference based on ethnicity-specific cut-offs, blood pressure

>130/85 mmHg or use of antihypertensive medication, plasma triglycerides >1.70 mmol/L or
use of lipid-lowering therapy, plasma high-density lipoprotein (HDL) cholesterol <1.0 mmol/L
in men or <1.3 mmol/L in women, prediabetes, defined as fasting plasma glucose 5.6—6.9
mmol/L, 2-h post-load glucose 7.8—11.0 mmol/L, or HbAlc 5.7-6.4%, insulin resistance,
defined by a homeostasis model assessment of insulin resistance (HOMA-IR) score >2.5, and
plasma high-sensitivity C-reactive protein >2 mg/L). A healthy weight is determined based on

ethnicity-specific BMI thresholds, which are defined as a BMI of less than 25 kg/m? for
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Western/Caucasian populations and less than 23 kg/m? for Asian populations (Fig 1 .4) (71).
Lean patients with MAFLD are often under-recognised in routine clinical practice, which
might be partly due to the common practice of using BMI as an initial indicator of metabolic
risk. When BMI falls within the normal range, clinical suspicion for fatty liver disease
decreases, even if metabolic dysfunction is present. Consequently, hepatic steatosis in lean
individuals is frequently identified incidentally rather than through targeted evaluation, leading

to delays or a lack of further metabolic or hepatic investigations (24, 72, 73).

(detected either by imaging techniques, blood biomarkers/scores or by liver histology)

-
Overweight or obesity Lean/normal weight
(defined as BMI 225 kg/m? in (defined as BMI <25 kg/m? in Caucasians
L Caucasians or BMI 223 kg/m? in Asians) or BMI <23 kg/m? in Asians)

~

( Hepatic steatosis in adults ]

If presence of at least two metabolic risk abnormalities:

* Waist circumference 2102/88 cm in Caucasian men and women (or 290/80 cm in Asian men
and women)

« Blood pressure 2130/85 mmHg or specific drug treatment

= Plasma triglycerides 2150 mg/dl (21.70 mmol/L) or specific drug treatment

+ Plasma HDL-cholesterol <40 mg/dl (<1.0 mmol/L) for men and <50 mg/dl (<1.3 mmol/L) for
women or specific drug treatment

+ Prediabetes (i.e., fasting glucose levels 100 to 125 mg/dl [5.6 to 6.9 mmol/L], or 2-hour post-load
glucose levels 140 to 199 mg/dl [7.8 to 11.0 mmol] or HbA1c 5.7% to 6.4% [39 to 47 mmol/mol])

« Homeostasis model assessment of insulin resistance score 22.5

« Plasma high-sensitivity C-reactive protein level >2 mg/L

A J

[ MAFLD J
(Metabolic dysfunction-associated fatty liver disease)

Figure 1.4 Flowchart for the diagnostic criteria for MAFLD (13).

3.2 Epidemiology and risk factors of lean MAFLD

Lean MAFLD accounts for approximately 10-20% of MAFLD cases globally, with even
higher rates observed in East and South Asian populations, where it can reach up to 40% (74-
78). This variability persists after adjustment for lifestyle factors, and this could be at least

partly attributed to differences in body composition specific to these populations, as well as the
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fact that metabolic dysfunction and visceral fat accumulation can occur at lower BMI levels in

South Asian individuals, along with underlying genetic susceptibility (Fig. 1.5).
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Figure 1.5 Prevalence of lean MAFLD among general population and MAFLD (79).

3.3 Clinical outcomes of lean MAFLD

Lean MAFLD patients present with a relatively favourable metabolic and histological profile,
including hepatic inflammation and fibrosis at baseline compared to their obese counterparts.
However, longitudinal cohort studies demonstrate that lean MAFLD is not a benign phenotype
and is associated with clinically significant long-term hepatic and extrahepatic outcomes
despite a normal BMI (80).

With respect to liver-related outcomes, observational studies and meta-analyses indicate that

rates of cirrhosis and HCC in lean MAFLD are comparable to those observed in obesity-
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associated MAFLD. Several cohorts report increased liver-related and all-cause mortality in
lean MAFLD after adjustment for metabolic and fibrosis-related confounders, despite a
favourable baseline metabolic and histological profile (81, 82).

Cardiovascular disease represents the leading cause of death across MAFLD phenotypes,
including lean individuals (83). Compared with metabolically healthy lean populations, lean
MAFLD is associated with increased risks of cardiovascular disease, T2DM, and all-cause
mortality (81, 82).

Collectively, these observations highlight a clinical paradox in lean MAFLD, whereby
individuals with a relatively favourable metabolic and histological profile at baseline
experience adverse long-term outcomes that are comparable to or exceed those observed in
obesity-associated MAFLD. The biological mechanisms underlying this discordance remain
incompletely understood and form the basis for the mechanistic investigations undertaken in

this thesis.

3.4 Pathophysiology of lean MAFLD

While the key biological pathways underpinning the disease development and progression,
including those mediating hepatic lipid accumulation, insulin resistance, oxidative stress,
inflammation, and fibrogenesis, seem to be shared between MAFLD among lean and non-lean
individuals, a fundamental difference lies in the fact that these pathways are activated at lower
total adiposity among lean subjects.

One explanation for this observation is that the body’s peripheral buffering capacity is limited.
When the expandability of subcutaneous adipose tissue is restricted, the body's ability to store
excess energy safely in peripheral depots is compromised. Additionally, low muscle mass and

visceral adiposity can contribute to a high-risk lean phenotype characterized by metabolic
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inflexibility and increased hepatic stress (Fig. 1.6) (84, 85).
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Figure 1.6 Lean MAFLD pathogenesis (86).

Even though individuals with lean MAFLD may have a body weight within the normal range
according to BMI, they often experience higher levels of visceral adiposity. This increased
amount of visceral fat, along with a higher ratio of visceral to subcutaneous fat, is considered
a key risk factor for the disease. Visceral adipose tissue is more lipolytically active and
contributes to the production of inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a) and interleukin-6 (IL-6). These cytokines play a propagating role in inflammatory and
fibrogenic signaling in the liver (87, 88). Additionally, visceral fat facilitates the delivery of
FFAs via the portal vein to liver cells, increasing the liver's lipid load, even in individuals with
relatively low overall body fat (89).

Insulin resistance in lean MAFLD results in impaired suppression of adipose lipolysis mediated

by insulin, leading to inappropriate hepatic glucose production and an increased hepatic
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substrate delivery, upregulating transcriptional regulators such as sterol regulatory element-
binding protein-lc (SREBP-1¢) and carbohydrate-responsive element-binding protein
(ChREBP), augmenting lipogenesis and ultimately, enhancing the synthesis of intrahepatic
triglycerides, even if elevated BMI is absent (85).

Moreover, high-energy diets rich in refined carbohydrates, sugar-sweetened soft drinks, and
saturated fats can stimulate hepatic de novo lipogenesis and oxidative stress without leading to
apparent obesity. Physical inactivity further exacerbates insulin sensitivity and mitochondrial
oxidative capacity (90, 91).

At elevated lipid loads, more toxic lipid species accumulate in hepatocytes, triggering
inflammatory responses and cell death pathways, which can progress to steatohepatitis, and
fibrosis (37, 92, 93). Whether individuals with lean MAFLD may be particularly vulnerable
when mitochondrial reserve capacity is compromised or when the degree of anti-oxidant
capacity does not adequately match the level of oxidative stress is yet to be clarified.

Another pathway that activates the hepatic immune system involves disruptions in the gut-liver
axis. Increased intestinal permeability and dysbiosis can enhance the portal translocation of
bacterial products, such as LPS, which activates Kupffer cells via TLRs signalling, leading to
chronic inflammation and fibrogenesis (94, 95). Additionally, studies have shown that the
microbiome profiles in individuals with lean MAFLD are distinct from those in individuals
with obese MAFLD (95).

Sarcopenia, defined as reduced skeletal muscle mass and/or low muscle quality, is more
prevalent in lean MAFLD compared to metabolically healthy lean counterparts and is linked
to impaired glucose metabolism and poor metabolic health phenotypes (96, 97). As muscle is
a primary site for glucose uptake during insulin action, having low muscle mass or strength can

increase the availability of substrates in the circulation, which in turn, may contribute to
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heightened hepatic lipogenesis and insulin resistance in the liver (97).

Genetic factors are also implicated in the pathogenesis of lean MAFLD, with the identified
genetic variants that impact hepatic lipid metabolism and response to liver injury, such as
PNPLA3, TM6SF2, and MBOAT?7 variants, have also been demonstrated to be linked with
greater hepatic fat levels and the risk of more severe fibrosis among subjects with lean MAFLD
(77, 98).

Collectively, existing data suggest considering lean MAFLD as a phenotype shaped by the
outcome of dynamic interaction of genetic susceptibility and various environmental factors,
including adverse body composition, metabolic dysregulation, inherited vulnerability, and

lifestyle exposures- and not by BMI alone (68, 71).

3.5 Metabolic adaptation in lean MAFLD

Metabolic adaptation refers to the coordinated capacity of metabolically active tissues,
particularly the liver, adipose tissue, and skeletal muscle, to adjust substrate utilisation, energy
storage, and fuel selection in response to changes in nutrient availability and physiological
demand (99, 100). In metabolically healthy states, this adaptive flexibility limits ectopic lipid
deposition, preserves mitochondrial function, and maintains metabolic homeostasis during
periods of nutrient excess (101).

Clinical and mechanistic studies from our team indicate that lean MAFLD represents a distinct
entity characterized by a dynamic and transient metabolic adaptation. This adaptation is
mediated by bile acid and Farnesoid X Receptor (FXR) activation, which aims to maintain
metabolic homeostasis. Bile acids and FXR are critical regulators of hepatic metabolic
adaptation and metabolic homeostasis. The intricate interplay between bile acids, FXR, and gut

microbiota forms a key axis in suppressing hepatic lipogenesis, promoting p-oxidation,
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enhancing insulin sensitivity, and limiting inflammatory signalling (102).

Early in the disease course, these compensatory hepatic mechanisms can partially offset limited
peripheral lipid buffering capacity, allowing for near-normal metabolic function and
contributing to an obesity-resistant phenotype. This occurs before the adaptive reserves are
exhausted (80, 86, 103, 104). As repeated exposure to increased lipid and glucose flux in the
context of constrained adipose storage progressively challenges these adaptive responses,
which tend to weaken as the disease advances.

Endotoxemia results in widespread epigenetic reprogramming that blocks bile acid signaling,
identified as a key mechanism mediating the loss of metabolic adaptation (104). Over time,
this may lead to metabolic inflexibility, characterized by an impaired ability to switch between
lipid and glucose oxidation, increased mitochondrial stress, and a heightened susceptibility to
lipotoxic injury (80, 86). These features suggest that the outcomes of lean MAFLD are
influenced by wvariations in the integrity of metabolic adaptation, which determines
vulnerability as metabolic stress persists.

In the following sections, I will turn the focus to discuss some of the key pathways in MAFLD

pathogenesis that are relevant to my thesis.

4 Telomere

Chronic liver diseases, including MAFLD, are characterised by sustained cellular stress,
repeated cycles of hepatocellular injury and repair, and progressive limitations in regenerative
capacity (105). At the cellular level, these processes place cumulative demands on mechanisms
that preserve genomic stability during cell division (106). Telomeres play a central role in this
context by maintaining chromosomal integrity and determining the replicative capacity (107).
An understanding of telomere structure and biological function is therefore essential for
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interpreting how chronic metabolic stress may influence cellular resilience, tissue repair, and
long-term disease progression.

4.1 Structure and biological function of telomeres

Telomeres are specialised nucleoprotein structures located at the termini of linear
chromosomes and are composed of tandem TTAGGG DNA repeat sequences (Fig. 1.7) (108).
In humans, telomeres span several kilobases and serve a fundamental protective function by
preventing chromosome ends from being recognised as DNA double-strand breaks, thereby
preserving chromosomal stability during cell division (109).

This protective function is mediated by the shelterin complex, which consists of six core
proteins: telomeric repeat-binding factor 1 (TRF1), telomeric repeat-binding factor 2 (TRF2),
protection of telomeres 1 (POT1), TRF1-interacting nuclear protein 2 (TIN2), TIN2-interacting
protein 1 (TPP1), and repressor/activator protein 1 (RAP1). Together, these proteins stabilise
telomeric DNA and regulate the interaction between chromosome ends and DNA damage
response pathways (110, 111).

Telomere length decreases progressively with successive cell divisions as a consequence of the
end-replication problem, whereby conventional DNA polymerases are unable to fully replicate
the 3’ termini of linear DNA molecules (112). In most somatic tissues, telomerase activity is
either low or absent, which limits telomere maintenance and leads to gradual telomere attrition

over time (113, 114).
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Figure 1.7 Schematic representation of telomeres at the ends of linear chromosomes (115).

4.2 Telomere attrition in lean MAFLD

Telomere integrity is crucial for sustaining hepatocyte proliferative capacity and supporting
tissue regeneration following injury (116). While hepatic tissue exhibits substantial
regenerative potential, this capacity is finite and depends on the replicative reserve of
hepatocytes and hepatic progenitor cells (117).

Experimental models and clinical studies consistently demonstrate that reduced telomere
length is associated with more advanced stages of liver fibrosis, cirrhosis, and HCC (118-120).
Thus, telomere length has emerged as a biomarker of cumulative cellular stress burden and
mortality risk, with particular relevance to chronic metabolic liver diseases such as MAFLD
(121).

Telomere attrition has emerged as an important biological process linking sustained metabolic
stress to progressive liver injury in MAFLD (122, 123). Persistent exposure to lipotoxicity,
inflammatory signalling, and oxidative stress increases hepatocyte turnover and places
sustained demand on regenerative pathways, thereby accelerating telomere shortening via

stress-dependent, cell division—independent mechanisms (124, 125). Telomere shortening
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constrains hepatocyte replicative reserve, limiting effective tissue repair and increasing
vulnerability to chronic injury, fibrosis, and functional decline (117). Oxidative stress can
induce telomere shortening independently of cell division, indicating that telomere erosion in
MAFLD reflects cumulative cellular stress exposure rather than replicative processes (126). In
advanced MAFLD and MASH, telomere damage is particularly pronounced (122). However,
if there is a differential telomere attrition rate between lean and obese MAFLD, and if it
represents a plausible biological contributor linking metabolic stress to disease progression,
explaining the paradoxical adverse long-term outcomes of lean MAFLD is unknown.
Critically shortened telomeres in HSCs induce a senescent but metabolically active phenotype
characterised by a senescence-associated secretory profile enriched in pro-inflammatory
cytokines, growth factors, and extracellular matrix components (122, 127). This senescence-
associated secretory activity sustains inflammatory signalling and extracellular matrix
deposition, thereby actively promoting fibrotic remodelling rather than representing a passive
consequence of cellular senescence (128-130).

Telomere instability has been associated with chromosomal abnormalities and increased
susceptibility to HCC (131). Telomere dysfunction also contributes to genomic instability and
malignant transformation. Critically shortened telomeres promote chromosomal
rearrangements, impair cell-cycle regulation, and increase susceptibility to oncogenic
transformation (132, 133). In chronically inflamed and fibrotic livers, where hepatocyte
turnover is increased and DNA repair capacity is compromised, telomere dysfunction may
contribute to telomere crisis and promote the development of HCC (134, 135).

5. GDF-15 and DNAm-GDF1S5 in lean MAFLD

Given the central role of chronic oxidative and mitochondrial stress in MAFLD and their
contribution to telomere attrition, signalling pathways that integrate cellular stress responses
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are highly relevant to disease pathophysiology. Growth differentiation factor-15 (GDF-15)
represents one such pathway, functioning as a systemic indicator of cellular and mitochondrial

stress in lean MAFLD.

5.1 Biological roles of GDF-15

Growth differentiation factor-15 (GDF-15) is a stress-responsive cytokine belonging to the
transforming growth factor-f (TGF-PB) superfamily and is increasingly recognised as an
integrative marker of cellular stress and tissue injury (136). GDF-15 is expressed at low levels
in most tissues but is robustly induced in response to various forms of stress, including
inflammatory, metabolic, oxidative, and mitochondrial stress. The stress-inducible expression
profile positions GDF-15 as a downstream readout of integrated stress signalling rather than a
constitutively active signalling molecule (137).

Circulating GDF-15 concentrations are consistently elevated in individuals with insulin
resistance, T2DM, dyslipidaemia, and visceral adiposity, and correlate with markers of
oxidative stress and low-grade inflammation (138). GDF-15 levels rise in proportion to disease
severity across multiple cardiometabolic conditions, including atherosclerosis, chronic kidney
disease, and heart failure, supporting its role as a biomarker of cumulative metabolic burden
(138, 139).

Similarly, in MAFLD, numerous population-based studies demonstrated that circulating GDF-
15 levels are significantly elevated and correlate with indices of hepatic steatosis and fibrosis
independent of adiposity measures (140). These associations indicate that GDF-15 reflects
metabolic and hepatic stress rather than excess body weight alone.

In hepatocytes, GDF-15 expression is strongly upregulated in response to metabolic overload.

Experimental models demonstrate that early steatosis, lipotoxicity, and exposure to saturated
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FFA stimulate GDF-15 transcription, establishing a direct link between its induction and
hepatic metabolic stress.(141, 142). Multiple stress-response pathways converge on the GDF-
15 promoter, including oxidative and ER stress signalling through transcription factors such as
tumour protein p53 (p53), activating transcription factor-4 (ATF4), and C/EBP homologous
protein (CHOP), which identifies GDF-15 as an essential component of the integrated stress
response (ISR) (143).

Furthermore, mitochondrial dysfunction is a major driver of GDF-15 induction. Factors such
as impaired oxidative phosphorylation, activation of the mitochondrial unfolded protein
response (UPR), defective B-oxidation, and electron transport chain dysfunction have all been
shown to stimulate GDF-15 expression in both hepatic and extrahepatic tissues (144).
Collectively, these mitochondrial stress-induced changes position GDF-15 at the critical
interface between mitochondrial stress sensing and systemic stress signalling, enabling it to
indicate metabolic imbalance before overt tissue injury becomes clinically apparent (142).
GDF-15 plays a significant role in the inflammatory pathways of the liver. It modulates nuclear
factor-xB (NF-xB) signalling and influences the production of cytokines by hepatic
macrophages and Kupffer cells. Proinflammatory mediators such as tumour necrosis factor-a
(TNF-a), interleukin-1, and interferon-related pathways further enhance GDF-15 expression.
This creates a feedback loop between inflammatory activation and cellular stress signaling.
(141). During fibrogenesis, activated macrophages and HSCs contribute to increased hepatic
GDF-15 expression, which complements signals derived from hepatocytes and strengthens its

association with chronic liver injury and tissue remodeling (142, 145).

5.2 Epigenetic control and DNAm-GDF15

Epigenetic mechanisms play a central role in regulating hepatocellular responses to metabolic
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stress, and DNA methylation has emerged as a key regulator of GDF15 transcription (146).
DNA methylation at cytosine—phosphate—guanine (CpG) dinucleotides modulates gene
expression by altering chromatin accessibility and transcription factor binding, thereby shaping
stress-responsive signalling pathways relevant to metabolic liver disease (147). The GDF15
locus contains multiple regulatory CpG sites within promoter and enhancer regions that are
sensitive to inflammatory, oxidative, and mitochondrial stress signals (148, 149).

Variation in DNA methylation at these CpG sites, commonly referred to as DNA methylation—
derived GDF-15 (DNAm-GDF15), shows a strong correlation with circulating GDF-15
concentrations and reflects long-term regulation of GDF15 expression (150, 151). The
transcriptional control of GDF15 is closely linked to CpG methylation at regulatory regions
located near binding motifs for stress-activated transcription factors such as, p53, ATF4, and
CHOP, which are central components of the integrated stress response and UPR pathways
(152).

Hypomethylation at these regulatory CpG sites increases chromatin accessibility and facilitates
transcription factor binding, thereby enhancing GDF15 transcription during metabolic and
oxidative stress. In contrast, hypermethylation suppresses promoter activity and reduces
transcriptional inducibility. Epigenome-wide association studies consistently demonstrate that
systemic oxidative stress, mitochondrial dysfunction, and chronic low-grade inflammation are
associated with differential methylation at the GDF15 locus (150, 153, 154).

DNAm-GDF15 has emerged as a widely validated epigenetic marker of long-term metabolic
and inflammatory stress exposure. Cohort studies demonstrate strong associations between
DNAm-GDF15 and major cardiometabolic outcomes, including T2DM, cardiovascular
disease, MAFLD, and other chronic inflammatory conditions (51, 150). DNAm-GDF15

predicts long-term cardiometabolic disease risk and mortality independently of adiposity, BMI,
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and conventional metabolic risk factors (150). These associations mirror those observed for
circulating GDF-15 across cardiometabolic outcomes, and DNAm-GDF15 exhibits low short-
term variability, supporting the notion that DNAm-GDF15 reflects long-term biological stress
exposure rather than transient physiological fluctuations or acute stress responses (150). Recent
multi-omic integration studies demonstrate that DNAm-GDFI15 correlates with systemic
markers of lipid peroxidation, cumulative inflammatory load, and impaired metabolic

flexibility across diverse demographic groups (151, 155).

6 Mitochondria
Mitochondrial function represents a central determinant of hepatic metabolic health and a
convergent pathway through which many of the stressors described in earlier sections exert

their effects.

