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Abstract

Introduction: Type 2 diabetes mellitus (T2DM) is a risk factor for the development of non-
alcoholic fatty liver disease (NAFLD) and its progression to the severe phenotype of non-
alcoholic steatohepatitis (NASH) fibrosis. The profibrotic protein, CCN2 and the antifibrotic
protein, CCN1 have been implicated in the development of NASH fibrosis, but their exact roles

are currently unknown.

Aims:

(i) To evaluate the prevalence of advanced liver fibrosis in individuals attending a dedicated
diabetes and liver clinic.

(i) To explore the role of CCN2 and CCN1 in the development and progression of NASH
fibrosis.

(i) To investigate the utility of circulating CCNs as potential blood biomarkers for NASH

fibrosis.

Methods: Four studies were conducted. Firstly, a retrospective audit of the CPC RPAH
Diabetes and Liver Clinic was performed. Next, two animal studies were performed using a
pre-clinical model of NASH fibrosis induced by high fat feeding and diabetes (FaD model) in
mice with hepatocyte gene deletion of CCN2 and CCNL1. Finally, circulating CCNs were

measured in blood samples from humans and mice with diabetes +/- NASH fibrosis.

Results: Advanced liver fibrosis was common in adults with T2DM. Mice with hepatocyte
CCN2 deletion developed less liver fibrosis, whilst mice with hepatocyte CCN1 deletion
developed more liver fibrosis, when compared with control mice in the FaD model. These
histological results by quantitative image analysis as the main study endpoint were supported
by concordant changes in mRNA levels of fibrosis markers. Circulating CCNs did not perform
well as biomarkers of NASH fibrosis, but this may be due to the relatively small study group

size.

Conclusions: The growing burden of disease posed by NASH fibrosis in individuals with
T2DM highlights the need for increasing clinical and pre-clinical research into this area. The
results of this thesis indicate that CCN2 and CCN1 may be potential therapeutic targets, and

further studies in this area are needed.
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Chapter 1: Literature Review,

Hypotheses, and Aims



1.1 Type 2 Diabetes Mellitus
1.1.1 Definition and pathogenesis of T2DM

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disease characterised by
hyperglycaemial. Insulin resistance is a key early stage that often precedes the
development of T2DM by some years?. In response to insulin resistance, the
pancreatic 3 cells are required to produce more insulin to maintain normoglycaemia,
and a progressive failure to achieve this results in a relative insulin deficiency and
subsequent hyperglycaemia into the diabetes range in those who develop T2DM.
Obesity and other metabolic derangements such as hypertension and dyslipidaemia,

often co-exist in people with T2DM.

1.1.2 Diagnostic criteria for T2DM

The World Health Organisation (WHO) currently recommends four diagnostic tests for
diabetes?, as outlined in Table 1.1. In people who are asymptomatic of hyperglycaemia
with a positive diagnostic test, a second test (preferably the same one) should be

repeated for concordance.

Table 1.1: Diagnostic criteria for diabetes?®.

Test Criteria for diagnosis Notes
FPG = 7.0 mmol/L After an 8 h fast
759 OGTT = 11.1 mmol/L at 2 hrs After an 8 h fast prior to the OGTT
HbAlc >6.5%
Random BGL = 11.1 mmol/L With symptomatic hyperglycaemia

BGL, blood glucose level; FPG, fasting plasma glucose; HbAlc, haemoglobin Alc; OGTT, oral glucose

tolerance test.

1.1.3 National and global prevalence

According to the Australian Institute of Health and Welfare (AIHW) there were ~1.2
million Australians living with T2DM in 2020, an increase of almost three-fold over the
previous 20 years*. A further 500 000 Australians are estimated to have undiagnosed
T2DM, giving a national total of ~1.7 million people. Depending on the data source,
overall prevalence lies at approximately 4-5% and has plateaued, or even slightly
decreased over the past five years®. However, diabetes mellitus still remains the
seventh most common cause of death in Australia® and costs the Australian economy

$16 billion each year®.



In 2021, the International Diabetes Federation (IDF) estimated that there were more
than half a billion adults (aged 20-79 years) living with diabetes worldwide (Figure 1.1),
representing a prevalence of 10.5%78. The majority of cases exist in adulthood, but
diagnosis in childhood is increasingly common?. Concerningly, the overall prevalence
is expected to continue to rise by almost 50% by 2045 and data shows that whilst rates
of diabetes are higher in high-income countries, it is low- and middle-income countries
that have had the fastest increase in the past decade’19. Although these global
estimates were not able to differentiate between the different subtypes of diabetes,
T2DM is by far the most common form of diabetes, accounting for over 90% of cases®.
The rise in prevalence of T2DM is predominantly attributed to an increased prevalence
of obesity and unhealthy lifestyles, with improved detection and people living longer

with T2DM only explaining a small fraction of the global increase.
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Figure 1.1: Number of people estimated to have diabetes worldwide and per IDF Region in 2021-2045
(20-79 years). Image from IDF Diabetes Atlas®.



1.1.4 Risk factors for developing T2DM

Several non-modifiable and modifiable risk factors for developing T2DM have been
identified. Non-modifiable risk factors include increasing age, male gender, family
history of T2DM and high risk ethnicity. Modifiable risk factors include overweight and
obesity (discussed in detail in Section 1.2), sedentary lifestyle, unhealthy diet, and
smoking. The Australian type 2 diabetes risk assessment tool (AUSDRISK) was
developed to identify Australian adults at high risk of developing T2DM, using
demographic, lifestyle and simple anthropometric measures?!!. The risk calculator uses
the above-mentioned risk factors (or surrogates of these), as well as medication for
hypertension or previously elevated blood glucose (e.g., prediabetes or history of
gestational diabetes). A risk score of 12 predicts that one person in every 14 will
develop T2DM over the next five years, whereas a score of 20+ carries a one in three
risk. The sensitivity and specificity of the AUSDRISK has been reported to be fair for

population screening, at 74% and 68%, respectivelyl,

1.1.5 Management of T2DM
T2DM is usually a progressive disease that often requires more intensive therapy with

time. In addition to lifestyle measures that include healthy diet, physical activity and
weight management, there are several classes of medications available in Australia
for treatment of T2DM. The Australian type 2 diabetes glycaemic management
algorithm is an easy-to-follow resource for clinicians to aid in choosing the next most
appropriate medication for their patient'?. The mechanism of action of each class is
described briefly below??:

A) Biguanides: reduce hepatic glucose output and lower fasting glucose levels.

B) Sulfonylureas: trigger insulin release in a glucose-independent manner.

C) Dipeptidyl-peptidase 4 (DPP4) inhibitors: decrease inactivation of glucagon-like
peptide (GLP-1) thereby increasing its availability. GLP-1 stimulates 3 cell
insulin release in a glucose-dependent manner.

D) Thiazolidinediones: transcription factor peroxisome proliferator-activated
receptor y (PPAR-y) agonists lower glucose levels through insulin sensitisation.

E) Alpha 1 glucosidase inhibitors: slow intestinal carbohydrate absorption and
reduce post-prandial glucose levels.

F) Sodium-glucose co-transporter-2 (SGLT2) inhibitors: inhibit SGLT2 in the

kidney to induce urinary glucose loss and decrease blood glucose levels. They

4



also have non-glycaemic benefits in heart failure and chronic kidney disease
(CKD).

G) Glucagon-like peptide-1 receptor agonists (GLP-1RA): stimulate pancreatic 3
cell insulin release and slow gastric emptying. Benefits include increased
satiety and weight loss.

H) Insulins: directly activate the insulin receptor to potentiate cellular glucose

uptake and suppress endogenous glucose production.

Contraindications, potential adverse effects, and precautions for these classes of

medications are beyond the scope of this thesis.

1.1.6 Chronic diabetes-related complications

People with long-standing T2DM are at risk of developing diabetes-related
complications. Traditionally, complications have been divided into macro- or micro-
vascular complications, with glucose toxicity driving oxidative stress, inflammation,
and production of advanced glycation end products. However, links with non-vascular-

related disease states are increasingly being recognised.

1.1.6.1 Macrovascular diabetes complications

Atherosclerotic cardiovascular disease, which encompasses coronary heart disease,
cerebrovascular disease, and peripheral arterial disease, is the leading cause of
morbidity and mortality in people with diabetes?3. In recent years, heart failure has also
been recognised as a major cardiovascular complication. Regular assessment and
aggressive management of risk factors has led to decreased morbidity and mortality
from cardiovascular disease in people with diabetes'41>, A multifactorial approach to
risk reduction includes glycaemic management, blood pressure management, lipid
management, prescription of medications with cardiovascular and/or kidney benefit, in
addition to lifestyle modifications, including smoking cessation, optimising physical
activity and improving diet qualityl3. Epidemiological studies have established
correlations between chronic hyperglycaemia and cardiovascular disease, but the
outcomes of randomised controlled trials (RCTs) have not consistently demonstrated
a beneficial effect of intensive glycaemic treatment on macrovascular diabetes
complications. Multiple studies of people with longstanding T2DM (8 - 12 years) did

not show any benefit from intensive (haemoglobin Alc (HbAlc) 6.5%) versus
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conventional (HbAlc 7.5 - 8.5%), and in fact, the ACCORD study showed increased
harm6-21, However, the UKPDS and its 10-year post-trial monitoring study, did show
long-term benefits of initial intensive glycaemic control (HbAlc 7.0%) on rates of
cardiovascular disease (myocardial infarction, diabetes-related death, and overall
death) in people with newly diagnosed T2DM?22.23, Meta-analyses of these and other
studies have been impacted by study heterogeneity, however, they have shown a
modest reduction in coronary heart disease and nonfatal myocardial infarction, but not

in stroke or mortality?24-26,

1.1.6.2 Microvascular diabetes complications
Microvascular complications include diabetic retinopathy, diabetic kidney disease and

peripheral neuropathy?’.

Diabetic retinopathy is a leading cause of working age vision loss worldwide. It is
strongly linked to duration of diabetes and the level of glycaemic control, with almost
60% of individuals with T2DM developing some degree of retinopathy by 20 years of
diabetes duration?®. The main pathology involves abnormal permeability of retinal
blood vessels, with occlusion, ischaemia, and neovascularisation?®. It is categorised
into non-proliferative and proliferative disease, based on the absence or presence of
retinal neovascularisation. Macular oedema, where there is vascular leakage of
proteins into the retina, can occur at any stage of diabetic retinopathy and is the
leading cause of vision loss in people with diabetes3031, Other eye conditions such as
cataract and glaucoma are also more common in people with diabetes. Current
recommendations for screening include a dilated eye examination at the time of
diagnosis of T2DM, and generally every 1 - 2 years thereafter32. Specific treatment for
diabetic retinopathy will not be discussed here, however strategies for primary
prevention and to slow progression include optimising glycaemic control, blood

pressure and lipids2°.

Diabetic kidney disease (DKD) is defined as the persistent presence of albuminuria
and/or low estimated glomerular filtration rate (eGFR <60 mL/min per 1.73 m?)33. It is
the leading cause of CKD and end-stage kidney disease worldwide?*. It globally affects
~40% of people with T2DMS35, although rates in Australia are closer to 27%?36.

Pathological changes include glomerular hypertrophy and hyperfiltration,
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glomerulosclerosis and tubulointerstitial inflammation and fibrosis34. Screening with a
urine albumin to creatinine ratio (UACr) and measurement of eGFR should occur from
time of diagnosis of T2DM, and annually thereafter. Management strategies for
primary prevention and to slow progression include optimising glycaemic control,
blood pressure and lipids, in addition to the use of angiotensin-converting enzyme
(ACE) inhibitors or angiotensin receptor blockers (ARB) and SGLT2 inhibitors33.
Finerenone, a non-selective mineralocorticoid receptor antagonist, has been shown to
improve renal outcomes in people with T2DM, but is not yet widely available in

Australia3’.

Diabetic neuropathy is a common diabetes-related complication, affecting ~50% of
people with diabetes. It frequently occurs as a symmetrical length dependent
peripheral neuropathy, resulting from progressive injury to distal axons3. Symptoms
include alterations in sensation, with numbness, burning and paraesthesia commonly
described. It can result in loss of protective sensation in the feet, thereby increasing
the risk of foot ulcers, subsequent infection, and amputation. Painful neuropathy may
also occur. Charcot neuroarthropathy is another associated condition that also carries
high morbidity. Other manifestations of diabetic neuropathy include diabetic autonomic
neuropathies affecting the cardiac (e.g., resting tachycardia, orthostatic hypotension),
gastrointestinal (e.g., gastroparesis, oesophageal dysmotility, constipation/diarrhoea)
or genitourinary (e.g., erectile dysfunction, bladder dysfunction) systems?°. Screening
by history taking and physical examination should take place at diagnosis and annually
thereafter. As there are no known effective therapies to reverse diabetic neuropathy,
the mainstay of care focuses on optimising glycaemic control, and providing

symptomatic pain relief when needed.

Unlike the data for macrovascular complications, good quality RCTs have consistently
shown that improved glycaemic control reduces the risk of microvascular
complications in people with T2DM, primarily in eye and kidney complications1617.22,
In addition, the 10-year post-trial monitoring study of the UKPDS indicated that good
glycaemic control in newly diagnosed people with T2DM had a legacy effect in
reducing microvascular disease some years later?3. Each 1% reduction in HbAlc

translated to a 37% reduction in risk of developing a microvascular complication°.



1.1.6.3 Non-classical diabetes complications
Non-alcoholic fatty liver disease (NAFLD) is increasingly recognised as a non-classical

complication of T2DM. It will be discussed in detail in Sections 1.4 and 1.5.

Other comorbidities that are linked with T2DM but not discussed in detail here, include:
malignancy (such as bowel, breast, pancreatic, hepatoma), cognitive impairment,
hepatitis C infection, pancreatitis, osteoporosis, hearing impairment, male

hypogonadism, obstructive sleep apnoea (OSA) and periodontal disease“°.

1.2 Obesity and The Metabolic Syndrome
1.2.1 Definition of obesity

Obesity is a chronic disease characterised by an excessive accumulation of fat that
presents a risk to health. The WHO defines a body mass index (BMI) in adults of
greater than or equal to 25 kg/m? as overweight and a BMI of greater than or equal to
30 kg/m? as obesity4l. It should be noted that these cut-offs were validated in a
Caucasian population, and lower cut-offs are frequently applied in Asian populations
as the risk of obesity-related harm is evident from a lower BMI*2. There also remains
controversy around the use of BMI as a measure of fatness, as the same BMI may not
correspond to the same degree of fatness in different individuals. However, BMI

remains useful as a population-level assessment of overweight and obesity*1.

1.2.2 Prevalence and burden of obesity

The worldwide prevalence of obesity almost tripled between 1975 and 2016, at which
point there were an estimated 650 million adults living with obesity4. Projected targets
suggest that by 2030 more than 1 billion adults globally will have a BMI in the obese
range, with the greatest number of people living in low- and middle-income countries*3.
Concerningly, childhood weight problems are also rapidly increasing, with a four-fold
increase in overweight and obesity over the past 40 years*. In 2016, overweight and

obesity cost the United States of America more than $1.7 trillion#4.

Australia is no exception to the rising prevalence of overweight and obesity. The latest
data from the 2017-18 Australian Bureau of Statistics National Health Survey indicated

that two out of three adults (36% overweight and 31% obese), and one in four children



(17% overweight and 8% obese), had a weight problem?546. Whilst rates of weight
problems in children have plateaued or even slightly decreased in recent years, rates
continue to climb in adults, predominantly driven by increased obesity rather than
overweight; with this comes an enormous financial burden on Australia: $5.4 billion in
direct health costs from disability and hospitalisation and $6.4 billion in indirect costs

from reduced quality of life, premature death and lost productivity4”.

1.2.3 Obesity-related complications

Obesity has profound effects on morbidity and mortality. There is a J-shaped
relationship between BMI and all-cause mortality, including cardiovascular and cancer
mortality*8. Over 2.4 million deaths globally were attributed to being overweight or
obese in 20174° and there are now more deaths linked to overweight and obesity
compared with underweight each year43. On average, all grades of obesity were
estimated to reduce life expectancy by 3.5 years in women and 4.2 years in men, but
those with the highest BMIs (= 40.0 kg/m?2) had the most number of years lost (7.7

years in women and 9.1 years in men)>0°,

The morbidity of obesity should not be underestimated: obesity affects every organ
system in the body and there are over 230 recognised weight-related complications®?.
The main disease states are summarised in Figure 1.252, many of which can be
improved with weight reduction®3. Diseases of particular interest to this thesis included
T2DM, of which 80% of cases can be attributed to obesity, and NAFLD, both of which

are strongly linked to insulin resistance.
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Figure 1.2: Summary of the major medical complications of obesity. Image from Finer, 2015,

1.2.4 Pathogenesis of obesity

Obesity is a complex disease, but in its most simplest form, represents a long-term
imbalance of energy intake versus energy expenditure®*. This is influenced by many
genetic, metabolic, behavioural, and environmental factors that promote excessive fat
deposition. Whilst monogenetic causes of obesity are rare, twin studies estimate that
heritable factors account for up to 75% of the variation in adiposity®®. In addition,
environmental factors, such as prolonged exposure to an obesogenic environment,
can modify the genetic effects®®. It is also acknowledged that signals from adipose
tissue, the gut and the liver, act upon the brain to influence satiety and appetite, and it
is these hormonal, metabolic and neurochemical adaptations that not only defend
against weight reduction, but also promote weight regain®*. Despite increased
research occurring into understanding the biology of obesity, the main proponent of
the obesity epidemic is the “Westernisation” of lifestyles: the rising prevalence of
obesity over the past 50 years has coincided with reduced home cooking, increased
availability of convenience foods, reduced physical activity and more sedentary

occupations®4,
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1.2.5 The metabolic syndrome

The metabolic syndrome refers to the clustering of several metabolic risk factors that
share underlying mechanisms and pathways that are strongly linked to insulin
resistance. Each individual component on its own carries a risk for cardiovascular
disease and/or T2DM, and combination of these factors may increase the magnitude
of the risk. There is no international consensus on the definition of metabolic
syndrome, and as such, there are multiple diagnostic criteria (Table 1.2) which use
different thresholds for each of the risk factors of hyperglycaemia, obesity,
hypertension, and atherosclerotic dyslipidaemia. The key clinical implication of
diagnosing the metabolic syndrome is the identification of people at elevated risk of
cardiovascular disease and T2DM, to subsequently promote aggressive lifestyle
changes, such as weight reduction and increased physical activity, to then help to

prevent or delay the onset of disease.

The metabolic syndrome has associations with other obesity-related diseases,
including NAFLD (discussed in detail in Section 1.4), CKD, polycystic ovary syndrome,
OSA, and gout. Apart from the WHO definition, which includes markers of kidney
disease in their criteria, surrogates of these other conditions are not part of the

diagnostic criteria despite being linked to the same metabolic milieu.
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Table 1.2: Criteria for the metabolic syndrome by three commonly used definitions.

NCEP ATP3 2005%

IDF 2009%8

WHO 1999%

= 88 cm (women) or

ethnic specific cut-offs

> 80 cm (women)

Diagnostic = 3 components = 3 components Hyperglycaemia and = 2 other

criteria components

Glucose Fasting glucose = 5.6 Fasting glucose = 5.6 Fasting glucose = 6.1 mmol/L
mmol/L or drug mmol/L or diagnosed or 2h OGTT glucose = 7.8
treatment for elevated | diabetes mmol/L or diagnosed diabetes
blood glucose or insulin resistance®

Obesity WC =102 cm (men) or | WC =294 cm (men) or | WHR > 0.90 (men) or > 0.85

(women) or BMI > 30 kg/m?

Hypertension

= 130/85 mmHg or

= 130/85 mmHg or

= 140/90 mmHg or treated

treated hypertension treated hypertension hypertension
Triglycerides | = 1.7 mmol/L or = 1.7 mmol/L or = 1.7mmol/L
treatment for high treatment for high
triglycerides triglycerides
HDL-c < 1.0 mmol/L (men) or | < 1.0 mmol/L (men) or | < 0.9 mmol/L (men) or <1.0
< 1.3 mmol/L (women) | < 1.3 mmol/L (women) | mmol/L (women)
or treatment for low or treatment for low
HDL-c HDL-c
Other Urinary AER = 20 pg/min or

UACr = 30 mg/g

AER, albumin excretion rate; BMI, body mass index; HDL-c, high-density lipoprotein cholesterol; IDF,
International Diabetes Federation; NCEP ATP3, National Cholesterol Education Program Adult
Treatment Panel 3; OGTT, oral glucose tolerance test; UACr, urine albumin to creatinine ratio; WHO,
World Health Organisation; WC, waist circumference; WHR, waist to hip ratio. # insulin resistance

measured by insulin clamp.

1.3 The Liver

1.3.1 Function of the liver

The liver is the largest internal organ of the body and is the main interface between
the digestive system and the systemic circulation. It has a diverse range of metabolic,
exocrine, and endocrine functions, as summarised below®062;
e Production of bile which is required for the emulsification, hydrolysis, and
uptake of fats in the duodenum;
e Production and secretion of plasma proteins into the blood (including albumin,

carrier proteins, coagulation factors, hormonal and growth factors);
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e Metabolism, detoxification and/or conjugation of toxins for excretion;
e Regulation of nutrients (including glucose, glycogen, lipids, cholesterol, amino
acids, fat-soluble vitamins);

e Removal of old red blood cells.

1.3.2 Structure of the liver

The liver is unique in that it has two blood supplies: 20% is oxygen-rich from the
hepatic artery and 80% is nutrient-rich from the portal veiné!. Structurally, the liver is
organised in lobules, with central veins in the centre and portal tracts (bile duct, portal
vein and hepatic artery) at the periphery of each lobule (Figure 1.3). But functionally,
the liver is organised into acini, with both hepatic arterial and portal venous blood
entering the acinus from the portal areas (zone 1) and then flowing through the
sinusoids (zone 2) to the central veins (zone 3). Bile flows in the opposite direction,
from zone 3 to zone 1. Zone 1 is at highest risk of damage from toxins entering via the
portal vein, whilst zone 3 is at highest risk of damage from ischaemia due to its position

furthest from arterial blood supply.
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Figure 1.3: The structure of the liver. Image from Mescher, 2021%.
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1.3.3 Cell types of the liver

The liver is formed from parenchymal and non-parenchymal cells. The parenchyma is
comprised of hepatocytes, the main cell type in the liver, accounting for up to 80% of
liver volume®0. The hepatocytes form plates aligned radially around a central vein and
the sinusoids are the space between the plates where nutrient-rich and oxygen-rich
blood mix (Figure 1.3). There are discontinuations and fenestrations along the plates,
forming a narrow perisinusoidal space (space of Disse) where plasma can flow,
allowing uptake and release of nutrients, proteins, and other molecules. The bile

canaliculi form on the opposite (apical) side of the hepatocyte, where bile passes.

Non-parenchymal cells include sinusoidal endothelial cells, Kupffer cells and the
hepatic stellate cells, which in total constitute 5 - 10% of liver volume®0. The sinusoidal
endothelial cells line the sinusoids and have important functions in filtration and
transport of nutrients, modulating vascular tone and inflammation. Kupffer cells are
specialised macrophages that reside in the sinusoidal lumen. They are involved in
cytokine production, phagocytosis of old erythrocytes, act as antigen-presenting cells
and can remove bacteria from the portal circulation. Hepatic stellate cells (HSCs; also
called Ito cells) are found in the space of Disse. They are mesenchymal cells that
produce extracellular matrix (ECM) components in response to injury and repair. They
also store fat and vitamin A and produce cytokines and chemokines to regulate the

activity of Kupffer cells.

1.4 Non-alcoholic Fatty Liver Disease
1.4.1 Definition of NALFD

Non-alcoholic fatty liver disease (NAFLD) is defined as the presence of an excessive

amount (> 5%) of liver fat2. Importantly, other causes of liver disease need to be
excluded, such as hepatitis B or C infection, autoimmune diseases, genetic diseases,
drug toxicities or excess alcohol consumption. Although it is a spectrum of disease, it
can be subdivided into two main histological categories: simple steatosis or non-
alcoholic steatohepatitis (NASH). Simple steatosis, as its name suggests, is the
accumulation of fat inside the hepatocytes without any other adverse histological
features, whereas NASH constitutes the presence of fat in addition to hepatocyte

damage and inflammation, with or without the presence of fibrosis. Individuals with
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NASH are at risk of progressing to cirrhosis, the latter where there is extensive fibrosis
and adverse effects on liver function. Further complications include decompensated
cirrhosis and hepatocellular carcinoma (HCC). Figure 1.4 shows the spectrum of

NAFLD progression®s,

1.4.1.1 Metabolic associated fatty liver disease

In recent years, the term metabolic (dysfunction) associated fatty liver disease
(MAFLD) has been proposed to replace NAFLD®*. There are many constructive
reasons behind this, including a greater appreciation of the heterogeneity of the
disease, and its frequent co-existence with other liver diseases. However, for the
purposes of this thesis, the term MAFLD and its sub-categories have not been utilised
for reasons listed below:

- This thesis was commenced before the release of the International Consensus
Panel in 2020%4;

- The bulk of the literature has used NAFLD and early literature indicates that
whilst NAFLD and MAFLD have great overlap, they do not specifically refer to
the same populations, and the clinical implications of this is not yet clear®s;

- The term MAFLD has not yet been universally adopted by all international

bodies.
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Figure 1.4: The spectrum of NAFLD. (A) Schematic of the progression of NAFLD, from simple
steatosis to NASH, cirrhosis, and hepatocellular carcinoma. (B) Histological sections of normal liver,
steatosis (with macro- and micro-vesicular lipid accumulation), NASH (with inflammatory cell
infiltration and fibrosis), and cirrhosis (with deranged liver architecture, extensive fibrosis, and nodular

change). Image from Cohen et al., 201163,

1.4.2 Prevalence and natural history of NAFLD

NAFLD has become the leading cause of chronic liver disease worldwide®. The
increase in prevalence of NAFLD is driven by its epidemiologic and pathophysiologic
links to obesity, insulin resistance, T2DM, dyslipidaemia, and the metabolic
syndrome®’. Approximately 25% of the general population has NAFLD®8. Of those,
~80% have simple steatosis, whilst ~20% have NASH. While extensive population

studies of NAFLD natural history are relatively few, progression to advanced fibrosis
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is reported to occur in ~4% of individuals with NAFLD (Figure 1.5). Whilst progression
of NAFLD to the more severe subtypes generally occurs over years to decades®®, it
should be noted that this may be somewhat heterogenous, with some individuals
remaining stable for years, others progressing rapidly, and a small minority even

reversing their pathology°.

Nonalcoholic fatty liver disease (NAFLD)

80% 20%

! | '

Nonalcoholic steatohepatitis (NASH) }- --—

Isolated fatty liver ‘

1. None to very minimal v
progressionto cirrhosis 500

2. No increased risk of 20%
death compared with
the general population Advanced fibrosis

3-4% per year < 1% per year

Decompensation Hepatocellular carcinoma i -

Figure 1.5: The natural history of NAFLD. Image from Gill and Kakar, 20217".

Despite only a relatively small percentage of individuals developing decompensated
liver failure or HCC, the rates of liver transplantation for NAFLD/NASH as the
underlying aetiology are increasing’2. In the past two decades NASH has overtaken
alcoholic liver disease as the second most common indication for transplant in the
United States’3. In Australia, it has increased more than five-fold since 200374. The
change in trends is partially explained by improved prevention and treatments for
chronic liver disease caused by hepatitis infections’>. However, the absolute increased
prevalence of NAFLD cannot be ignored. In fact, it is expected that by 2030 the
prevalence of all stages of NAFLD will have increased by more than 20%, but the
prevalence of the most severe stages of fibrosis (F3 and F4), will have more than
doubled’®. Projections from Australian data indicate a similar trend, that is, an 85%
increase in both advanced liver disease and liver deaths by 2030, unless effective

strategies for prevention and treatment can be instituted’”.
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Individuals with NAFLD have increased mortality compared with the general
population. Cardiovascular disease is the leading cause of death, likely driven by
insulin resistance and related cardiometabolic diseases, pro-inflammatory factors and
vasoactive and thrombogenic molecules’®. This is followed by extra-hepatic

malignancies and liver-related complications®2.

1.4.3 Diagnosis and evaluation of NAFLD and NASH

1.4.3.1 Histological assessment

A liver biopsy is the gold standard method for assessing NAFLD, diagnosing NASH,
grading activity and staging severity of fibrosis, in clinical practice and in clinical trials’°.
Liver biopsies are reported according to the Brunt and Kleiner criteria for NAFLD
(Table 1.3), which reflects both the location and extent of liver fibrosis®. Using these
criteria, NASH is defined by the presence of: grade 1 or higher fibrosis, or grade 2 or
higher necroinflammation. As this scoring system indicates, although fibrosis is a
major component of the score, it is possible to make a NASH diagnosis without the

presence of fibrosis.

Table 1.3: Brunt and Kleiner criteria for NAFLD®.

Criteria Grade Definition

o

Steatosis < 5%

5-33%

34 - 66%

> 66%

Fibrosis Absent

Perisinusoidal/pericellular

Periportal

Bridging

Cirrhosis

Necroinflammation Absent

Occasional ballooned hepatocytes and no or very mild inflammation

Ballooning of hepatocytes and mild to moderate portal inflammation

Wl N| P O | W[ N| P O W N|

Intra-acinar inflammation and portal inflammation

Limitations of the Brunt and Kleiner criteria led to the development of the NAFLD
activity score (NAS) by the NASH Clinical Research Network (NASH CRN)8L, This

validated scoring system addresses the full spectrum of NAFLD histology, performs
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well in adults and children, and can be used to grade disease activity which is
particularly useful in clinical trials. It is derived from the sum of scores allocated for
steatosis (0 - 3), lobular inflammation (0 - 3), and hepatocyte ballooning (0 - 2). The
specific criteria are listed in Table 1.4. Unlike the Brunt and Kleiner criteria, fibrosis is
not a component of the NAS. A NAS of 0 to 2 is unlikely to be NASH, whilst a score of

5 to 8 is considered diagnostic of NASH and a score of 3 to 4 is indeterminate8?.

Table 1.4: The NASH CRN NAFLD activity score®'.

NASH CRN NAS Score Criteria
<5%

5-33%

34 - 66%

> 66%

Absent

o

Steatosis

Lobular inflammation

1 focus per 200x field
2 - 4 foci per 200x field
> 4 foci per 200x field
Absent

Hepatocyte ballooning

Few ballooned cells

Nl | O] Wl N| P O W| N

Many cells/prominent ballooning

1.4.3.2 Non-histological assessment

The gold standard for assessing NAFLD remains liver biopsy, but in most cases, this
is unnecessary, highly invasive, and carries inherent risk®. Therefore, other methods
of assessing the liver non-invasively have been developed, which can be implemented
in the clinical setting®3. This includes use of clinical risk scores, blood tests, including

biomarkers, and radiological assessment.

1.4.3.2.1 Biochemical assessment

a) Liver enzymes and other measures of liver function

The liver enzymes, alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP) and gamma-glutamyl transferase (GGT) are non-
specific markers of liver damage. An isolated mildly elevated ALT is frequently the
primary abnormality in individuals with NAFLD. The AST and ALT are generally only

mildly elevated, much less than ~5 times the upper reference range, however the
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degree of elevation does not predict the severity of hepatic inflammation or fibrosis.
An AST to ALT ratio (AST:ALT) of less than one is consistent with NAFLD. Less
commonly, there may also be mild elevations in GGT and/or ALP in NAFLD.
Confusingly, liver enzymes may be within the normal range even in the presence of

severe liver disease.

Other blood test results that are more useful indicators of liver dysfunction include
hypoalbuminaemia, prolonged prothrombin time, thrombocytopaenia and
hyperbilirubinaemia. The latter reflects abnormalities in hepatic conjugation and
excretion, whilst the others reflect reduced protein synthesis of albumin, coagulation

factors and thrombopoietin, respectively.

b) Novel blood biomarkers

There is much interest in the development of blood biomarkers, which may overcome
the need for liver biopsy to diagnose and/or monitor progression of NAFLD and NASH.
This topic has been extensively reviewed by Wong and colleagues®. The most
promising individual biomarker of NASH is cytokeratin-18 (CK-18). It is released in
response to hepatocyte apoptosis and is significantly increased in individuals with
NASH but not simple steatosis. Whilst values correlate with histological improvement
over time, optimal cut-offs remain uncertain. A meta-analysis of CK-18 in individuals
with or without NASH reported a pooled sensitivity of 66% and specificity of 82%,

suggesting inadequate accuracy for clinical use as a stand-alone tests>.

Other potential biomarkers that have been investigated also reflect the underlying
pathophysiology of the disease. These include markers of inflammation, such as c-
reactive protein (CRP) and tumour necrosis factor (TNF); oxidative stress, such as
lipid oxidation products; and adipocytokines and hormones, such as adiponectin,
leptin, fibroblast growth factor 21 (FGF21)84, DPP4 enzyme activity and level®, and
fibroblast activation protein (FAP)87. However, none of these have been independently

validated for clinical use.

The dose-dependent relationship between liver fibrosis and all-cause mortality

suggests that focussing on fibrosis would be of most clinical use. Individual and panels
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of biomarkers that specifically measure fibrogenesis and/or

summarised in Table 1.5.

Table 1.5: Specific fibrosis markers and panels®,

fibrinolysis are

Description

Accuracy

Individual Fibrosis Marker

HA Major component of ECM AUROC 0.87 for F2 fibrosis and 0.92
for F4 fibrosis
PIIINP Measurement of synthesis and
degradation of type Il collagen
Pro-C3 Measures true formation of type Ill
collagen
TIMP1 Reflects tissue matrix remodelling AUROC 0.97 for NASH
Laminin Non-collagen glycoprotein in basement AUROC 0.87 for NAFLD with fibrosis

membranes

Fibrosis Panel

ELF Test PIINP, HA, TIMP1 AUROC 0.92 for F1 fibrosis, 0.98 for
F2 fibrosis, 0.99 for F3 fibrosis
FibroTest GGT, bilirubin, az-macroglobulin, AUROC 0.88 for any fibrosis
apolipoprotein Al, haptoglobin
FibroMeter Body weight, prothrombin index, ALT, AUROC 0.76 for F2 fibrosis, 0.77 for
NAFLD AST, ferritin, fasting glucose F3 fibrosis
Hepascore Age, sex, bilirubin, GGT, HA, az- AUROC 0.82 for F3 - F4 fibrosis

macroglobulin

ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUROC, area under the receiver

operating characteristic curve; ECM, extracellular matrix; ELF, Enhanced Liver Fibrosis; GGT, gamma-

glutamyl transferase; HA, hyaluronic acid; NAFLD, non-alcoholic fatty liver disease; PIIINP, procollagen

1l amino-terminal peptide; Pro-C3, neo-epitope-specific competitive enzyme-linked immunosorbent

assay for PIIINP; TIMPL, tissue inhibitor of metalloproteinase 1.

The general pitfalls of the individual tests are that they are not accurate enough to use

alone in the populations studied, hence the development of the panels. The panels

have mildly superior accuracy, although perform less well at earlier stages of fibrosis,

are expensive due to the use of proprietary formulae, and are not currently available

in Australia.
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1.4.3.2.2 Radiological assessment

a) Ultrasound

On ultrasound, the liver appears hyperechoic with steatosis88. It has a sensitivity of
85% and specificity of 94% for detection of steatosis when compared with liver
biopsy®9, although it performs less well in individuals with high BMI®0. The degree of
steatosis cannot be quantified, but the lowest detection threshold for steatosis is 30%
fat infiltration, and therefore this modality will underdiagnose individuals with steatosis
between 5 and 30%. Other relevant features that can be detected using ultrasound
include ascites, splenomegaly, and portal hypertension, which are indicators of
cirrhosis and decompensated liver failure, and liver lesions (used in routine HCC

screening).

b) Transient elastography

The Fibroscan® utilises transient elastography to measure hepatic fat (controlled
attenuation parameter (CAP) score) and liver stiffness as a surrogate for fibrosis (liver
stiffness measurement (LSM)). Studies have shown a high degree of correlation
between Fibroscan® readings and fibrosis stage confirmed on liver biopsy in the
NAFLD population®93, However, transient elastography has not been widely
implemented due to concerns with equipment cost, limited availability, sub-optimal
performance in the morbidly obese population, and a lack of consensus on appropriate

cut-off values.

c) Computed tomography, magnetic resonance imaging and proton magnetic
resonance spectroscopy

Computed tomography (CT) performs similarly to ultrasound in detecting steatosis®*
but ionising radiation exposure is a major limitation. The sensitivities of magnetic
resonance imaging (MRI) and proton magnetic resonance spectroscopy (MRS) are
superior to CT9°, but cost and availability limit their use®. Both MRI and MRS allow for
guantification of steatosis and can accurately detect small amounts of hepatic lipid

accumulation®.

d) Magnetic resonance elastography
Magnetic resonance elastography (MRE) has the benefit of detecting fibrosis with a

high level of accuracy across all stages of fibrosis (area under the receiver operating
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characteristic curve (AUROC) = 0.86)%’. Unlike Fibroscan®, it is not affected by high
BMI. It is the most expensive and least widely available of all imaging modalities, and

therefore is unlikely to be adopted into routine screening practices.

1.4.3.2.3 Clinical risk scores

Other non-invasive methods of assessing liver fibrosis include use of scoring systems
based on readily accessible clinical and laboratory parameters. They are summarised
in Table 1.6.

Table 1.6: Validated clinical risk scores for advanced fibrosis®.

Test | Clinical/Biochemical Parameters Accuracy Derivation
Population

APRI | AST, platelet count AUROC 0.74 for F3 fibrosis Hepatitis C

BARD | AST, ALT, BMI, diabetes AUROC 0.69 - 0.81 for F3 NAFLD

Score fibrosis

FIB-4 | Age, AST, ALT, platelet count AUROC 0.83 for F3 fibrosis Hepatitis C/HIV

NFS | Age, BMI, IFG/diabetes, AST, ALT, | AUROC 0.75 - 0.82 for F3 NAFLD (biopsy-
platelet count, albumin fibrosis proven)

ALT, alanine aminotransferase; APRI, AST to platelet ratio index; AST, aspartate aminotransferase;
AUROC, area under the receiver operating characteristic curve; BARD, calculated from BMI, AST:ALT
and diabetes presence; BMI, body mass index; FIB-4, fibrosis-4 index; HIV, human immunodeficiency
virus; IFG, impaired fasting glucose; NAFLD, non-alcoholic fatty liver disease; NFS, NAFLD fibrosis

score.

These clinical risk scores are generally less accurate than the blood fibrosis markers
and panels listed in Table 1.5, however they have high applicability as they do not
require expensive or special tests to calculate. They also have high negative predictive
value (NPV; > 90%) in excluding advanced fibrosis and may be used as a screening
tool to exclude individuals who are at low risk and do not require further investigation
or referral. Of note, however, none of these scores were derived specifically in a
population of concomitant NAFLD and T2DM, limiting their utility in this cohort
(performance of these clinical risk scores in validation studies of individuals with T2DM

will be discussed in Section 1.5.2).

23



1.4.4 Pathogenesis of NASH
The pathogenesis of NAFLD and its progression to NASH with fibrosis has not yet

been fully elucidated. There appear to be multiple pathogenic pathways leading to

structural and functional damage in the liver, which will be discussed below.

1.4.4.1 Mechanisms involved in hepatic steatosis

Steatosis is the accumulation of lipids in the liver, including triglycerides, free fatty
acids (FFA), ceramides, and free cholesterol®®. This is a result of excess delivery and
synthesis of fat in combination with reduced hepatic export and impaired (-oxidation
(Figure 1.6). In individuals with NAFLD, FFA influx from adipose tissue accounts for
approximately 60% of liver triglyceride, de novo lipogenesis (DNL) for approximately
25%, and the remainder is sourced from the diet®®. In comparison, DNL accounts for

less than 5% of hepatic triglyceride formation in healthy individuals100.101,
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Figure 1.6: Schematic of sources of excess hepatic lipid accumulation due to increased delivery and

synthesis of fatty acids and reduced export and oxidation. Image from Ferramosca and Zara, 20147%2,

1.4.4.1.1 Dietary intake contributing to hepatic steatosis
The role of dietary intake in the pathogenesis of NASH has been extensively
researched in both clinical and pre-clinical settings. In general, overnutrition leads to

excessive conversion of carbohydrates and proteins to triglycerides, and a high fat diet
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can lead to NAFLD. However, the fatty acid composition of the diet can affect hepatic
lipid metabolism to both encourage pathogenesis of liver disease, but also prevent or
reverse diseasel®?, For example, whilst high dietary saturated fatty acids are
associated with insulin resistance, NAFLD and cardiovascular disease,
polyunsaturated fatty acids are potent inhibitors of hepatic lipogenesis.

1.4.4.1.2 Insulin resistance and increased free fatty acids from lipolysis

Although controversies exist regarding the potential protective effects of insulin
resistance in T2DM03, there are clear links between insulin resistance and
development and progression of NAFLD. Insulin signalling pathways are affected by
hyperinsulinemia, hyperglycaemia, FFA, ceramides, oxidative stress, and
inflammation, which lead to and exacerbate insulin resistancel%4. Insulin resistance
causes impaired suppression of lipolysis of adipose tissue by insulin, and thus an
increase in FFA delivery to the liver, contributing to the accumulation of liver

triglycerides.

1.4.4.1.3 De novo lipogenesis

DNL is a process that converts excessive carbohydrates into triglycerides, which can
later be used as an energy source via 3-oxidation?, It is highly sensitive to the diet:
for example, hepatic DNL is induced by a high carbohydrate diet'%. Dysregulation in
DNL is observed in individuals with insulin resistance and NAFLD. Hyperinsulinemia
inhibits lipolysis in adipose tissue and lowers serum FFA. Insulin resistance prevents
the effectiveness of insulin to do this. In the chronic setting, this leads to up-regulation
of lipogenic transcription factors. The transcription factors sterol regulatory element-
binding protein-1c (SREBP-1c) and carbohydrate response element binding protein
(ChREBP), are major regulators of DNL. SREBP-1c expression is increased in
response to hyperinsulinaemia whilst ChREBP is a glucose-dependent transcription
factor, and both are capable of independently activating genes required for

lipogenesis.