6.1 Mitochondrial physiology and morphology

Mitochondria are double-membraned organelles that function as highly dynamic structures
responsible for essential metabolic and signalling processes in eukaryotic cells (156).
Structurally, mitochondria consist of an outer membrane, an intermembrane space, an inner
membrane folded into cristae, and the matrix compartment (157). The outer membrane contains
porins that permit diffusion of small molecules, whereas the inner membrane houses the
electron transport chain (ETC) and ATP synthase, enabling oxidative phosphorylation (158).
The matrix contains enzymes of the tricarboxylic acid (TCA) cycle, mitochondrial DNA
(mtDNA), and the molecular machinery required for mtDNA transcription and replication
(159). This compartmentalised architecture enables tight coordination between structure and

function, allowing mitochondria to efficiently meet hepatocellular metabolic demands (Fig.
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1.8) (160).

Maintenance of a healthy mitochondrial population depends on coordinated regulation of
mitochondrial fusion, fission, and mitophagy (161). Fusion facilitates the exchange of
mitochondrial contents and supports metabolic adaptability, whereas fission segregates
damaged mitochondrial components for removal (161, 162). Mitophagy selectively eliminates
dysfunctional mitochondria, thereby limiting ROS accumulation and preserving cellular
homeostasis (163). Dysregulation of these quality-control mechanisms results in mitochondrial
dysfunction and has been increasingly implicated in the pathogenesis of various metabolic

diseases, including MAFLD (37).
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Maintenance of both mitochondrial structural integrity and functional competence is therefore
essential for maintaining hepatic metabolic homeostasis, and mitochondrial dysfunction is
increasingly recognised as a key driver of metabolic liver diseases, including MAFLD (37, 92).
Hepatic energy metabolism relies heavily on mitochondrial ATP production through oxidative
phosphorylation (165). Substrates derived from carbohydrates, lipids, and amino acids are
oxidised via the TCA cycle to generate the electron carriers nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH:) (166). These reducing equivalents donate
electrons to the ETC, generating a proton gradient across the inner mitochondrial membrane
that drives ATP synthesis via ATP synthase (167, 168). Because the liver must continuously
adapt to fed and fasted states, sustained mitochondrial ATP production is essential for
maintaining metabolic homeostasis (169).

Mitochondria also play a central role in hepatic lipid metabolism through B-oxidation of long-
chain fatty acids (170). FFAs are transported into the mitochondrial matrix via the carnitine
shuttle system, where they are converted to acyl-CoA and sequentially oxidised to generate
acetyl-CoA (171-173). This process supplies substrates for the TCA cycle and ATP generation
while preventing lipid accumulation. Tight regulation of -oxidation is therefore critical, as
impairment of this pathway promotes hepatic steatosis and represents a key pathogenic
mechanism in MAFLD development (37, 174).

In addition to energy and lipid metabolism, mitochondria are major regulators of cellular redox
balance. During normal ETC activity, small amounts of electrons leak from complexes I and
III, generating ROS as by-products (175, 176). Under physiological conditions, antioxidant
systems including superoxide dismutase, glutathione peroxidase, and catalase neutralise ROS
and preserve redox homeostasis (177). However, impaired mitochondrial respiration and

substrate overload increase ROS production, leading to oxidative damage to proteins, lipids,
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and DNA (178). In hepatocytes, excessive ROS accumulation contributes to inflammation,
activation of fibrogenic pathways, and progressive liver injury (179).

Mitochondria further contribute to hepatic detoxification through participation in the urea
cycle, which occurs partially within the mitochondrial matrix. This pathway converts toxic
ammonia into urea for renal excretion, and disruption of mitochondrial urea cycle function can
result in hyperammonaemia and hepatic encephalopathy in advanced liver disease (180, 181).
Mitochondria also regulate programmed cell death through release of cytochrome ¢ and other
pro-apoptotic factors during mitochondrial outer membrane permeabilisation, initiating
caspase-dependent apoptosis (182, 183). Dysregulated mitochondrial apoptosis contributes to
hepatocyte loss and disease progression from steatosis to steatohepatitis and fibrosis (184, 185).
Finally, mtDNA integrity is increasingly recognised as critical for hepatic mitochondrial
function. The proximity of mtDNA to the ETC and the absence of protective histones render it
particularly susceptible to oxidative damage (186). Impaired mtDNA transcription and
replication reduce ETC component availability, further diminishing respiratory efficiency and
amplifying ROS production in a self-perpetuating cycle (187). Studies in MAFLD demonstrate
reduced mtDNA copy number, increased mtDNA mutations, and impaired respiratory chain
function, particularly with advancing disease severity (188).

6.2 Mitochondrial implications in the hepatic metabolism

Hepatocytes have particularly high metabolic demands, requiring substantial mitochondrial
capacity to support energy production, redox balance, lipid metabolism, and detoxification
pathways (189). Accordingly, the liver contains a dense mitochondrial population, reflecting
its central role in nutrient processing, intermediary metabolism, and xenobiotic detoxification
(169, 190). Maintaining both the structural integrity and functional competence of
mitochondria is essential for preserving hepatic metabolic homeostasis. Mitochondrial
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dysfunction is increasingly recognised as a key driver of metabolic liver diseases, including
MAFLD (37, 92).

Hepatic energy metabolism heavily relies on mitochondrial ATP production through oxidative
phosphorylation (165). Substrates derived from carbohydrates, lipids, and amino acids are
oxidised via the TCA cycle to generate the electron carriers nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH2) (166). These reducing equivalents donate
electrons to the ETC, generating a proton gradient across the inner mitochondrial membrane
that drives ATP synthesis via ATP synthase (167, 168). Because the liver must continuously
adapt to fed and fasted states, sustained mitochondrial ATP production is essential for
maintaining metabolic homeostasis (169).

Mitochondria also play a central role in hepatic lipid metabolism through -oxidation of long-
chain fatty acids (170). FFAs are transported into the mitochondrial matrix via the carnitine
shuttle system, where they are converted to acyl-CoA and sequentially oxidised to generate
acetyl-CoA (171-173). This process not only supplies substrates for the TCA cycle and ATP
generation but also prevents lipid accumulation. Therefore, tight regulation of B-oxidation is
critical, as impairment of this pathway can lead to hepatic steatosis and is a key pathogenic
mechanism in the development of MAFLD (37, 174).

In addition to energy and lipid metabolism, mitochondria are major regulators of cellular redox
balance. During normal ETC activity, small amounts of electrons leak from complexes I and
III, generating ROS as by-products (175, 176). Under physiological conditions, antioxidant
systems, including superoxide dismutase, glutathione peroxidase, and catalase, neutralise ROS
and preserve redox homeostasis (177). However, impaired mitochondrial respiration and
substrate overload increase ROS production, leading to oxidative damage to proteins, lipids,

and DNA (178). In hepatocytes, excessive ROS accumulation contributes to inflammation,
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activation of fibrogenic pathways, and progressive liver injury (179).

Mitochondria also regulate programmed cell death by releasing cytochrome ¢ and other pro-
apoptotic factors during mitochondrial outer membrane permeabilisation, thereby initiating
caspase-dependent apoptosis (182, 183). Dysregulated mitochondrial apoptosis contributes to
hepatocyte loss and disease progression from steatosis to steatohepatitis and fibrosis (184, 185).
mtDNA integrity is increasingly recognised as critical for hepatic mitochondrial function. The
proximity of mtDNA to the ETC and the absence of protective histones render it particularly
susceptible to oxidative damage (186). Impaired mtDNA transcription and replication reduce
ETC component availability, further diminishing respiratory efficiency and amplifying ROS
production in a self-perpetuating cycle (187). Studies in MAFLD demonstrate reduced mtDNA
copy number, increased mtDNA mutations, and impaired respiratory chain function,
particularly with advancing disease severity (188).

Finally, mitochondria contribute to hepatic detoxification through their involvement in the urea
cycle, which partially occurs within the mitochondrial matrix. This pathway converts toxic
ammonia into urea for renal excretion. Disruption of mitochondrial urea cycle function can
result in hyperammonaemia and hepatic encephalopathy, particularly in advanced liver disease

(180, 181).

6.3 Core mitochondrial abnormalities in MAFLD

Mitochondrial dysfunction represents a cardinal feature underlying MAFLD progression
across the disease spectrum and is observed irrespective of overall adiposity (103).
Histological, biochemical, and molecular analyses of liver tissue from patients with MAFLD
consistently demonstrate structural and functional mitochondrial alterations (191). While

mitochondrial dysfunction is detectable at early stages of steatosis, its severity increases in
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parallel with hepatic inflammation and fibrosis, indicating progressive deterioration of
mitochondrial homeostasis with advancing disease (191).

In healthy hepatocytes, mitochondria maintain energy homeostasis, coordinate lipid
metabolism, and regulate cellular stress responses. Disruption of these functions destabilises
hepatic metabolic balance and contributes to disease progression (192, 193). These include
impaired oxidative phosphorylation, excessive generation of ROS, disruption of mitochondrial

quality-control pathways, and abnormalities affecting mtDNA integrity (Fig. 1.9) (194).
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Figure 1.9 Changes in mitochondria and MAFLD. A schematic representation of the key

mitochondrial alterations in hepatocytes that contribute to MAFLD (42).

Defects within the ETC are a prominent feature of mitochondrial dysfunction in MAFLD.
Studies of liver biopsy specimens demonstrate reduced enzymatic activity of respiratory chain
complexes, particularly complexes I and IV, resulting in diminished ATP synthesis and

increased electron leakage (191, 195). Experimental models of MAFLD, including high-fat
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diet and methionine—choline-deficient feeding paradigms, recapitulate these mitochondrial
abnormalities, demonstrating mitochondrial swelling, reduced ETC activity, increased ROS
generation, and enhanced hepatocyte apoptosis (196).

At the cellular level, mitochondrial dysfunction promotes hepatocyte death through activation
of intrinsic apoptotic and necroptotic pathways. Liver tissue from patients with steatohepatitis
shows increased expression of pro-apoptotic proteins, including Bax, enhanced cytochrome c
release, and activation of downstream effector caspases such as cleaved caspase-3 (197).
Escaping electrons react with molecular oxygen to generate superoxide and other ROS,
overwhelming endogenous antioxidant defences and promoting oxidative damage to lipids,
proteins, and nucleic acids (198-200). This oxidative stress directly contributes to
hepatocellular injury and amplifies inflammatory and fibrogenic signalling pathways (201).
Metabolomic and lipidomic profiling further reveal accumulation of incomplete -oxidation
products, including acylcarnitines and ceramides, within MAFLD livers (202). These lipotoxic
intermediates impair mitochondrial membrane integrity, disrupt enzymatic activity, and
exacerbate oxidative stress (203). Their accumulation correlates with histological features of
hepatocyte ballooning, inflammation, and disease severity, supporting a direct link between
mitochondrial lipid overload and liver injury (204, 205).

Mitochondrial quality-control mechanisms are also consistently impaired in MAFLD, with
defective mitophagy resulting in the accumulation of damaged mitochondria within
hepatocytes. Reduced expression of key mitophagy regulators, including PTEN-induced kinase
1 (PINK1) and Parkin, has been observed in human steatohepatitis and experimental models,
leading to inefficient clearance of dysfunctional organelles (206). Ultrastructural analyses
using electron microscopy demonstrate swollen mitochondria with disrupted cristae

architecture, consistent with impaired mitochondrial turnover (207).
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In parallel, mitochondrial dynamics are altered, with an imbalance favouring excessive fission
over fusion. Dysregulated expression of dynamin-related protein 1 (DRPI1), mitofusin 2
(MFN2), and optic atrophy 1 (OPA1) has been documented in MAFLD, resulting in
mitochondrial fragmentation and loss of structural integrity (196). Fragmented mitochondria
exhibit reduced respiratory efficiency and increased susceptibility to oxidative damage, further
aggravating hepatocellular stress (201).

Genetic disruption of key mitochondrial maintenance genes, such as mitochondrial
transcription factor A (TFAM) or DNA polymerase gamma (POLG), accelerates hepatic
steatosis and fibrosis under metabolic stress, underscoring the causal role of mitochondrial
dysfunction in disease progression (208).

Together, these findings identify mitochondria as central executioners linking metabolic stress
to hepatocellular injury, inflammation, fibrosis, and disease progression in MAFLD.

7 Summary of the literature review

There is growing evidence that lean MAFLD is a clinically significant condition, although its
underlying mechanisms are not as well understood. Individuals with lean MAFLD often exhibit
a more favorable metabolic and histological profile. However, paradoxically, they are
associated with worse liver-related outcomes and higher mortality rates compared to their
obese counterparts.

Despite the absence of overt obesity, lean individuals with MAFLD frequently exhibit visceral
adiposity, limited adipose tissue expandability, impaired metabolic flexibility, and heightened
susceptibility to oxidative stress and inflammation. Recent evidence indicates that differential
metabolic adaptation mediated by bile acid—FXR signalling and alterations in gut-liver axis
function play a crucial role in defining the lean MAFLD phenotype and determining outcomes.

While considerable progress has been made in characterizing the epidemiology and clinical
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profile of lean MAFLD, the biological basis for the disproportionately adverse outcomes
observed in these patients remains incompletely defined. Factors such as mitochondrial
dysfunction, telomere biology, and stress-response pathways have emerged as potential
contributors. However, their roles in lean MAFLD and their interactions have not yet been

integrated into a comprehensive pathogenic framework.

7.1 Open questions and knowledge gaps

Despite growing recognition of lean MAFLD as a clinically important phenotype, several
critical knowledge gaps persist. A major unresolved question is why lean individuals may
display relatively modest metabolic or histological abnormalities at presentation yet experience
disproportionately poor long-term outcomes. Accelerated telomere attrition driven by
heightened oxidative stress has been proposed as a contributing mechanism; however, the
extent to which oxidative stress specifically accelerates telomere shortening in lean MAFLD,
and how this relates to fibrosis progression and mortality risk, remains poorly understood.
Another important gap concerns epigenetic regulation of stress-response pathways. Lean
MAFLD has been reported to exhibit lower circulating GDF-15 despite evidence of increased
metabolic stress and markedly elevated DNAm-GDF15. This discordant pattern may impair
mitochondrial stress adaptation and has been linked to telomere attrition and mortality risk, yet
its mechanistic significance has not been fully elucidated.

In addition, it remains unclear whether lean MAFLD 1is characterised by a distinct
mitochondrial phenotype. Available evidence suggests the presence of enlarged but
dysfunctional mitochondria, reduced respiratory efficiency, and lower mtDNA content,
consistent with heightened mitochondrial vulnerability. The contribution of impaired

mitochondrial biogenesis altered fusion—fission dynamics, defective mitophagy, and increased
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ER stress to disease progression in lean MAFLD also remains insufficiently defined.
Collectively, these gaps highlight the need for an integrated mechanistic framework capable of
explaining the distinct pathogenesis and adverse clinical outcomes characteristic of lean

MAFLD.

7.2 Central hypotheses

This thesis addresses the central hypothesis that the paradox of higher mortality in lean
MAFLD, despite a favourable histological and metabolic profile, is driven by biological stress
pathways linking telomere attrition with impaired mitochondrial stress adaptation. I
hypothesize that lean MAFLD is characterized by increased oxidative stress and accelerated
telomere shortening, alongside epigenetic dysregulation of GDF-15 that limits appropriate
mitochondrial stress responses, which is associated with a distinct mitochondrial profile in lean

MAFLD, thereby promoting disease progression and adverse clinical outcomes.

7.4 Aims of the thesis

The aims of this thesis are:

o To determine whether lean MAFLD is associated with accelerated
telomere attrition and to clarify the contribution of oxidative stress to this process.

. To determine the relationship between circulating GDF-15, DNAm-
GDF15, telomere biology, and oxidative injury, and to assess their relevance to
clinical outcomes.

J To determine the mitochondrial structural and functional features of lean
MAFLD, including mitochondrial morphology, respiratory efficiency, and mtDNA

content.
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J To determine mitochondrial quality-control pathways, including
biogenesis, fusion and fission dynamics, mitophagy, and ER oxidative stress

responses, to identify mechanisms contributing to mitochondrial dysfunction.
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Chapter 2: Materials and Methods
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2. Materials

The materials used in this study were obtained from the sources listed in Table 2.1.

Table 2.1 Commercial Kits

Name

Company

Human GDF-15 ELISA kit

Thermo scientific (EHGDF15)

Malondialdehyde ELISA kit

Abcam (ab287797)

Absolute Human Telomere Length and Mitochondrial

DNA Copy Number Dual Quantification qPCR Assay Kit

Sciencell (8958)

TRAPeze® Telomerase Detection Kit

Merck-Sigma-Aldrich (S7700)

Tissue Total RNA Purification Mini Kit

Favorgen Biotech Corp.

Random Hexamer and dANTP Mix

Meridian Bioscience

Total DNA DNeasy Blood & Tissue Kit (250)

Qiagen, Germany

Absolute Mouse Mitochondrial DNA Copy Number

ScinceCell (M8948)
Quantification qPCR Assay Kit
Table 2.2 Reagents
Name Company

Human GDF-15/MIC-1 Recombinant Protein, PeproTech

Thermo scientific (120-28C-

20UG)
SYBR Green PCR Master Mix Invitrogen
Bovine serum albumin (BSA), Sigma Aldrich
RIPA buffer Sigma Aldrich
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Trypsin Sigma Aldrich

Protease inhibitors Sigma Aldrich
Dimethyl sulfoxide (DMSO), Sigma Aldrich
-mercaptoethanol, Sigma Aldrich
EDTA (Ethylenediaminetetraacetic acid) Sigma Aldrich

Gibco BRL through Life
Penicillin

Technologies

Gibco BRL through Life
Streptomycin

Technologies
Dulbecco’s Modified Eagle Medium (DMEM) Lonza
BEBM Bronchial Epithelial Cell Basal Medium Lonza
Phosphate buffered saline (PBS) Lonza
Glutamine solution In Vitro Technologies
Ethanol, absolute POCD Healthcare

Merck-Sigma-Aldrich

D-Mannitol

(M4125)
Sucrose Merck-Sigma-Aldrich (S0389)
HEPES, free acid Astral scientific (BIOHB0264)
Magnesium chloride hexahydrate (MgCl.-6H20) Avantor (25108.260)
Potassium dihydrogen phosphate (KH2PO4) Avantor (0781)

(EGTA) Ethylene glycol-bis(2-aminoethylether)-N, N, Merck-Sigma-Aldrich (E3889)
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N’, N'-tetraacetic acid

Ficoll-Paque PLUS GE Healthcare

GE Healthcare

Mito-TEMPO

Sigma-Aldrich (SML0737)

2,7-Dichlorodihydrofluorescein diacetate

Merck (D6883-50mg)

Table 2.3 Antibodies
Name Company
GAPDH Abcam (ab181602)
Vinculin Abcam(ab129002)

Anti-human 8-Hydroxy-2'-deoxyguanosin (8-OHdG)

NOVUS (NB600-1508)

Mouse monoclonal anti-4 Hydroxynonenal (4-HNE) Abcam (AB48506)
Total OXPHOS Rodent WB Antibody Cocktail Abcam (ab110413)
Anti-IRE1 antibody Abcam (ab37073)
Anti-beta Actin antibody Abcam (ab8226)
Table 2.4: siRNAs
Name Company

DHA-L-HUMAN-XX-0005 ON TARGETplus
SMARTpool - 5 nmol ON-TARGETplus Human GDF15

(9518) siRNA- SMARTpool

Millennium Science (horizon,

L01987500-00055 nmol)
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Table 2.5: Software and Algorithms

Name

Company

ImageJ

BD https://imagej.nih.gov/ij/

GraphPad Prism 10

http://www.graphpad.com/sc

ientificsoftware/prism/

StepOne Software v2.3

Applied Biosystems

IBM SPSS statistics

https://www.ibm.com/products

/spss-statistics/features

R Studio

Version 4.5.1 (2025-06-13)

Table 2.6: qPCR primer sequences

Name Sequences

For AAGCGCGTCCTGGCATTGTCT
M36b4

Rev CCGCAGGGGCAGCAGTGGT

For CCACCACACCTGAAAGCAGAA
Chop

Rev AGGTGAAAGGCAGGGACTCA

For TTACGGGAGAAAACTCACGGC
Xbpls

Rev GGGTCCAACTTGTCCAGAATGC

For GACCGGCAGTTCCAGTACAT
Irel (Ernl)

Rev TGGTCTGATGAAGCAAGGTG
Perk For ACTCCTGTCTTGGTTGGGTCTGAT
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Rev

CGTGCTCCGCTTATTCCTTTCT

For

TCGCCTTTTAGTCCGGTTCTT

Atf-6

Rev GGCTCCATAGGTCTGACTCC

For CCAGTTCCTCAGCCTCAGTG
Ndufvl

Rev ATGGATAGACGCAGGACAGC

For TGGAAAATGGTTCGAGAGTCAG
Opal

Rev CATTCCGTCTCTAGGTTAAAGCG

For TCCTGGGTAGAACTGCACTTC
Bnip3

Rev CTGTTGGTATCTTGTGGTGTCTG

For GGACAGCCCTTGTGAGACCC
Optn

Rev TCAAATCGCCCTTTCATAGC

For TGTAATGGGTGGCGTGACTG
Fundcl

Rev CCACGAAGCCGCTGGATATC

For TTCTTCCGCCAGTCGGTAG
Pink1

Rev CTGCTTCTCCTCGATCAGCC

For TCAACATGAAACCCCCAGCCA
Mt-col

Rev GCGGCTAGCACTGGTAGTGA

For GCCCGGCAGAGACGGTTAAA
Tfam

Rev GCCGAATCATCCTTTGCCTCC

For CCTCAGATCGTCGTAGTGGGAAC
Drpl

Rev GAAACGTGGACTAGCTGCAGAA

Mifn2

For

AGCTGCCCGGGTTAGTACAGAA
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Rev

GCTTGTAGCAAGGCAGGGATG

Mfnl

For

AGCGGGATTGGTCACACAAC

Rev

CCTTCGGTCATAAGGTAGGCTT

Stat2

For

GCATTTGGCTACCTGGATTGA

Rev

GGCCTTGGCGTCATCACT

Atp5al

For

AATGTTCAAGCAGAGGAGATGGT

Rev

TCCATCAATAGCATTACCGAGGG

Uqcrc2

For

TCCCTCAAAGTTGCCCC

Rev

GCAAGACGTAGTAAATGTGAG

Sdhb

For

CGAAAGCGACATGGCGGTTC

Rev

GGTCCTGGAGAAATGCTGACAC

Fam73b

For

GGAGGACTGAGGGTATGTCCA

Rev

CAAGGGCTGTGGCAAAAAGA

Miefl

For

GCTTCGCTACACTGATCGAGACT

Rev

CTCAAGCTTCTGATTTTTCCTGAAT

Sirtl

For

ACTGCAGAAAC TTTTAGCCTTTCAA

Rev

GGCAATGTTCC AAAGAAGTCTGT

Nrfl

For

GCACCTTTGGAGAATGTGGT

Rev

CTGAGCCTGGGTCATTTTGT

GAPDH

For

AAGGTGAAGGTCGGAGTCAAG

Rev

GGGGTCATTGATGGCAACAATA

TERT

For

CAAGTTCCTGCACTGGCTGATG
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Rev CAAGTGCTGTCTGATTCCAATGC
For TCTAACCCTAACTGAGAAGGGCGTAG
TERC
Rev GTTTGCTCTAGAATGAACGGTGGAAG
For CGAGTGCCAGGTGCAGGTGG
TRF1
Rev ATAATAGCCTCTGCGCTGTTGCGG
For GGGTAGCCGGTACGGGGACT
TRE2
Rev GGATTCCGTAGCTGCCTTGCG
For TTGTTCGCTTTCACAGGCTGAAGA
POT1
Rev TGTCCTGGTGCCATCCCATACCTTT
3. Ethics

The human studies were approved by the Human Research Ethics Committee of the Sydney
West Area Health Service and the University of Sydney (HREC/17/WMEAD/433) and the
University of Sydney and the Ethics Committee of Valme University Hospital, Seville, Spain.
All participants provided written informed consent prior to their involvement.

Animal experimental protocols received approval from the Western Sydney Local Health
District animal ethics committee (Ethics protocol: 4249, 4302) and adhered to the guidelines
set by the Australian Council on Animal Care.

4. In-house human cohorts

4.1 Telomere length patient cohort

The study comprised 303 patients with biopsy-proven MAFLD (152 patients in the initial
cohort from Westmead hospital, Australia and 151 in the validation cohort from Valme
University Hospital, Spain).
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MAFLD was diagnosed according to the international consensus criteria (209). Individuals
with concomitant diagnoses were excluded, including excess alcohol intake ((> 20 g per day
for female and (> 30 g per day for male)), chronic viral hepatitis (hepatitis B and hepatitis C),
and drug-induced liver injury.

Weight (in kilograms) and height (in centimeters) were measured by staff at the time of biopsy
and used to calculate BMI, expressed as kg/m2. Following WHO criteria for Western
populations, patients with BMI of <25 kg/m?2 were defined as lean and > 25 kg/m?2 as non-lean
(68). Hypertension was defined as a registered diagnosis in patient medical records, a resting
blood pressure of > 140/90 mm Hg, or having any antihypertensive medication prescribed.
Type 2 diabetes mellitus (T2DM) was defined as a registered diagnosis in patient medical
records, a fasting plasma glucose value >7 mmol/L (or 126 mg/dL) or having any antidiabetic

medication prescribed.

4.2 Human liver biopsy for TEM study

Liver sections from four patients with biopsy-proven lean and non-lean MAFLD were assessed
by electron microscopy. The diagnosis of MAFLD was made according to international
consensus criteria (209). Patients were excluded from the study if they had dual etiology
conditions, such as excessive alcohol consumption (more than 20 grams per day for females or
more than 30 grams per day for males), chronic viral hepatitis (hepatitis C or hepatitis B), or
drug-induced liver injury.

5. National Health and Nutrition Examination Survey (NHANES)

The study of the association of telomere length and DNAm-GDF15 with morality was
undertaken on the National Health and Nutrition Examination Survey (Continuous NHANES)

database 1999 to 2002 (210).
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For telomere length analysis, DNA samples were collected from participants (> 20 years age).
7,827 out of the 21,004 participants provided DNA specimens and consented for future
research.

Of the 7,827 participants with available leucocyte telomere length, participants who were
85 years of age and older were eliminated from the study (n = 226) to mitigate survivor bias.
Pregnant individuals (n =445), participants who did not have the essential laboratory tests for
defining liver disease (n = 13) such as platelet count, ALT, and AST levels, as well as subjects
with viral hepatitis (HBV or HCV) (n =176), were excluded from the analysis. Thus, the study
cohort comprised 6,967 individuals.

Liver fibrosis was assessed based on the AST-to-platelet ratio index (APRI; 100 X [AST/AST
upper limit of normal]/ [platelet count]) or the FIB-4 index calculated as follows: age
(years) x AST (IU/L)/ (platelets (109/L) x (ALT(IU/L))1/2. A threshold of APRI greater than
or equal to 1.5 or FIB-4 greater than or equal to 2.7 was used to define advanced fibrosis.
Suspected MAFLD was defined as serum ALT > 30 U/L for male and > 19 for female in the
absence of other causes of chronic liver disease. The iteration of The National Death Index
(NDI) (a database of all deaths in the United States) used in these analyses had follow-up data
for the NHANES 1999-2002 participants.

Mortality outcome was not available for only three participants from the telomere analysis
cohort allowing analysis of the relationship between telomere length and all-cause mortality
among the 6,964 participants.

For DNAm-GDF15 analysis, the database collected blood samples from adults aged 50 years
and above for DNA purification purposes (210).

Among the 21,004 participants in the NHANES dataset, 2,532 had DNAm-GDF15 measured.
After excluding 189 participants due to incomplete mortality data, the final analysis cohort
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consisted of 2,343 individuals. In this cohort, DNA was extracted, bisulfite-converted using
the Zymo EZ kit, and analyzed with the [llumina Infintum EPIC BeadChip. Methylation data
were processed with the iScan system, and cell type proportions were estimated using the IDOL
probe set and the FlowSorted.Blood. EPIC ref dataset. DNAm-predicted GDF15 levels were

derived through regression modeling incorporating age, sex, and relevant CpGs.

5.1 All-cause, cardiovascular, cancer, and other cause mortality

Mortality data were obtained by linking participant information from NHANES to the NDI.
Follow-up time was calculated from the date of the initial survey to the earlier of either the
most recent mortality update or the NDI database cut-off date (December 31, 2019). The main
outcomes assessed were deaths from all-cause mortality, cardiovascular, cancer, and other-

cause mortality.

6. Animal models

Several dietary models for MAFLD have been developed such as the Methionine-Choline-
Deficient (MCD) diet and the High Cholesterol (ChR) diet model, which represent lean
MAFLD, as well as the High-Fat Diet (HFD) model for non-lean disease.

6.1 Methionine-Choline-Deficient (MCD) diet model & Methionine Choline Sufficient
(MCS)

The study was carried out using eight-week-old male mice on a C57B1/6 background. Mice in
the experiment were fed a Methionine-Choline-Deficient (MCD) diet for six weeks. this dietary
model is used to replicate features of lean MAFLD (Specialty Feeds, Glen Forrest, Western
Australia, Cat.No. SF13-136). Methionine choline sufficient (MCS) diet as control (Specialty

Feeds, Glen Forrest, Western Australia, Cat. No. SF13-137). The mice were maintained in a
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temperature-controlled facility under a 12-hour light—dark cycle and had free access to standard

chow and water.

6.2 High Cholesterol (ChR) diet model & Normal chow (NC)

The study was carried out using eight-week-old male mice on a C57Bl/6 background. The
animals used in the experiment were given a high-cholesterol meal for 8 weeks, this dietary
model is used to replicate features of lean MAFLD (Specialty Feeds in Glen Forrest, Western
Australia, with the Cat.No SF09-080). Normal chow as control (NC) (Specialty Feeds, Glen
Forrest, Western Australia, Cat.No. SF09-079). The mice were maintained in a temperature-
controlled facility under a 12-hour light-dark cycle and had free access to standard chow and

water.

6.3 High-Fat Diet (HFD) model

The study was carried out using eight-week-old male mice on a C57B1/6 background. Male
mice, aged 6 to 8 weeks, were administered a high-fat diet, this dietary model is used to
replicate features of non-lean MAFLD (Specialty Feeds, Glen Forrest, Western Australia,
Cat.No. SF04-001) for a duration of 24 weeks. Normal chow as control (Specialty Feeds in
Glen Forrest, Western Australia, with the Cat.No SF00-100). The mice were maintained in a
temperature-controlled facility under a 12-hour light—dark cycle and had free access to standard
chow and water.

7. Tissue culture

Immortalized Human Hepatocytes (IHH) (Kind gift from Prof. Stephan Urban, Heidelberg
University) were cultured in Williams’ medium E (ThermoFisher Scientific, catalog
12,551,032) containing 10% fetal bovine serum and 1% penicillin/streptomycin solution.

Mycoplasma testing and simple sequences or short tandem repeats (STR) profiling of cell lines
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are done routinely. Cells were treated with H202 (300 nM) with or without Mito-TEMPO (10

uM), a ROS inhibitor for the indicated times and cells were harvested for further analysis.

8. Gene expression mRNA

8.1 RNA Extraction

The protocol was adapted from previously published methods (211, 212) . Total RNA was
isolated from cultured cells immortalized human hepatocyte cell line (IHH) or frozen mouse
tissues using the FavorPrep Tissue Total RNA Extraction Mini Kit (Favorgen Biotech),
following the manufacturer’s instructions. Frozen tissue approximately 25 mg was
homogenized in 350 pL. of FARB buffer supplemented with 1% p-mercaptoethanol and then
incubated at room temperature for 5 minutes.

The lysate was then transferred to a filter column placed in a collection tube and centrifuged at
16000%g for 2 minutes. The resulting flow-through was moved to a new microcentrifuge tube,
mixed with 350 pL. of 70% ethanol, and loaded onto a fresh FARB mini-column.

After centrifugation at 14,000 rpm for 1 minute, the flow-through was discarded. The column
was subsequently washed with Wash Buffer one of 500 pL and centrifuged again for 1 minute
at 14000 rpm. A second wash was performed using Wash Buffer two of 750 pL, followed by
centrifugation at the same speed for 1 minute; this step was repeated two times.

An additional 3 minute centrifugation was performed to ensure complete drying of the
membrane. The mini-column was then placed into a 1.5-mL RNase-free tube, and RNA was
eluted with 50 uL of RNase-free water, incubated for 1 minute, and centrifuged at 14000 rpm
for 1 minute. For purity and RNA concentration were measured using a NanoDrop

spectrophotometer at 260 and 280 nm.
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8.2 cDNA Synthesis

The protocol was adapted from previously published methods (211). Complementary DNA
(cDNA) was generated from 100 ng of total RNA using the qScript® cDNA SuperMix (Quanta
Biosciences, Gaithersburg, MD). For each reaction, 10 pL of RNA (containing 100 ng) was
mixed with 2.5 pL of gScript Reaction Mix in a 500-uL Eppendorf tube. The tubes were placed
in a thermal cycler and processed according to the following program: 25°C for 5 minutes,
42°C for 30 minutes, and 85°C for 5 minutes, after which the reactions were held at 4°C. The

resulting cDNA was subsequently used for quantitative real-time PCR analysis.

8.3 Real-time Quantitative PCR

Real-time polymerase chain reaction (PCR) was conducted using Applied Biosystems
equipment (Foster City, CA, USA). SYBR and forward and reverse primers were used for each
gene of interest, along with SYBR Select Master Mix. The results were normalized to the
expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for human hepatocyte cell
line (IHH) and M36b4 for mouse frozen tissue. Quantification was achieved by calculating the
ACT value (ACT = CT [GAPDH or M36b4] — CT [target]), with results expressed as 2"—ACT.
9. DNA extraction

Genomic DNA was extracted using the DNeasy Blood & Tissue Kit according to the
manufacturer’s instructions for tissue and cultured cell samples (Qiagen, 69506, Germany). All
centrifugation steps were performed at room temperature (15-25°C), and frozen tissues or cell
pellets were equilibrated to room temperature prior to processing. An incubator was preheated
to 56°C before starting the procedure.

Tissue pieces (<10 mg spleen or <25 mg of other soft tissues) were excised and transferred into

1.5-mL microcentrifuge tubes. Samples were immersed in 180 pL of Buffer ATL, followed by
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the addition of 20 puL proteinase K. Tubes were vortexed thoroughly to ensure complete mixing
and then incubated at 56°C until the tissue was fully lysed.

During incubation, samples were vortexed intermittently to facilitate enzymatic digestion.
Immediately before proceeding to the binding step, lysates were vortexed again for
approximately 15 seconds to ensure homogeneity.

For cultured cell pellets, up to 5 x 10°¢ cells were collected by centrifugation at 300 x g for 5
minutes. The supernatant was discarded, and the pellet was gently resuspended in 200 uL. PBS.
Proteinase K (20 uL) was added directly to the resuspended cells, and the mixture was briefly
vortexed to ensure uniform distribution of the enzyme.

Following pretreatment, 200 uLL of Buffer AL was added to each sample (tissue lysate or cell
suspension). Samples were mixed thoroughly by vortexing and incubated at 56°C for 10
minutes to ensure complete lysis. After incubation, 200 pL of 96-100% ethanol was added to
each tube, followed by vigorous vortexing to promote nucleic acid binding efficiency.

The entire lysate—ethanol mixture was then transferred to a DNeasy Mini spin column placed
in a 2-mL collection tube. Columns were centrifuged at >6000 x g (approximately 8000 rpm)
for 1 minute. Flow-through was discarded, and the spin column was transferred to a new
collection tube.

A first wash was performed by adding 500 pL of Buffer AW1 to the column, followed by
centrifugation for 1 minute at >6000 x g. The flow-through was discarded, and the column was
placed into a fresh 2-mL collection tube.

A second wash was performed by adding 500 pL of Buffer AW2, followed by centrifugation
at 20,000 x g (14,000 rpm) for 3 minutes to remove residual contaminants. After centrifugation,
the flow-through and collection tube were discarded.

The spin column was transferred to a clean 1.5- or 2-mL microcentrifuge tube. DNA was eluted
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by adding 200 pL of Buffer AE directly onto the center of the membrane. After incubation for
1 minute at room temperature, the column was centrifuged at >6000 x g for 1 minute to recover
the purified DNA. A second elution step using an additional 200 pL. Buffer AE was optional
to increase total DNA yield.

10. Absolute mtDNA quantification

Mitochondrial DNA (mtDNA) copy number was quantified using the Absolute Mouse
Mitochondrial DNA Copy Number Quantification qPCR Assay Kit (ScienCell, Cat. M8948),
following the manufacturer’s protocol.

The lyophilized mouse mtDNA and single-copy reference (SCR) primers were reconstituted
with nuclease-free water and stored at —20°C before use. For each DNA sample, two qPCR
reactions were prepared: one amplifying a conserved region of the mouse mitochondrial
genome and one amplifying the nuclear single-copy reference gene on chromosome 10 to
enable normalization. Each 20 pL reaction contained the 2X GoldNStart TaqGreen master mix,
the corresponding primer set, genomic DNA (0.5-5 ng), and nuclease-free water.

Reactions were run on a real-time PCR instrument using the recommended cycling conditions
(95°C for 10 min followed by 32 cycles of 95°C for 20 s, 52°C for 20 s, and 72°C for 45 s),
with melting-curve analysis performed to confirm specificity of amplification. A reference
mouse genomic DNA sample with a known mtDNA copy number (537 = 20 copies per diploid
cell) was included in each run for calibration.

Relative mtDNA content was calculated using the AACq method, in which mtDNA Cq values
were normalized to the SCR gene and then compared with the reference DNA to determine
fold change (2*—AACq). Absolute mtDNA copy number per diploid cell was derived by
multiplying the fold change value by the known mtDNA content of the reference genomic
DNA.
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11. Absolute telomere length

Genomic DNA was extracted from all samples using a standard DNA isolation method
(Qiagen, Germany). Telomere length was quantified using the Absolute Human Telomere
Length and Mitochondrial DNA Copy Number Dual Quantification qPCR Assay Kit
(ScienCell, Cat. 8958), following the manufacturer’s instructions.

The lyophilized telomere and single-copy reference (SCR) primers supplied in the kit were
reconstituted with nuclease-free water and stored at —20°C until use. For each sample, two
parallel qPCR reactions were prepared, one amplifying the telomeric repeats and the other
amplifying the SCR locus for normalization. Each 20 pL reaction contained the 2X GoldNStart
TaqGreen master mix, the corresponding primer set, genomic DNA (0.5-5 ng), and nuclease-
free water.

Reactions were run on a real-time PCR platform using the recommended cycling conditions
(95°C for 10 min, followed by 40 cycles of 95°C for 20 s, 52°C for 20 s, and 72°C for 45 s),
with melt-curve analysis confirming amplification specificity. A reference genomic DNA
sample with a known telomere length (1.23 Mb per diploid cell) provided with the kit was
included in each run. Telomere length was calculated using the AACq method, where telomere
and SCR Cq values of each sample were normalized to the reference DNA to derive relative
telomere content (2"—AACq), which was subsequently converted to absolute telomere length
per diploid cell. Average telomere length per chromosome end was obtained by dividing the
total telomere length by 92 chromosomal termini.

12. Telomerase activity (TRAP) assay

The telomerase repeat amplification procedure test was used to measure telomerase activity.
This assay was conducted using the TRAPeze telomerase detection kit (S7700, Sigma-Aldrich)
in accordance with the instructions provided by the manufacturer.
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Cells were cultured until they reached a confluence of 70-80% when they were lysed using

CHAPS bufter. Each process used a lysate volume equivalent to 5000 cells. Negative controls
were prepared by subjecting samples to a temperature of 85 °C for 10 min. A positive control
provided in the kit was included for comparison. The PCR reaction mixture consisted of 25 1
L, comprising 16 uL of PCR water, 2.5 uL of 10 X TRAP reaction buffer, 0.5 uL of 50 x ANTP

mix, 3 pL of AuNP — TS primer (TS-modified AuNPs were incorporated into the PCR reaction

system at a suitable concentration), 0.5 uL of TRAP primer mix, 0.5 uL of Taq polymerase (5
units/uLl), and 2 uL of cell extract. Subsequently, the tubes were subject to incubation in a

thermocycler set at 30 °C for 30 min, facilitating the process of telomerase elongation.

Subsequently, a three-step polymerase chain reaction (PCR) protocol consisting of
denaturation at 94 °C for 30 s, annealing at 62.9 °C for 30 s, and extension at 72 °C for 1 min
was executed for 33 cycles. Electrophoresis was conducted on a 2% agarose gel to facilitate
the creation of polymerase chain reaction (PCR) products. The gel was stained with ethidium
bromide at a concentration of 1 pug/ml, and the resulting bands were analysed using the
ChemiDoc Touch Imaging system manufactured by Bio-Rad.

13. Enzyme-linked immunosorbent assay (ELISA)

13.1 Growth differentiation factor-15 (GDF-15)

GDF-15 concentrations were measured using a commercially available Human GDF-15
ELISA kit (ThermoFisher Scientific, EHGDF15), following the manufacturer’s instructions.
Serum samples were collected, centrifuged to remove debris, and stored at —80 °C until
analysis. Prior to the assay, samples were thawed on ice and diluted in the supplied Assay

Diluent (1x) according to recommended ranges.
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Standards were prepared to generate a calibration curve (range: 1.1-800 pg/mL). Aliquots
of 100 pL of standards and diluted samples were added to pre-coated wells and incubated at
room temperature. After washing, wells were incubated sequentially with biotin- conjugated
anti-GDF-15 antibody and HRP-streptavidin. Colour development was achieved using TMB
substrate and stopped with the provided stop solution. Absorbance was measured at 450 nm
using a microplate reader.

Sample concentrations were calculated by interpolation from a four-parameter logistic (4-PL)
standard curve and corrected for the dilution factor. According to the manufacturer, the assay
sensitivity is 2 pg/mL, with intra- and inter-assay coefficients of variation <10% and <12%,

respectively.

13.2 Malondialdehyde (MDA)

Malondialdehyde concentrations were measured using a quantitative competitive ELISA kit
(Abcam, ab287797) following the manufacturer’s instructions. This assay is based on the
binding of MDA present in samples to an MDA-BSA conjugate immobilized on the microplate.
Serum samples were clarified by centrifugation and diluted in the sample diluent supplied with
the kit to fall within the assay’s dynamic range (0.156—10 uM).

Standards were prepared by serial dilution of the provided MDA standard solution to generate
a calibration curve for quantification. Samples and standards were incubated with the MDA -
specific primary antibody and then added to the pre-coated wells, allowing competitive binding
between plate-bound antigen and free MDA in the sample.