1.4.4.1.4 Impairment of B-oxidation

Mitochondrial B-oxidation is the major oxidative pathway for the disposal of fatty acids.
The oxidative capacity in the liver can become overwhelmed by the increased influx
of fatty acids in NAFLD and thus become a major source of oxidative stress and

production of reactive oxygen species (ROS). Efficiency of B-oxidation can be affected
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by nutritional status, for example, impairment is seen in vitamin B5 deficiency,
excessive alcohol consumption and coenzyme A deficiency. Hyperinsulinemia from
insulin resistance may also impair 3-oxidation07. Activation of peroxisome proliferator-
activated receptor a (PPAR-a) stimulates B-oxidation to improve hepatic lipid turnover
and prevent development of NASH in micel%. Adiponectin has also been implicated,
as it has been shown to improve fatty acid oxidation and reduce fatty acid synthesis,

with reduction in steatosis and inflammation10°.

1.4.4.1.5 Impaired synthesis and secretion of very-low-density lipoprotein

Impairment in very-low-density lipoprotein (VLDL) synthesis and secretion can
contribute to excess fatty acid accumulation and steatosis. A Japanese study reported
that VLDL synthesis and removal of lipids from the liver were impaired in individuals
with NASH!10, Another study showed that individuals with NASH may have a defect in
postprandial secretion of apolipoprotein B, an important structural component of VLDL,
thus leading to impaired synthesis of VLDL and accumulation of triglycerides in the
livert1l, Defects in VLDL can also occur because of dietary deficiencies, such as in

protein malnutrition or choline deficiency.

1.4.4.2 Mechanisms involved in hepatic inflammation

Hepatic inflammation is major trigger for the transition of simple steatosis to NASH.
The activation of inflammatory pathways results in the release of chemokines,
cytokines, and other pro-inflammatory molecules, enabling recruitment of
inflammatory cells to the liver to enable coordinated cellular defence and tissue repair.
The origin of hepatic inflammation stems from both within the liver (e.g. lipotoxicity,
innate immune response and cell death pathways) and from extra-hepatic tissues such
as adipose tissue and the gut!'?, Figure 1.7 depicts some of the major components

implicated in hepatic inflammation in NASH.

26



FFA TNFo/IL-1B

TLR Cytokine receptors

JNK/NF-xB
' activation
FFA oxidation

| |
. Mitochondrial

ER stress

v
W v Chemokines (MCP-1)
NF-«xB Cytokine expression
l \ W p65 Inflammation
Insulin resistance ~ e
AINA DN NG
LY b

Figure 1.7: Schematic depicting contributors implicated in hepatic inflammation in NASH. Excess lipid
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accumulation activates signalling pathways to increase pro-inflammatory chemokine and cytokine

expression. Image from Farrell et al., 2012113,

1.4.4.2.1 Innate immunity in the liver

The innate immune system can recognise immunogenic signals released from
damaged or dead tissue through pattern recognition receptors (PRRs) that bind to
damage-associated molecular patterns (DAMPSs). Families of PRRs, including Toll-like
receptors (TLRs) and NOD-like receptors (NLRs), are implicated in the pathogenesis
and inflammation in NASH112, TLR signalling activates transcription factors involved in
cytokine and chemokine production. In particular, TLR-2, -4 and -9 are overexpressed
in NASH livers and are associated with disease progression!14115 The NLRP3
inflammasome is also activated by DAMPs, as well as ROS and FFAs, amongst other
factors!!?2, NLRP3 activation promotes cell death and expression is increased in
humans with NASH?16,
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Activation of resident Kupffer cells results in release of cytokines and chemokines and
recruitment of other immune cells. Animal studies have shown that the depletion of
Kupffer cells in NASH can prevent liver steatosis, inflammation, and fibrosis, and
reduce infiltration of other immune cells!l’. Kupffer cells also express TLRs which

further contributes to inflammation.

1.4.4.2.2 Hepatocellular stress

a) Lipotoxicity

Lipotoxicity is a major cause of hepatocyte dysfunction that leads to the pathogenesis
of NASH118, Triglycerides are not thought to be the major determinant of lipotoxicity,
whereas other lipid species have been implicated. The accumulation of FFAs in the
liver leads to formation of lipotoxic metabolites, including ceramides, diacylglycerols
and lysophosphatidylcholinel13.119, These lipids contribute to activation of signalling
cascades and death receptors, endoplasmic reticulum stress, mitochondrial
dysfunction, and oxidative stress, ultimately leading to hepatocyte damage and
death98,

b) Oxidative stress

Oxidative stress is important in the progression of NASH120 and markers of oxidative
stress correlate with the severity of liver damage in humans with NASH?!21, Sources of
ROS include Kupffer cells and mitochondrial dysfunction in -oxidation. The formation
of lipid peroxidation products can activate HSCs122, which in turn can produce even
more ROS through the expression of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase?23.

¢) Endoplasmic reticulum stress

A major source of endoplasmic reticulum (ER) stress is the incomplete folding of
proteins. Diabetes increases impaired protein synthesis and amino acid metabolism
thereby contributing further to ER stress. ER stress activates the of nuclear factor kB
(NF-kB), c-jun N-Terminal kinase (JNK) and CCAAT/enhancer binding protein
(C/EBP) pathways, to enhance inflammatory recruitment, worsen insulin resistance,
stimulate lipogenesis, and promote oxidative stress!13, Its role in human NASH has

not been fully elucidated, with activation of some pathways but not others124,
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1.4.4.2.3 Pro-inflammatory signalling pathways

Cellular stress leads to the activation of intracellular pro-inflammatory pathways. Major
signalling pathways include transcription factor activation of NF-kB and JNK. In the
liver, NF-kB regulates the transcription of many pro-inflammatory molecules, including
cytokines, chemokines, adhesion molecules, nitric oxide, and cyclo-oxygenase 2.
Activation of NF-kB has been identified in human NASH and in animal models of NASH

and is thought to play a key role in recruitment of inflammatory molecules125.

JNK is a member of the mitogen-activated protein kinase (MAPK) family, and is
activated by oxidative stress, lipotoxic molecules, or binding to growth factors, TNF
receptors or TLRs!13, JNK activates the mitochondrial apoptosis pathway and induces
NF-kB. JNK has also been shown to be activated in humans with NASH and in animal

models126,

1.4.4.2.4 Pro-inflammatory cytokines and chemokines

Pro-inflammatory cytokines are implicated as a major pathogenic component in
progression of NASH, leading to cause impaired insulin signalling, cell damage,
neutrophil chemotaxis, HSC activation and apoptosis!?’. Activation of the NF-kB
pathway leads to release of many cytokines, including TNFa, interleukin-6 (IL-6) and
interleukin-8 (IL-8). The Kupffer cells are another source of cytokines from the liver,
releasing large amounts of TNFa and IL-6128. Other cytokines and chemokines, such
as interferon y (IFN-y), interleukin-18 (IL1B) and C-C motif chemokine ligand 2 (CCL2)

are also thought to play an important role in NASH progression.

1.4.4.2.5 Extra-hepatic factors

a) Adipocytokines

Adiponectin has favourable effects on DNL and (-oxidation. It is hypothesised to
activate PPAR-a and AMP-kinase, resulting in increased (3-oxidation and decreased
synthesis of triglycerides?. It also decreases hepatic TNFa production and thus has
a direct anti-inflammatory effectl%9. Adiponectin has been shown to inhibit the

fibrogenic effects of leptiniso.
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b) Intestinal microbes

The gut microbiome may play a role in the pathogenesis of NAFLD, as a source of
hepatotoxic oxidative injury. Changes in the gut microbiota can lead to increased gut
permeability, translocation of bacteria and movement of microbiota through the portal
circulation!3!. This can activate the innate immune system to produce an inflammatory

response.

1.4.4.3 Mechanisms involved in hepatic fibrosis

Fibrosis is a part of the wound-healing response characterised by deposition of ECM.
Along with necroinflammation, it is a key feature that distinguishes NAFLD from
NASHS®0. The severity of liver fibrosis is tightly linked to clinical outcomes, including
liver dysfunction and all-cause mortality®’. The hepatic stellate cell (HSC) has been
identified as the key driver of hepatic fibrogenesis: firstly, through increased synthesis
and deposition of ECM, and secondly, via cellular proliferation to increase the total
number of activated HSCs. However, the development of fibrosis is a balance between
deposition and degradation of ECM, and the inhibition of degradation of ECM also
contributes to the overall degree of fibrosis.

1.4.4.3.1 Activation of the hepatic stellate cell

Under normal conditions, the HSCs remain quiescent in the space of Disse. Activation
occurs in response to a range of chronic insults to the liver, such as occurs in NASH.
There are two main phases of activation: initiation and perpetuation, but these may be
followed by a resolution phase if the insult is removed!32. During the initiation phase,
hepatocyte apoptosis from the initial injury generates apoptotic bodies, ROS, and
paracrine stimulation of HSCs. During the perpetuation phase, these stimuli promote
maintenance of the activated phenotype, leading to ongoing generation of fibrosis
(Figure 1.8). A resolution phase may occur through apoptosis, senescence or

guiescence of HSCs133,
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Figure 1.8: Activation of hepatic stellate cells. Initiation phase is stimulated by tissue injury, leading to
the perpetuation phase of proliferation, contractility, fibrogenesis, altered matrix degradation,

chemotaxis, and inflammatory signalling. Image taken from Friedman, 201073,

1.4.4.3.2 Intracellular signalling in the hepatic stellate cell

a) TGFB1/Smad signalling

The most potent fibrogenic cytokine in the liver is transforming growth factor 1
(TGFB1), which is mainly derived from HSCs, but also from Kupffer cells, hepatocytes
and platelets135. TGFB1 stimulates the synthesis and deposition of many ECM
components!36 via Smad protein signalling'3’ and HSC activation. However, TGF31
also has important roles in hepatocyte regeneration!38 and maintenance of normal liver

homeostasis, which makes it a very challenging therapeutic target*3°.

Cellular communication network 2 (CCN2), formerly known as connective tissue
growth factor (CTGF) is a cysteine-rich matricellular protein, that regulates ECM
proteins, and cellular adhesion, migration, proliferation, survival, and
differentiation140141, CCNZ2 is not only up-regulated by TGFB1, but it also feeds forward
to up-regulate the TGFB1 profibrotic signalling pathway!42143, CCN2 has been
implicated in development of fibrosis in NASH, clinically and in pre-clinical
models144145, The potential role of CCN2 in NASH with fibrosis will be discussed in

detall in Section 1.7.7.
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b) Proliferative signalling

Platelet-derived growth factor (PDGF) signalling leads to HSC activation and
proliferation'46. Binding of PDGF to its receptor leads to activation of several
downstream signalling pathways, including the Ras-MAPK and PI3K-AKT pathways.
Whilst all isoforms have fibrogenic effects, PDGF-B is the most potent PDGF isoform
that mediates HSC proliferation and is regulated by TGFp1147-149,

¢) MAPK signalling

The MAPK cascades are key intracellular signalling pathways that regulate many
cellular responses including proliferation, differentiation, and apoptosis. The MAPK
family consists of three members: extracellular signal-regulated kinase (ERK), JNK
and p38 MAPK.

As mentioned above, the activation of Ras is an early step in PDGF-stimulated
HSCs'%0. There is subsequent activation of Raf-1, MAPK kinase-1/-2 (MEK 1/2), ERK-
1 and ERK-2151, Activated ERK then phosphorylates transcription factors involved in
HSC proliferation!®2. Inhibition of the ERK pathway can suppress PDGF-stimulated
mitogenesis and partially decrease PDGF-stimulated chemotaxis, which provides
evidence for the key role of ERK signalling in PDGF-driven HSC proliferation and

migration1°3,

JNK also regulates proliferation of HSCs. JNK can be induced by multiple stressors,
including cytokines, UV- and y-irradiation, cytotoxic drugs and ROS1%4. Upstream
signalling kinases, MAPK kinase-4 (MKK3) and MKK?7 can regulate JNK activity, and
then activate several transcription factors, including the c-Jun and activating
transcription factor-2 (ATF-2)155156_ |nhibition of JNK in cultured HSCs can reduce

cellular proliferationt7,

Finally, p38 MAPK is activated by growth factors, heat shock and
ischaemia/reperfusion injury'®8. Phosphorylation of p38 by MKK6 and MKKS3 leads to
activation of transcription factors, including ATF-2159. In contrast to ERK and JNK
signalling, p38 inhibits HSC proliferation157.160,
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d) Chemokine pathways

Chemokines induce fibrogenic cell migration to the injury site, thus promoting
fibrogenesis and amplifying inflammation. Multiple cells in the liver can both be
potential sources or targets of chemokines, depending on the different receptors or
ligands that they express. For example, C-C chemokine receptor type 5 (CCR5) is
induced by NF-kB signalling and it stimulates HSC migration and proliferation61,
However, not all chemokines promote fibrogenesis: other chemokines, such as C-X-
C motif chemokine ligand 9 (CXCL9) and interleukin-10 (IL-10), can have antifibrotic
properties162,

e) Adipokine pathways

Adipokines have been recognised as another class of mediators of fibrogenesis!s.
Leptin, a circulating hormone, promotes both HSC activation through suppression of
PPAR-y, and tissue inhibitor of metalloproteinase 1 (TIMP1) expression, to promote
fibrogenesis and prevent degradation of ECM64165 A reduction in the counter-
regulatory hormone adiponectin has been reported in liver fibrosis, and this may

contribute to the fibrogenic activity of leptint6s.

1.4.4.3.3 Hepatocyte contribution to fibrogenesis

Hepatocytes are the most abundant cell type in the liver and can also contribute to
fibrogenesis. The release of hepatocyte-derived apoptotic bodies after hepatocyte
injury promotes HSC activation and differentiation, and thus are potential inducers of
liver fibrosis!23167  Apoptotic hepatocytes also generate adenosine, which is a
mediator of the fibrogenic cascadel®8. Activation of NF-kB in hepatocytes also
mediates hepatic fibrosis16°. Hepatocytes can also produce profibrotic factors, such as

CCNZ2, in response to tissue insult14,

1.4.4.3.4 Matrix remodelling in liver fibrosis

The normal homeostasis of ECM is regulated by a balance between matrix
metalloproteinases (MMPs) and their specific inhibitors, the TIMPs/9, In fibrosis, there
Is disruption to the balance of MMPs and TIMPs. Activated HSCs have up-regulated
expression of TIMP1, leading to inhibition of MMPs and accumulation of ECM
proteins!’L, In particular, there is increased type I, -lll and -1V collagen deposition'72.

In addition to preventing fibrinolysis, TIMP1 can also inhibit the apoptosis of activated
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HSCs, allowing further promotion of fibrogenesis!’3174, Matrix metalloproteinase 2
(MMP-2), which suppresses type | collagen expression, is increased in human liver

fibrosis, and its absence has been reported to promote fibrogenesis’:.

1.4.5 Management of NAFLD

1.4.5.1 Body weight reduction

1.4.5.1.1 Lifestyle modification

In the absence of any approved medications for the treatment of NAFLD or its
subtypes, current recommendations focus on lifestyle modifications to induce weight
loss. Weight loss of = 5% has been shown to improve hepatic steatosis, whilst weight
loss of = 7% can improve histological disease activity as assessed by the NAS (Table
1.4)175, Importantly, greater weight loss was associated with greater reduction in liver

fat and higher likelihood of NASH resolution and fibrosis regression76.

1.4.5.1.2 Bariatric surgery

In those unable to achieve or maintain weight loss through lifestyle modification,
bariatric surgery may be an option. Some observational studies of bariatric surgery
resulting in substantial and sustained body weight reduction (> 15%), have been
shown to be associated with less severe, or even resolution of, NASH fibrosis177-179.
However other studies have reported a persistence of fibrosis despite resolution of
NASH180 or even worsening of fibrosis, at least in the short term follow-up'7®-181, Good
guality RCTs with adequate duration follow-up are required to further elucidate the role

of bariatric surgery in individuals with NASH fibrosis.

1.4.5.2 Liver-directed pharmacotherapy

Vitamin E has been investigated as an antioxidant treatment for NASH (without
diabetes) in multiple clinical trials with mixed results. A large RCT of high-dose Vitamin
E versus pioglitazone (PPAR-y agonist) versus placebo for almost two years reported
that individuals on Vitamin E were more likely to have improved histology and ALT182,
However, the results of a meta-analysis, which included this positive RCT, concluded
no benefit from Vitamin E183. In fact, Vitamin E has been associated with increased

all-cause mortality and risk of prostate cancer, and thus is not routinely prescribed84,
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Thiazolidinediones, a class of diabetes medications (Section 1.1.5), have been shown
to improve the histological features of ballooning, inflammation and steatosis (odds
ratio (OR) 2.11, 2.58 and 3.39, respectively), but not fibrosis, in individuals with
NASH185, However, results of a sub-analysis suggested that pioglitazone, but not
rosiglitazone may improve fibrosis18, although the safety and side effect profile of

these medications significantly limit their use.

There are numerous other drugs in the development pipeline (phase 2 or 3) for the
treatment of NASH and fibrosis, targeting metabolic pathways, oxidative stress,
inflammation and/or fibrosis. These have been summarised in a review by Albhaisi
and Sanyal in 202186, The evidence for GLP-1RAs will be discussed in Section
1.5.4.1.

1.4.5.3 Cardiovascular risk factors

Although the development and progression of NAFLD is not thought to be
predominantly glucose-mediated, optimising glycaemic control in individuals with
concomitant NAFLD and T2DM aims to reduce cardiovascular risk. Options for
glycaemic control in T2DM were discussed in Section 1.1.5 and will be further
discussed in relation to NAFLD and NASH with fibrosis in Section 1.5.4. Dyslipidaemia
and hypertension frequently co-exist in individuals with NAFLD and should be

aggressively managed to further reduce the risk of cardiovascular disease.

1.4.5.4 Alcohol intake

Individuals with NAFLD are advised to refrain from heavy alcohol intake, and in
particular binge drinking, as this has been linked to disease progression, including
worsening steatosis, hepatic injury, and fibrosis18’. The effects of light or moderate
alcohol intake are less clear, but in general, individuals are advised to abstain from

drinking alcohol.

1.5 Non-alcoholic Fatty Liver Disease in Type 2 Diabetes Mellitus

The pathogenic relationship between NAFLD and T2DM has been well established®”.
Presence of one disease is a risk factor for development of the other. Approximately

25% of the general population has NAFLD, but this rises to greater than 70% in adults
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with T2DM®8.188 The presence of T2DM is an independent risk factor for progressing
to each of the more severe stages of NAFLD, including NASH with fibrosis and
cirrhosis®7-189.190 The growing rates of these concomitant metabolic diseases have
significant implications for not only long-term health outcomes at both an individual
and public health level, but also impacts on healthcare systems and health economics,
related to screening, diagnosis, and management. A greater understanding of the

complex and overlapping pathogenic pathways is needed.

1.5.1 Pathogenesis of NASH in T2DM

The pathogenesis and progression of NAFLD from simple steatosis to NASH with
fibrosis and beyond in T2DM has not been fully elucidated, and but is likely to arise
from a combination of genetic predisposition, environmental exposures, and metabolic
derangements. Research has long debunked the simplistic “two-hit hypothesis”, where
steatosis was thought to be the first “hit”, and then exposure to another pathogenic
insult, such as oxidative stress, was the second “hit”, led to the inflammation and

fibrosis observed in NASH91,

Instead, the progression of NAFLD is hypothesised to be a culmination of a relative
insulin deficiency from T2DM causing increasing lipolysis of adipose tissue and fatty
acid delivery to the liver, portal hyperinsulinaemia and selective hepatic insulin
resistance of pathways controlling glucose but not fat®’. It is proposed that this
differential signalling results in up-regulation of MAPK-related pro-fibrogenic pathways
and also SREBP-1 gene expression, which can also be induced by both high fat diets
and insulin, and this leads to increased DNL (discussed in Section 1.4.4.1.3)192.193
Ongoing exposure to toxic lipid species and inflammation can induce hepatic
profibrotic pathways via activation of HSCs. Hyperglycaemia, and production of
advanced glycation end products, is thought to have only a minor contributing role in

stimulating inflammatory and fibrotic pathways. This is summarised in Figure 1.9.
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Figure 1.9: Schematic of proposed pathogenic processes by which T2DM promotes development of
NASH fibrosis. Image adapted from Williams et al., 2013%".

1.5.2 Utility of fibrosis markers and clinical risk scores in T2DM

Blood biomarkers and clinical risk scores for advanced liver fibrosis were discussed in
Section 1.4.3.2. These tests were not developed specifically in a cohort of individuals
with concomitant NAFLD and T2DM, although are frequently used. A recent cross-
sectional study evaluated a range of clinical risk scores in a cohort of individuals with
NAFLD (determined by MRS +/- liver biopsy) and T2DM?%4, Performance of the
NAFLD fibrosis score (NFS), fibrosis-4 index (FIB-4), CK-18, BARD (calculated from
BMI, AST:ALT and diabetes presence), AST to platelet ratio index (APRI), and neo-
epitope-specific competitive ELISA for PIIINP (Pro-C3), were all suboptimal (AUROC
< 0.80), and no one test performed better than the others, although they all had good
NPV greater than 90%. The FIB-4 performed the best in terms of positive predictive
value (PPV) and NPV (80% and 94%, respectively), but the large proportion of
indeterminate results when using this score remains a problem. Concern has also
been raised about the use of NFS in a diabetes population, as the algorithm includes
the presence of diabetes, leading to an elevated score for all pateints1®, yet it tends
to misclassify more the prevalence of fibrosis1941%, Although several international
practice guidelines recommend use of the FIB-4, one group has suggested that

accuracy is too low to identify individuals at risk in a T2DM population that has a
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moderate prevalence of advanced fibrosis®®197 and using a higher cut-off in

individuals with T2DM may improve the performancel®4.