After washing to remove unbound components, an HRP-conjugated secondary antibody was
added, followed by TMB substrate for color development. The reaction was terminated with

acidic stop solution, and absorbance was recorded at 450 nm using a microplate reader. Lower
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optical density corresponds to higher MDA concentrations due to the competitive nature of the
assay.

MDA levels in each sample were calculated by fitting absorbance values to the standard curve
using a four-parameter logistic (4-PL) regression model. All samples were analyzed in
duplicate, and values outside the linear portion of the curve were excluded from downstream
analysis.

14. Immunohistochemistry (IHC)

4-ym sections were mounted onto saline-coated glass slides to ensure section adhesion through
subsequent staining procedures. Slides were stained using the BOND RX Fully Automated
Research Stainer (Leica Biosystems) using the Bond Polymer Refine Detection Method
Algorithm as per manufacturer instructions (DS9800 Leica). The slides were incubated with a
dilution of 1:500 goat polyclonal anti-human 8-hydroxy-2" - deoxyguanosine (8- OHdG)
(NOVUS, NB600-1508) and a dilution of 1:5000 mouse monoclonal anti-4- hydroxynonenal
(4-HNE) (Abcam, AB48506). Negative controls were carried out using rabbit serum diluted to
the same concentration as the primary antibody. The extent of 8-OHdG and 4-HNE
immunostaining was assessed using ImageJ.

15. Immunofluorescence (IF)

Frozen mouse sections underwent two rinses with PBS and were permeabilized in 0.3% Triton
X-100 for 10 minutes. They received an overnight incubation at 4°C with Anti-IRE1 antibody
with a dilution of 1:500 as primary antibody (Abcam, ab37073), followed by a one-hour
incubation at room temperature with a FITC-conjugated anti Rabbit with a dilution of 1:500 as
secondary antibody (Abcam, ab6717). Ultimately, the sections were visualised using a confocal
microscope (Leica).

16. Western blot analysis (WB)
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We utilised SDS-PAGE to fractionate the tissue contents and subsequently transferred these
fractions onto a polyvinylidene difluoride (PVDF) membrane in accordance with the
manufacturer's instructions (Bio-Rad, Hercules, CA).

To prevent any non-specific binding, the membranes were treated with a solution containing
5% non-fat milk in TBST (50 mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween —20) for 1 hour
at room temperature following the transfer.

The membranes were rinsed twice with TBST and then exposed to primary antibodies (Total
OXPHOS Rodent WB Antibody Cocktail, Abcam ab110413) which were diluted in a solution
of 5% skim milk and TBST. This incubation process took place overnight at a temperature of
4 °C. After the incubation period, the membranes were rinsed three times for 10 minutes with
TBST solution. Then, they were exposed to secondary antibodies, which were diluted in a
solution of 5% skim milk and TBST. This exposure lasted for 1 hour in a dark environment at
room temperature.

The blots underwent three washes with TBST and were then subjected to development using
Super Signal West Pico PLUS Chemiluminescent and Super Signal West Femto Maximum
Sensitivity Substrates (Life Technologies, Australia), following the instructions provided by
the manufacturer. The membranes were analysed using the ChemiDoc Touch Imaging system
(Bio-Rad, Hercules, CA).

17. Cellular reactive oxygen species (ROS) assay

The procedure commenced by homogenizing frozen liver tissue in 2 mL of PBS, followed by
centrifugation at 10,000 x g for 5 minutes at 4°C. The supernatant was collected, and the pellet
was discarded for immediate use. Next, 50 pL of PBS was pipetted into a black 96-well plate
with a clear bottom (Corning) and 50 pL of the prepared sample was added.

To this, 100 pL of 2',7'-Dichlorodihydrofluorescein diacetate (final concentration 10 uM,
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dissolved in DMSO; D6883-50mg, Merck) was added. The mixture was incubated in the dark
at 37°C for 30 minutes.

Fluorescence readings were taken using a plate reader set to an excitation wavelength of 482
nm and an emission wavelength of 528 nm. A blank sample was used to measure background
fluorescence which was subtracted from the sample readings. For normalization, the protein
concentration of each sample was determined using the BCA protein assay.

18. Transmission electron microscope (TEM)

Human liver biopsies and mouse frozen liver samples were collected, cut into ~ 1 mm? pieces,
and fixed in 2.5% glutaraldehyde. The samples were embedded following the protocol outlined
in Table 17.1 and sectioned into ultrathin slices of 70 nm thickness. The prepared tissue
sections were examined using transmission electron microscopy (TEM) (Jeol 1400 Flash, 120
kV).

Table 17.1 TEM protocol

VIAL SOLUTION TIME TEMP
1 NaCac buffer Smin 20°C
2 NaCac buffer Smin 20°C
3 0sO4 60 mins 20°C
4 Distilled water 3min 20°C
5 Distilled water 3min 20°C
6 Uranyl acetate 60 mins 20°C
7 50 % Ethanol 10 mins 20°C
8 70 % Ethanol 10 mins 20°C
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9 95 % Ethanol 10 mins 20°C
10 100 % Ethanol 10 mins 20°C
11 100 % Ethanol 10 mins 20°C
12 Acetone 10mins 20°C
13 1:1 Acetone/ resin 30mins 20°C
14 100% Resin 30mins 60°C
15 100% Resin 30mins 60°C
16 100% Resin 30mins 60°C

19. Statistical analysis

Multiple logistic regression models were used to assess factors independently associated with
lean MAFLD and fibrosis. A set of Cox regression models was used to estimate the effect of
telomere length on the risk of mortality in the full analysis cohort and in subjects with
suspected MAFLD, stratified by obesity status. Models were adjusted for age, sex, fibrosis,
and race. Telomere length was as continuous and categorical variable (quartiles of telomere
lengths).

To assess the impact of DNAmM-GDF15 on mortality risk, Cox regression models were
employed on the full analysis cohort and in subjects with suspected MAFLD, stratified by
obesity status. Models were adjusted for age, sex, ethnicity, ALT and AST. DNAm-GDF15
was assessed both as a continuous variable and as a categorical variable (quartiles). The
correlation between DNAm-GDF15 and telomere length was analyzed using the Wilcoxon
rank-sum test. Mediation analysis was performed to determine the indirect effect of DNAm-

GDF15 on the relationship between telomere length and mortality. This analysis was used to
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quantify the proportion of the relationship between telomere length and mortality that is
mediated by DNAm-GDF15.

Statistical analysis was performed using SPSS or GraphPad Prism. Data is represented as
mean =+ standard error of the mean (SEM). The Mann-Whitney test was used for comparisons

between two groups. Statistical significance was defined as p < 0.05.
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Chapter 3: Telomere length and mortality in lean

MAFLD
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3.1 Introduction

MAFLD affects up to a third of the global population and is a leading cause of end-stage liver
disease, liver cancer, and liver transplantation. While typically linked to overweight or obesity,
a considerable proportion of patients are normal weight and frequently called “lean-MAFLD”
(68, 213).

The metabolic profile in lean MAFLD patients often presents with lower insulin resistance and
more favorable lipid profiles compared to their non-lean counterparts (100, 214). Similarly,
histologically, lean MAFLD patients show less severe steatosis, inflammation, fibrosis, and
lower NAFLD activity score (NAS) compared to their non-lean counterparts (100, 214, 215).
Despite these favourable metabolic and histologic characteristics of the lean MAFLD patients,
multiple studies and meta-analyses demonstrate that lean MAFLD patients exhibit poorer long-
term outcomes and an increased risk of mortality compared to their non-lean counterparts
(216), highlighting the paradox between these features.

I reasoned that differential telomere length might be one possible explanation for this paradox.
Telomeres are protective structures located at the ends of eukaryotic chromosomes, and their
progressive shortening has been associated with chronic disease progression and increased
mortality (217, 218). The maintenance of telomeres requires significant energy resources. In
periods of sustained metabolic stress, cells may prioritize immediate survival needs over long-
term genomic maintenance, resulting in accelerated telomere attrition (219). The combination
of ongoing stress and telomere erosion leads to adverse health outcomes in lean MAFLD.
Telomeres also show high vulnerability to oxidative damage (220). Mitochondria produce
reactive oxygen species (ROS) as part of normal ATP generation, and excessive ROS can
accelerate telomere erosion (220). This process links oxidative stress to telomere attrition and

may help explain long-term disease progression in lean MAFLD patients.
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Based on this, I hypothesize that differential telomere length mediated by oxidative stress
contributes to the adverse clinical outcomes observed in lean MAFLD. To test this hypothesis,
the studies in this chapter aim to compare telomere length between lean and non-lean MAFLD
patients, investigate the relationship between telomere length and key pathological features,
including fibrosis, inflammation, and mortality, and experimentally explore if oxidative stress
contributes to telomere shortening in lean MAFLD using both clinical samples and
experimental models.

3.2 Method

3.2.1 Patient cohort

A total of 303 patients with biopsy-proven MAFLD were included across an initial and
validation cohort from Westmead hospital, Australia and Valme University Hospital, Spain,
respectively.

Lean MAFLD was defined according to consensus guidelines (209). Individuals with
concomitant diagnoses were excluded, including excess alcohol intake (> 20 g per day for
female and (> 30 g per day for male)), chronic viral hepatitis (hepatitis B and hepatitis C), and
drug-induced liver injury.

Ethics approval was obtained from the Human Research Ethics Committees of the Western
Sydney Local Health District and the University of Sydney and the Ethics Committee of Valme

University Hospital, Seville, Spain.

3.2.2 Cell culture and molecular assays

IHH were cultured in Williams’ E medium supplemented with 10% fetal bovine serum and 1%

penicillin/streptomycin. To model oxidative stress, cells were treated with 300 nM hydrogen
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peroxide (H20:), with or without 10 uM Mito-TEMPO. Total RNA was extracted and
converted to cDNA, and gene expression of shelterin complex components was assessed using
RT-PCR (reverse transcription-polymerase chain reaction). Protein expression of TERT
(Telomerase reverse transcriptase) was examined by Western blot analysis using liver tissue
lysates.

For oxidative DNA damage assessment, IHC was performed on liver tissue sections using
antibodies against 8-OHdG and 4-HNE. Oxidative stress levels were further evaluated using

ELISA to measure serum MDA concentrations.

3.2.3 Telomere length and Telomerase activity assay

Telomere length was measured using a qPCR-based absolute quantification method on
extracted genomic DNA.

Telomerase activity was measured using the TRAPeze telomerase detection kit. Cell lysates
were processed with telomerase repeat amplification procedure (TRAP) PCR under standard
cycling conditions. Products were separated by agarose gel electrophoresis and visualized with

ethidium bromide using a ChemiDoc imaging system.

3.2.4 Statistical analysis

The data analysis was conducted with GraphPad Prism software version 10. The data were
provided as the mean + standard error of the mean (SEM). The one-way analysis of variance
(ANOVA) was used for performing a multi-group research, whereas the student’s t-test was
applied for assessing two groups. IBM SPSS Statistics was used for the study of public datasets.

P-value <0.05 denote the presence of a statistically significant difference.
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3.3 Results

3.3.1 Clinical and histopathological characteristics of MAFLD patients in the initial

cohort

The initial cohort comprised of 156 biopsy-proven patients from MAFLD, of them 26 were
lean MAFLD, and 130 were non-lean MAFLD. The mean age was comparable between lean
MAFLD (51+£11.2 years) and non-lean MAFLD groups (49+13.1 years, P=0.6) and there were
no significant differences between groups in gender distribution.

As expected, BMI was significantly lower in the lean MAFLD group (23.1+1.2 kg/m?)
compared to the non-lean MAFLD group (32.6+6 kg/m? P<0.001). Notably, Homeostatic
Model Assessment for Insulin Resistance (HOMA-IR) in lean MAFLD (2.442.1) was lower
than non-lean MAFLD (5.2+£5.9; P=0.01). While gamma-glutamyl transferase (GGT) was
higher in lean MAFLD (164.9£203.8 IU/L) than non-lean MAFLD (104.1£115.9 IU/L;
P=0.03). While there were no significant differences between groups in hypertension,
dyslipidaemia, ALT, AST, fasting blood sugar test (BSL), platelets count or histological

features (Table. 3.1).
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Table 3.1: Clinical and histological characteristics of lean and non-lean patients with

MAFLD in the initial cohort.

Lean MAFLD Non-lean MAFLD P Value
(n =26) (n =130)
Age (years) 51+11.2 49 +13.1 0.6
Male (%) 13 (50) 72 (554) 0.6
Female (%) 13 (50) 58 (44.6)

BMI (kg/m2) 23.1+£1.2 3266 <0.001
Hypertension (%) 9 (34.6) 47 (36.2) 1
Dyslipidaemia (%) 13 (52) 80 (61.5) 0.3

Homa-IR 24+2.1 52+£59 0.01

ALT (IU/mL) 70.2 £43.9 71.5+454 0.8

AST (IU/mL) 61.2+51.7 49.1+£275 0.08

GGT (IU/L) 164.9 +£203.8 104.1+115.9 0.03

Fasting BSL (mmol/L) 64+33 63+23 0.8
Platelets (x109/L) 250.1 £81.5 250.8 + 69.7 0.9

Total cholesterol (mmol/L) 52+12 52+12 0.8
HDL-C (mmol/L) 1.4+0.6 1.2 £0.37 0.04
LDL-C (mmol/L) 3.1+£09 3+£1 0.7
Triglyceride (mmol/L) 24+£22 21+13 0.2
Severe fibrosis (F3-F4) (%) 6 (23.1) 22 (17.1) 0.5
Moderate/seve‘l;e steatosis (S>2) 7 (28) 50 (39.7) 0.3
Inﬂammatgo/r(;)(zAl) (%) 4 (15.8) 12 (9.4) 0.2

# P value was calculated using independent t-test. Abbreviations: BMI: Body Mass Index;
Homa-IR: Homeostatic Model Assessment for Insulin Resistance; ALT: Alanine
Aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase;
Fasting BSL: fasting blood sugar test; HDL-C: high-density lipoprotein cholesterol; LDL-C:

low-density lipoprotein cholesterol.
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Telomere (Lenght per dipliod cell)

3.3.2 Telomere length is associated with inflammation and fibrosis in MAFLD in the

initial cohort

To explore the changes of telomere length among patients with MAFLD, I first examined the
association between telomere length and liver histology in the initial cohort. No differences in
telomere length were noted between patients with mild (S1-S2) compared with severe steatosis
(S3) (Fig. 3.1a).

Higher grades of lobular inflammation were associated with shorter telomere length (P=0.01)
(Fig. 3.1b). Similarly, patients with significant fibrosis (>F3) had shorter telomere lengths

compared with those with none/ mild fibrosis (FO—F2) (P=0.02) (Fig. 3.1c¢).
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Figure 3.1 Telomere length and histological features in patients with MAFLD: a) steatosis,
b) inflammation, ¢) fibrosis. Data are represented by vertical bars and are mean + SEM.
Statistical differences between groups are assessed by Mann—Whitney test. *P<0.05, **P<0.01,

##4P<0.001, ****P<(0.0001.
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To determine whether telomere length is independently associated with fibrosis severity. I

used multivariable logistic regression. The association between telomere length and fibrosis

remained significant after adjusting for age, BMI, sex, ALT, and platelets in a multivariable

logistic regression analysis (OR=0.998; 95% CI: 0.998-0.997; P=0.03) (Table. 3.2).

Table 3.2: Multivariate analysis of factors associated with fibrosis stage >3 in the initial

cohort.
Variable Odd Ratio 95% C.I P value
Telomere 0.998 0.998-0.997 0.03
(Iength per diploid cell)
Sex 1.919 0.693-5.315 0.2
Age (Years) 1.019 0.976-1.064 0.3
ALT (IU/mL) 1.008 0.998-1.018 0.1
Platelets (x109/L) 0.988 0.980-0.996 0.004

# P value was calculated using univariable logistic regression analysis. Abbreviations: ALT:

Alanine Aminotransferase.
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3.3.3 Lean MAFLD patients have shorter telomere length in the initial cohort

I next explored the differential telomere lengths between patients with lean and non-lean

MAFLD in initial cohort. Interestingly, patients with lean MAFLD had shorter telomere

lengths compared with those with non-lean MAFLD (P=0.0003) (Fig. 3.2).
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Figure 3.2: Telomere length in initial cohort. Data are represented by vertical bars and are

mean £ SEM (n=156). Statistical differences between groups are assessed by Mann—Whitney

test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Then I assessed whether lean MAFLD status was independently associated with shorter
telomere length. A multivariable analysis was performed, adjusting for age, sex, ALT, fibrosis
stage, diabetes, and the presence of risk variants in Patatin-like phospholipase domain-
containing protein 3 (PNPLA3) and Transmembrane 6 superfamily member 2 (TM6SF2).
Telomere length remained significantly associated with lean MAFLD (OR=1.003; 95% ClI,

1.001-1.006; P=0.003) (Table 3.3).

Table 3.3: Multivariable logistic regression: telomere length and other predictors of lean

MAFLD status in the initial cohort.

Variable 0Odd Ratio 95% C.I (L-U) P value
Telomere 1.003 1.001-1.006 0.003
(length per diploid cell)

Male 0.749 0.266-2.11 0.5
Age (years) 1.001 0.957-1.047 0.9
Diabetes 2.522 0.678-9.378 0.1
ALT (IU/mL) 1.001 0.989-1.014 0.8
Significant fibrosis (> F2) 0.716 0.184-2.793 0.6
TM6SF2 rs58542926 (CT/TT) 2.452 0.735-8.181 0.1
PNPLA3 rs738409 (GG) 0.665 0.232-1.907 0.4

# P value was calculated using univariable logistic regression analysis. Abbreviations: ALT:
Alanine Aminotransferase; TM6SF2: Transmembrane 6 superfamily member 2; PNPLA3:

Patatin-like phospholipase domain-containing protein 3.
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3.3.4 Correlation between telomere length and clinical parameters in MAFLD patients

To further clarify the relationship between telomere length and continuous clinical and
histological variables, I next undertook a correlation analysis to identify continuous predictors
of telomere length across the full MAFLD cohort. BMI was positively significant (12=0.289;
P=<0.001) consistent with previous findings that lower BMI is associated with shorter
telomeres, (Table 3.4) and depicted in (Fig 3.3a). Inflammation (r2=-0.178; P=0.02) and
fibrosis (r2=-0.177; P=0.02) were negatively significant associated with telomere length
(Table. 3.4). Notably, no correlation between telomere length and age was discerned (Fig.
3.3b).

Table 3.4: Correlation between telomere length and clinical variables in the initial cohort

Telomere r2 P Value
BMI (kg/m2) 0.289** <0.001

Age (years) -0.012 0.8
Hypertension -0.004 0.9
Diabetes -0.048 0.5
Dyslipidemia -0.078 0.3
HOMA-IR 0.089 0.2
ALT (IU/mL) 0.005 0.9
AST (IU/mL) -0.056 0.4
GGT (IU/L) 0.009 0.9
Fasting BSL (mmol/L) -0.087 0.2
Platelets (x109/L) -0.007 0.9
Total cholesterol (mmol/L) -0.109 0.1
HDL-C (mmol/L) -0.073 0.3
LDL-C (mmol/L) -0.090 0.2
Triglyceride (mmol/L) 0.018 0.8
Moderate or severe steatosis (S>2) 0.082 03
Inflammation (=>A1) -0.178* 0.02
Severe fibrosis (F3-F4) -0.177* 0.02
NAS (=5) -0.055 0.4
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# P value was calculated using Pearson’s correlation coefficient. Abbreviations: BMI: Body
Mass Index; Homa-IR: Homeostatic Model Assessment for Insulin Resistance; ALT: Alanine
Aminotransferase; AST: aspartate aminotransferase; GGT: Gamma-glutamyl transferase;
Fasting BSL: fasting blood sugar test; HDL-C: high-density lipoprotein cholesterol; LDL-C:

low-density lipoprotein cholesterol; NAS: NAFLD Activity Score.

a b
80 r=0.2889, p= 0.0002** 100 r=-0.013, p=0.9
— 60 80
E [
) s 60
< 404 2 (M e xmmimmmmmmmmm
= ’ L @ - !
o i 2 40
20 20+
0__I_T_I_H_ITV_P_T_I_T_|_ITI_H_ITI_I_I_ITI_H_I_] O_ﬂ_lﬂ'_l_ﬁ_l_r_'—l_l_'_lﬂ_l_l_l_l_l_rl_l_l_l_'_l_l_l_l_‘l
0 1000 2000 3000 0 1000 2000 3000
Telomere (length per diploid cell) Telomere (Length per diploid cell)

Figure 3.3: Correlation of telomeres length and a) BMI, and b) Age in patients with
MAFLD. Data were analysed using Spearman's rank correlation. *P<0.05, **P<0.01,

#44P<() 001, ***¥P<0.0001,
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3.3.5 Characteristics of clinical and histopathological features between lean and non-lean

MAFLD in validation cohort

To ascertain the validity of my findings discerned in the initial cohort, I apted to test it in an
independent validation cohort of MAFLD patients recruited at Valme University Hospital,
Spain.

This cohort comprised of 151 patients, including 25 with lean MAFLD, and 126 were non-lean
MAFLD. The mean age was comparable between lean MAFLD (47.4£15.3 years) and non-
lean MAFLD groups (46.5£11 years; P=0.7). As expected, BMI was significantly lower in the
lean MAFLD group (22.5£1.9 kg/m?) compared to the non-lean MAFLD group (41.5+8.7
kg/m?; P<0.001).