More recently, another risk score has been proposed, call fibrotic NASH index (FNI).
It was derived from a cohort of morbidly obese individuals undergoing bariatric
surgery, at which point a liver biopsy was obtained. The risk score used a combination
of AST, HbAlc, and HDL-c, and had an AUROC of 0.78. The FNI was then validated

in a T2DM population, where it had superior performance to the FIB-419,

Potential blood biomarkers that have previously been researched by this group include
fibroblast activation protein (FAP) and dipeptidyl-peptidase 4 (DPP4). When
combining FAP levels and NFS in a screening algorithm, ~40% of patients could be
reclassified from “indeterminate risk” to “low risk” category8’. Low FAP was found to
have a good NPV in excluding advanced fibrosis. In addition, circulating DPP4 activity
levels and CK-18 levels were associated with liver fibrosis in a cohort of individuals
with NAFLD and T2DM#g6,

1.5.3 Screening for NAFLD and NASH in T2DM

A joint Clinical Practice Guideline from the European Association for the Study of Liver
(EASL), Diabetes (EASD) and Obesity (EASO) on the management of NAFLD was
published in 20161°°. It made a level A2 recommendation (high quality evidence,

weaker recommendation) to assess for the presence of NAFLD in all individuals with
T2DM, irrespective of their liver enzyme levels. Assessment included a minimum of a
liver ultrasound and liver enzymes. However, the authors acknowledged that the
availability of resources, the added burden on healthcare systems, and the limited
effective treatments, would be important considerations in widespread screening. The
American Diabetes Association (ADA) included screening for NAFLD, for the first time,
in their 2019 Standards of Medical Care in Diabetes?%. They recommended that all
individuals with T2DM who have biochemical or radiological evidence of NAFLD
should receive assessment for NASH and liver fibrosis. They suggest the use of non-
invasive tests, such as elastography or fibrosis biomarkers, however the
recommendation was based on low level (Level C) evidence. More recently, the
American Association of Clinical Endocrinology (AACE) and the American Association

for the Study of Liver Diseases (AASLD) published a clinical practice guideline20,
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They have recommended screening of all individuals with T2DM, firstly with the FIB-
4, and then further testing with either the Enhanced Liver Fibrosis (ELF) test (Table
1.5) or transient elastography (Section 1.4.3.2.2) in the event of an indeterminate or
high risk score. These were generally Grade B recommendations based on
intermediate strength of evidence. There are currently no clinical practice guidelines
in Australia for the screening of NAFLD in the T2DM population.

1.5.4 Management of NAFLD and NASH fibrosis in T2DM
The general principles of NAFLD and NASH management were discussed in Section

1.4.5, however additional considerations should be made in individuals with T2DM,
particularly if they have NASH with = F2 fibrosis*°.

1.5.4.1 Glucagon-like peptide-1 receptor agonists

In an RCT of individuals with NASH and T2DM, liraglutide for 48 weeks resulted in
higher rate of NASH resolution and less progression of fibrosis on liver biopsy2°2. A
24-week study of dulaglutide reported improvements in liver fat, but not liver
stiffness?%3. More recently, there has been much interest in semaglutide due to its
superior weight loss and HbAlc effects. A phase 2 study over 72 weeks showed
histological improvements in NASH with semaglutide, but there was no significant
improvement in fibrosis stage?%4. The phase 3 trial (ESSENCE) is currently recruiting

and the results are keenly awaited?%.

1.5.4.2 Sodium-glucose co-transporter-2 inhibitors

Dapagliflozin has been shown to improve liver steatosis and liver fibrosis (by transient
elastography) in an RCT of individuals with NAFLD and T2DM over 24 weeks2%, The
fibrosis benefits were mild, and only found in individuals with significant liver fibrosis.
An RCT of empagliflozin showed improvements in liver steatosis but did not evaluate
effects on fibrosis2%’. In a small, single-arm pilot study of empagliflozin in individuals
with biopsy-proven NASH and T2DM, there were significant improvements in
steatosis, ballooning, and fibrosis on a serial liver biopsy after 48 weeks of
treatment2%8, Again, it is unclear if these improvements are due to weight reduction
induced by SGLT2 inhibitors, or whether there are direct effects on the liver. These
preliminary studies show promise, although effects on liver fibrosis in NASH appear

mild at best. Larger and longer-term studies are required.
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1.5.4.3 Dual glucose-dependent insulinotropic polypeptide and glucagon-like
peptide-1 receptor agonists

The co-administration of a dual glucose-dependent insulinotropic polypeptide (GIP)
and GLP-1RA has synergistic effects on insulin and glucagon responses in individuals
with T2DM. In the SURPASS series of clinical trials, tirzepatide has been shown to
have superior effects in weight loss reduction and HbAlc when compared to, or used
in combination with, other classes of diabetes medications, and is therefore a potential
agent for treatment of NASH. A post-hoc exploratory analysis showed promising
results in relation to improvements in blood biomarkers of NASH?2%°. A phase 2 clinical
trial of tirzepatide (SYNERGY-NASH) is currently in progress?1°,

1.6 Animal Models of NASH Fibrosis

For over twenty years, researchers have used animal models to improve the
understanding of the pathogenesis of NASH and to identify and test potential
therapeutic targets?!l. Yet there are still no approved pharmacotherapies for the
prevention or treatment of NASH; one of the major barriers to this is the lack of animal
models that faithfully mimic the human condition whilst still exhibiting the full spectrum
of disease. Some pre-clinical models do not reflect the disease aetiology as it occurs
in humans, whilst other models do not always exhibit all the characteristic histological
features of human NASH as set out in the Brunt and Kleiner criteria8 (discussed in
Section 1.4.3.1).

Recently, Farrell and colleagues proposed a minimum set of requirements for murine
models of NASH to maximise the translational value of the research??. The main
priorities included models that simulated metabolic dysregulation, with weight gain,
abnormal lipid distribution, insulin resistance, hyperinsulinaemia and hyperglycaemia,
whilst models that featured weight loss, insulin sensitivity or use of toxins were not
recommended. Ideally, the liver tissue would be reviewed by a qualified pathologist
with experience in human NASH who could apply the relevant scoring systems, but
this data should be complemented with further laboratory analysis to confirm and
guantify the results in the animal model. For example, using specialised staining to
guantify the amount of fibrosis rather than rely solely on the FO - F4 scale, or to confirm

the presence of hepatocyte ballooning using immunohistochemistry.
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Another major limitation of many existing animal models is the lack of emphasis on
diabetes. As discussed in this literature review earlier (Section 1.5), not only is NAFLD
and NASH much more prevalent in the diabetes population compared with the general
population®8188 but diabetes is also an independent risk factor for the progression to
each of the more severe stages®7189.190 A review on mouse models of NASH found
that only 25% of studies included features of insulin resistance or diabetes in their
model, whilst the other 75% either did not include these features or did not report on
them at all?!l. Added to this, there is no consensus on the diagnostic criteria for

diabetes in animals, and thus there is heterogeneity in the definitions used.

Pre-clinical models can broadly be categorised into the following groups: diet-induced,
deficiency-induced, toxin-induced, genetic, or a combination of these?13. These will be
discussed below, with a focus on development of liver fibrosis in the context of

hyperglycaemia and diabetes.

1.6.1 Diet-induced models of NASH fibrosis
A high fat diet is a simple method for inducing obesity and insulin resistance in animals.

Diets containing up to 70% of calories from fat result in hepatic steatosis and mild
inflammation without significant fibrosis even after prolonged feeding?!2. In the
absence of ‘force feeding’ by gavage, the mild phenotype is a major limitation of these

models, as is the variability in inducing mild hyperglycaemia.

Excessive cholesterol has been shown to cause progression of steatosis to NASH?214,
and hence cholesterol has been added to a high fat diet in many studies to enhance
the disease severity?!>. However, there are concerns that the amount of added
cholesterol is not translatable to the human diet. For example, a 2% cholesterol diet
for a mouse is equivalent to 2000 mg/day in a human diet, which is almost seven times
the average daily intake of cholesterol?16. In addition, added cholesterol (1.25%) was
shown to result in discordant changes in lipid and glucose metabolism, whereby mice
had decreased hepatic triglyceride concentrations and cholesterol synthesis, but
improvement in insulin and glucose tolerance?!’. Ideally, added cholesterol in animal

models should be kept to < 0.5% to maintain some relevance to human disease.
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A so-called “Western” diet attempts to emulate unhealthy human intake by combining
a mix of excessive fat, sugar, and cholesterol?3. The compositions can vary quite
markedly between studies, making comparisons challenging. In a study of mice fed a
Western diet with corn syrup added to drinking water to increase fructose intake,
obesity, insulin resistance, mild hyperglycaemia and mild to moderate fibrosis were
noted at 24 weeks?18. Lesser effects were observed in other species, including rats

and hamsters, albeit in shorter duration studies?13.

The diet-induced animal model of non-alcoholic fatty liver disease (DIAMOND) mice
are an inbred strain (C57BL/6J (B6) and 129S1/SvimJ (S129) mice) which combine
genetic effects with an ad libitum Western diet (42% fat, 34% sucrose, 0.1%
cholesterol, and 4.2% fructose/glucose solution) to induce NASH with significant
fibrosis over 52 weeks?!®, These mice display many of the hallmark metabolic and

histological features of human NASH, but do not display hyperglycaemia or diabetes.

1.6.2 Deficiency-induced models of NASH fibrosis

The methionine- and choline-deficient (MCD) diet is another frequently used animal

model that induces NASH with fibrosis by impairing B-oxidation and VLDL production
and secretion, leading to accumulation of FFAs in the liver?13, Fibrosis occurs within
five weeks, but by eight weeks, mice have lost a significant amount of weight due to
the hypermetabolic state and display enhanced peripheral insulin sensitivity?12, In
attempts to achieve a more clinically relevant model, some studies have combined the
MCD diet (or choline-only-deficient diet) with either a high fat diet or genetically obese
strain, such as db/db mice?!2. The choline-deficient, L-amino acid-defined (CDAA) diet
is also deficient in choline, but has some proteins replaced with L-amino acids?20-221,
Fibrosis takes 20 weeks to develop??2. Unlike the MCD diet, mice fed a CDAA diet do
not lose weight, but nor do they gain weight, compared to controls?22, and they still do
not exhibit any of the metabolic disturbances in human NASH. The CDAA diet has
also been combined with a high fat diet, however these mice still have decreased
weight gain with lower circulating glucose, insulin and lipid concentrations compared
with control mice223:224, Whilst each of these animal models can robustly induce liver
fibrosis, the severe nutritional deficiency required to achieve this and the lack of
metabolic disturbances, significantly reduce the utility of these models in studying
human NASH.
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1.6.3 Toxin-induced models of NASH fibrosis

Models of liver fibrosis that use toxins have arguably the least relevance to human

NASH, however the main advantage is the rapid and robust induction of advanced
fibrosis, including cirrhosis and even development of HCC. Carbon tetrachloride (CCly)
has been used in mouse and rat studies, where it generates the trichloromethyl free
radical to induce zone 3 (central) fibrosis??®, like human NASH, although the
underlying pathogenesis is very different. Cirrhosis can be induced within as little as
nine weeks in this model?26. Thioacetamide (TAA) has also been used in rodents and
develop early periportal fibrosis by week six, and cirrhosis by week 16227, But early
periportal fibrosis is generally a hallmark of NASH in children and not adults?13. To
overcome the lack of metabolic dysfunction in these toxicity models, one study
combined low dose CCl, with a Western diet?28. This model induced histological and
transcriptomic changes similar to human NASH, but development of cirrhosis by 24
weeks was inconsistent. In addition, the use of CCl, mitigated some of the metabolic
effects of the Western diet, with reductions in food intake, lesser weight gain, and lower
insulin level. Dimethylnitrosamine (DMN) and diethylnitrosamine (DEN) are highly
hepatotoxic agents to humans and animals, and whilst models that utilise these agents
can induce fibrosis and cirrhosis, they are more suited to studies of liver

carcinogenesis?29,

1.6.3.1 Combined streptozotocin and high fat diet-induced models of NASH
fibrosis

A major disadvantage of the above-mentioned toxicity models is the absence of
metabolic abnormalities, and particularly relevant to this thesis, the absence of
diabetes. Streptozotocin (STZ) is frequently used in animal models of diabetes,
whereby it destroys pancreatic 3 cells230. Administration of high (cumulative) doses
can cause liver toxicity?3! as well as induce an absolute insulin deficiency synonymous

with type 1 diabetes mellitus232:233,

1.6.3.1.1 The Stelic Animal Model

The Stelic Animal Model (STAM™) is a commercially available model that aims to
recapitulate human NASH by combining STZ with a high fat diet?34. Mice are given a
single dose (200 pg) of STZ on day two of life, before being commenced on a 32% fat

diet from the age of four weeks. The mice progress quickly through each stage of
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NASH and have developed HCC by 20 weeks. However, this model is also not a
faithful replication of human NASH, as mice are given STZ in the neonatal period and

do not display insulin resistance or hyperinsulinaemia?12.

1.6.3.1.2 The Fat and Diabetes model

Our laboratory has established a mouse model that more accurately reflects human
NASH. Our Fat and Diabetes (FaD) model induces obesity, insulin resistance and
hyperinsulinaemia with a high fat diet (45% kcal fat) commenced at ~five weeks of age
and continued for 15 weeks, before subsequent induction of diabetes with two low
doses of STZ (65 mg/kg/day)144145, These mice reliably develop significant fibrosis by
20 weeks, and cirrhosis by 40 weeks. In addition, mice exhibited a relative but not
absolute insulin deficiency, and the hepatoxic effects of STZ were excluded by

demonstrating inhibition of fibrosis with insulin treatment4.

1.6.5 Genetic models of NASH fibrosis

There are several animal models derived from genetic manipulation that result in

hyperphagic-driven obesity. A mutation in the leptin gene (ob/ob mice) or leptin
receptor (db/db mice or fa/fa rats) produces animals that exhibit the correct metabolic
phenotype of obesity, insulin resistance, dyslipidaemia, and diabetes-range
hyperglycaemia?3>. However, whilst they display hepatic steatosis and inflammation,
they do not develop fibrosis?35236, Addition of a high fat diet or nutrient deficient diet to
these models can induce a mild periportal fibrosis?3, but the underlying genetic

abnormality is extremely rare in humans, and thus not representative of human NASH.

The foz/foz mouse has a spontaneous mutation in the Alstrém gene (Alms1l) that also
results in hyperphagia, obesity and hyperglycaemia. When fed a high fat diet (43% fat
with 0.2% cholesterol), these mice display the histological features of human NASH
by 24 weeks, including mild to moderate fibrosis?13235, The KK-ay mice have a
heterozygous mutation in the Agouti gene, and like the other mice with genetic
mutations, display metabolic dysregulation, including hyperglycaemia, but do not
develop liver fibrosis alone?3’. They have been used in combination with nutrient
deficient diets (+/- high fat diet) to induce fibrosis, however this has been mild at best,

and the metabolic phenotype is diminished by the nutrient deficiency?213.224,
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Melanocortin 4 receptor deficiency has been identified as the most common
monogenic form of obesity in humans, characterised by early-onset severe obesity,
hyperphagia and severe hyperinsulinaemia with euglycaemia?38. Melanocortin 4
receptor-deficient (Mc4r’) mice exhibit a similar metabolic phenotype to humans?23°,
When fed a high fat diet, they develop the spectrum of histological features of NASH
by 20 weeks, including a moderate degree of fibrosis23°. Studies of longer duration
might elicit more severe fibrotic disease. The absence of diabetes in this model

renders it less useful to the context of this thesis.

The above-mentioned genetic models of NASH with fibrosis focus on overnutrition as
a key feature. Many other models exist that target specific pathways (e.g.,
lysophospholipid receptor knockout, apolipoprotein E knockout, phosphatase and
tensin homolog knockout, SREBP-1c knockout, microsomal triglyceride transfer
protein knockout?1?), but in general, they either do not capture the metabolic
disturbances, or do not produce significant liver fibrosis, and thus will not be discussed

here.

1.7 The CCN Family
1.7.1 The history of CCN nhomenclature

The cellular communication network (CCNs) are a family of six homologous cysteine-
rich matricellular proteins with key roles in normal cellular function and tissue
pathology?40. The term CCN was first coined by Bork in 1993, referring to the first letter
of each of the first three members: cysteine-rich 6 (CYR61), connective tissue growth
factor (CTGF), and nephroblastoma overexpressed (NOV)241. Subsequently, three
more members, designated Wnt induced secreted proteins (WISP), were identified?42,
The nomenclature of the CCNs were officially changed by the HUGO Gene
Nomenclature Committee in 2018, with the aim to eliminate confusion in the literature
caused by members being given multiple names, and to acknowledge the interrelated
structure and function of the family members243. The official names, with their previous

names, are listed in Table 1.7.
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Table 1.7: The official CCN nomenclature. Adapted from Perbal et al., 2018?43

Current gene Current gene name Previous Previous gene name | Alias gene
symbol gene symbol symbols
CCN1 Cellular communication | CYR61 Cysteine rich GIG1
network factor 1 IGFBP10 angiogenic inducer 61
CCN2 Cellular communication | CTGF Connective tissue IGFBP8
network factor 2 growth factor
CCN3 Cellular communication | NOV Nephroblastoma IGFBP9
network factor 3 overexpressed
CCN4 Cellular communication | WISP1 Whntl inducible WISP-1
network factor 4 WISP1-0OT1 signalling pathway
WISP1 UT1 protein 1
CCN5 Cellular communication | WISP2 Wntl inducible WISP-2
network factor 5 signalling pathway CT58
protein 2 CTGF-L
CCNG6 Cellular communication | WISP3 Wntl inducible WISP-3
network factor 6 signalling pathway
protein 3

1.7.2 Modular structure of the CCN proteins

The CCN proteins have a highly conserved, modular structure, as depicted in Figure
1.10244. Each protein has five exons interspersed with four introns (except for CCN5
which lacks exon 5). The N-terminus is encoded by exons 1-3 and the C-terminus is
encoded by exons 4 and 5. The first exon encodes the signal peptide sequence,
followed by four exons that encode four domains: insulin-like growth factor (IGF)
binding protein (IGFBP; Module I) domain, von Willebrand Factor C (vWC; Module II)
domain, thrombospondin 1 (TSP1; Module III) domain and C-terminal (CT; Module 1V)
domain. Whilst there is a central hinge between the N- and C-terminus, the regions
between each module are also sensitive to proteolysis, allowing production of
truncated proteins and individual modules that may express distinct biological
properties?45. The central hinge is not conserved between the CCN proteins, thus

allowing binding to different receptors to produce different functions246,

The CCN proteins are 30 - 40 kDa in size. They share 40 - 60% similarity in their amino
acid sequences, including 38 cysteine residues and 17 disulphide bonds (except for

CCN5 and CCN6 which have less cysteine residues)244. Each protein has an unique
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3-dimensional conformation that is dictated by the surface electrostatic charge, which
in turn dictates their interaction with other molecules and overall biological function?44.
The structural heterogeneity of the modules is likely to contribute to the functional

diversity of CCN proteins240.

Intron 1 [ntron 2 ntron 3 Intron 4
Signal Peptidv \/ \/ \/

5 —Exon 1 Exon 2 Exon3 Exon 4 Exon5[—3 UTR

IGF Binding  Von Willebrand ~ Thrombospondin | ~ C-terminal

Domain Factor C Domain Domain Domain
Signal Peptide|
| IGFBP vWC \/ TSP1 CT
CCN1/CYR6T+ \/ f—
1 26 93 97 164 V229 273 286 360 381
CCN2 / CTGF— e
1 27 o7 101 1'67\/19_ 243 256 330 349
1 29 100 104 1’7Mo’2_ 246 258 332 351
CCN4 /WISP fe=——r —
1 47 119 122 187\/216 260 273 346 367
cons wispe—J T T —JTTTTIIT | (.
1 24 93 98 1'64\/19_ 238 250
cone wisps—y 11 T T I __—|_“_
1 46 118 121 181\4)9 254 269 341 353

Figure 1.10: Modular structure of CCN proteins. Image from Krupska et al., 2015%#,

The sequence of the IGFBP domain of CCN proteins is very similar to that of traditional
IGFBPs, and hence it was initially hypothesised that CCN proteins exerted their
actions via binding to IGFs?41. However, despite the similarity, IGFs have a very poor
affinity and sequence homology with CCN proteins that is approximately 100 times
lower than within the traditional IGFBPs?4’. The vVWC domain is found in over 500 ECM
proteins?48, Its main functions are to regulate bone morphogenic proteins (BMPs) and
TGFB signalling!*2. The TSP domain is also found in many ECM proteins?4°. It has
four main functions: cell attachment sites in signalling and adhesion, inhibiting

angiogenesis, binding sites for many growth factors and ECM proteins (e.g.,
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fibronectin, TGFpB, collagens, integrins, MMPs) and glycosaminoglycan binding
sites?°0, Finally, the CT domain contains a cysteine knot motif and can mediate many

biological functions including cell adhesion and ECM composition.

1.7.3 Biological roles of the CCN proteins

The CCN proteins regulate a range of biological functions including: mitosis, adhesion,
apoptosis, mitogenesis, growth arrest, migration, differentiation and survival 24°. They
also have important roles in ECM regulation, embryonic development, skeletal
development, inflammation, tumorigenesis, angiogenesis and wound healing?°!. The
CCNs are widely expressed in many tissues and organs during embryogenesis,
whereas in adulthood expression is down-regulated in most tissues and only up-

regulated at sites of inflammation, tissue repair and wound healing?>2.