Notably, lean MAFLD was lower in HOMA-IR (P=0.01), ALT (P=<0.001), AST (P=0.03),
GGT (P=0.02), fasting blood glucose (P=0.02) and severe steatosis (P=0.005) than non-lean
MAFLD. While HDL-C was higher in lean MAFLD (P=0.02) than non-lean MAFLD. While
there were no significant differences between groups in gender distribution, dyslipidaemia,

albumin, platelets count, total cholesterol, and triglyceride or histological features (Table. 3.5).
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Table 3.5: Clinical and histological characteristics of patients with lean and non-lean

MAFLD in the validation cohort

Lean MAFLD Non-lean MAFLD P Value
(n=25) (n =126)
Age (years) 474 £153 46.5 £ 11 0.7
Male (%) 8 (32) 58 (46) 0.2
Female (%) 17 (68) 68 (54)

BMI (kg/m2) 22.5+19 41.5 £8.7 < 0.001
Hypertension (%) 5 (20) 73 (58.9) <0.001
Dyslipidaemia (%) 1(52) 40 (36.4) 1

Homa-IR 2.1+23 54+3.6 <0.001

ALT (IU/mL) 29.7 £33.2 47.8 £38.7 <0.001

AST (IU/mL) 262 +£17.8 33.7 +£26.7 0.03

GGT 43 +£433 72.9 £111.7 0.01
Fasting BSL (mmol/L) 52+06 6.2+2.1 0.02
Albumin 43.1 £3.1 43 +£3 0.8
Platelet (x109/L) 2504+ 753 237.5+63 0.4
Total cholesterol (mmol/L) 52+1.2 5+0.9 0.5
HDL-C (mmol/L) 1.3+03 1.1+£04 0.01
LDL-C (mmol/L) 34£08 2.8+ 1 0.2
Triglyceride (mmol/L) 1.4+0.5 1.7+1.1 0.1
Adverse Fibrosis (%) 2(8) 29 (23) 0.1
Severe Steatosis (%) 4(37.5) 85 (69.1) 0.005
Severe Inflammation (%) 0 15 (11.9) 0.1

# P value was calculated using independent t-test. Abbreviations: BMI: Body Mass Index;
Homa-IR: Homeostatic Model Assessment for Insulin Resistance; ALT: Alanine
Aminotransferase; AST: aspartate aminotransferase; GGT: gamma-glutamyl transferase;
Fasting BSL: fasting blood sugar test; HDL-C: high-density lipoprotein cholesterol; LDL-C:

low-density lipoprotein cholesterol.
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3.3.6 Lean MAFLD patients have shorter telomere length in validation cohort

Consistently, patients with lean MAFLD had shorter telomere lengths compared with those
with non-lean MAFLD in validation cohort (P=0.07) (Fig. 3.4a) as well as in the pooled cohort

(P=<0.001) (Fig. 3.4b).
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Figure 3.4: Telomere length is shorter in lean patients with MAFLD: a) validation cohort
(n=151). b) Total cohort (n=303). Data are represented by vertical bars and are mean + SEM.

Statistical differences between groups are assessed by Mann-Whitney test. *P<0.05, **P<0.01,

***P<0.001, ****P<(0.0001.

94



3.3.7 Increased serum Malondialdehyde (MDA) in lean MAFLD

Having established robustly that lean MAFLD patients have shorter telomere length. I next
explored potential mechanisms underlying this finding.

Oxidative stress is known to cause DNA damage and accelerate telomere shortening (220). I
hypothesis that oxidative stress contributes to telomere attrition and poor outcomes in lean
MAFLD.

To this end, serum levels of MDA, a marker of lipid peroxidation (221), were measured using
ELISA, including 100 with lean MAFLD, and 100 were non-lean MAFLD. recruited at the
Westmead hospital and with available serum samples. Consistently, compared to non-lean
MAFLD, MDA levels were more frequently detected in serum from lean MAFLD patients

(P=< 0.0001) (Fig. 3.5).
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Figure 3.5: MDA positive percentage measured in the MAFLD cohort. Data are
represented by vertical bars. Statistical differences between groups are assessed by Fisher's

exact test (n=153). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

95



3.3.8 Patients with lean MAFLD have higher oxidative stress levels

To confirm this finding in liver, I examined 8-hydroxy- 2'-deoxyguanosine (8-OHdG), a
marker of oxidative DNA damage, and 4-hydroxynonenal (4-HNE), a marker of lipid
peroxidation and oxidative stress expression by immunohistochemistry (Fig. 3.6a) (222). This
analysis showed that the expression of 8-OHdG and 4-HNE was increased in the liver of lean

MAFLD patients compared to their non-lean counterparts (Fig. 3.6b).
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Figure 3.6: Oxidative stress measured in lean MAFLD. a) ROS signals including 8-OHdG
and 4-HNE were measured by immunohistochemistry in lean and non-lean MAFLD patients
(n=6). The scale bar in the images represents a length of 100 um. b) quantification of 8-OHdG
and 4-HNE by ImagelJ. Data are represented by vertical bars and are mean + SEM. Statistical
differences between groups are assessed by Mann—Whitney test. *P<0.05, **P<0.01,

*#4P<0.001, ****P<(0.0001.
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3.3.9 ROS-mediated telomere attrition in hepatocytes following H20: exposure

I next thought to establish if modulation of ROS levels accounted for the association of lean
MAFLD with shorter telomere lengths. To this end, I treated immortalized human hepatocytes
(IHH), a hepatocyte cell line with H202 (300 nM) and measured the effect on telomere length.
Telomere lengths were significantly decreased in H2O»- treated cells (Fig. 3.7).

Concurrent treatment with mitochondria targeted antioxidant (Mito-Tempo) (10uM), a ROS
inhibitor, abolished H202- induced shortening of telomeres (Fig. 3.7), confirming the

specificity of the effect.
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Figure 3.7: Effect of H:O: and Mito-TEMPO on relative telomere length expression. Data
are represented by vertical bars and are mean + SEM. Statistical differences between groups

are assessed by one—way ANOVA test. *P<(.05, **P<0.01, ***P<0.001, ****P<(0.0001.
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3.3.10 Hepatocyte telomerase activity and TERT expression decline following H:O:

exposure

In the same line, when treated with H>O», hepatocytes exhibited a significant decrease in
telomerase activity compared to mock-treated cells as measured by a telomerase repeat
amplification protocol assay (Fig. 3.8a) and a reduction of Telomerase reverse transcriptase

(TERT) protein expression measured by western blot (Fig. 3.8b).
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Figure 3.8: Effect of Mito-TEMPO on telomerase activity and TERT expression in H:O--
induced oxidative stress. a) Telomerase activity measured by telomerase repeat amplification
procedure test (TRAP). b) TERT protein expression was evaluated by western blot analysis
normalised to GAPDH. Data are represented by vertical bars and are mean = SEM. Statistical
differences between groups are assessed by ordinary one-way ANOVA test. *P<0.05,
**P<0.01, ***P<0.001, ****P<(0.0001. Abbreviation, TERT: Telomerase reverse

transcriptase.
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3.3.11 Hz0: exposure modulates shelterin complex components

Maintenance of telomere length is affected by telomerase as it recognizes the 3'-OH at the ends
of chromosomes and adds telomere repeats de novo using an associated RNA template,
Telomerase RNA component (TERC) (223).

In addition, the structure of telomeres is assembled in association with telomere-specific
proteins, namely the shelterin complex comprising Protection of telomeres protein 1 (POT1),
Telomeric repeat binding factor 1 (TRF1), and Telomeric repeat-binding factor 2 (TRF2). The
shelterin complex binds to telomeric repeats and proper function of the complex is necessary
to avoid induction of the redox DNA damage response (223).

Therefore, to investigate how H>O> induces telomere shortening, RT-PCR was performed to
quantify the mRNA expression levels of POT1, TRF1, TRF2, and TERC. Only the expression
levels for POT1 and TRF2 were increased in cells that were treated with H,O,, this was

reversed with Mito-Tempo, further ascertaining the specificity of this finding (Fig. 3.9).
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Figure 3.9: Modulation of telomere-specific proteins by H202. Data are represented by

vertical bars and are mean + SEM. Statistical differences between groups are assessed by

ordinary one—way ANOVA test. *P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001.
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3.3.12 Telomere length and mortality analysis in the NHANES cohort

Various studies and meta-analysis have shown that obese patients with MAFLD have better
survival than their lean counterparts (216, 218). Finally, to further substantiate that my
observed difference in telomere length could be actually an underlying explanation for this, I
used the NHANES cohort the 1999-2002 cycle database with available Telomere length and
mortality data (210).

During the specified period, DNA samples were collected from participants (>20 years age).
7,827 out of the 21,004 participants provided DNA specimens and consented for future
research. Of the 7,827 participants with available leucocyte telomere length, participants who
were 85 years of age and older were eliminated from the study (n=226) to mitigate survivor
bias. Pregnant individuals (n=445), participants who did not have the essential laboratory tests
for defining liver disease (n=13), as well as subjects with viral hepatitis (HBV or HCV)
(n=176), were excluded from the analysis. Thus, the study cohort comprised 6,967 individuals

(Fig. 3.10).
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Figure 3.10: Flowchart of cohort selection for analysis from NHANES 1999-2002.
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3.3.13 Telomere length and all-cause mortality in lean and non-lean individuals:

NHANES 1999-2002

I examined the association between telomere length and survival among lean and non-lean
groups in the NHANES cohort. The 6,964 participants from the telomere length analysis cohort
with available mortality data had a median follow-up of 218 months (interquartile range, 202—
233). During this period, all-cause cumulative mortality was 1,999 deaths (28.7%).

A decrease in telomere length was associated with increased all-cause mortality in the full
cohort. The hazard ratio (HR) and 95% confidence intervals (CI) for the shortest quartile of
leucocyte telomeres compared with the longest quartile was 1.412 (1.302—1.533; P=<0.001) in
the univariate model and 1.374 (1.260-1.500; P=<0.001) in multivariate model after adjusting
for age, sex, ethnicity, and fibrosis severity (Table. 3.6).

I then examined the relationship between telomere length and all-cause mortality stratified by
lean and non-lean status. Univariate Cox regression analysis of lean (HR 1.5; 95% CI, 1.3-
1.78; P=<0.001) and non-lean (HR 1.4; 95% CI,1.4-1.5; P=<0.001) and multivariate Cox
regression analysis of lean (HR 1.5; 95% CI, 1.3-1.8; P=<0.001) and non-lean (HR 1.3; 95%
CI, 1.2-1.5; P=<0.001) showed that the association between telomere shortening and mortality

is more pronounced among lean (Table. 3.6).
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Table 3.6: Univariable and multivariable Cox regression survival models in the NHANES

cohort and in lean and non-lean subsets: Effect of telomere length quartiles (compared

with longest telomere quartile [Quartile 1]) on all-cause mortality

Total population
Quartile 1
Quartile 2
Quartile 3
Quartile 4

Lean
Quartile 1
Quartile 2
Quartile 3
Quartile 4
Non-lean
Quartile 1
Quartile 2
Quartile 3
Quartile 4

Univariable model
HR (95% CI)

1.298 (1.192-1.413)
1.352 (1.242-1.472)
1.412 (1.302-1.533)

1.382 (1.172-1.629)
1.376 (1.168-1.621)
1.524 (1.306-1.777)

1.266 (1.145-1.399)
1.333 (1.206-1.474)
1.365 (1.237-1.506)

P
value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

Multivariable model

HR (95% CI)

1.271 (1.165-1.387)
1.324 (1.213-1.446)
1.374 (1.260-1.500)

1.372 (1.160-1.624)
1.378 (1.163-1.633)
1.496 (1.269-1.764)

1.231 (1.111-1.364)
1.291 (1.163-1.433)
1.322 (1.191-1.468)

P value

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

# P value was calculated for the test of trend across HR. Abbreviations: HR: hazard ratio; CI:

confidence interval. The multivariable model was adjusted for age, sex, ethnicity, and severe

fibrosis.
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3.3.14 Association between telomere length and mortality in the presumed MAFLD

cohort

Next, in another set of models created to confirm the observed relationship between telomere
length and mortality is stand also with patient of MAFLD. A decrease in telomere length was
associated with increased all-cause mortality in the full cohort of presumed MAFLD. The HR
and 95% CI for the shortest quartile of leukocyte telomeres compared with the longest quartile
was 1.400 (1.23-1.594; P=<0.001) in the univariate model and 1.393 (1.213-1.599; P=<0.001)
in multivariate model after adjusting for age, sex, ethnicity, and fibrosis severity (Table. 3.7).
I then examined the relationship between telomere length and all-cause mortality stratified by
lean and non-lean status. Univariate Cox regression analysis of lean (HR 1.581; 95% CI, 1.162-
2.151; P=<0.001) and non-lean (HR 1.363; 95% CI, 1.179-1.575; P=<0.001). The multivariate
Cox regression analysis of lean (HR 1.526; 95% CI1,1.093-2.130; P=<0.001) and non-lean (HR
1.354; 95% CI, 1.160-1.580; P=<0.001) showed that the association between telomere

shortening and mortality is more pronounced among lean presumed MAFLD (Table. 3.7).
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Table 3.7: Univariable and multivariable Cox regression survival models in the

presumed MAFLD cohort and in lean and non-lean subsets: Effect of telomere length

quartiles (compared with longest quartile [Quartilel]) on all-cause mortality

Total population
Quartile 1
Quartile 2
Quartile 3
Quartile 4

Lean
Quartile 1
Quartile 2
Quartile 3
Quartile 4
Non-lean
Quartile 1
Quartile 2
Quartile 3
Quartile 4

Univariable model
HR (95% CI)

1.377 (1.208-1.571)
1.463 (1.282-1.669)
1.400 (1.23-1.594)

1.437 (1.050-1.967)
1.558 (1.139-2.129)
1.581 (1.162-2.151)

1.369 (1.183-1.583)
1.436 (1.240-1.663)
1.363 (1.179-1.575)

P value

<0.001
<0.001
<0.001

0.02
0.005
0.004

<0.001
<0.001
<0.001

Multivariable model

HR (95% CI)

1.370 (1.198-1.568)
1.467 (1.279-1.682)
1.393 (1.213-1.599)

1.403 (1.013-1.945)
1.541 (1.107-2.144)
1.526 (1.093-2.130)

1.365 (1.176-1.584)
1.434 (1.231-1.670)
1.354 (1.160-1.580)

P value

<0.001
<0.001
<0.001

0.04
0.01
0.01

<0.001
<0.001
<0.001

# P value was calculated for the test of trend across HR. Abbreviations: HR: hazard ratio; CI:

confidence interval. The multivariable model was adjusted for age, sex, ethnicity, and severe

fibrosis.
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3.3.15 Association between continuous telomere length and mortality in lean and non-

lean MAFLD

In addition, when telomere length was represented as a continuous variable, a decrease in
telomere length was associated with an increased risk of all-cause mortality of total population
in the univariate model (HR 1.508; 95% CI, 1.275-1.782; P=<0.001) and in multivariate model
(HR 1.519; 95% CI, 1.265-1.825; P=<0.001) (Table. 3.8).

I then stratified the telomere length into lean and non-lean. This again was more profound
among lean patients with MAFLD in univariate model (HR 1.728; 95% CI, 1.190-2.511;
P=0.004) and in multivariate model (HR 1.712; 95% CI, 1.125-2.606; P=0.01), non-lean
univariate model (HR 1.455; 95% CI, 1.204—1.759; P=<0.001) and in multivariate model (HR

1.461; 95% CI, 1.188—1.796; P=<0.001) (Table. 3.8).

Table 3.8: Univariable and multivariable Cox regression survival model in the presumed
MAFLD cohort and in lean and non-lean subsets: Effect of telomere length (as a

continuous variable) on all-cause mortality

Univariable model P value Multivariable model P value
HR (95% CI) HR (95% CI)
Total population
1.508 (1.275-1.782)  <0.001 1.519 (1.265-1.825) <0.001
Lean
1.728 (1.190-2.511) 0.004 1.712 (1.125-2.606) 0.01
Non-lean
1.455 (1.204-1.759)  <0.001 1.461 (1.188-1.796) <0.001

# P value was calculated for the test of trend across HR. Abbreviations: HR: hazard ratio; CI:
confidence interval. The multivariable model was adjusted for age, sex, ethnicity, and severe

fibrosis.

108



3.4 Discussion

Lean individuals represent a significant subgroup of MAFLD patients who experience worse
long-term outcomes despite more favorable metabolic and histological features at diagnosis
(224). Still, the underlying mechanisms driving disease progression in this population remain
poorly understood (225).

In this chapter, I identified an unrecognized mechanism that helps explain the apparent
contradiction, demonstrating that lean MAFLD patients have significantly shorter telomeres
compared to their non-lean counterparts. This shortening is strongly associated with higher
oxidative stress, more fibrosis, and increased all-cause mortality, which at least partially
accounts for this clinical paradox.

Previous studies suggest that lean MAFLD exhibits distinct metabolic adaptations, including
increased bile acid signaling and upregulation of the Farnesoid X Receptor (FXR) pathway.
These changes are thought to contribute to more favorable metabolic and histological features
(103). However, the long-term clinical results of lean patients remain challenging to understand
(68, 216). The current work presents a novel testable hypothesis that identifies telomere
shortening as the reason behind these paradoxical clinical findings. I speculate that due to the
energy costly maintenance of telomere, this telomere attrition in lean MAFLD patients
represents the unwanted negative consequences of the adaptive metabolic mechanisms among
them, in line with the metabolic telomere attrition hypothesis (219).

The fundamental principle of the costly maintenance hypothesis states that telomere
maintenance requires energy expenditure for both preventing telomere shortening and
extending telomeres (68). The body shortens telomeres as an adaptive response when energy
demands become extremely high or metabolic stress occurs to redirect essential resources

toward urgent processes(219). The body chooses to support survival functions that require
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immediate attention instead of investing energy in sustaining long telomeres (219). The
prolonged existence of metabolic stress, as in the case of MAFLD and telomere shortening,
could lead to detrimental effects on survival rates.

To further clarify the underlying mechanisms of these changes in telomere among lean
MAFLD, I explored if it is mediated by changes in oxidative stress, a known primary factor
responsible for telomere shortening (226). Consistently, I confirmed that patients with lean
MAFLD have increased circulating and tissue ROS levels, which I confirmed to induce
telomere shortening and decrease telomeric activity in hepatocyte cell line. An effect could be
reversed using specific ROS inhibitors, further ascertaining the specificity of this pathway.

To further clarify the underlying mechanisms for these effects, my study showed that the
mRNA expression level of telomere length regulatory proteins TRF2 and POT1 function,
which acts as cis-negative regulators of telomere length (227) increased in hepatocytes when
exposed to H20: under oxidative stress conditions, implying that ROS contributes to telomere
shortening in hepatocytes by inducing the expression of both POT1 and TRF2.

Mitochondria represent the main site of ATP synthesis and are considered the powerhouse of
the cells, but they also produce most of the endogenous ROS (228). The process of ATP
production creates a natural trade-off between energy supply and oxidative stress reduction, as
ROS production increases with ATP generation efficiency. The shift in the trade-off between
energy production and ROS generation could ultimately contribute to the discerned telomere
shortening in lean MAFLD patients.

Recent evidence indicates that telomere attrition is consistently linked to higher mortality
across a diverse range of diseases, including cardiovascular, respiratory, hepatic, digestive, and
musculoskeletal diseases (217). Notably, my analysis utilizing the NHANES cohort, revealed

that the relationship between telomere length and mortality varies between lean and non-lean
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patients with liver disease, as it was more pronounced in lean individuals. Supporting this
observation, a recent study using the same cohort found an inverse association between
leukocyte telomere length and advanced fibrosis exclusively in lean participants, with no
significant association observed in non-lean individuals (229).

The strengths of this study include the use of both large-scale population data and well
characterized clinical cohorts and supportive functional analysis, aiming to address the long-
standing clinically relevant paradox of the natural history of lean MAFLD patients. However,
several limitations include, first, that telomere length was assessed in whole blood, rather than
liver tissue or specific blood cells. However, previous studies have shown that measurements
in peripheral blood strongly correlate with telomere length in liver tissue (230). Second, due to
the cross-sectional nature of our study, the telomere length data were obtained from a single
time point. However, this analysis was supported by our analysis in the NHANES cohort, with
available outcome data.

In summary, my study identifies shorter telomere length as a significant and independent
predictor of increased fibrosis and higher all-cause mortality in patients with lean MAFLD,
which is mediated by greater oxidative stress compared to their non-lean counterparts. This
telomere shortening was closely associated with worse clinical outcomes. These findings
suggest that telomere dynamics, driven by oxidative stress, may help explain the poor long-
term prognosis in this subgroup. Recognizing telomere shortening as a marker of disease
severity offers a potential avenue for improved risk stratification and targeted intervention in

lean MAFLD.
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Chapter 4: GDF-15 and mortality in Lean MAFLD
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4.1 Introduction

While lean individuals with MAFLD often appear metabolically healthier compared to their
non-lean counterparts, they paradoxically experience higher mortality (231, 232). In the
previous chapter, I identified that lean MAFLD patients had greater oxidative stress and shorter
telomeres than non-lean MAFLD patients, suggesting that stress-induced telomere shortening
may contributing to poorer outcomes (233, 234). This observation may be driven by impaired
increases in ROS production, which can not only damage DNA and accelerate telomere
shortening (228), but may also limits the activation of protective stress-response pathways such
as GDF-15 (235).