1.7.4 Regulation of the CCN proteins

The CCN proteins are tightly regulated at the transcriptional, post-transcriptional and
translational levels in response to cell signals and environmental stimuli, such as
growth factors, cytokines, steroid hormones, hypoxia, irradiation or mechanical

forces?52,

The CCN proteins do not have a unique receptor. Instead, they can bind to a range of
different integrins on different target cell types, thereby eliciting different biological
responses?®3, In addition, they can bind to heparin sulphate proteoglycans (HSPGs)
through a heparin-binding domain within the CT domain. HSPGs can act as co-
receptors for many signalling receptors. The integrins and HSPGs are crucial for the
mitogenic and adhesive functions of the CCNs. One example of the multiple biological
activities that can be stimulated through binding of discrete domains to different cell
surface receptors involves CCN2: it can bind to the low-density lipoprotein (LDL)
receptor-related protein 1 (LRP1) via module 11125425 it can bind to the Wnt co-
receptor LDL-receptor-related protein 6 (LRP6) via module IV 25, and it can bind to

the tyrosine kinase receptor TrkA2>7,

In addition to binding to integrins and HSPGs, CCNs can bind to growth factors and
cytokines. For example, CCN2 can bind to TGFf through module Il, thereby enhancing

the activity of TGF 142, It can also bind to fibronectin through module 1V and to vascular
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endothelial growth factor (VEGF) through module Il and 1258, which affects adhesion
and angiogenesis. The interaction of CCNs with TNFa significantly alters TNFa

activity, converting it from pro-proliferation to a pro-apoptotic cytokine in fibroblasts2>°.

1.7.5 The CCNs in inflammation

The CCN proteins can modulate the inflammatory response through regulation of the

activity and expression of chemokines and cytokines?260. In return, some CCN proteins,
including CCN1 and CCN2, are induced by inflammatory cytokines?®2, There is
activation of the pro-inflammatory NF-kB pathway, as depicted in Figure 1.11. The
CCN proteins also contribute to inflammatory cell (e.g. immune and vascular cells)
adhesion, migration, proliferation and apoptosis?®°. Furthermore, they have been
implicated in the pathogenesis of many inflammatory diseases, such as
atherosclerosis, rheumatoid arthritis, inflammatory kidney disease, and
neuroinflammatory diseases?®. The role of CCN proteins in inflammation of NASH

development has not been fully elucidated.

CCN regulators:

Infections Stress

Cytokines —— <¢—— Histamine, PGE,, 5-HT, NO

Rho GTPases

Cell systems:
Immune, vascular,
skeletal, renal,
pancreatic/hepatic,
nervous

MAPK

(ERK1/2, p38, JNK)

Migration/

Cellular functions: Adhesion

iNOS
MMPs

Cytokines
Chemokines
PGE, Survival/
Apoptosis
Production of inflammatory

mediators ; .
Proliferation

Inflammatory diseases:

Atherosclerosis » Fibrosis
Rheumatoid arthritis * Alzheimer’s disease
Asthma » Kidney disease

Figure 1.11: Schematic diagram depicting the role of CCN proteins in inflammation. There is activation
of multiple intracellular signalling pathways, leading to initiation of diverse cellular functions that may

result in inflammatory diseases. Image from Kular et al., 2010%°,
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1.7.6 The CCNs in fibrosis

The CCN proteins have been implicated in the pathogenesis of fibrosis, although the

exact mechanisms have not been determined. As shown in Figure 1.12, the general
process is thought to involve tissue injury leading to abnormal expression of CCN
proteins; the CCNs then regulate cell functions through interactions with integrins,
HSPGs, cytokines and chemokines, altering biological functions and leading to
activation of downstream signalling pathways, such as Wnts, TGF[3, and Notch?61, The
biological response of matrix remodelling then depends on whether ECM synthesis or
ECM degradation is the dominant process and also potentially quantitative changes in
ECM protein ratios. Table 1.8 outlines the pro- or anti-fibrotic properties of each

member of the CCN family, and in which tissues there is evidence of activity.

Tissue Injury

Communication - Protein
with ECM L Interactions

Receptors: IGFs, Growth factors and
HSP(gs integrins Cytokines: TGF,
VEGF, FGF-2
Inter-cellular Signalling

Wnts/TGFB1-SMADs/Notch

Myofibroblasts Senescent myofibroblast or apoptosis
\%’ < B %‘—“2?
ECM Synthesis ECM Degradation

Matrix Remodelling
(fibrosis or limiting fibrosis)

Figure 1.12: Schematic of the role of CCNs in fibrosis. Image from Sun et al., 2020%".
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Table 1.8: Summary of pro- or anti-fibrotic properties of each CCN protein. Adapted from Sun et al.,
2020%¢',

CCN Function Proposed Mechanism Tissues

Protein

CCN1 Anti- Induction of senescence of Cardiac, liver, lung, kidney, skin
fibrotic | myofibroblasts?62-266

CCN2 Pro- Activation of fibroblasts and Cardiac, kidney, liver, lung, ocular and
fibrotic | HSCs267-269 neural disorders, systemic sclerosis

CCN3 Anti- Suppression of CCN227° Kidney, liver
fibrotic

CCN4 Pro- Cardiac, liver, lung, skin, submandibular
fibrotic

CCN5 Anti- Inhibition of TGFB signalling?”* | Cardiac, lung, retinal pigment epithelium,
fibrotic skin

CCNG6 Unclear Lung

1.7.7 The CCNs in diabetes-related complications

The CCN proteins have also been implicated in the development of diabetes-related
macro- and micro-vascular complications??2. Clinical and pre-clinical studies have
identified a role of both CCN1 and CCN2 in development of diabetic retinopathy,
through pro-angiogenic properties and thickening of the retinal capillary basal
lamina?’2. Strong evidence exists for the role of CCN2 in development of diabetic
kidney disease, where it may inhibit MMP activity and up-regulate TIMP1 to promote
ECM deposition in the kidneys?73. This is counterbalanced to some degree by up-
regulation of CCN3, an inhibitor of CCN2270. CCN2 levels are also elevated in
atherosclerosis related to cardiovascular and cerebrovascular disease, as well as
fibrotic diabetic cardiomyopathy?40272, The role of the CCNs in NASH fibrosis, as a

non-classical complication of diabetes, will be discussed in Section 1.7.8 and 1.7.9.

1.7.8 CCN2 and NASH fibrosis
There has been much research into the role of CCN2 in many different fibrotic liver

diseases, with relatively fewer clinical or pre-clinical studies performed specifically in
NASH?274, Liver biopsy studies of individuals with chronic liver diseases (not NASH)
have demonstrated increased CCN2 expression, which in general, positively
correlated with the degree of fibrosis regardless of the underlying aetiology?67-26°. In a

study of sixteen individuals with NASH exclusively, CCN2 overexpression was
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observed in 100% of the liver biopsies, and again, the amount of immunostaining was

proportional to the fibrosis severity?7>.

Early pre-clinical liver fibrosis models (CCl,; and bile duct ligation) have been used to
demonstrate increased liver CCN2 gene expression?67. Using a translatable mouse
model of NASH fibrosis induced by high fat feeding and diabetes (FaD model; Section
1.6.3.1.2), our laboratory has shown similar results where there was a trend for
increased CCN2 mRNA levels and up-regulated CCN2 protein14>. Although in vitro
studies cannot replicate the setting of NASH, they are still important to understanding
the relationship between activated HSCs and CCN2. Cultured HSCs were found to be
a major source of CCN2 in the liver, with increased mRNA and protein levels, and
confirmed with in situ hybridisation?6’. CCN2 is produced by many liver cells, including
activated HSCs in response to stimuli such as TGF[3, lipid peroxidation products,
VEGF, acetaldehyde, or PDGF-BB (summarised in Figure 1.13)269276 |t is likely that

CCN2 has both autocrine and paracrine actions within the liver274,
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Figure 1.13: The role of CCN2 in fibrotic liver diseases. Most cell types within the liver can be
stimulated to produce CCN2 which contributes to activation of the hepatic stellate cells and the fibrotic

response. Image from Rachfal et al., 20037,

Together, this data suggests that the up-regulation of CCN2 plays a critical role in the
pathogenesis of liver fibrosis and may be a target for therapeutic intervention. Our
laboratory has demonstrated that systemic administration of a neutralising polyclonal
antibody against CCN2 provided some protective effect against the development of
NASH fibrosis!44. Involvement of the MAPK signalling pathways, specifically reduction
in phosphorylation of ERK, was identified as a possible mechanism for fibrosis
development!44, In addition, inhibition of CCN2, by anti-CCN2 oligonucleotides?’’ and
small interfering RNA (siRNA)?7® in non-NASH pre-clinical models has led to

decreased liver fibrosis.
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Systemic CCN2 may also have clinical utility as a non-invasive biomarker for
prediction of fibrosis. Serum CCN2 positively correlates with severity skin, lung, and
kidney fibrosis?79-281, Similar evidence also exists in non-NASH-mediated liver
fibrosis282-285_ Collectively, this data provides support to the hypothesis that CCN2 may

be a possible mediator, and pathophysiological biomarker, of liver fibrosis.

1.7.9 CCN1 and NASH fibrosis

There are some clinical and pre-clinical studies reporting on CCN1 in the context of

liver fibrosis, but fewer that specifically examine CCN1 in NASH fibrosis. CCN1 protein
was found to be highly accumulated in the cytoplasm of hepatocytes of humans with
cirrhosis (aetiology unknown), whereas the levels were relatively lower in biopsies
from people without liver disease?8. Similar results were found in a more recent study
comparing humans with biopsy-proven NASH versus healthy controls: hepatic CCN1
levels were increased at both the mRNA and protein level in the NASH group??’,
however, a limitation of this study was that there was no reported assessment of

fibrosis and thus the links between CCN1 and fibrosis were not explored.

Pre-clinical animal models using CCl, and bile duct ligation have demonstrated that
CCNL1 levels are up-regulated in response to liver injury, and that CCN1 functions to
inhibit liver fibrosis through induction of senescence of activated HSCs286.288, The
effects of CCN1 were mediated through the binding of integrin agB:1 to activate the
RAC1-NOX1 pathway (Figure 1.14)%46, Subsequently it was shown that in response to
CCl4, mice with hepatocyte-specific deletion of CCN1 exhibited more liver fibrosis and
less HSC senescence, whereas overexpression of CCN1 led to reductions in liver
fibrosis with more HSC senescence?8, A study of adenoviral overexpression of CCN1
in primary portal myofibroblasts, cells which also produce ECM, resulted in increased
ROS production and cellular senescence, and reduced fibrosis markers28. In mice,
the systemic delivery of purified CCN1 was able to enhance the regression of
established liver fibrosis?86. These studies support the important antifibrotic role of
CCNL1 in liver fibrogenesis and provide a rationale for its potential as a therapeutic

target.
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Figure 1.14: Schematic of CCN1-induced senescence and apoptosis through activation of the RAC1-
Nox1 pathway. Image from Lau, 2013%%,

However, one study has proposed that CCN1 may promote steatosis and inflammation
and identified CCNL1 as positive regulator in NASH287. Using mouse models of an MCD
diet or a 60% high fat diet with added cholesterol, overexpression of CCN1 worsened
the severity of steatosis and conversely, down-regulation of CCN1 decreased the
severity of steatosis. CCN1 overexpression was also shown to promote macrophage
infiltration and pro-inflammatory cytokine production. A major confounder in this study
is the lack of fibrosis assessment, which is a key liver endpoint in studies of NASH.
Indeed, the degree of fibrosis can affect steatosis, particularly in “burnt out” NASH
where there is frequently reduced steatosis observed with severe fibrosis. Therefore,
it is difficult to make conclusions about steatosis when there is no report on fibrosis
severity. Nevertheless, the effects on inflammation, which may be independent of
fibrosis, cannot be ignored. The pro-inflammatory response may be a result of CCN1’s
diverse and sometimes discordant functions that are influenced by the cell and

environment context?46. Further studies in this area are needed.
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1.8 Thesis Hypotheses and Aims

Given the background described in the literature review, the hypotheses of this thesis
were:
1) A dedicated multidisciplinary diabetes and liver clinic can enhance the
assessment for NASH fibrosis;
2) Members of the CCN family are implicated in the progression of liver fibrosis in
NASH and T2DM:

a. Hepatocyte-specific CCN2 gene deletion in a pre-clinical model of NASH
fibrosis induced by high fat feeding and diabetes, will protect against
NASH fibrosis, compared with control mice;

b. Hepatocyte-specific CCN1 gene deletion in a pre-clinical model of NASH
fibrosis induced by high fat feeding and diabetes, will worsen NASH
fibrosis, compared with control mice;

3) Circulating CCNs are potential biomarkers of diabetes-related complications,
including NASH fibrosis.

The aims of this thesis, respectively, were:
1) To profile the patients seen in a multidisciplinary diabetes and liver clinic in a
tertiary hospital:
a. To determine the prevalence of advanced liver fibrosis in this cohort of
patients;
b. To identify clinical and/or biochemical factors that are associated with
advanced liver fibrosis;
2)
a. To examine whether homozygous gene deletion of hepatocyte-specific
CCN2 leads to a less severe NASH fibrosis phenotype compared to
control mice exposed to high fat feeding and diabetes;
b. To examine whether homozygous gene deletion of hepatocyte-specific
CCNL1 leads to a more severe NASH fibrosis phenotype compared to
control mice exposed to high fat feeding and diabetes;
3) To determine if circulating levels of CCN1, CCN2 and CCN3 can be used as
potential biomarkers of diabetes-related complications, including NASH

fibrosis, in clinical and pre-clinical studies.
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This thesis firstly highlights the scope of the problem, that is, the high and under-
recognised prevalence of NASH fibrosis in a selected T2DM cohort, observed in a
dedicated multidisciplinary diabetes and liver disease clinic. It then uses an
established pre-clinical model of NASH fibrosis in combination with novel tissue-
specific gene knockouts to explore the role of hepatocyte CCN2 and CCNL1 in the
development and progression of NASH fibrosis in T2DM. Finally, the work in this thesis
examines the utility of circulating CCNs as biomarkers of diabetes complications in a
T2DM cohort, as well as their utility as biomarkers for NASH fibrosis in our pre-clinical
studies. Collectively, the studies in this thesis reflect translational research in this
emerging field of diabetes and NASH, helping to point the way to novel interventions,

and exploring markers of disease and potential clinical solutions.
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Chapter 2: Materials and Methods
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2.1 Re agents
Table 2.1: List of reagents.

Reagent

Manufacturer

Acid casein

NZMP, Richmond, VIC, Australia

AIN-76 Mineral mixture

MP Biomedicals LLC, Solon, OH, USA

AIN Vitamin mixture 76

MP Biomedicals LLC, Solon, OH, USA

Anti-CTGF/CCN2 antibody

GeneTex, Irvine, CA, USA

B-mercaptoethanol

Sigma-Aldrich, St Louis, MO, USA

Bran Woolworths, Bella Vista, NSW, Australia
Chloroform Ajax Finechem, Scoresby, VIC, Australia
Cholesterol Sigma-Aldrich, St Louis, MO, USA

Choline bitartrate

Sigma-Aldrich, St Louis, MO, USA

Citrasol Labtech Service and Supplies, South
Windsor, NSW, Australia
Citric acid Sigma-Aldrich, St Louis, MO, USA

Clarity™ Western ECL

Bio-Rad, Hercules, CA, USA

DC Protein Assay

Bio-Rad, Hercules, CA, USA

Dibutyl-Phthalate in Xylene

Sigma-Aldrich, St Louis, MO, USA

Dimethyl sulfoxide

Ajax Chemicals, Auburn, NSW, Australia

dNTP

Meridian Bioscience, Memphis, TN, USA

DTT

Invitrogen, Carlsbad, CA, USA

DuoSet® Ancillary Reagent Kit 2

R&D Systems Inc, Minneapolis, MN, USA

Enzyme-linked Immunosorbent Assay Kit for
Connective Tissue Growth Factor

Cloud-Clone Corp, Houston, TX, USA

Eosin, alcoholic with phloxine

POCD Scientific, North Rocks, NSW,
Australia

Formalin solution, neutral buffered, 10%

Sigma-Aldrich, St Louis, MO, USA

Gelatine powder

Ward McKenzie Pty Ltd, Altona, VIC, Australia

GelRed® nucleic acid stain

Sigma-Aldrich, St Louis, MO, USA

Glucagon Novo Nordisk Pharmaceuticals Pty Ltd, North
Sydney, NSW, Australia
Glucose Phebra, Lane Cove West, NSW, Australia

Harris’ haematoxylin

POCD Scientific, North Rocks, NSW,
Australia

Homogenizer spin cartridge

Invitrogen, Carlsbad, CA, USA

Human CTGF/CCN2 DuoSet® ELISA

Development System

R&D Systems Inc, Minneapolis, MN, USA

Human NOV/CCN3 DuoSet® ELISA Development
System

R&D Systems Inc, Minneapolis, MN, USA
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Infinity™ Triglycerides reagent

Thermo Fisher Scientific Inc, Waltham, MA,
USA

Insulin glargine

Sanofi, Macquarie Park, NSW, Australia

Insulin neutral

Novo Nordisk Pharmaceuticals Pty Ltd, North
Sydney, NSW, Australia

Irradiated Rat and Mouse Diet

Specialty Feeds, Glen Forrest, WA, Australia

Lard

York Foods, Goulburn, NSW, Australia

L-methionine

Sigma-Aldrich, St Louis, MO, USA

Lysing Matrix Tubes, size D

MP Biomedicals Germany, Eschwege,
Germany

Methanol

POCD Healthcare, Artarmon, NSW, Australia

MicroAmp™ Optical 384-well Reaction Plate

Applied Biosystems, Waltham, MA, USA

MicroAmp™ Optical Adhesive Film

Applied Biosystems, Waltham, MA, USA

Micro sample tube K3 EDTA

Sarstedt, Numbrecht, Germany

Mouse C-Peptide ELISA Kit

Crystal Chem, Elk Grove Village, IL, USA

Mouse CTGF/CCN2 ELISA Kit

Novus Biologicals, Centennial, CO, USA

Mouse CYR61 SimpleStep ELISA® Kit

Abcam, Cambridge, UK

Mouse Cytokeratin 18 SimpleStep ELISA® Kit

Abcam, Cambridge, UK

Normal saline

Pfizer, West Ryde, NSW, Australia

NOV (CCN3) Mouse SimpleStep ELISA® Kit

Abcam, Cambridge, UK

O.C.T. Compound

Sakura Finetek Inc, Torrance, CA, USA

Oligo(dT)1218 Primer

Invitrogen, Carlsbad, CA, USA

Picric acid

Sigma-Aldrich, St Louis, MO, USA

Polypropylene plastic tubes

Sarstedt, Numbrecht, Germany

Precimat glycerol

Roche, Basel, Switzerland

Protease inhibitor cocktail

Roche, Basel, Switzerland

PureLink™ DNase Set

Invitrogen, Carlsbad, CA, USA

PureLink™ RNA Mini Kit

Invitrogen, Carlsbad, CA, USA

Quantikine® ELISA Human Cyr61/CCN1
Immunoassay

R&D Systems Inc, Minneapolis, MN, USA

Random Hexamer

Invitrogen, Carlsbad, CA, USA

REDEXxtract-N-Amp Tissue PCR Kit

Sigma-Aldrich, St Louis, MO, USA

Rice starch

MP Biomedicals LLC, Solon, OH, USA

SDS-PAGE gel

Bio-Rad, Hercules, CA, USA

SensiMix™ SYBR® Hi-ROX

Meridian Bioscience, Cincinnati, OH, USA

Sodium chloride

Sigma-Aldrich, St Louis, MO, USA

Strand Buffer, 5x

Invitrogen, Carlsbad, CA, USA

Streptozotocin

Sigma-Aldrich, St Louis, MO, USA

Sucrose

Ajax Finechem, Scoresby, VIC, Australia
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Sunflower oil Woolworths, Bella Vista, NSW, Australia

Superfrost® Plus microscope slides Lomb Scientific Pty Ltd, Taren Point, NSW,
Australia

SuperScript® 11l Reverse Transcriptase Invitrogen, Carlsbad, CA, USA

Sweetened condensed milk Nestlé, Rhodes, NSW, Australia

Tissue-Tek® Cryomold® Sakura Finetek Inc, Torrance, CA, USA

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem, Downers Grove, IL, USA

Veet Hair Removal Cream Reckitt Benckiser (Australia) Pty Ltd, Sydney,
NSW, Australia

2.2 The Diabetes and Liver Clinic Audit

The Diabetes and Liver Clinic (DLC) Audit has been presented in the format of an
unpublished manuscript (Can a Dedicated Diabetes and Liver Clinic Enhance the
Assessment for NASH Fibrosis?). The methods are included within the manuscript in
Chapter 3. The study was approved by the Sydney Local Health District RPA Ethics
Committee (Ethics reference number X19-0117 and 2019/ETH02727).

2.3 The CCN2 Study and The CCN1 Study
2.3.1 Animal studies

2.3.1.1 Animal ethics approval

The animal studies undertaken in this thesis were approved by the University of
Sydney Animal Ethics Committee (AEC, Project number 2015/874). All mice were
housed in the Laboratory Animal Services facility within the Charles Perkins Centre at

the University of Sydney.
2.3.1.2 Mouse sub-strains and nomenclature
The two animal studies presented in this thesis are:
1) The CCN2 Study: hepatocyte-specific CCN2 gene knockout (CCN2-KO) mice

compared with control sub-strains (AlbCre and CCN21);

2) The CCN1 Study: hepatocyte-specific CCN1 gene knockout (CCN1-KO) mice

compared with control sub-strains (AlbCre and CCN1M),

The nomenclature assigned to each mouse sub-strain is listed in Table 2.2.
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Table 2.2: Mouse sub-strains used in The CCN2 Study and The CCN1 Study.

Assigned Scientific Name | Abbreviation Type Source
Purchased from The Jackson
B6.Cg-Tg(AlbCre)21Mgn/J AlbCre Control )
Laboratory and bred in house
Homozygous CCN2 CCN2f# Control Generated and bred in house
CCN2"! X B6.Cg- _ '
CCN2-KO Experimental | Generated and bred in house
Tg(AlbCre)21Mgn/J
Homozygous CCN1 CCN1MM Control Generated and bred in house
CCN1" X B6.Cg- i .
CCN1-KO Experimental | Generated and bred in house
Tg(AlbCre)21Mgn/J

2.3.1.3 Generation of hepatocyte-specific CCN2 and CCN1 gene knockout mice
The CreLoxP system is a site-specific recombination system widely used for
generation of conditional knockout mice. The protein Cre recombinase recognises
specific 34 base pair (bp) deoxyribonucleic acid (DNA) sequences, called LoxP sites
and excises any DNA sequences between two LoxP sites oriented in the same
direction. It allows deletion of the target gene (flanked by LoxP or “floxed”) in the
specific cell or tissue type. This overcomes challenges associated with whole body
gene deletions, which may have undesired systemic effects, including premature

lethality.

Hepatocyte-specific AlbuminCre transgenic mice ((B6.Cg-Tg(Alb-Cre)21Mgn/J
(AlbCre); The Jackson Laboratory, Bar Harbor, ME, USA) and homozygous CCN2
floxed (CCN2%"®) mice and homozygous CCN1 floxed (CCN1%1) mice were used to
generate the hepatocyte-specific CCN2 gene knockout (CCN2-KO) and CCN1 gene
knockout (CCN1-KO) mice. Breeding pair mice with double CCN1#ACCN2%f mice were
donated by Professor Andrew Leask (School of Dentistry, University of Saskatchewan,
Saskatoon, SK Canada) and separated into single CCN1%1 and single CCN2%" mice
in our laboratory according to the breeding steps shown in Figure 2.1A. All mice used
in this thesis were bred on a C57BL/6J background. The “6J” and “6N” sub-strains are
the most frequently used lines, with the “6J” being preferred for metabolic studies due
to its susceptibility to diabetes and obesity. The two sub-strain colonies were separated
in the 1950s and have developed significant genetic variation resulting in phenotypic
differences related to metabolic and non-metabolic features. This has been

summarised by Fontaine and Davis?2°.
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Dr Xiaoyu Wang (associate supervisor) used the CreLoxP system to generate and
breed the hepatocyte-specific CCN2-KO and hepatocyte-specific CCN1-KO mice
which were used in the two animal studies presented in this thesis. The breeding steps
are shown in Figure 2.1. For the generation of the CCN2-KO mice, firstly AlbCre mice
were crossed with homozygous CCN2%"f mice to produce hemizygous for AlbCre and
heterozygous for the LoxP-flanked CCN2 mice. The second cross with CCN21 mice
produced hemizygous for AlbCre and homozygous CCN2-KO mice, followed by a third
cross to generate both homozygous for AlbCre and CCN2-KO mice. The same
process (with homozygous CCN1¥f mice) was used to generate the hepatocyte-
specific CCN1-KO mice.

Polymerase chain reaction (PCR) genotyping was performed between each breeding
step on DNA extracted from mouse earlobe and liver tissue using REDEXxtract-N-Amp
Tissue PCR Kit (Sigma-Aldrich, St Louis, MO, USA). The PCR products were
visualised by GelRed® nucleic acid stain (Sigma-Aldrich, St Louis, MO, USA) on
agarose gel. The mice with desired genotypes were selected and used for the next

breeding step.
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Genotyping and screening
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Genotyping and screening

Hemizygous AlbCre X Homozygous
Heterozygous CCN2 hepatocyte knockout CCN2f#

1 Genotyping and screening

Hemizygous AlbCre X Hemizygous AlbCre
Homozygous CCN2 hepatocyte knockout Homozygous CCN2 hepatocyte knockout

1 Genotyping and screening

Homozygous AlbCre
Homozygous CCN2 hepatocyte knockout

B
Homozygous X Homozygous
AlbCre CCN2ff

Genotyping and screening

Hemizygous AlbCre X Homozygous
Heterozygous CCN1 hepatocyte knockout CCN1fm

1 Genotyping and screening

Hemizygous AlbCre X Hemizygous AlbCre
Homozygous CCN1 hepatocyte knockout Homozygous CCN1 hepatocyte knockout

Homozygous X Homozygous
AlbCre CCN1mm

Genotyping and screening

Homozygous CCN1 hepatocyte knockout
Figure 2.1: Generation of homozygous CCN2"" and CCN1"" mice (A), hepatocyte-specific CCN2-KO
mice (B) and hepatocyte-specific CCN1-KO mice (C).
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2.3.1.4 Confirmation of hepatocyte CCN2 and CCNL1 deletion

All experiments related to the confirmation of hepatocyte CCN2 and CCN1 deletion
that are presented in this Methods section were performed by Dr Xiaoyu Wang.
Successful deletions of CCN2 and CCN1 DNA from the liver were firstly confirmed by
sanger sequencing (data not shown). A 483 bp DNA fragment was deleted from exon
4 of liver CCN2 in the CCN2-KO mice and a 672 bp DNA fragment was deleted from
exon 2 of liver CCN1 in the CCN1-KO mice. PCR to measure CCN2 was performed
on DNA extracted from ear, kidney, and liver tissue from hepatocyte CCN2-KO mice,
and from liver tissue from CCN2Vf and wild-type mice. PCR products were
electrophoresed on a 1% agarose gel with DNA ladder for sizing (1 Kb Plus DNA

Ladder, Invitrogen, Carlsbad, CA, USA). The same was performed for CCN1 in the
CCN1-KO mice.

In the CCN2-KO mice (Figure 2.2A), there was detection of a shortened CCN2 product
(520 bp) in the liver tissue, while full-sized products (1003 bp) were identified in non-
liver tissue (ear and kidney) from the CCN2-KO mice and liver tissue from CCN2f/
and wild-type mice. Similar findings were observed in the CCN1-KO mice (Figure
2.2B), where there was detection of a shortened CCN1 product (709 bp) in the liver
tissue, and full-sized products (1381 bp) were identified in non-liver tissue (ear and
kidney) from the CCN1-KO mice and liver tissue from the CCN1%Mand wild-type mice.
These results confirmed that the DNA deletion of CCN2 and CCN1 were specific to
the liver, as there was no DNA excision identified in other tissues.
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Figure 2.2: DNA deletion of liver CCN2 in CCN2-KO mice (A) and liver CCN1 in CCN1-KO mice (B).
Courtesy of Dr Xiaoyu Wang.
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Next, the mRNA and protein levels of liver CCN2 in the CCN2-KO mice (Figure 2.3)
and liver CCN1 in the CCN1-KO mice (Figure 2.4) were examined. The mRNA levels
were measured using real-time quantitative PCR (qgPCR) and the protein levels were
detected by Western immunoblot (representative images shown). The CCN2-KO mice
had an ~70% reduction in CCN2 mRNA level compared with the control groups. The
CCN2 protein also showed low intensity bands in CCN2-KO liver tissue compared with
the control group (40 - 60% reduction from repeated immunoblots). The CCN1-KO
mice had an ~90% reduction in CCN1 mRNA level compared to the control groups. A
reduced CCN1 protein level was also detected. The residual amount of CCN2 and
CCN1 mRNA and protein detected in the knockout mouse liver tissue is probably due
to production from other liver cell types. The CCN2-KO and CCN1-KO mice exhibited

normal viability, fertility, and fecundity.
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Figure 2.3: Reduction of CCN2 mRNA (A) and protein (B) level in whole liver tissue from CCN2-KO
mice. Data shown as mean + SEM; n = 3 - 5. ** p-value < 0.01 or ***p-value < 0.001 for comparison
with CCN2-KO group using one-way ANOVA with Tukey’s correction for multiple comparisons.
Courtesy of Dr Xiaoyu Wang.
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Figure 2.4: Reduction of CCN1 mRNA (A) and protein (B) level in whole liver tissue from CCN1-KO
mice. Data shown as mean + SEM; n = 4. * p-value < 0.05 or ** p-value < 0.01 for comparison with

CCN1-KO group using one-way ANOVA with Tukey’s correction for multiple comparisons. Courtesy of
Dr Xiaoyu Wang.

2.3.1.5 Animal numbers

The number of mice used in each group of The CCN2 Study (Table 2.3) and The CCN1
Study (Table 2.4) are shown below. Two control sub-strains of mice were used for each
study, AlbCre mice and the relevant homozygous floxed mice, as our hepatocyte-
specific gene knockout mice were genetically derived from both sub-strains. Both sub-

strains were recommended by the Jackson Laboratory as suitable controls2°0.

Table 2.3: Final number of mice used in The CCN2 Study per group.

Chow HFD HFD+DM Total
AlbCre 8 10 26
CCN2f 10 12 31
CCN2-KO 8 13 30
Total 26 26 35 87
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Table 2.4: Final number of mice used in The CCN1 Study per group.

Chow HFD HFD+DM Total
AlbCre 8 9 12 29
CCN1?/fl 9 12 11 32
CCN1-KO 10 12 14 36
Total 27 33 37 97

2.3.1.6 Routine animal care

Male mice aged four to seven weeks were acclimatised for one week before entering
the study protocol. They were housed two to six per cage with a 12-hour light/dark
cycle. Mice were ear notched and had tails marked with permanent marker for
identification purposes. Food and water were provided ad libitum for the duration of
the study. Cages contained non-edible bedding to avoid other potential sources of

caloric intake and standard environmental enrichment material.

2.3.1.7 The Fat and Diabetes model

The Fat and Diabetes (FaD) model used for this thesis was based on studies
previously published by our laboratory and is summarised in Figure 2.544.145 Utilising
ad libitum high fat feeding to induce insulin resistance, followed by low dose
streptozotocin (STZ; Sigma-Aldrich, St Louis, MO, USA) to induce relative insulin
deficiency, it reliably produces a phenotype of obesity and hyperglycaemia with
development of liver fibrosis within the time course of the protocol. Mice from each
sub-strain were randomly allocated to chow, high fat diet (HFD) alone or high fat diet
with diabetes (HFD+DM) groups. The chow group was fed a normal diet comprising
of standard laboratory chow with 12% kcal fat, 23% kcal protein and 65% kcal
carbohydrate (Irradiated Rat and Mouse Diet, Specialty Feeds, Glen Forrest, WA,
Australia) that was placed in the cage hopper. The HFD was prepared in-house based
on rodent diet D12451 with 45% kcal fat, 20% kcal protein and 35% kcal carbohydrate
(D12451, Research Diets Inc, New Brunswick, NJ, USA) as published by others2°1292,
The HFD was placed in a petri dish on the floor of the cage and provided fresh three

times per week. The in-house HFD formulation is listed in Table 2.5.
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Table 2.5: In-house high fat diet formulation.

Weight % kcal % Manufacturer
(grams) Weight kcal

Acid casein 261.0 22.5 986.6 | 17.8 NZMP, Richmond, VIC,
Australia

Lard 250.0 21.6 2212.5 | 40.0 York Foods, Goulburn, NSW,
Australia

Sucrose 224.0 19.3 873.6 15.8 Ajax Finechem, Scoresby,

VIC, Australia

Rice starch 215.0 18.6 752.5 13.6 MP Biomedicals LLC, Solon,
OH, USA

Bran 57.0 4.9 209.0 3.8 Woolworths, Bella Vista, NSW,
Australia

AIN-76 Mineral 51.0 4.4 23.5 04 MP Biomedicals LLC, Solon,

mixture OH, USA

Gelatine powder 23.0 2.0 79.6 1.4 Ward McKenzie Pty Ltd,

Altona, VIC, Australia

AIN Vitamin 15.0 1.3 56.9 1.0 MP Biomedicals LLC, Solon,

mixture 76 OH, USA

Choline 4.6 0.4 0.0 0.0 Sigma-Aldrich, St Louis, MO,

bitartrate USA

L-methionine 3.4 0.3 0.0 0.0 Sigma-Aldrich, St Louis, MO,

USA
Cholesterol 3.0 0.3 0.0 0.0 Sigma-Aldrich, St Louis, MO,
USA

Sunflower oil 34 mL (31.3 g) 2.7 276.5 5.0 Woolworths, Bella Vista, NSW,
Australia

Sweetened 15 mL (19.4 g) 1.7 62.9 1.1 Nestle, Rhodes, NSW,

condensed milk Australia

Total 1157.7 g 100.0 | 5533.6 | 100.00

During week 16 approximately half of the HFD mice were rendered diabetic with low
dose STZ by intraperitoneal injection. Mice were fasted for four hours prior to injection
of freshly prepared STZ (65 mg/kg body weight) diluted in 0.1 M sodium citrate buffer
at pH 4.5 (citric acid, Sigma-Aldrich, St Louis, MO, USA; 20% sodium hydroxide). Two
injections on consecutive days were administered. On day seven, a random blood
glucose level (BGL) was measured using a glucometer (Accu-Chek® Guide, Roche
Diabetes Care, North Ryde, NSW, Australia). Whole blood was obtained via a tail vein
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nick and a standard blood volume was applied to the glucometer strip as per the
manufacturer’s instructions. Diabetes was confirmed if the random BGL was greater
than 15.0 mmol/L, and if not, a third injection of STZ was administered. The approach
of using multiple injections of low dose STZ has previously been shown to resemble a
model of T2DM and relative insulin deficiency and does not cause an absolute insulin
deficiency as seen when STZ is administered at much higher doses??3. Non-diabetic
mice were injected with vehicle control. All mice were maintained for a further ten

weeks, before termination.

- - High fat diet

Week 0 Chow diet (45% keal fat)

Acclimatisation
Chow
HFD
HFD+DM F
Week 1 Week 16 Week 27
Commencediet Induction of diabetes Termination

(STZ 65 mglkg i.p. x 2/3)

Figure 2.5: Timeline of the FaD model with representative images of chow diet (grey) and high fat diet
(vellow).

Mice were weighed weekly until week 15, and then twice-weekly thereafter. A random
BGL was measured weekly from week 16 onwards. If a mouse became unwell from
severe hyperglycaemia with signs of catabolism (> 15% body weight reduction), then
long-acting insulin glargine (1 - 2 units Lantus® 100 Units/mL, Sanofi, Macquarie Park,

NSW, Australia) was administered intraperitoneally every second day.

2.3.1.8 Mouse termination and harvest

Mice were euthanised in accordance with the AEC approval. On the morning of
termination, mice were fasted for four hours, anaesthetised with isoflurane gas
followed by exsanguination via cardiac puncture, and finally had the cervical spinal
cord severed. The fresh blood from the cardiac puncture was collected into EDTA

tubes (Micro sample tube K3 EDTA; Sarstedt, Numbrecht, Germany) and kept on ice.
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In order, the liver, spleen, kidneys, heart, epididymal fat pad, subcutaneous fat pad
and gastrocnemius muscle were harvested and weighed. Each organ was then divided
into three: one part was snap frozen in liquid nitrogen, one part was fixed in 10%
Formalin (neutral buffered; Sigma-Aldrich, St Louis, MO, USA) and one part was
placed in Tissue-Tek® Cryomold® (Sakura Finetek Inc, Torrance, CA, USA) molds with
O.C.T. Compound (Sakura Finetek Inc, Torrance, CA, USA) and snap frozen in liquid
nitrogen. Tissue from all lobes of the liver were harvested and stored, but the right lobe
was consistently used in the studies presented in this thesis. All frozen samples were
stored long-term at -80°C. The whole blood was centrifuged at 3,000 rpm for 5 min

and the plasma was collected and stored at -80°C.

2.3.2 Measures of glucose and insulin resistance

2.3.2.1 Fasting blood glucose level

In addition to the weekly random BGL, the fasting BGL was measured at two
timepoints: at week 16 (baseline measure prior to administration of the first STZ or
vehicle control injection), and at the time of termination. Both measures were
performed after a four hour fast, commenced in the early morning, and using the Accu-

Chek® Guide glucometer.

2.3.2.2 Fasting whole blood/plasma insulin level

The fasting insulin level was measured on two occasions using a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Ultra Sensitive Mouse Insulin ELISA Kit;
Crystal Chem, Downers Grove, IL, USA) according to the manufacturer’s instructions.
Fasting whole blood insulin level was measured at week 16, prior to administration of
the first STZ or vehicle control injection. Fasting plasma insulin level was measured

from plasma collected after termination.

In brief, working mouse insulin standards were prepared as per the wide range assay
(0-12.8 ng/mL). Standards or samples (5 pL) plus 95 pL of sample diluent were added
to each well of a guinea pig anti-insulin antibody coated microplate and incubated at
4°C overnight. The following morning, the plate was washed five times, and then 100
ML of horse radish peroxidase-conjugated anti-insulin antibody was added and
incubated for 30 min at room temperature. The plate was washed a further seven

times, and then 100 pL of 3,3’,5,5-tetramethylbenzidine (TMB) substrate solution was
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added and incubated for 40 min at room temperature in the dark. After addition of stop
solution, the optical density at 450 nm (reference 630 nm) was measured using a
microplate reader (Tecan Infinite® M 1000 Pro) with inbuilt software i-Control™ v1.10
(Tecan, Mannedorf, Switzerland). Mouse insulin concentrations of the samples were
interpolated using the standard curve (4-parameter logistic (4PL)) and converted from

ng/mL to pM using a factor of 6.

2.3.2.3 Fasting plasma c-peptide level

The fasting plasma c-peptide level was measured using a commercial ELISA kit
(Mouse C-Peptide ELISA Kit; Crystal Chem, Elk Grove Village, IL, USA) according to
the manufacturer’s instructions. In brief, working mouse c-peptide standards were
prepared (0 - 6.4 ng/mL). Standards or samples (5 uL) plus 95 uL of sample diluent
were added to each well of a rabbit anti-c-peptide antibody coated microplate and
incubated for 1 h at room temperature. The plate was washed six times, and then 100
ML horse radish peroxidase-conjugated anti-c-peptide antibody was added and
incubated for 1 h at room temperature. The plate was washed another six times, and
then 100 pL of TMB substrate solution was added and incubated for 30 min at room
temperature in the dark. After addition of stop solution, the optical density at 450 nm
(reference 630 nm) was measured using a microplate reader (Tecan Infinite® M 1000
Pro) with inbuilt software i-Control™ v1.10 (Tecan, Mannedorf, Switzerland). Mouse c-
peptide concentrations of the samples were interpolated using the standard curve
(linear). The unit of measure was converted from ng/mL to pM by multiplying the

obtained concentration in ng/mL by 320.3.

2.3.2.4 Insulin tolerance test

An insulin tolerance test (ITT) was performed one to two weeks prior to termination as
a measure of whole-body insulin sensitivity. Mice were fasted for two hours from the
early morning before intraperitoneal injection of 0.75 IU/kg of body weight of short
acting insulin neutral (Actrapid® 100 Units/mL; Novo Nordisk Pharmaceuticals Pty Ltd,
North Sydney, NSW, Australia) diluted in normal saline (0.9% sodium chloride injection
BP, Pfizer, West Ryde, NSW, Australia). The BGL was measured at time 0, 15-, 30-,
60- and 90-min post-injection using whole blood from a tail vein nick and an Accu-
Chek® Guide glucometer. Hypoglycaemia was diagnosed if the BGL was less than 3.0

mmol/L and was managed with intraperitoneal injection of 2 g/kg of 20% glucose

72



solution (Glucose 50% w/v 50 mL, Phebra, Lane Cove West, NSW, Australia).
Glucagon (5 ug/kg intraperitoneal injection; GlucaGen® HypoKit 1 mg/mL, Novo
Nordisk Pharmaceuticals Pty Ltd, North Sydney, NSW, Australia) was available, but
was not required at any stage. Blood glucose excursion and thus insulin sensitivity
was calculated as the area under the curve (AUC), normalised as a percentage to the
time 0 BGL. A greater AUC after insulin administration demonstrates resistance to the
action of insulin shown by the lower ability to reduce the BGL. This method has been

used by others to assess insulin sensitivity2°4.

2.3.2.5 Surrogate markers of insulin resistance

The gold standard for assessing insulin resistance in both humans and rodents is the
hyperinsulinaemic euglycaemic clamp?%. However, it is a time consuming procedure
and requires skilled technicians to perform, a limitation that has resulted in surrogate
measures of insulin resistance to be developed?°>-297 that have been used frequently
in rodent studies?98299, Several different calculations for the surrogate measures of

insulin resistance were made and are summarised below in Table 2.6.

Table 2.6: Formulae for calculated surrogate markers of insulin resistance.

Formula
Homeostatic model assessment for insulin (fasting insulin x fasting glucose)/405
resistance (HOMA-IR)2%
Homeostatic model assessment for B-cell (360 x fasting insulin) / (fasting glucose — 63)
function (HOMA-[3)2%
Quantitative insulin check index of insulin 1/ (log(fasting insulin) + log(fasting glucose))
sensitivity (QUICKI)?%7
Glucose to insulin ratio fasting glucose / fasting insulin

Note: insulin was measured in mlU/L and glucose was measured in mg/dL.