GDF-15 is a key stress-responsive cytokine that has been implicated in various adverse health
outcomes and is widely used as a marker of increased mortality risk (236). GDF-15 is induced
under physiological stress such as that resulting from an obesogenic diet, and play a role in
regulating energy homeostasis (237). Furthermore, it is induced by mitochondrial stress and
can reduce oxidative stress and ROS generation (238). Therefore, impaired GDF-15 signaling
may hinder mitochondrial stress adaptation, promote oxidative damage, and contribute to
telomere attrition in lean MAFLD. One potential mechanism underlying this dysregulation is
DNA methylation, which can suppress GDF-15 transcription and lower circulating protein
levels (239, 240). In this chapter, I explore the hypothesis that epigenetic suppression of GDF-
15 contributes to greater oxidative stress, telomere shortening, and increased mortality risk in
lean MAFLD. To test this, I examined differences in circulating GDF-15 andGDF15 between
lean and non-lean MAFLD patients, and their correlation with telomere length in a biopsy-
proven MAFLD cohort from Westmead Hospital and the National Health and Nutrition
Examination Survey (NHANES) dataset, respectively. This was complemented by in vitro

hepatocyte experiments to validate the mechanistic effects of GDF-15 on oxidative stress and
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telomere regulation.

4.2 Method

Patient cohort

A total of 153 patients with biopsy-proven MAFLD were included from Westmead Hospital,
Australia.

Lean MAFLD was defined according to the international consensus guidelines (209).
Individuals with dual aetiologies were excluded, including concomitant diagnosis of excess
alcohol intake (> 20 g per day for females and > 30 g per day for males), chronic viral hepatitis
(hepatitis B and hepatitis C), and drug-induced liver injury.

Ethics approval was obtained from the Human Research Ethics Committees of the Western
Sydney Local Health District and the University of Sydney.

The NHANES database from 1999 to 2002 which collected blood samples from adults aged
50 years and above for DNA purification purposes was used (210). Among the 21,004
participants, 2,532 had their DNAm-GDF15 measured. 189 participants were excluded due to
incomplete mortality data and therefore the final analysis cohort comprised 2,343 individuals.
Mortality data were obtained by linking participant information from NHANES to the NDI.
Follow-up time was calculated from the date of the initial survey to the earlier of either the
most recent mortality update or the NDI database cut-off date (December 31, 2019). The main
outcomes assessed were deaths from all-cause mortality, cardiovascular mortality, cancer
mortality and other cause mortality.

Cell culture and molecular assays

IHH were cultured in Williams’ E medium supplemented with 10% fetal bovine serum and 1%

penicillin/streptomycin. Cells were treated with H202 with or without GDF-15. Total RNA
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was extracted and converted to cDNA, and gene expression of GDF-15 was assessed using RT-
PCR (reverse transcription-polymerase chain reaction). In addition, GDF-15 protein levels were
quantified by ELISA.

Telomerase activity assay

Telomerase activity was measured using the TRAPeze telomerase detection kit. Cell lysates
were processed with telomerase repeat amplification procedure (TRAP) PCR under standard
cycling conditions. Products were separated by agarose gel electrophoresis and visualized with
ethidium bromide using a ChemiDoc imaging system.

Statistical analysis

Data analysis was conducted with GraphPad Prism software version 10. Data are presented as
the mean + standard error of the mean (SEM). One-way analysis of variance (ANOVA) was
used for multi-group research, whereas the student’s t-test was applied for two groups
comparisons. IBM SPSS Statistics was used for the analysis of public datasets. P-value <0.05

denote the presence of a statistically significant difference.
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4.3 Results

4.3.1 Circulating GDF-15 protein levels are associated with inflammation and fibrosis in

MAFLD

GDF-15 is a mitochondrial stress—induced cytokine known to raise in response to inflammation
and tissue injury (241, 242). To assess whether GDF-15 reflects disease severity in MAFLD, |
measured circulating GDF-15 protein levels in the serum samples in a cohort of 153 MAFLD
patients by ELISA. In this analysis, no difference in levels of GDF-15 was observed according
to steatosis stage (Fig. 4.1a), but this was observed according to inflammation level and fibrosis

stage, respectively (Fig. 4.1b, ¢).
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Figure 4.1: Circulating GDF-15 protein levels and histological features in patients with
MAFLD: a) steatosis, b) inflammation, ¢) fibrosis. Data are represented by vertical bars and
are mean = SEM. Statistical differences between groups are assessed by Mann—Whitney test.

*P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001.
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Next, in a multivariable logistic regression analysis, the association between circulating GDF-
15 protein levels and fibrosis remained significant after adjusting for age, BMI, sex, ALT, and

platelets (OR=1.001; 95% CI: 1.000-1.001; P=<0.001) (Table. 4.1).

Table 4.1: Multivariable analysis of factors associated with fibrosis stage >3

Variable Odd Ratio 95% CI P value
GDF-15 (pg/ml) 1.001 1.000-1.001 <0.001
Age (years) 0.98 0.93-1.03 04

Male 3.39 1.02-11.27 0.04
AST (IU/mL) 1.009 0.99-1.02 0.1
Platelets (x109/L) 0.99 0.98-0.99 0.01

# P value was calculated using multivariable logistic regression analysis. Abbreviations: GDF-

15: Growth differentiation factor 15; AST: Aspartate aminotransferase.
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4.3.2 Circulating GDF-15 protein levels are lower in lean compared to non-lean MAFLD

patients

Given that GDF-15 is a marker of mitochondrial stress and inflammation (243), and lean
MAFLD patients were previously found to have elevated oxidative stress and telomere
shortening in chapter 3. I then investigated whether GDF-15 protein levels differed by BMI.
Patients with lean MAFLD were found to have significantly lower GDF-15 protein levels

compared with their non-lean counterparts (P=0.03) (Fig. 4.2).
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Figure 4.2: Mean concentration of GDF-15 protein levels in patients with lean and non-
lean MAFLD. Data are represented by vertical bars and are mean £ SEM (n=153). Statistical
differences between groups are assessed by Mann—Whitney test. *p<0.05, **p<0.01,

*x%p<(0.001, #**#*p<0.0001.
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To determine whether circulating GDF-15 protein levels are independently associated with

lean MAFLD. I performed multivariable logistic regression. The association between GDF-15

protein levels and lean MAFLD remained significant after adjusting for age, BMI, sex, ALT,

and platelets in a multivariable logistic regression analysis (OR=1.000; 95% CI: 1.000—1.001;

P=0.03). (Table. 4.2).

Table 4.2: Multivariable analysis of factors associated with lean MAFLD

Variable Odd Ratio
GDF-15 (pg/ml) 1.000
Age (years) 0.98
Male 0.85
AST (IU/mL) 0.99
Platelets (x109/L) 0.99

95% CI

1.000-1.001

0.94-1.02

0.32-2.29
0.98-1.009
0.99-1.005

P value

0.03
0.4
0.7
0.5
0.6

# P value was calculated using multivariable logistic regression analysis. Abbreviations: GDF-

15: Growth differentiation factor 15; AST: Aspartate aminotransferase.
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4.3.3 DNAm-GDF15 levels are elevated in lean MAFLD

As I have identified that circulating GDF-15 protein levels were lower in lean compared to
non-lean MAFLD patients. I next considered whether this reduction could be due to epigenetic
silencing. Therefore, I next investigated if the DNAm-GDF15 levels differ between those with
lean and non-lean MAFLD. This analysis was performed in the NHANES database, where
among the 21,004 participants, 2,343 had their DNAmM-GDF15 measured. Consistently,
DNAm-GDF15 levels were significantly elevated in lean compared to non-lean MAFLD

patients (951.6+151.7 vs. 918.9+£143.7, P=0.01, respectively) (Fig. 4.3).
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Figure 4.3: DNAm-GDF15 comparison between lean MAFLD and non-lean MAFLD.

Data are represented by individual values and are median. Statistical differences between

groups are assessed by Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.4 Higher DNAm-GDF1S5 predicts increased all-cause mortality

DNA methylation also has the potential to affect gene expression and is being increasingly
examined as a predictor of disease risk and mortality (244). Given the elevated DNAm-GDF15
in lean MAFLD patients, I next examined whether higher DNAm-GDF15 predicts mortality in
a large population cohort. The study included 2,343 participants from the NHANES database
with available DNAm-GDF15 and outcome data who had a median follow-up of 250 months
(interquartile range, 123-226). During this period, all-cause cumulative mortality was 1,202
deaths (51.3%).

First, I explored the link between DNA methylation-predicted GDF15 (DNAm-GDF15) levels
stratified by quartiles and all-cause mortality in the overall cohort. In this analysis, a stepwise
increase in mortality risk with higher DNAm-GDF15 quartiles was observed, with individuals
in the highest quartile (Q4) exhibited a (HR: 8.33; 95% CI: 6.84-10.15, P<0.001) for all-cause

mortality compared to those in the lowest quartile (Q1) (Fig. 4.4).
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Figure 4.4: Mortality stratified by DNAm-GDF15 quartiles in the all-cause mortality.
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Data presented by Cox Regression survival curves.
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4.3.5 Stepwise increase in cause-specific mortality across DNAm-GDF15 quartiles

After establishing that higher DNAmM-GDF15 is associated with increased all-cause mortality.

I next examined whether this epigenetic marker is associated with cause-specific mortality.

Similarly, individuals in the highest quartile (Q4) exhibited higher cardiovascular disease

(CVD)-related mortality (HR: 20.53; 95% CI: 13.22-31.87; P<0.001) (Fig. 4.5a), cancer-

related mortality (HR: 9.78; 95% CI: 6.65-14.38; P<0.001) (Fig. 4.5b), and other causes

mortality (HR: 11.91; 95% CI: 9.07-15.65; P<0.001) (Fig. 4.5¢). compared to those in the

lowest quartile (Q1).
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Figure 4.5: Mortality stratified by DNAm-GDF15 quartiles in cause-specific mortality. a)

CVD-related mortality. b) Cancer-related mortality. ¢) Other causes mortality. Data presented

by Cox Regression survival curves.
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4.3.6 Independent association of DNAm-GDF15 with all-cause and cause-specific

mortality

To confirm that DNAm-GDF15 is independently associated with mortality outcomes, I also
performed multivariate Cox regression analysis using quartiles of DNAm-GDF15 after
adjusting for age, sex, ethnicity, ALT, AST. The association remained significant with the
hazard ratio for the highest quartile of DNAm-GDF15 compared with the lowest quartile was
(HR:2.52;95% CI: 1.93-3.28; P<0.001) for all-cause mortality, (HR: 3.7; 95% CI: 2.10-6.51;
P<0.001) for CVD-related mortality, (HR: 2.66; 95% CI: 1.56—4.53; P<0.001) for cancer-
related mortality, and (HR: 2.81; 95% CI: 1.95-4.05; P<0.001) for other causes of death
(Table. 4.4).

Table 4.4: Multivariate Cox regression analysis of DNAm-predicted GDF-15 and risk of
all-cause and cause-specific mortality in overall cohort
Overall cohort P value

HR (95% CI)
All-cause mortality

Quartile 1

Quartile 2 1.35 (1.08-1.68) 0.008
Quartile 3 1.79 (1.41-2.27) <0.001
Quartile 4 2.52 (1.93-3.28) <0.001

CVD related mortality

Quartile 1

Quartile 2 1.77 (1.08-2.88) 0.02
Quartile 3 2.18 (1.29-3.66) 0.003
Quartile 4 3.7(2.1-6.51) <0.001

Cancer related mortality

Quartile 1

Quartile 2 1.09 (0.7-1.67) 0.6
Quartile 3 1.57 (0.99-2.51) 0.05
Quartile 4 2.66 (1.56-4.53) <0.001

Other cause related mortality

Quartile 1

Quartile 2 1.32(0.97-1.81) 0.07
Quartile 3 1.8 (1.29-2.51) <0.001
Quartile 4 2.81(1.95-4.05) <0.001

# P value was calculated using the test of trend of HR. The multivariable model was adjusted
for age, sex, ethnicity, ALT, AST. Abbreviations: HR: hazard ratio; CI: confidence intervals;
CVD: cardiovascular disease.
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4.3.7 DNAm-GDF15 as a predictor of increased all-cause mortality in the presumed

MAFLD cohort

After I confirmed the association between DNAm-GDF15 and mortality in the overall cohort,

then I investigated whether the same relationship exists within the subgroup of individuals with

presumed MAFLD. Notably, a similar trend was observed within the subset of 789 patients

with presumed MAFLD, 158 (20%) of them were lean. The mortality risk increased with higher

DNAm-GDF15 quartiles, with individuals in the highest quartile (Q4) exhibiting a (HR: 8.18;

95% CI: 5.78—-11.59; P<0.001) for all-cause mortality compared to those in the lowest quartile

(Q1) (Fig. 4.6).
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Figure 4.6: Mortality stratified by DNAm-GDF15 quartiles in the all-cause mortality of

presumed MAFLD cohort. Data presented by Cox Regression survival curves.
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4.3.8 Higher DNAmM-GDF15 predicts CVD, cancer, and other causes mortality in the

presumed MAFLD cohort

I next examined whether this epigenetic marker is also associated with cause-specific mortality
in the presumed MAFLD cohort. A stepwise increase in mortality risk with higher DNAm-
GDF15 quartiles was observed. Individuals in the highest quartile (Q4) exhibited for cause-
specific mortality compared to those in the lowest quartile (Q1), namely cardiovascular disease
(CVD)-related mortality (HR: 19.8; 95% CI: 8.32-47.16; P<0.001) (Fig. 4.7a), cancer-related
mortality (HR: 10.57; 95% CI: 5.25-21.29; P<0.001) (Fig. 4.7b), and other causes mortality

(HR: 10.15; 95% CI: 6.45-15.97; P<0.001) (Fig. 4.7¢).
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Figure 4.7: Mortality stratified by DNAm-GDF15 quartiles in cause-specific mortality of
presumed MAFLD cohort. a) CVD-related mortality. b) Cancer-related mortality. ¢) Other

causes mortality. Data presented by Cox Regression survival curves.
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4.3.9 Mortality risk increases across DNAm-GDF15 quartiles in MAFLD cohort

To confirm that DNAmM-GDF15 is independently associated with mortality outcomes, I
performed multivariate Cox regression using quartiles of DNAm-GDF15 after adjusting for
age, sex, ethnicity, ALT, AST. The association remained significant with the hazard ratio of
the highest quartile of DNAmM-GDF15 compared with the lowest quartile was (HR: 3.19; 95%
CI: 2.00-5.07; P<0.001) for all-cause mortality, (HR: 3.34; 95% CI: 1.06-10.52; P=0.04) for
CVD-related mortality, (HR: 7.48; 95% CI: 3.11-17.95; P<0.001) for cancer-related mortality,
and (HR: 3.07; 95% CI: 1.62-5.82; P<0.001) for other causes of death (Table. 4.5).

Table 4.5: Multivariate Cox regression analysis of DNAm-predicted GDF-15 and risk of

all-cause and cause-specific mortality in presumed MAFLD cohort

Presumed MAFLD P value
HR (95% CI)

All-cause mortality

Quartile 1

Quartile 2 1.21 (0.82-1.77) 0.3
Quartile 3 1.86 (1.24-2.79) 0.003
Quartile 4 3.18 (2.-5.07) <0.001

CVD related mortality

Quartile 1

Quartile 2 1.59 (0.63-3.98) 0.3
Quartile 3 1.73 (0.64-4.7) 0.2
Quartile 4 3.34(1.06-10.51) 0.039

Cancer related mortality

Quartile 1

Quartile 2 1.34 (0.65-2.75) 0.425
Quartile 3 2.65(1.22-5.78) 0.014
Quartile 4 7.47 (3.11-17.95) <0.001

Other cause related mortality

Quartile 1

Quartile 2 1.03 (0.61-1.75) 0.891
Quartile 3 1.81 (1.04-3.13) 0.034
Quartile 4 3.06 (1.61-5.81) <0.001

# P value was calculated using the test of trend of HR. The multivariable model was adjusted
for age, sex, ethnicity, ALT, AST. Abbreviations: HR: hazard ratio; CVD: cardiovascular

disease.
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Telomere

4.3.10 Negative association between DNAm-GDF1S5 and telomere length, stronger in lean

MAFLD

Telomere length is negatively associated with morality risk (245), and patients with lean
MAFLD were found to have shorter telomere length, linked with the observed higher mortality
in them compared with their non-lean counterparts in the chapter 3.

Thus, I next sought to determine whether DNAm- GDF15 level correlated with telomere
length. Consistently, a significant negative correlation between DNAm-GDF15 and telomere
length was discerned (r=—0.19, P<0.0001) (Fig. 4.8a). This negative correlation was stronger

in lean (r= —0.23, P=0.003) (Fig. 4.8b) compared to non-lean MAFLD subjects (= —0.19,

P<0.0001) (Fig. 4.8c¢).
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Figure 4.8: Correlation between DNAm-GDF15 and Telomere. a) Overall cohort. b) Lean
MAFLD cohort. ¢) Non-lean MAFLD cohort. Data were analysed using Spearman's rank

correlation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.11 DNAm-GDF15 mediates the association between telomere length and mortality

To explore whether DNAmM-GDF15 levels mediate the correlation between telomere length and

mortality, I conducted a mediation analysis. The analysis revealed that while longer telomere

length was associated with a reduced risk of mortality, with a direct effect size of -1.02

(P<0.001), interestingly, the indirect effect mediated by DNAm-GDF15 was more profound,

with an effect size of -1.15 (P=0.008) (Fig. 4.9).
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Figure 4.9: Mediation analyses of DNAm-GDF15, telomere effect on mortality.

Data were analysed using mediation analysis. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.3.12 GDF-15 prevents oxidative stress-induced telomere attrition in hepatocytes

Finally, to experimentally validate the role of GDF-15 in protecting against telomere damage
under oxidative stress, I pretreated IHH cells with GDF-15 before challenging with H2O», a
known inducer of ROS and telomere damage (246). GDF-15 led to a marked reverse of the

H>O> effect on telomere length (Fig. 4.10a) and telomerase activity (Fig. 4.10b).
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Figure 4.10: Role of the GDF-15 in regulating telomere length: a) Relative telomere length
expression. b) Telomerase activity in IHH cells challenged with H202 (n=3). Data are
represented by vertical bars and are mean = SEM. Statistical differences between groups are

assessed by Ordinary one-way ANOVA test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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4.4 Discussion

In this chapter, I identified a novel additional and possibly hitherto unknown mechanism that
provides an integrated explanation of the observed paradox of increased mortality risk among
lean MAFLD patients, despite having more favorable metabolic profiles, compared to their
non-lean MAFLD counterparts. Collectively, my findings demonstrate that lean MAFLD
patients have significantly lower circulating GDF-15 protein compared with their non-lean
MAFLD counterparts. Consistently, DNAm-GDF15 was elevated in lean MAFLD patients
relative to non-lean patients, and higher DNAm-GDF15 was strongly associated with both all-
cause and cause-specific mortality. DNAm-GDF15 also showed a negative correlation with
telomere length, which was more pronounced in lean MAFLD. Mediation analysis further
revealed that DNAmM-GDF15 mediates the association between telomere attrition and mortality.
Finally, GDF-15 treatment significantly reversed the effect of H202 on telomere length.

To elaborate, the clinical trajectory of lean MAFLD is still not well understood. Recently, it
was identified that this entity represents a distinct entity mediated by metabolic adaptations,
including enhanced bile acid signaling, which initially contributes to a more favorable
histological profile. However, as the disease progresses, these adaptations may become
ineffective, potentially due to endotoxemia-driven epigenetic changes that attenuate bile acid
signalling (103, 104).

Paradoxically, despite more favorable clinical and metabolic characteristics, epidemiological
evidence consistently shows that lean MAFLD patients have higher mortality rates than their
obese counterparts (247, 248). My findings across this chapter and previous chapter suggest
that telomere attrition, driven by heightened oxidative stress and reduced GDF-15 levels, may

explain this paradox.
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The increased levels of serum and hepatic lean individuals with MAFLD in the previous
chapter may be explained by the current finding of suppressed GDF-15 protein levels. GDF-
15 is known to reduce oxidative stress by modulating mitochondrial membrane potential and
limiting ROS production. A reduction in GDF-15 may impair this protective mechanism
against oxidative stress, leading to elevated ROS levels (249, 250). This finding is consistent
with evidence from the general population, where GDF-15 is recognized as a stress-responsive
cytokine typically elevated in individuals with obesity compared to healthy lean individuals
(251).

Interestingly, previous studies have found no significant difference in fibroblast growth factor
21 (FGF-21) levels between lean and non-lean MAFLD patients (142, 252) FGF-21 is another
important hepatic metabolite that responds to mitochondrial dysfunction and plays a role in
systemic metabolic adaptation to the mitochondrial integrated stress response (253). The
unique suppression of GDF-15 in lean MAFLD patients suggests a specific role for this
pathway in this population.

To explain the reduction of GDF-15, my study demonstrates that DNAm-GDF15 levels are
significantly elevated in individuals with lean MAFLD compared to non-lean MAFLD,
supporting the hypothesis that DNA methylation may epigenetically suppress GDF-15
expression. Given that hypermethylation is known to downregulate gene transcription (254),
this mechanism likely contributes to the lower circulating GDF-15 levels observed in these
patients. Notably, elevated DNAm-GDF15 levels were strongly associated with increased all-
cause and cause-specific mortality, independent of potential confounders, underscoring their
prognostic significance.

A negative correlation between DNAm-GDF15 and telomere length was more pronounced in
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lean MAFLD, and mediation analysis indicated that DNAm-GDF15 mediates the association
between telomere shortening and mortality. Collectively, these findings suggest that DNAm-
GDF15 may represent a potential pathway linking telomere attrition, mitochondrial
dysfunction, and adverse clinical outcomes in lean MAFLD.

This study has several strengths, including the integration of a large-scale population-based
cohort with another well-characterized biopsy-proven cohort. It employs a multipronged
analytical approach, incorporating cause-specific mortality data, mediation analysis, and
mechanistic analysis. Together, these methods provide valuable insights into a long-standing
clinical paradox of lean MAFLD. However, the study also has multiple noteworthy limitations.
The small sample size of lean MAFLD patients and the lack of data on methylation and GDF15
expression within the same cohort restrict the potential for direct causal inferences.
Additionally, DNAmM-GDF15 was measured in peripheral blood rather than in liver tissue
within the NHANES dataset.

In conclusion, my work in this chapter identifies that individuals with lean MAFLD have
significantly lower circulating levels of GDF-15 compared to their non-lean MAFLD
counterparts. Additionally, they have elevated DNAm-GDF15 levels that were found to
inversely correlate with telomere length, while also showing a positive correlation with higher
mortality risk. This presents a novel mechanism that explains the increased mortality risk in

lean MAFLD patients compared to those who are non-lean.
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Chapter 5: Differential mitochondrial profile in lean

MAFLD
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5.1 Introduction

Lean MAFLD represents a substantial subgroup, accounting for approximately 20% of all
patients with MAFLD worldwide (68, 78). Despite this, lean patients remain less investigated
than their non-lean counterparts, and the mechanisms that drive disease in this population are
poorly defined (255).

Mitochondria are essential hubs of metabolism, energy homeostasis, and redox balance. They
generate ATP through oxidative phosphorylation and produce ROS that activate adaptive stress
pathways (256, 257). When mitochondrial structure or function is impaired, protective
signaling fails, leading to hepatocellular injury, inflammation, and fibrosis (258, 259). While
mitochondrial impairment is well recognized in metabolic liver disease (260), it remains
unclear whether lean and non-lean MAFLD differ in their mitochondrial profile including
structure, function, or adaptive capacity.

Building on my findings from Chapter 4, I demonstrated that lean MAFLD is
characterised by suppressed circulating GDF-15 protein levels and elevated DNAm-GDF15,
consistent with epigenetic suppression of GDF-15 expression and impaired stress adaptation.
Given that GDF-15 is a stress-responsive cytokine induced by mitochondrial dysfunction
(261), its suppression in lean MAFLD suggested that mitochondrial features may differ in this
subgroup.

This chapter therefore tests the hypothesis that mitochondrial differ between lean and non-lean
MAFLD. To address this, I compared mitochondrial morphology, mtDNA content, and
respiratory complex expression in lean versus non-lean MAFLD, using both well-established
dietary mouse models and human liver tissue. By integrating ultrastructural and molecular data,

this chapter characterises the mitochondrial profile of lean MAFLD.
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5.2 Methods

Molecular assays

Mitochondrial DNA (mtDNA) was extracted from frozen mouse liver tissue and analysed
following the manufacturer's protocols. Total RNA was extracted from mouse models and
converted to cDNA, and gene expression of oxidative phosphorylation complexes components
was assessed using RT-PCR (reverse transcription-polymerase chain reaction). Protein
expression of oxidative phosphorylation complexes was examined by Western blot analysis
using liver tissue lysates.

Anial Models

Several dietary models for MAFLD have been developed such as the Methionine-Choline-
Deficient (MCD) diet and the High Cholesterol (ChR) diet model, which represent lean
MAFLD, as well as the High-Fat Diet (HFD) model for non-lean disease. Animal experimental
protocols received approval from the Western Sydney Local Health District animal ethics
committee (Ethics protocol: 4249, 4302) and adhered to the guidelines set by the Australian
Council on Animal Care.

Transmission electron microscopy (TEM)

Human liver biopsies and mouse frozen liver samples were collected. The samples were
embedded and sectioned into ultrathin slices. The prepared tissue sections were examined using
transmission electron microscopy.

Statistical analysis

Data analysis was conducted with GraphPad Prism software version 10. Data are presented as
the mean + standard error of the mean (SEM). The Mann-Whitney test was applied for two-

group comparisons.
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5.3 Results

5.3.1 Lean MAFLD have a larger mitochondrial size in mouse models

Building on my Chapter 4 findings of suppressed GDF-15 protein, and given that GDF-15 is
a key mitochondrial regulator (261), I next examined whether mitochondrial morphology
differs between lean and non-lean groups. To address this, I used dietary mouse models: mice
were fed either a MCD diet for 6 weeks or a HFD for 24 weeks. Mice on the MCD diet remain
lean while developing MAFLD, recapitulating features of lean MAFLD, aligning with findings
from other studies (262, 263). In contrast, mice on a HFD exhibit weight gain and
characteristics of non-lean MAFLD, mirroring aspects of non-lean disease (264). To assess the
difference in mitochondrial size between lean MCD and non-lean HFD, I performed
transmission electron microscopy (TEM) on liver tissue and found that mitochondria were

larger in MCD than in HFD (Fig. 5.1).

Figure 5.1: Representative TEM images of mouse liver mitochondria (MCD vs HFD).

Representative TEM images (n=2 per group) of mouse liver mitochondria. Scale bar, 500 nm.
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5.3.2 Quantification of mitochondrial area, perimeter and length in mice liver tissue

To further assess the mitochondrial ultrastructure in liver tissue, I measured the area, perimeter,
and length. Mitochondrial area (P=0.01; Fig. 5.2a), perimeter (P=0.04; Fig. 5.2b) and length

(P=0.01; Fig. 5.2¢) were significantly increased in MCD mice compared to HFD.
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Figure 5.2: Mitochondrial size metrics in mouse liver. a) area. b) perimeter. ¢) length. Over
100 mitochondria in each group were quantified for area, perimeter and length. Data are
represented by vertical bars and are mean = SEM. Statistical differences between groups are

assessed by Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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5.3.3 Clinical and histopathological characteristics of lean and non-lean MAFLD patients

for TEM study

To validate the findings observed in the mouse model, I next examined liver biopsy samples
from patients with lean and non-lean MAFLD. The clinical and histopathological

characteristics of these patients are summarised in (Table 5.1).

Table 5.1: Clinical and histopathological characteristics of lean and non-lean MAFLD

patients.
S eewmses)  Newswnesy

Age (years) 50.5 £ 6.5 62+ 14

Male (%) 1 (50)

Female (%) 2 (100) 1 (50)

BMI (kg/m2) 23.2+£0.17 28.9 +£3.13

Homa-IR 20.6 £2.1 3.7+£59

ALT (IU/mL) 36+15 33+17

AST (IU/mL) 27+8 17£2

GGT (IU/L) 149.5 £123.5 32+5

Platelets (x 109 /L) 204 +4 338.5+132.5

Total cholesterol (mmol/L) 4.4+0.1 33+0.3
Triglyceride (mmol/L) 09+0.2 24+13
Fibrosis (F0-F1) (%) 2 (100) 2 (100)

Abbreviations: BMI: Body Mass Index; Homa-IR: Homeostatic Model Assessment for Insulin
Resistance; ALT: Alanine Aminotransferase; AST: aspartate aminotransferase; GGT: gamma-

glutamyl transferase
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5.3.4 Lean MAFLD patients also show enlarged mitochondria

Consistently, transmission electron microscopy of liver biopsy samples showed larger

mitochondrial size in lean than in non-lean MAFLD (Fig. 5.3).

Lean Non-Lean
N . WGE g X T ;

Figure 5.3: Representative TEM images of human liver mitochondria (lean vs non-lean
MAFLD). Representative TEM images (n=2 per group) of human liver mitochondria. Scale

bar, 500 nm.
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5.3.5 Quantification of mitochondrial area, perimeter and length in human liver biopsy

To further assess the mitochondrial ultrastructure in liver biopsy tissue, I measured the area,

perimeter and length. Mitochondrial area (P=<0.0001; Fig. 5.4a), perimeter (P=<0.0001; Fig.

5.4b) and length (P=0.01; Fig. 5.4c) were significantly increased in lean liver biopsies

compared to non-lean MAFLD.
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Figure 5.4: Mitochondrial size metrics in human liver biopsies. a) area. b) perimeter. c¢)

length. Over 100 mitochondria in each group were quantified for area, perimeter and length.

Data are represented by vertical bars and are mean + SEM. Statistical differences between

groups are assessed by Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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5.3.6 Reduced mRNA expression of mitochondrial complexes in the lean MAFLD mouse

model

To further explore the differential mitochondrial profiles of the lean and obese two subtypes of
MAFLD, I examined the hepatic mRNA expression of mitochondrial complexes in the MCD
and HDF mouse models. These complexes are crucial components of oxidative
phosphorylation and are essential for the production of ATP. A significant reduction in mRNA
expression of mitochondrial respiratory complexes was observed for complex I (CI)
(P=0.0002) (Fig. 5.5a), complex III (CIII) (P=0.002) (Fig. 5.5¢), and complex IV (CIV)

(P=0.0002) (Fig. 5.5d) in MCD compared with HFD.
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Figure 5.5: Reduced mRNA expression of mitochondrial respiratory complexes in the
MCD model. a) CI. b) CII. ¢) CIII. d) CIV. e) CV. Data are represented by vertical bars and
are mean = SEM. Statistical differences between groups are assessed by Mann-Whitney test.

%p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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5.3.7 Decreased mitochondrial complex protein expression in lean MAFLD mouse model

To complement the mRNA expression findings, western blotting was used to assess protein

expression of mitochondrial complexes. Consistently, protein expression of complexes I-V

was markedly decreased (~70-80%) in MCD compared with HFD (Fig. 5.6).
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Figure 5.6: Reduced protein expression of mitochondrial respiratory complexes in the

MCD model. Mitochondrial complexes (CI-CV) protein expression was evaluated by western

blot analysis normalised to vinculin.
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5.3.8 Decreased mitochondrial DNA in lean MAFLD mouse model

The mitochondrial DNA (mtDNA) copy number is crucial for encoding numerous critical
proteins involved in the assembly and functioning of mitochondrial respiratory complexes
(265, 266). As an additional indicator of mitochondrial function, I measured mtDNA copy

number, which was notably reduced in MCD compared with HFD model (P=0.0002, Fig. 5.7).

% %k %k
= 5000~
<]

Q
2 4000-
3
3
= 3000
Q.
3+
> 2000-
[}
)
<
=
Q
£

1000 -
0 i
Q Q
&K

Figure 5.7: Reduced mitochondrial DNA copy number in the MCD model. Data are
represented by vertical bars and are mean + SEM. Statistical differences between groups are

assessed by Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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5.3.9 Reduced mRNA expression of mitochondrial complexes in the ChR model

To verify that the observed changes were not model-specific, I also assessed another lean
MAFLD model using a high-cholesterol diet (ChR). Mice were fed the ChR diet for eight
weeks and remained lean despite developing MAFLD, consistent with previous reports (103).
Consistently, a reduction in mRNA expression of mitochondrial respiratory complexes was
observed in the ChR model for complex I (CI) (P=0.007; Fig. 5.8a), complex II (CII) (P=0.04;
Fig. 5.8b), complex III (CIII) (P=0.003; Fig. 5.8¢), and complex IV (CIV) (P=0.02; Fig. 5.8d),

and complex V (CV) (P=0.007; Fig. 5.8e) compared with HFD model.
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Figure 5.8: Reduced mRNA expression of OXPHOS complexes in the ChR model. a) CI.
b) CIL ¢) CIII. d) CIV. e) CV. Data are represented by vertical bars and are mean = SEM.
Statistical differences between groups are assessed by Mann-Whitney test. *p<0.05, **p<0.01,

*#%p<0.001, ****p<0.0001.
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5.3.10 Decreased mitochondrial DNA in ChR model

In order to confirm my finding of lower mtDNA in the MCD model, I measured mtDNA copy
number in the ChR model. Similarly, mtDNA copy number was significantly reduced in ChR

compared to HFD (P=0.005, Fig. 5.9).
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Figure 5.9: Reduced mitochondrial DNA copy number in the ChR model. Data are

mtDNA (copy # per dipliod cell)

represented by vertical bars and are mean = SEM. Statistical differences between groups are

assessed by Mann-Whitney test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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5.4 Discussion

In this chapter, I identified a distinct mitochondrial profile in lean MAFLD, which may provide
critical mechanistic clues advance our understanding of the pathogenesis of this subtype of
MAFLD patients. Collectively, using two dietary mouse models of lean MAFLD (MCD and
ChR diets) and obese MAFLD mouse using HFD, as well as human liver biopsies, I identified
a consistent mitochondrial signature that differentiates lean from non-lean disease. Across both
animal and human samples, mitochondria in lean MAFLD were significantly enlarged, with
increased area, perimeter, and length observed on transmission electron microscopy.
Morphological enlargement, however, was accompanied by reduced mRNA and protein
expression of oxidative phosphorylation complexes, indicating impaired respiratory capacity.
Furthermore, mitochondrial DNA (mtDNA) copy number, an established surrogate for
mitochondrial content, was significantly reduced in lean MAFLD. Together, these findings
describe a phenotype of structurally enlarged but functionally compromised mitochondria,
consistent with maladaptive remodeling.

These findings extend prior work from Chapters 3 and 4, in which I showed that lean MAFLD
patients display significant telomere attrition associated with oxidative stress, fibrosis, and
mortality and demonstrated suppressed circulating GDF-15 alongside elevated DNAm-
GDF15, linking epigenetic dysregulation of this stress-responsive cytokine to telomere
shortening and adverse outcomes. Because GDF-15 is a mitochondria-regulated cytokine (251,
267), the mitochondrial dysfunction identified in this chapter is consistent with, and may help
contextualize, the increased oxidative stress and telomere attrition previously observed in lean
MAFLD, while also providing a basis for the impaired GDF-15 stress-response signaling
described in the previous chapter. Collectively, providing the first cohesive and plausible

mechanistic explanation for clinically observed higher adverse outcomes in lean MAFLD,
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despite their favourable metabolic and histological profile compared to their obese
counterparts.

Mitochondrial pathology is increasingly recognized as a hallmark of progressive liver disease
(268). Prior studies have reported reduced oxidative phosphorylation activity, and altered
cristae architecture in MAFLD (191). However, whether such changes differ between lean and
non-lean phenotypes has remained unresolved. The current data suggest that lean MAFLD is
characterised by defective mitochondrial plasticity, mitochondria become enlarged, yet exhibit
reduced respiratory capacity and diminished genomic content. Such maladaptive remodeling
may reflect an attempted compensatory response to metabolic stress, which may increase
susceptibility to oxidative stress and hepatocellular injury (269).

The observation of reduced mtDNA is particularly relevant, as mtDNA copy number is a
surrogate marker of mitochondrial mass and is required for encoding essential subunits of
respiratory complexes I, III, IV, and V (270, 271). Depletion of mtDNA has been linked to
adverse outcomes across cardiovascular, oncologic, and hepatic disorders (272). Its reduction
in lean MAFLD strengthens the evidence for a fundamental defect in mitochondrial
homeostasis in this phenotype.

Strengths of this study include the integration of ultrastructural, transcriptional, and genomic
analyses across both experimental murine models and human samples. However, the work has
some noteworthy limitations, including the relatively small human sample size and reliance on
indirect markers of mitochondrial function rather than direct bioenergetic assays.

In summary, my work identifies that lean MAFLD has a distinct mitochondrial profile
characterized by enlarged mitochondria that are, however, functionally compromised. This
includes reduced expression of respiratory complexes and depleted mitochondrial DNA

(mtDNA), which collectively indicate impaired mitochondrial biogenesis and stress adaptation.
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When integrated with prior findings of oxidative stress, telomere attrition, and suppressed
GDF-15 signaling, these data highlight mitochondria as central to the pathophysiology of lean

MAFLD and a possible focus for future translational studies.
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Chapter 6: Differential mitochondrial dynamics in

lean MAFLD
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6.1 Introduction

Lean MAFLD accounts for a substantial proportion of MAFLD cases and is increasingly
recognised as a distinct clinical subtype of the disease that develops hepatic steatosis in the
absence of obesity (273), though the mechanisms underlying disease development in this
subgroup remain poorly understood (274).

Mitochondria are central to hepatic energy metabolism and stress adaptation (275). Their
function is maintained through several coordinated quality-control processes, including
mitochondrial biogenesis, fusion and fission dynamics, and the selective removal of damaged
organelles through mitophagy (276). These processes sustain mitochondrial renewal and
energy balance while limiting the accumulation of dysfunctional organelles and reactive
oxygen species (ROS) (277, 278). Disruption of these pathways can lead to mitochondrial
injury, oxidative stress, and activation of the ER stress response (279).

In Chapter 5, I demonstrated that lean MAFLD has distinct mitochondrial profile characterised
by enlarged but functionally compromised mitochondria with reduced respiratory complex
expression and depleted mtDNA content, compared to their obese counterpart. These findings
suggest that mitochondrial dysfunction in lean MAFLD might extend beyond structural
abnormalities. Building on my earlier findings, the current chapter extends characterization of
the differential mitochondrial profile between lean and non-lean MAFLD by examining
whether transcriptional regulation of mitochondrial biogenesis, dynamics, and mitophagy
varies between these two subtypes. It also investigates whether these alterations are
accompanied by activation of ER stress and oxidative stress pathways, which may represent
secondary responses to defective mitochondrial maintenance.

To address this, I analysed the expression of genes involved in mitochondrial biogenesis,

fusion, fission, and mitophagy, as well as key markers of ER stress and oxidative damage, in
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both the methionine—choline-deficient (MCD) and high-cholesterol (ChR) dietary models
compared with the high-fat-diet (HFD) model. Thisntegrating molecular and functional data,

this chapter characterises the regulatory profile of mitochondrial quality control in lean

MAFLD.

6.2 Methods

Animal Models

Several dietary models for MAFLD have been developed such as the Methionine-Choline-
Deficient (MCD) diet and the High Cholesterol (ChR) diet model, which represent lean
MAFLD, as well as the High-Fat Diet (HFD) model for non-lean disease (280, 281). Animal
experimental protocols received approval from the Western Sydney Local Health District
animal ethics committee (Ethics protocol: 4249, 4302) and adhered to the guidelines set by the
Australian Council on Animal Care.

Molecular assays

Total RNA was extracted from mouse models and converted to cDNA, and gene expression of
biogenesis, fusion, fission, mitophagy and ER Stress were assessed using RT-PCR (reverse
transcription-polymerase chain reaction).

Protein expression of ER Stress marker (Irel) was examined by Western blot analysis using
liver tissue lysates. Oxidative DNA damage assessment, IHC was performed on liver tissue
sections using antibodies against 4-HNE. ROS, liver homogenates were incubated with DCFH-
DA (10 uM) for 30 min at 37 °C, and fluorescence was measured at 482/528 nm. Values were
normalized to protein content.