2.3.3 Pre-clinical in vivo mouse imaging

All imaging was performed at the Pre-clinical Imaging Core Research Facility in the
Charles Perkins Centre at the University of Sydney in accordance with AEC’s
approved standard operating procedures. Modalities performed at different timepoints

are shown in Table 2.7.
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Table 2.7: In vivo mouse imaging.

Number of Purpose The CCN2 The CCN1
mice Study Study
Week | Week | Week | Week

15 25 15 25

EchoMRI™ Al Body composition v v v v

DXA Al Body composition v v b b

Bone density

Ultrasound n = 3 from Liver steatosis/fibrosis v v v v
each group

MRI n = 3from Liver steatosis/fibrosis v a b b
each group

a: not performed as mice exceeded maximum size for machine. b: not performed due to limited access
to facility due to COVID-19 pandemic. DXA, dual energy x-ray absorptiometry; MRI, magnetic

resonance imaging.

2.3.3.1 EchoMRI™

Body composition was measured using an EchoMRI™-900-A130 Body Composition
Analyzer (EchoMRI™ LLC, Houston, TX, USA), which employs magnetic resonance
relaxation analysis for measuring fat tissue, lean tissue, and free and total water
mass3%0. The machine was calibrated against a Canola oil standard before each use.
Each mouse was weighed prior to being placed inside a red animal tube holder of
appropriate size (determined by rounding up the mouse weight in 20 g increments). A
smaller cylindrical plastic insert was used to hold the mouse in place, allowing enough
room for free access to air through the vents, but not allowing lateral movement which
might lead to measurement error. The whole animal tube was placed into the bore of
the instrument and scanned in under two minutes. Once completed, each mouse was
returned to its cage for recovery. Data was exported as a Microsoft® 365 Excel® file
(Microsoft Corporation, Redmond, WA, USA) spreadsheet from the instrument
software (v190125; EchoMRI™ LLC, Houston, TX, USA).

2.3.3.2 Faxitron® Ultrafocus 100 dual energy x-ray absorptiometry

Body composition and bone density were measured using Faxitron® Ultrafocus 100
Dual Energy X-ray Absorptiometry (DXA; Hologic, Tucson, AZ, USA). Mice were
anaesthetised with isofluorane (3 - 4%) mixed with oxygen (1.5 L/min) in an induction

chamber. Mice were transferred to the imaging chamber and placed in the prone
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position with limbs outstretched at 90° to the straightened spine to minimise overlap
of bones. Standard settings for DXA mode were used: 40 kV; 2.4 sec; 0.2 mA; 4 image
averages. Physiological monitoring of the mice occurred throughout the duration of
anaesthesia (~7 min). Mice were returned to a warmed cage for recovery after the

scan was completed.

The region of interest (entire mouse minus the head and tail) was manually selected
from each mouse image, and total weight (g), lean weight (g), fat weight (g), bone area
(BA; cm?), bone mineral content (BMC; g) and bone mineral density (BMD; mg/cm?)

were calculated using Vision DXA v2.4.2U software (Hologic, Tucson, AZ, USA).

2.3.3.3 Liver ultrasound

Liver ultrasound was performed using Vevo 2100 with Vevo LAB v5.5.1.1070 software,
and an MS550D (22 - 55 mHz) transducer (FUJIFILM VisualSonics Inc, Toronto, ON,
Canada). Anaesthetised mice were transferred to the Vevo 2100 cabinet, placed in
the supine position, and had abdominal hair removed with Veet Hair Removal Cream
(Reckitt Benckiser (Australia) Pty Ltd, Sydney, NSW, Australia) to avoid image
artefact. Ultrasound gel was liberally applied to the abdomen and five B-mode images
were acquired from each mouse in standard transverse and sagittal imaging planes of
the right and left lobes of the liver and the right liver-kidney interface (see Figure
2.6)3%1. The same settings were used for all mice:

=  Transmit:
o frequency 40 MHz
o power 100%
= Acquisition:
o frame rate: 21
gain: 20.0 dB
depth: 13.00 mm, width: 14.08 mm
high line density
high sensitivity
o focal zone: 3 -7 mm
= Display:
o dynamic range: 65 dB

o O O O

Physiological monitoring of the mice occurred throughout the duration of anaesthesia
(~15 min). Mice were returned to a warmed cage for recovery after the scan was

completed.

75



Gall bladder

Left adrenal

Inferior vena cava

Figure 2.6: Location of sonographic liver inages obtained from each mouse. Image adapted from
Cook, 1965%%,

Six regions of interest (ROIs) from each liver image were manually selected, to ensure
there was comprehensive inclusion of multiple representative sections of the liver. The
ROIs were analysed using MaZda v4.6 software (Technical University of Lodz, Lodz,
Poland) for echo-intensity (brightness), heterogeneity (local variance within ROI),
anisotropy (regional variance between ROIs), and hepatorenal index (HRI; brightness
normalised to renal cortex) as described by D’Souza and colleagues301:303, Analysis of
mouse liver ultrasound images using these parameters has previously been reported
to be highly correlated with the degree of liver fibrosis, and provided a novel and non-

invasive method to assess liver fibrosis without the need for a tissue sample30L,

2.3.3.4 Liver magnetic resonance imaging

A pre-clinical 7 tesla (7T) magnetic resonance imaging (MRI) machine with mouse
body coil (MRS*DRYMAG 7.0TMRI) and inbuilt Preclinical Scan™ v4.0.2.32 software
(MR Solutions Ltd, Guildford, Surrey, UK) was used to image the liver, with the aim to
explore novel methods to assess for liver fibrosis. The scans were performed with the
assistance of Dr Sofie Trajanovska and Dr Binh Pham from the Pre-clinical Imaging
Core Research Facility. Mice remained anaesthetised with a mixture of isoflurane and
oxygen and underwent strict physiological monitoring for core (rectal) temperature
(thermistor temperature probe), respiratory rate (pneumatic pillow sensor) and heart
rate (electrocardiogram; ECG) throughout the scan. Mouse body temperature was

maintained at 38°C with a heating pad and respiratory rate was maintained between
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30 - 50 breaths per minute by adjusting the isoflurane. T2-weighted images were taken
with and without fat suppression. Magnetic resonance relaxometry was performed as
described before304, Data for determining relaxation time T1 of liver tissue was
acquired using a rapid acquisition with relaxation enhancement (RARE) approach with
repetition times TR = 600 ms, 800 ms, 1200 ms and 1600 ms, and TE = 11 ms with a
slice thickness = 0.5 mm, field of view = 32.0 x 32.0 mm, in plane resolution = 125 x
125 x 500 pm and two averages. Data for determining relaxation time T2* were
generated with a multigradient echo (MGE) sequence, with TR = 1100 ms, and TE =
3.456 ms, 7.986 ms, 12.426 ms, 16.866 ms, 21.306 ms, 25.746 ms, 30.186 ms, 34.626
ms, slice thickness = 0.5 mm, flip angle = 20, bandwidth = 67 kHz and two averages.
Once the MRI scans were completed, mice were returned to a warmed cage with food

and water for recovery.

2.3.4 Plasma studies

The following tests were performed on mouse plasma using the AU480 Chemistry
Analyzer (Beckman Coulter Australia Pty Ltd, Lane Cove, NSW, Australia) owned by
Sydney University’s Glycaemic Index Research Service (SUGIRS): alkaline
phosphatase (ALP; U/L); alanine aminotransferase (ALT; U/L); aspartate
aminotransferase (AST; U/L); total protein (g/L); aloumin (g/L); total bilirubin (umol/L);
total cholesterol (mmol/L); triglycerides (mmol/L); high-density lipoprotein cholesterol
(HDL-c; mmol/L); low-density lipoprotein cholesterol (LDL-c; mmol/L); and high
sensitivity c-reactive protein (hsCRP; mg/L). A total of ~100 pL plasma was required

for these tests.

2.3.5 Histological staining

Liver tissue was fixed in 10% Formalin (neutral buffered; Sigma-Aldrich, St Louis, MO,
USA) for 24 h before being transferred to 70% ethanol until it was processed, and
paraffin embedded. For histological staining, paraffin embedded tissue was sectioned
by cutting at 5 um thickness and placed onto Superfrost® Plus microscope slides
(Lomb Scientific Pty Ltd, Taren Point, NSW, Australia) and left to completely dry prior
to staining. Sections were deparaffinised in two changes of xylene and rehydrated to
water through a series of graded ethanol washes comprising two washes in absolute
ethanol, two washes in 95% ethanol, and one wash in 70% ethanol, before rinsing in

tap water.
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2.3.5.1 Picro Sirius Red staining

2.3.5.1.1 Picro Sirius Red staining protocol

Picro Sirius Red (PSR) staining is commonly used for the staining of collagen fibres,
which stain red on a yellow/brown background3°s, Deparaffinised and rehydrated
slides were counterstained with Harris’ haematoxylin (POCD Scientific, North Rocks,
NSW, Australia) for 10 min and washed in running tap water. Slides were then stained
in PSR (0.1% Sirius Red in 1.3% saturated aqueous solution of picric acid; Sigma-
Aldrich, St Louis, MO, USA) for 60 min, quickly dipped twice in 0.1% acidified water,
blotted on filter paper, dehydrated in absolute ethanol, and left to dry. Slides were
cleared in Citrasol (Labtech Service and Supplies, South Windsor, NSW, Australia)
and coverslipped with Dibutylphthalate Polystyrene Xylene (DPX; Sigma-Aldrich, St
Louis, MO, USA). To aid image analysis, a second set of liver sections were stained
without the haematoxylin step, because the computer software could not accurately
differentiate counterstained cell nuclei could from PSR-positive tissue as they were
too similar in colour. Representative images of liver sections with nuclei
counterstaining were captured using a light microscope (Olympus BX60 microscope
with Olympus DP72 digital camera and cellSens Standard software v2.3; Olympus
Australia Pty Ltd, Notting Hill, VIC, Australia).

2.3.5.1.2 Picro Sirius Red staining analysis

Quantitative analysis was performed on non-counterstained PSR-stained sections.
Brightfield images were captured with a Leica Aperio ScanScope® XT slide scanner
(Leica Microsystems Pty Ltd, Mt Waverly, VIC, Australia) for the CCN2 Study and a
light microscope (Olympus BX60 microscope with Olympus DP72 digital camera and
cellSens Standard software v2.3; Olympus Australia Pty Ltd, Notting Hill, VIC,
Australia) for the CCN1 Study. The slide scanner was used for the CCN2 Study to
enable ongoing remote image analysis during the COVID-19 pandemic lockdown. It
was located at the Sydney Microscopy and Microanalysis Core Research Facility in

the Brain and Mind Centre at the University of Sydney.

QuPath v0.2.3 (open-source software) was used to select representative images of
the scanned slides®%6, at the same size and magnification as representative images
from the Olympus light microscope. The details of the representative captured images

from each liver are as follows: four images at 100x magnification, four images at 200x

78



magnification, six images of central veins at 400x magnification, and six images of
portal tracts at 400x magnification. ImageJ 1.53a (open-source software) was used to
calculate the % area of red pixels3?’. Noise from artefact was removed using the
‘remove outliers” function set to radius = 30, threshold = 60, dark outliers. Each image
was converted to a grayscale image by splitting it into red, green, and blue channels.
The green channel was selected due to the best separation. A threshold was manually
chosen that best corresponded to the area of PSR-positive stained tissue. The same
threshold was used for all the images in that study (CCN2 Study = 170; CCN1 Study
= 195). Data was expressed as % area of PSR-positive stained tissue.

2.3.5.2 Haematoxylin and eosin staining

2.3.5.2.1 Haematoxylin and eosin staining protocol

Haematoxylin and eosin (H&E) staining was used for morphological study of liver
tissue. Haematoxylin stains nuclei whilst eosin stains the cytoplasm3°8, Deparaffinised
and rehydrated slides were stained with Harris’ haematoxylin (POCD Scientific, North
Rocks, NSW, Australia) for 2 min, washed in running tap water and dipped 10 times
in acid alcohol. After another tap water wash, the slides were dipped 20 times in Scott’s
Bluing solution (14 g sodium hydrogen carbonate + 80 g magnesium sulphate + 4 L
dH,0) and then washed in tap water again. The slides were then thoroughly washed
in 70% ethanol before being stained in two changes of eosin (POCD Scientific, North
Rocks, NSW, Australia) for 40 sec each. Slides were dehydrated through graded
ethanol, starting at 70% and ending at absolute ethanol. Once dry, slides were cleared,
and then coverslipped with DPX (Sigma-Aldrich, St Louis, MO, USA). Representative
images from each group were captured using a light microscope (Olympus BX60
microscope with Olympus DP72 digital camera and cellSens Standard software v2.3;
Olympus Australia Pty Ltd, Notting Hill, VIC, Australia).

2.3.5.2.2 Haematoxylin and eosin staining analysis

The H&E slides were reviewed by Dr Min Li Huang, a trained anatomical pathologist
who was blinded to the study groups. Each slide was scored according to the Brunt
criteria for NAFLD®® and the NAS, which are commonly used in clinical practice3°°.

The criteria for each are listed in Table 2.8 and Table 2.9.
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Table 2.8: Brunt criteria for NAFLD#C.

Grade

Definition

Steatosis

o

< 5%

5-33%

34 - 66%

> 66%

Fibrosis

Absent

Perisinusoidal/pericellular

Periportal

Bridging

Cirrhosis

Necroinflammation

Absent

Occasional ballooned hepatocytes and no or very mild inflammation

Ballooning of hepatocytes and mild to moderate portal inflammation

Wl N| P O | W[ N P O W| N|

Intra-acinar inflammation and portal inflammation

Table 2.9: NAFLD activity score criteria®®.

Score Definition
0 < 5%
) 1 5-33%
Steatosis
2 34 - 66%
3 > 66%
0 Absent
Lobular 1 1 focus per 200x field
inflammation 2 2 - 4 foci per 200x field
3 > 4 foci per 200x field
0 Absent
Hepatocellular
1 Few ballooned cells
ballooning
2 Many cells/prominent ballooning

2.3.6 MRNA levels from whole liver tissue

2.3.6.1 RNA extraction with DNase treatment

Total RNA was isolated from ~30 mg snap frozen liver tissue using the PureLink™

RNA Mini Kit (Invitrogen, Carlsbad, CA, USA) as per the manufacturer’s instructions.

Lysis buffer (600 pL) containing 1% [3-mercaptoethanol (Sigma-Aldrich, St Louis, MO,

USA) was added to the liver tissue and thoroughly ground using an RNase-free pestle.

The lysate was then transferred to a Homogenizer spin cartridge (Invitrogen, Carlsbad,

CA, USA) for 2 min centrifugation at 12,000 g. An equal volume of analytic grade 70%
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ethanol was added to the homogenised lysate and mixed by pipette. The tissue
homogenate was transferred to a white spin cartridge, centrifuged at 12,000 g for 30
sec and the flow-through was discarded. The same step was repeated until all the

tissue homogenate was processed.

The remaining RNA on membrane of the spin cartridge was washed with 350 pL of
wash buffer | and centrifuged at 12,000 g for 30 sec and the flow-through was
discarded. Then 80 pL of PureLink™ DNase mixture (8 uL reaction buffer, 10 pL
DNase and 62 uL RNase-free water; PureLink™ DNase Set; Invitrogen, Carlsbad, CA,
USA) was added directly onto the membrane of the spin cartridge and incubated for
15 min at room temperature. This was followed by second wash in 350 pL wash buffer
I. After centrifugation, the flow-through was discarded again and the spin cartridge was
placed into a new collection tube. Next, 500 uL of wash buffer || was added to the spin
cartridge, centrifuged at 12,000 g for 30 sec and the flow-through discarded. This wash
step was repeated. The spin cartridge was spun at 12,000 g for 90 sec to remove
excess wash buffer and then inserted into a recovery tube. Finally, 100 yL of RNase-
free water was added directly onto the centre of the spin cartridge membrane and
centrifuged at 12,000 g for 2 min to elute the RNA. The RNA samples were stored at
-80°C until further analysis.

2.3.6.2 RNA quantification

The concentration of each RNA sample was determined using a NanoDrop™ 2000c
spectrophotometer with inbuilt software NanoDrop™ 2000c v1.3.198 (Thermo
Scientific, Waltham, MA, USA), according to the formula: [RNA] = A260 x 40 x dilution
factor. The RNA purity was assessed by measuring the A260/A280 and A260/A230

ratios, with acceptable ratios of ~2.0310,

2.3.6.3 Reverse transcription

Reverse transcription was used to transcribe the total RNA into complementary DNA
(cDNA) using the RNA dependent polymerase, reverse transcriptase.310 The following
incubation conditions were used: 65°C for 5 min: 2 pg RNA, 0.5 pg Oligo(dT)12-18
Primer (Invitrogen, Carlsbad, CA, USA), 100 ng Random Hexamer (Invitrogen,
Carlsbad, CA, USA) and nuclease-free water to total 26 pL. After brief (> 1 min) cooling
at 4°C, 8 pyL of 5 x Strand Buffer (250 mM Tris-HCI, 375 mM KCI, 15 mM MqgCl..
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Invitrogen, Carlsbad, CA, USA), 2 uL of 0.1 M DTT (Invitrogen, Carlsbad, CA, USA),
2 pL of 200 U/uL SuperScript® Il Reverse Transcriptase (Invitrogen, Carlsbad, CA,
USA) and 2 pL of 10 mM dNTP mix (Meridian Biosciences, Memphis, TN, USA) were
added, with a final volume of 40 pL. Samples were incubated at 25°C for 10 min and
50°C for 60 min followed by heating at 70°C for 15 min to inactivate superscriptase
activity. Heating and cooling steps were performed in an Eppendorf® Mastercycler®
Nexus Gradient PCR thermal cycler (Eppendorf South Pacific Pty Ltd, Macquarie
Park, NSW, Australia). The transcribed cDNA was stored at -30°C.

2.3.6.4 Real-time quantitative polymerase chain reaction

Real-time quantitative polymerase chain reaction (QPCR) was performed using a
QuantStudio™ 7 Flex Real-Time PCR System with inbuilt software v1.7.1 (Applied
Biosystems, Waltham, MA, USA) with 384-well plates (MicroAmp™ Optical 384-well
Reaction Plate with MicroAmp™ Optical Adhesive Film; Applied Biosystems,
Waltham, MA, USA). Each reaction contained 1 - 4.5 yL of cDNA, 5 pL of 2 x
SensiMix™ SYBR® Hi-ROX (Meridian Bioscience, Cincinnati, OH, USA), 0.25 uL of 10
MM primers (forward and reverse) and made up to 10 pL final volume with nuclease-
free water. Thermal cycling conditions were as follows: activation at 95°C for 10 min,
followed by 40 cycles of denaturation at 95°C for 10 sec, annealing at 60°C for 15 sec,
and elongation at 72°C for 20 sec, followed then by a melt curve. A no-template control

was included as a negative control for each primer pair.

A five-point standard curve for each of the genes of interest including the housekeeper
gene was constructed by using 1:5 serial dilution of pooled cDNA (1:10 for 18S; 1:2
for CCN3 and FAP). The gPCR efficiencies ranged between 88 and 112%, with an
average efficiency of 97%. The R? for each standard curve was > 0.97. The cDNA for
sample analysis was diluted 1 in 10 in nuclease-free water to achieve cycle thresholds
between ~20 - 30 cycles. In general, standards and samples were run in duplicate or
triplicate. Data was analysed according to the Pfaffl method31?, thereby accounting for

differences in reaction efficiency of the gene of interest and housekeeper gene.

2.3.6.5 Primer sequences
The primer pair sequences used for gPCR were derived from published studies or

generated from BLAST searches and are specific to mouse species (Table 2.10).
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Table 2.10: Primer sequences.