Immunofluorescence (IF)

Frozen sections were rinsed twice with PBS, permeabilized in 0.3% Triton X-100, incubated
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overnight at 4 °C with the primary antibody, and then for 1 h at room temperature with a FITC-
conjugated secondary antibody. Images were captured using a Leica confocal microscope.
Statistical analysis

Data analysis was conducted with GraphPad Prism software version 10. Data are presented as
the mean + standard error of the mean (SEM). The t-test was applied for two-group

comparisons.
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6.3 Results

6.3.1 Suppression of mitochondrial biogenesis, fusion and fission in MCD model

In Chapter 5, I identified a distinct mitochondrial phenotype in lean MAFLD, characterised by
structurally enlarged but functionally compromised organelles, reduced respiratory complex
expression, and depleted mtDNA content. These findings suggested a defect in mitochondrial
homeostasis that extends beyond morphology. Because mitochondrial quality is maintained not
only by biogenesis but also by the continuous processes of fusion and fission (282, 283), I next
examined whether mitochondrial biogenesis, fusion and fission are differentially regulated in
the lean MAFLD. Together, these pathways coordinate mitochondrial renewal, structural
remodeling, and distribution, and their impairment has been associated with metabolic liver
disease (283). Consistently, the mRNA expression levels of biogenesis (Sirtl, Tfam), fusion
(Mfnl, Mfn2), and fission (Stat2, Miefl, Drpl; P<0.01, for all) in MCD model were

significantly lower than HFD model (Fig. 6.1).
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Figure 6.1: Reduced miochondrial biogenesis, fusion, and fission in MCD model. Data are
represented by vertical bars and are mean + SEM. Statistical differences between groups are
assessed by t test. ¥*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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6.3.2 Suppression of mitochondrial mitophagy in MCD model

Mitochondrial homeostasis relies not only on biogenesis and dynamics but also on the selective
removal of damaged organelles through mitophagy (284). This process is critical for preserving
a functional mitochondrial pool and preventing the accumulation of dysfunctional
mitochondria that exacerbate oxidative stress (285). Since biogenesis, fusion, and fission were
suppressed in the MCD model, I next investigated whether mitophagy pathways were also
altered. Consistently, the mRNA expression levels of mitophagy (Bnip3, Fundcl, and Pinkl;

P<0.01, for all) were significantly lower in the MCD model compared with HFD (Fig. 6.2).
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Figure 6.2: Reduced miochondrial mitophagy in MCD model. Data are represented by
vertical bars and are mean = SEM. Statistical differences between groups are assessed by t test.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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6.3.3 Upregulation of ER Stress related UPR Genes in MCD model

Mitochondria and the ER are closely linked functionally, and impaired mitochondrial activity
or the buildup of damaged mitochondria can trigger ER stress responses, contributing to
metabolic imbalance (286). Therefore, I assessed key markers of the UPR between the lean
and non-lean mouse models. The mRNA expression levels of Irel, Perk and Atf6 in MCD
model were significantly higher than HFD model (P<0.01, for all) (Fig. 6.3a). To complement
these transcriptional data, protein expression of UPR components was evaluated by Western
blotting. Consistently, protein expression of Irel was markedly increased in MCD compared

with HFD (Fig. 6.3b).
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Figure 6.3: Elevated expression of unfolded protein response (UPR) markers. a) Elevated

mRNA expression of Irel, Perk and Atf6 by PCR. b) Elevated protein expression of Irel by
WB. Data are represented by vertical bars and are mean + SEM. Statistical differences between

groups are assessed by t test. *p<0.05, **p<0.01, ***p<0.001, ****p<(0.0001. Protein
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expression was evaluated by western blot analysis normalised to B-Actin.
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6.3.4 Increased hepatic Irel expression in the MCD model

To confirm the activation of ER stress observed at the transcriptional and protein levels, I next
examined the hepatic localization and expression of Irel using immunofluorescence staining.
Consistent with the mRNA and Western blot results, Irel staining intensity was markedly
higher in the MCD model compared with the HFD model (Fig. 6.4a). Quantitative analysis
confirmed that Irel expression was siginfcantly higher in MCD compared with the HDF model

(P=0.008; Fig. 6.4b).
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Figure 6.4: Increased hepatic Irel expression in the MCD model. a) Immunofluorescence
shows ER stress marker Irel in two different models, MCD and HFD. b) Quantitative analysis
of Irel immunofluorescence expression. Imaging was undertaken using Leica confocal
microscope and analysed using image J. Data are represented by vertical bars and are mean +
SEM. Statistical differences between groups are assessed by t test. *p<0.05, **p<0.01,

wx%p <0001, **#*p<0.0001.
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6.3.5 Elevated hepatic ROS Levels in the MCD model

Given that mitochondrial dysfunction and ER stress are major sources of oxidative stress (287),
I next measured hepatic ROS levels to assess oxidative burden in the two dietary models.
Consistantly, ROS levels were significantly increased in the MCD model compared with the

HFD model (P=0.0002; Fig. 6.5).
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Figure 6.5: Increased ROS production in the MCD model. ROS level was measured by
ELISA between MCD and HFD. Data are represented by vertical bars and are mean = SEM.
Statistical differences between groups are assessed by t test. *p<0.05, **p<0.01, ***p<0.001,

*#25p<().0001.
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6.3.6 Increased hepatic lipid peroxidationin the MCD model

ROS overproduction can lead to lipid peroxidation (288). To assess oxidative damage, hepatic

4-HNE expression was examined by immunohistochemistry. As shown in (Fig. 6.6a) the MCD

model exhibited a markedly higher level of 4-HNE positive area compared with the HFD

model. Quantitative analysis confirmed a of 4-HNE shows significant increase in MCD model

compared with HFD (P=<0.0001; Fig. 6.6b).
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MCD model. a)

Immunohistochemistry shows oxidative marker 4-HNE in two different models, MCD and

HFD. b) Quantification of 4-HNE by ImagelJ. Data are represented by vertical bars and are

mean + SEM. Statistical differences between groups are assessed by t test. *p<0.05, **p<0.01,

*##5p<(,001, ****p<0.0001.
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6.3.7 Suppression of mitochondrial biogenesis, fusion and fission in ChR model

To confirm that the suppression of mitochondrial regulatory pathways was not model specific.
I next examined the expression of genes involved in mitochondrial biogenesis, fusion, and
fission in the ChR model. Consistently, the ChR model exhibited a significant reduction in the
mRNA expression of biogenesis related genes (Sirtl, Tfam), fusion (Mfnl, Mfn2), and fission

(Stat2, Mief1, Drpl; P<0.01, for all) compared with the HFD model (Fig. 6.7).
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Figure 6.7: Reduced mitochondrial biogenesis, fusion, and fission in ChR model. Data are
represented by vertical bars and are mean £ SEM. Statistical differences between groups are

assessed by t test. ¥*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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6.3.8 Suppression of mitochondrial mitophagy in ChR model

To further determine whether impaired mitochondrial quality control observed in the MCD
model also occurs in the ChR model. I assessed the expression of key mitophagy related genes.
Consistently, the ChR model showed that mRNA expression levels of mitophagy (Bnip3,
Fundcl, and Pink1; P<0.01, for all) were significantly lower in the ChR model compared with

HFD (Fig. 6.8).
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Figure 6.8: Reduced miochondrial mitophagy in ChR model. Data are represented by
vertical bars and are mean = SEM. Statistical differences between groups are assessed by t test.
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6.3.9 Upregulation of ER Stress related UPR Genes in ChR model

To determine whether activation of ER stress observed in the MCD model also occurs in the
ChR model. I examined the expression of UPR genes. Consistently, the ChR model showed
significantly higher mRNA expression of Irel, Perk, and Atf6 compared with the HFD model

(P=0.0008, P=0.002 and P=0.01, respectively) (Fig. 6.9).
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Figure 6.9: Elevated expression of UPR markers. Data are represented by vertical bars and

are mean + SEM. Statistical differences between groups are assessed by t test. *p<0.05,

*4p<(.01, ¥*%p<0.001, ****p<0.0001.
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6.3.10 Increased hepatic Irel expression in the ChR model

To confirm the activation of ER stress observed at MCD model. I next examined the hepatic
localization and expression of Irel using immunofluorescence staining. Consistentaly, Irel
staining intensity was markedly higher in the ChR model compared with the HFD model (Fig.
6.10a). Quantitative analysis confirmed that Irel expression was siginfcantly higher in ChR

compared with the HDF model (P=0.01; Fig. 6.10b).
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Figure 6.10: Increased hepatic Irel expression in the ChR model. a) Immunofluorescence
shows ER stress marker Irel in two different models, ChR and HFD. b) Quantitative analysis
of Irel immunofluorescence expression. Imaging was undertaken using Leica confocal
microscope and analysed using image J. Data are represented by vertical bars and are mean +
SEM. Statistical differences between groups are assessed by t test. *p<0.05, **p<0.01,

wx%p <0001, **#*p<0.0001.
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6.3.11 Elevated hepatic ROS levels in the ChR model

To determine whether oxidative stress is also increased in the ChR model, I quantified hepatic
ROS levels. Similar to the findings in the MCD model, ROS levels were significantly higher

in the ChR model compared with the HFD model (P=0.02; Fig. 6.11).
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Figure 6.11: Increased ROS production in the ChR model. ROS level was measured by
ELISA between MCD and HFD. Data are represented by vertical bars and are mean = SEM.
Statistical differences between groups are assessed by t test. *p<0.05, **p<0.01, ***p<0.001,

*x8%p<0.0001.
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6.4 Discussion

In this chapter, I identified that lean MAFLD is associated with reduced expression of
mitochondrial biogenesis, fusion, fission, and mitophagy pathways using two mouse models. I
also observed an activation of the UPR, evidenced by an increase in ER stress markers at both
transcript and protein levels. Immunofluorescence confirmed the elevated levels of ER stress.
Additionally, oxidative stress significantly increased in lean MAFLD, with higher levels of
reactive oxygen species and lipid peroxidation.

These findings, along with those previously discussed in Chapter 5, provide a comprehensive
characterization of the mitochondrial profile in lean MAFLD. The observed reduction in
mitochondrial biogenesis, fusion, fission, and mitophagy is consistent with earlier reports
describing suppressed mitochondrial renewal and altered dynamics in lean MAFLD (289, 290).
Disruption of these regulatory pathways compromises mitochondrial quality control, leading
to the accumulation of damaged and dysfunctional organelles. This buildup of defective
mitochondria contributes to ongoing cellular stress and disturbed energy metabolism, which
may increase the risk of adverse outcomes in individuals with lean MAFLD compared to those
wit non-lean MAFLD (291).

The observed activation of ER stress pathways supports this, with increased expression
of Irel, Perk, and Atf6 at both transcript and protein levels. Immunofluorescence analysis
further confirmed higher hepatic expression of Irel. These changes indicate sustained
activation of the UPR, likely triggered by the buildup of damaged mitochondria.

Increased oxidative stress in lean MAFLD was marked by elevated ROS levels and lipid
peroxidation. ROS are known to promote hepatocellular injury, damage mitochondrial DNA,
and trigger pro-inflammatory signaling, which together accelerate disease progression (292).

Oxidative stress further disrupts redox homeostasis, impairs mitochondrial function, and
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activates fibrogenic pathways that contribute to liver damage (293).

A key strength of this chapter is the use of two independent dietary models of lean MAFLD,
both of which consistently demonstrated impairments in mitochondrial regulation and
increased cellular stress. The integration of transcript-level data, protein expression, and tissue
level imaging provides a robust and multi-layered assessment of organelle dysfunction.
However, there are some limitations. Direct measurements of mitochondrial respiration were
not performed, so functional impairment was inferred from transcriptional and molecular
markers rather than dynamic assays. Lack of human validation limits the direct translational
relevance of these findings. Future studies should incorporate functional assays and human
cohorts to confirm and extend these observations.

In conclusion, this chapter demonstrates that lean MAFLD has disntic mitochondrial profile
characterized by impaired mitochondrial quality control, sustained ER stress, and increased
oxidative damage. These abnormalities were consistent across two independent dietary models
and involved multiple levels of regulation, from gene expression to protein localization. The
combined disruption of mitochondrial dynamics, stress adaptation, and redox balance defines
a distinct pathophysiological profile in lean MAFLD, which may contribute to disease

progression and adverse clinical outcomes.
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Chapter 7: Comprehensive Discussion
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7.1 Discussion

Lean MAFLD represents a significant subset of patients diagnosed with MAFLD, yet the
clinical characteristics, natural history, and underlying pathogenic mechanisms of this
condition remain poorly understood. This has led some experts to debate whether lean MAFLD
is a distinct entity or simply a variation within the spectrum of non-obese MAFLD (294, 295).
Such uncertainty has resulted in its underrepresentation in both clinical trials and mechanistic
studies. However, emerging evidence suggests that lean MAFLD possesses a unique clinical
and metabolic profile, likely driven by specific pathogenic pathways that are yet to be fully
characterized.

In my work, I identified an unanticipated mechanism that helps to reconcile the apparently
contradictory reports regarding a better histological profile in cross-sectional studies on the one
hand and a worse survival on the other hand of lean patients with MAFLD, compared with
their non-lean counterparts. I show that greater ROS generation in lean MAFLD is associated
with accelerated telomere attrition compared to those with non-lean MAFLD, and at least
partially explains the clinical paradox.

Mechanistically, at the subcellular level, I identified that lean MAFLD patients demonstrated
a distinct mitochondrial profile characterized by larger mitochondrial size but impaired
respiratory function, reduced mtDNA content, disrupted mitochondrial dynamics, and elevated
oxidative and ER stress.

Additionally, I discerned that circulating GDF15 levels, a key mitochondrial regulator, were
significantly lower in patients with lean MAFLD compared to their obese counterparts. This
effect is likely mediated by their higher DNAm-GDF15 levels. Ultimately, elevated DNAm-
GDF15 was also identified as a robust indicator of mortality in the general population and

MAFLD patients, with a stronger negative correlation in lean MAFLD subjects with shorter
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telomere length. Collectively, these findings represent a significant step towards enhancing our
understanding of the pathogenesis of MAFLD, particularly among non-obese subjects and
reconciling many of the frequently reported and apparently paradoxical findings about this
subgroup of patients.

In previous studies, our team identified that patients with lean MAFLD have better metabolic
adaptation that is mediated by increased bile acids signaling and FXR activity. This likely
explains the favorable metabolic and histological profile of lean patients with MAFLD
compared to their non-lean counterparts in cross-sectional studies but become less effective as
the disease progresses (103). This decline was identified by us in a subsequent study to be
mediated by endotoxemia-induced epigenetic modifications that attenuate bile acid signaling
(103, 296). Paradoxically, despite these favorable features, epidemiological data consistently
show higher mortality among lean MAFLD patients compared with their obese counterparts
(247, 248). It remains difficult to reconcile why these patients tend to have worse long-term
clinical outcomes (216, 297).

My current work presents a novel testable hypothesis that identifies telomere shortening as a
potential explanation for the paradoxical clinical findings in lean MAFLD. The findings from
this work suggest that telomere attrition, driven by increased oxidative stress and reduced GDF-

15 levels, may underlie this paradoxical outcome (Fig. 7.1).
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Figure 7.1: Proposed model for the differential mortality outcomes between lean and non-

lean MAFLD.

I propose that because telomere maintenance is energetically costly, telomere attrition in lean
MAFLD patients represents a maladaptive outcome of their otherwise beneficial metabolic
adaptation, in line with the metabolic telomere attrition hypothesis (219). The fundamental
premise of the costly maintenance hypothesis is that sustaining telomere length requires
continuous energy expenditure for both preventing attrition and promoting elongation (297).
When energy demands become excessive or metabolic stress persists, telomeres shorten as
resources are redirected from long-term maintenance toward immediate survival needs (219).
While this trade-off may temporarily support metabolic stability, persistent telomere attrition
under chronic metabolic stress, as seen in MAFLD, may lead to cumulative cellular damage
and contribute to poorer long-term survival.

It is suggested that oxidative stress is the main cause of telomere attrition (298), as my data

confirm. Mitochondria as the cellular powerhouse generate the majority of adenosine
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triphosphate (ATP) and most endogenous ROS is generated in mitochondria (299). The
efficiency of ATP production is positively correlated with the rate of ROS production, leading
to a physiological trade-off between the body’s energy requirements and its need to prevent
oxidative stress (300). This trade-off is known to influence telomere attrition through ROS-
mediated oxidative damage, and my findings demonstrate that this mechanism is particularly
evident in patients with lean MAFLD. Patients with lean MAFLD exhibited higher serum and
hepatic ROS levels compared with their non-lean counterparts. Furthermore, my in vitro
experiments confirmed that ROS directly attenuates telomere length and telomerase activity in
hepatocytes.

In the context of oxidative stress, my work revealed upregulation of the expression of key
negative regulators of telomere length in hepatocytes treated upon induction of ROS (301).
One of these regulators protection of telomeres 1 (POT1) inhibits the translocation of
telomerase to the telomere and suppresses its interaction with it, thereby preventing telomere
elongation (302). Furthermore, its promoter contains a binding site for NF-xB (302),
suggesting that inflammation and ROS generation can influence its activity. Thus, my data
suggest that oxidative stress may inhibit telomere elongation by inducing the expression of
negative regulators, linking inflammation and ROS generation to telomere shortening (302).
Telomere attrition is consistently linked to increased morbidity and mortality across multiple
diseases (217). A recent study demonstrated that shorter leukocyte telomere length correlates
with higher cardiovascular, respiratory, hepatic, digestive, and musculoskeletal mortality,
though not with cancer-related deaths (229). Experimental models further implicate telomere
dysfunction in aging-related conditions such as liver cirrhosis, while in hepatocarcinogenesis,
telomere shortening may act as a tumor-initiating event, as shortened telomeres are more

frequent in hepatocellular carcinoma cells than in adjacent noncancerous tissue (303).
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Of particular interest, I found that the association between telomere length and mortality differs
between lean and non-lean patients with liver disease. This relationship was stronger among
lean individuals in the NHANES cohort. Consistently, another analysis using the same dataset
reported that leukocyte telomere length was inversely associated with advanced fibrosis only
among lean participants, but not among the non-lean (304).

Building on these observations, my further analyses explored the role of GDF-15 and its
epigenetic regulation in lean MAFLD. The higher serum and hepatic ROS observed in lean
patients may be partly explained by impaired activation of stress-responsive pathways
involving GDF-15 and FGF21, two key hepatic metabokines that mediate systemic adaptation
to mitochondrial stress (305, 306).

I demonstrated that lean MAFLD patients have significantly lower serum GDF-15 levels even
after adjusting for age and sex. This aligns with reports in the general population showing that
GDF-15, typically elevated in obesity, acts as a stress-induced cytokine regulating energy
balance and suppressing oxidative stress (307). Under mitochondrial stress, increased GDF-15
secretion normally limits energy intake and reduces intracellular ROS by modulating
mitochondrial membrane potential (308).

In contrast, circulating FGF21, which rises during mild mitochondrial dysfunction under
obesogenic conditions, did not differ between lean and non-lean MAFLD in a previous report
(309). Together, these findings indicate distinct regulatory roles for these metabokines: GDF-
15 primarily modulates energy intake and protects against hepatic steatosis, whereas FGF21
enhances glucose clearance and energy expenditure (310).

Subsequent findings revealed that DNAm-GDF15 levels are markedly higher in individuals
with lean MAFLD, consistent with the epigenetic suppression of GDF-15 expression through

DNA methylation. Because hypermethylation typically reduces gene transcription, this likely
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explains the lower circulating GDF-15 observed in these patients.

Higher DNAmM-GDF15 levels was identidfed to be strongly associated with increased all-cause
and cause-specific mortality, even after adjustment for confounders, underscoring their
prognostic significance. A negative correlation between DNAmM-GDF15 and telomere length
was also observed, and being more pronounced in lean MAFLD. Mediation analysis further
indicated that DNAm-GDF15 mediates the link between telomere attrition and mortality,
identifying a potential pathway connecting telomere dysfunction, mitochondrial impairment,
and adverse clinical outcomes in lean MAFLD.

Collectivtely, these findngs provked a further question whether there is a differntail
mitochondrial profile between lean and non-lean MAFLD. In this work, I identifed that lean
MAFLD exhibited a distinct mitochondrial phenotype characterized by enlarged mitochondria
with reduced respiratory capacity and increased ROS production. Consistent with
mitochondrial dysfunction, 1 also observed lower mitochondrial DNA content, which is
associated with impaired biogenesis and reduced oxidative phosphorylation capacity (311).
To further explore these mechanisms, mitochondrial quality control and cellular stress
pathways were examined in experimental models of lean MAFLD. The observed
downregulation of genes involved in mitochondrial fusion, fission, and mitophagy indicates
impaired organelle turnover, contributing to metabolic stress, oxidative damage, and ER stress

key hallmarks of lean MAFLD physiology (Fig. 7.2).
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Figure 7.2: Characteristic features of lean MAFLD compared to non-lean MAFLD.

The strengths of this study include incorporating a multi-pronged approach integrating human
cross-sectional and observational data with mechanistic insights from murine models,
accompanied by a wide array of functional studies and analysis, providing a novel and coherent
model of work that advances our understanding of the pathogenesis of lean MAFLD and
heterogeneity within MAFLD phenotypes.

Nevertheless, several limitations should also be acknowledged. Telomere length was measured
only in whole blood; although previous studies show strong correlations between leukocyte
and hepatic telomere length, tissue-specific differences may still exist (312). Measurements
were also obtained at a single time point, preventing assessment of longitudinal telomere
dynamics that could influence mortality risk. Furthermore, leukocytes comprise multiple cell
types with variable telomere lengths, which may introduce heterogeneity into the

measurements. The study also relied in parts on murine models that, while replicating several
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features of lean MAFLD, do not fully capture the complexity or long-term progression of
human disease. The absence of fresh liver tissue limited direct functional assays of
mitochondrial activity, and detailed evaluation of mitochondrial function in human lean and
non-lean MAFLD was not undertaken. Lastly, due to sample size constraints, it was not
possible to confirm MAFLD diagnosis within the NHANES cohort. Despite these limitations,
the findings provide important mechanistic insight and serve as a proof of concept supporting
the proposed framework.

In conclusion, I demonstrate that lean MAFLD is characterized by shorter telomeres, greater
oxidative stress, and a distinct mitochondrial profile compared with non-lean disease, with
GDF15 emerging as a key regulator mediating the link between these changes and adverse
outcomes, making it a potential prognostic and therapeutic target. These findings provide a
mechanistic framework for understanding disease progression in lean MAFLD and highlight
the need for studies clarifying the interplay between energy balance, metabolic regulators, and
telomere maintenance in MAFLD.

7.2 Future directions

7.2.1 Validation in larger human cohorts

Future work should aim to validate these findings in independent, larger, and well-
characterized human cohorts from diverse ethnicities and geographic backgrounds. By
incorporating both clinical and molecular data, the associations between telomere attrition,
DNAm-GDF15, and mitochondrial alterations in lean MAFLD can cbe confirmed, thereby

ensuring the generalizability of our findings.

7.2.2 Longitudinal assessment of telomere dynamics

Longitudinal studies are required to determine whether temporal changes in telomere length
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and GDF-15 methylation predict disease progression and mortality. Repeated measurements
will allow a better understanding of dynamic cellular ageing in MAFLD.
7.2.3 Functional evaluation of mitochondrial activity

Further work should investigate mitochondrial respiration, biogenesis, and turnover using
patient-derived hepatocytes and high-resolution functional assays to verify the molecular

alterations identified in this thesis.

7.2.4 Integrating epigenetic and mitochondrial pathways

Future studies integrating epigenetic, metabolic, and mitochondrial datasets within the same
cohort will enhance causal interpretation and reveal mechanistic interactions between oxidative

stress, DNA methylation, and organelle dysfunction.

7.2.5 Development of biomarkers and therapeutic Targets

Translating these findings into clinical practice will involve evaluating telomere length,
DNAm-GDF15, and mitochondrial parameters as potential biomarkers for disease stratification

and as targets for therapeutic intervention in lean MAFLD.
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