Gene

Forward Primer

Reverse Primer

Source

Acta2 AGAGCAAGAGA | GTCGTCCCAGT | Self-designed using Primer-BLAST
GGGATCCTGA TGGTGATGAT
Ccl2 AGGTCCCTGTC | GCTGCTGGTGA | Self-designed using Primer-BLAST
ATGCTTCTG TCCTCTTGT
Ccnl ATGAAGACAGC | TGCAGAGGGTT | Kawaki et al., 20113
ATTAAGGACTC GAAAAGAAC
Ccnl (knockout)* | TGACCAGACTG | CTGAGCTCTGC | Self-designed using Primer-BLAST
GCGCTCTC AGATCCCTTTC
Ccn2 AGAGTGGAGCG | GACAGGCTTGG | Self-designed using Primer-BLAST
CCTGTTCTA CGATTTTAG
Ccn2 (knockout)* | AGCGGTGAGTC | GGCTCGCATCA | Self-designed using Primer-BLAST
CTTCCAAAG TAGTTGGGT
Ccn3 TGAAGTCTCTG | TGGCTTTCAGG | Kawaki et al., 2011312
ACTCCAGCATT GATTTCTTG
Coll CCCCGGGACTC | GCTCCGACACG | Self-designed using Primer-BLAST
CTGGACTT CCCTCTCTC
Col3 CAAGTCTGGAG | ACCAGCTTGAC | Self-designed using Primer-BLAST
TGGGAGGAA CAGGTTCAC
Coldal ATCCGGCCCTT | ACTGCGGAATC | Adriaenssens et al., 200953
CATTAGC TGAATGGTC
Col4a2 TAGCTCCTCCG | GCTCTCCAAGG | Adriaenssens et al., 2009313
GGATCTACC TGGGTGTTA
Col6 GAACTTCCCTG | CACCTTGTGGA | Adriaenssens et al., 200933
CCAAACAGA AGTTCTGCTC
Dpp4 CTTGCTGCTCC | TGGTGACCATG | Self-designed using Primer-BLAST
ATGCTGAAC TGATCCACT
Fap ACACCACCTAC | ACATGCTCCTG | Self-designed using Primer-BLAST
CCTCACCAC GTTCTTTGG
Fnl GGGTTTTAACT | TGTAGGACTGA | Self-designed using Primer-BLAST
GCGAGAGCA CCCCCTTCA
ll1b GACCTTCCAGG | AGCTCATATGG | Self-designed using Primer-BLAST
ATGAGGACA GTCCGACAG
Tgfbl TGGAGCAACAT | GTCAGCAGCCG | Adriaenssens et al., 2009313
GTGGAACTC GTTACCA
Timpl GCATCTGGCAT | CTCGTTGATTTC | Self-designed using Primer-BLAST
CCTCTTGTT TGGGGAAC

83



Tnf CCCCAAAGGGA | CACTTGGTGGT | Self-designed using Primer-BLAST
TGAGAAGTT TTGCTACGA
Rn18s CGGCTACCACA | GCTGGAATTAA | Self-designed using Primer-BLAST
TACCAAGGAA CCGCGGCT
Rplp0 GGCCCTGCACT | TGCCAGGACGC | Casellas et al., 200631
CTCGCTTT GCTTGT

Acta2, a smooth muscle actin; Ccl2, C-C motif chemokine ligand 2; Ccnl, cellular communication
network 1; Ccn2, cellular communication network 2; Ccn3, cellular communication network 3; Coll,
collagen-I; Col3, collagen-Ill; Col4al, collagen-IVa1; Col4a2, collagen-1Va2; Col6, collagen-VI; Dpp4,
dipeptidyl-peptidase 4; Fap, fibroblast activation protein; ll1b, interleukin-183; Tgfbl, transforming growth
factor B1; Timpl, tissue inhibitor of metalloproteinase 1; Tnf, tumour necrosis factor a; Rnl18s, 18S
ribosomal RNA; Rplp0, ribosomal protein, large, PO. * Primer sequences designed to cross the deleted
DNA sequence, and thus reduced mRNA level in the knockout mice would be confirmatory of the gene
deletion model.

2.3.7 Western immunoblot from whole liver tissue

Frozen liver tissue was homogenised in cold radioimmunoprecipitation assay (RIPA)
buffer containing protease inhibitor cocktail (Roche, Basel, Switzerland) and 50 mM
NaF. The crude impurities were removed by centrifugation at 10,000 g for 20 min at
4°C. Total protein concentration was measured using the DC Protein Assay (Bio-Rad,
Hercules, CA, USA). Samples containing 50 ug of total protein were loaded into each
lane and separated by a 4 - 15% gradient sodium dodecyl-sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) gel (Bio-Rad, Hercules, CA, USA). Proteins were
electro-transferred onto nitrocellulose membrane and membranes were blocked with
5% skim milk/TBS with 0.1% (vol/vol) Tween 20 for 1 hr, followed by incubation with
anti-CTGF/CCN2 Antibody (1:10,000 titre; GTX124232, GeneTex, Irvine, CA, USA),
in TBST containing 5% skim milk overnight at 4°C. After washing, the membranes
were incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000
titre) for 2 h at room temperature. The bands were visualised using Clarity™ Western
ECL (Bio-Rad, Hercules, CA, USA) and imaged with ChemiDoc MP Imaging System
(Bio-Rad, Hercules, CA, USA). The intensity of each band was quantitated using
ImageLab software (Bio-rad, Hercules, CA, USA) and normalised to total protein from
Ponceau S staining (multiple housekeeper proteins were affected by the model and
not suitable for protein normalisation). Final data of the band intensity for each group
was calculated from four immunoblots performed as independent experiments.

Western immunoblots were performed by Dr Xiaoyu Wang.
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2.3.8 Liver triglyceride quantification

Intrahepatic cell triglycerides were extracted with methanol:chloroform. A 20 - 30 mg
piece of liver tissue was weighed before being placed in size D Lysing Matrix Tubes
(MP Biomedicals Germany, Eschwege, Germany). The tissue was homogenised with
1 mL of a 1:2 mixture of methanol (POCD Healthcare, Artarmon, NSW, Australia) and
chloroform (Ajax Finechem, Scoresby, VIC, Australia) in a FastPrep®-24 machine (6
m/s, 2 x 40 sec; MP Bio, Eschwege, Germany). The homogenate was transferred to
polypropylene plastic tubes (Sarstedt, Numbrecht, Germany) and a further 3 mL of
methanol:chloroform was added. Tubes were agitated on a rocker overnight at room
temperature. The next day, 2 mL of 0.6% sodium chloride (Sigma-Aldrich, St Louis,
MO, USA) was added to each sample and vortexed. Tubes were centrifuged at 2,000
rpm for 10 min at room temperature. The bottom layer was transferred to a glass tube
with a glass pipette and the sample was dried under nitrogen gas for 45 min at 40°C.
Each sample was then dissolved in 500 pL absolute ethanol. Glycerol standards
(Precimat Glycerol; Roche, Basel, Switzerland) were prepared ranging from 0.716 to
45.8 nmoles. Standards and samples (5 pyL) were added to a 96-well plate and
incubated for 20 min at 37°C. Then, 300 uL of warmed Infinity ™ Triglycerides reagent
(Thermo Fisher Scientific Inc, Waltham, MA, USA) was added to each well and
incubated for 30 min at 37°C. The optical density was measured at 490 nm using a
plate reader. The amount of triglycerides was calculated from the standard curve,

normalised to the starting tissue weight, and expressed as pmoles/g of liver.

The principles behind the Infinity™ Triglycerides reagent are as follows315316:
triglycerides are hydrolysed by lipase to free fatty acids and glycerol. Glycerol is
phosphorylated by adenosine triphosphate (ATP) by glycerol kinase to produce
glycerol-3-phosphate and adenosine diphosphate (ADP). Glycerol-3-phosphate is
oxidised by glycerolphosphate oxidase to produce dihydroxyacetone phosphate
(DAP) and hydrogen peroxide (H202). The H,O, reacts with 4-aminoantipyrine (4-
AAP) and 3,5-dichloro-2-hydroxybenzene sulfonate (DHBS) to produce a red-coloured
dye. The absorbance of the dye is proportional to the concentration of triglycerides

present in the sample.
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2.3.9 Plasma cytokeratin-18 quantification

The measurement of mouse plasma CK-18 concentration was performed using the
Mouse Cytokeratin 18 SimpleStep ELISA® Kit (Abcam, Cambridge, UK) by Dr Xiaoyu
Wang. Mouse CK-18 Lyophilized Recombinant Protein standards (0.313 - 20 ng/mL)
were prepared as per kit instructions. Standards and samples (50 uL) were added to
the pre-coated (proprietary antibody) microplate. Samples were diluted 1 in 3. Antibody
cocktail (50 pL) consisting of 10X Mouse CK-18 Capture Antibody, 10X Mouse CK-18
Detector Antibody and Antibody Diluent 4BR were added to each well. The microplate
was incubated for 1 h at room temperature on a plate shaker set at 400 rpm. After
three washes in Wash Buffer, 100 uL of TMB Development Substrate was added to
the microplate and incubated for 10 min at room temperature in the dark on the plate
shaker (400 rpm). After addition of Stop Solution, the optical density at 450 nm was
measured using a microplate reader (Tecan Infinite® M 1000 Pro) with inbuilt software
i-Control™ v1.10 (Tecan, Mannedorf, Switzerland). Mouse plasma CK-18
concentrations of the samples were interpolated using the standard curve (linear) and

multiplied by the dilution factor.

2.3.10 Statistical analysis

All results are shown as mean + SEM (standard error of the mean). Unless otherwise
indicated, all data were compared using two-way ANOVA followed by Tukey’s
correction for multiple comparisons. A p-value < 0.05 was considered statistically
significant. All statistical analyses were performed using GraphPad Prism v9.1.1 for

Windows (GraphPad Software, San Diego, CA, USA) unless otherwise stated.

2.4 Circulating CCNs
2.4.1 The Diabetes and Steatohepatitis Study

The Diabetes and Steatohepatitis (DaSH) Study was performed by Dr Kathryn H.
Williams as part of her PhD, titled The Clinical Relevance of Non-Invasive Measures
of Liver Health and Non-Alcoholic Fatty Liver Disease (NAFLD) in Diabetes Mellitus
and awarded by the University of Sydney in 2016. The prospective, cross-sectional
study was described in detail in her PhD thesis, referred to as “Cohort 3”7, and data

from this study was published previously86:87:317
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In brief, randomly recruited patients attending the Royal Prince Alfred Hospital (RPAH)
Diabetes Centre between April 2011 until June 2012 underwent a detailed clinical
assessment. Fasting morning blood samples were obtained, and routine tests
performed (general biochemistry, liver enzymes, HbA1lc, glucose, lipid profile and full
blood count). Other, non-NAFLD causes of liver disease were excluded. All subjects
underwent a liver ultrasound to assess for steatosis and transient elastography with
Fibroscan® to screen for liver fibrosis. Serum and plasma were stored at -80°C for later
use. All subjects provided written informed consent prior to undertaking any study
procedures. All procedures were approved by the relevant NSW Health Human
Research Ethics Committee (HREC) and the University of Sydney HREC and were in
accordance with the Declaration of Helsinki (Sydney Local Health Network Protocol
No X11-0105 & HREC/11/RPAH/144).

Access to the de-identified database of The DaSH Study and stored serum and

plasma samples were made available for further analysis in this thesis.

2.4.1.1 Quantification of circulating CCN concentrations in The DaSH Study

Serum and plasma concentrations of CCN1, CCN2 and CCN3 were measured with
commercial ELISA kits (Table 2.11). This research was commenced by Mr Kyle WW
Lloyd (KL), a student of The Talented Student Program (TSP, The University of
Sydney) in the Greg Brown Diabetes and Endocrinology Laboratory, however at the
time, there was limited availability of good quality commercial kits. Newer Kits with
potentially better quality antibodies have since been developed, and these were
performed according to the manufacturer’s instructions by the author (SP) of this

thesis.

Table 2.11: Commercial kits used to measure circulating CCN1, CCN2, and CCN3.

CCN1 CCN2 CCN3
Manufacturer R&D Cloud Clone R&D R&D
Catalogue No. DCYR10 SEAO010Hu DY9190-05 DY1640
Sample Serum - Serum Serum Plasma Serum Plasma
Performed by KL - KL SP SP SP SP
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2.4.1.1.1 Human circulating CCN1 concentration

The measurement of human serum CCN1 concentration was performed by Mr Kyle
Lloyd using the Quantikine® ELISA Human Cyr61/CCN1 Immunoassay (R&D Systems
Inc, Minneapolis, MN, USA). Human CCN1 standards (39.1 - 2 500 pg/mL) were
prepared as per kit instructions. Standards and undiluted samples (50 pyL) were added
in duplicate to a 96-well microplate pre-coated with a monoclonal antibody specific for
human CCN1, along with 100 pL of Assay Diluent RD1-36. The microplate was
incubated for 2 h at room temperature on an orbital shaker, and then washed four
times to remove unbound substances. Human CCN1 Conjugate (200 uL; polyclonal
antibody for human CCN1 conjugated to horseradish peroxidase) was added to each
well and incubated for 2 h at room temperature on an orbital shaker. The microplate
was washed four times, before addition of 200 uL Substrate Solution (TMB plus H20>)
and incubated for 30 min at room temperature in the dark. After addition of stop
solution, the optical density at 450 nm (reference 540 nm) was measured using a
microplate reader (Tecan Infinite® M 1000 Pro) with inbuilt software i-Control™ v1.10
(Tecan, Mannedorf, Switzerland). Human serum CCN1 concentrations of the samples

were interpolated using the standard curve (log/log).

2.4.1.1.2 Human circulating CCN2 concentration

The measurement of human serum CCN2 concentration was performed by Mr Kyle
Lloyd using the Enzyme-linked Immunosorbent Assay Kit for Connective Tissue
Growth Factor (CTGF/CCNZ2; Cloud-Clone Corp, Houston, TX, USA). Standards (0.47
- 30 ng/mL) were prepared as per kit instructions. Standards and undiluted samples
(100 pL) were added in duplicate to the pre-coated microplate (biotin-conjugated
antibody specific to CTGF/CCN2) and incubated for 1 h at 37°C. The liquid was
removed, and Detection Reagent A (100 pL; avidin conjugated to horseradish
peroxidase (HRP)) was added before further incubation for 1 h at 37°C. The microplate
was washed three times and then 100 pL of Detection Reagent B (TMB) was added
and incubated for 30 min at 37°C. The microplate was washed five times. Substrate
solution (90 uL) was added to each well and incubated for 20 min at 37°C in the dark.
After addition of stop solution, the optical density at 450 nm was measured using a
microplate reader (Tecan Infinite® M 1000 Pro) with inbuilt software i-Control™ v1.10
(Tecan, Mannedorf, Switzerland). Human serum CCN2 concentrations of the samples

were interpolated using the standard curve (log/log).
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The measurement of human serum and plasma CCN2 concentration was performed
by the author using the Human CTGF/CCN2 DuoSet® ELISA Development System
with DuoSet® Ancillary Reagent Kit 2 (R&D Systems Inc, Minneapolis, MN, USA). A
96-well microplate was coated overnight at room temperature with goat anti-human
CTGF/CCN2 Capture Antibody (100 pL). The following morning, the microplate was
washed three times and then blocked with 300 uL of Reagent Diluent and incubated
for 1 h at room temperature. Recombinant Human CTGF/CCN2 Standards (31.3 -
2,000 pg/mL) were prepared as per kit instructions. Standards and samples (100 pL)
were added to the microplate in duplicate and incubated for 2 h at room temperature.
After three more washes, Biotinylated Goat Anti-Human CTGF/CCN2 Detection
Antibody (100 pL) was added to the microplate and incubated for 2 h at room
temperature. The microplate was washed three times and then Streptavidin-HRP B
(100 pL) was added to each well and incubated for 20 min at room temperature in the
dark. Following another three washes, Substrate Solution (100 pL; TMB plus H205)
was added and incubated for 20 min at room temperature in the dark. After addition of
stop solution, the optical density at 450 nm (reference 540 nm) was measured using
a microplate reader (Tecan Infinite® M 1000 Pro) with inbuilt software i-Control™ v1.10
(Tecan, Mannedorf, Switzerland). Human serum and plasma CCN2 concentrations of
the samples were interpolated using the standard curve (4PL) and multiplied by the

dilution factor.

2.4.1.1.3 Human circulating CCN3 concentration

The measurement of human serum and plasma CCN3 concentration was performed
by the author using the Human NOV/CCN3 DuoSet® ELISA Development System with
DuoSet® Ancillary Reagent Kit 2 (R&D Systems Inc, Minneapolis, MN, USA). A 96-
well microplate was coated overnight at room temperature with goat anti-human NOV
Capture Antibody (100 uL). The following morning, the microplate was washed three
times and then blocked with 300 uL of Reagent Diluent and incubated for 1 h at room
temperature. Recombinant Human NOV Standards (31.3 - 2,000 pg/mL) were
prepared as per kit instructions. Standards and samples (100 uL) were added to the
microplate in duplicate and incubated for 2 h at room temperature. After three more
washes, Biotinylated Goat Anti-Human NOV Detection Antibody (100 pyL) was added
to the microplate and incubated for 2 h at room temperature. The microplate was

washed three times and then Streptavidin-HRP A (100 pyL) was added to each well
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and incubated for 20 min at room temperature in the dark. Following another three
washes, Substrate Solution (100 yL; TMB plus H,O,) was added and incubated for 20
min at room temperature in the dark. After addition of stop solution, the optical density
at 450 nm (reference 540 nm) was measured using a microplate reader (Tecan
Infinite® M 1000 Pro) with inbuilt software i-Control™ v1.10 (Tecan, Mannedorf,
Switzerland). Human serum and plasma CCN3 concentrations of the samples were

interpolated using the standard curve (4PL) and multiplied by the dilution factor.

2.4.1.1.4 Other biomarkers used in correlative analyses

Measurements of other novel markers were reported in Dr Williams’ thesis including
HA (Hyaluronan ELISA; R&D Systems, Minneapolis, Minnesota, USA), TIMP1 (TIMP1
ELISA; R&D Systems, Minneapolis, Minnesota, USA), PIIINP (PIIINP RIA; Orion
Diagnostica, Espoo, Finland), CK-18 (M30 Apoptosense® ELISA; Peviva, Nacka,
Sweden) and brain natriuretic peptide (BNP; BNP EIA Kit, Sigma-Aldrich, St Louis,
MO, USA). DPP4 enzyme activity was measured as previously described318319, FAP
was measured using a validated in-house enzyme activity assay31°. The results of
these assays were used in the correlative analyses performed by the author of this

thesis.

2.4.1.2 Statistical analysis

Standard curves for the commercial ELISA kits were produced with Microsoft Excel
for Microsoft 365 (log/log curves) or GraphPad Prism v9.1.1 for Windows (4PL curves;
GraphPad Software, San Diego, CA, USA). Results are shown as median [IQR].

Univariate (Spearman’s test) and multivariate stepwise linear and logistic regression
analyses were used to determined correlations between human circulating CCN
concentrations and NASH fibrosis, as well as other clinical, biochemical, or radiological
characteristics obtained from The DaSH Study database. Correlative statistics were
performed using SPSS version 26.0 (IBM, Armonk, NY, USA). Variables with a p-value
< 0.1 were included in the multivariate regression analysis and variables with
multicollinearity were excluded. Statistical significance was determined by a p-value <
0.05.
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2.4.2 The CCN2 Study and The CCN1 Study

2.4.2.1 Quantification of circulating CCN concentrations in The CCN2 Study and
The CCN1 Study

Plasma CCN1, CCN2 and CCN3 concentrations were measured in mice from The
CCN2 Study and The CCN1 Study (described in detail in Section 2.3) using

commercial kits as per the manufacturer’s instructions.

2.4.2.1.1 Mouse plasma CCN1 concentration

The measurement of mouse plasma CCN1 concentration was performed using the
Mouse CYR61 SimpleStep ELISA® Kit (Abcam, Cambridge, UK). Mouse CYRG61
Lyophilized Recombinant Protein standards (62.5 - 4,000 pg/mL) were prepared as
per kit instructions. Standards and samples (50 uL) were added to the pre-coated
(monoclonal proprietary antibody) microplate. Antibody Cocktail (50 uL; 10x Capture
Antibody, 10x Detector Antibody and Antibody Diluent 5Bl) was added to each well and
the microplate was incubated for 1 h at room temperature on a plate shaker. The
microplate was washed three times, followed by addition of 100 uL TMB Development
Solution with further incubation for 10 min at room temperature on a plate shaker in
the dark. After addition of stop solution, the optical density at 450 nm was measured
using a microplate reader (Tecan Infinite® M 1000 Pro) with inbuilt software i-Control™
v1.10 (Tecan, Mannedorf, Switzerland). Mouse plasma CCN1 concentrations of the
samples were interpolated using the standard curve (4PL) and multiplied by the

dilution factor.

2.4.2.1.2 Mouse plasma CCN2 concentration

The measurement of mouse plasma CCN2 concentration was performed using the
Mouse CTGF/CCN2 ELISA Kit (Novus Biologicals, Centennial, CO, USA). Reference
standards (0.16 - 5 ng/mL) were prepared as per kit instructions. Standards and
samples (100 yL) were added to the pre-coated microplate and incubated for 90 min
at 37°C. The liquid was removed and 100 uL of Biotinylated Detection Antibody was
added to each well and incubated for 1 h at 37°C. The microplate was washed three
times, before 100 puL of HRP Conjugate was added and the microplate incubated for
30 min at 37°C. The microplate was washed five times and then 90 pL of Substrate
Reagent was added to each well, then incubated for 15 min at 37°C in the dark. After

addition of stop solution, the optical density at 450 nm was measured using a
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microplate reader (Tecan Infinite® M 1000 Pro) with inbuilt software i-Control™ v1.10
(Tecan, Mannedorf, Switzerland). Mouse plasma CCN2 concentrations of the samples

were interpolated using the standard curve (4PL) and multiplied by the dilution factor.

2.4.2.1.3 Mouse plasma CCN3 concentration

The measurement of mouse plasma CCN3 concentration was performed using the
NOV (CCN3) Mouse SimpleStep ELISA® Kit (Abcam, Cambridge, UK). Mouse NOV
Lyophilized Recombinant Protein standards (0.13 - 8 ng/mL) were prepared as per kit
instructions. Standards and samples (50 uL) were added to the pre-coated (proprietary
antibody) microplate. Antibody cocktail (50 pL) consisting of 10X Mouse NOV Capture
Antibody, 10X Mouse NOV Detector Antibody and Antibody Diluent 4BR was added
to each well. The microplate was incubated for 1 h at room temperature on a plate
shaker set at 400 rpm. After three washes in Wash Buffer, 100 pL of TMB Development
Substrate was added to the microplate and incubated for 20 min at room temperature
in the dark on the plate shaker (400 rpm). After addition of stop solution, the optical
density at 450 nm was measured using a microplate reader (Tecan Infinite® M 1000
Pro) with inbuilt software i-Control™ v1.10 (Tecan, Mannedorf, Switzerland). Mouse
plasma CCN3 concentrations of the samples were interpolated using the standard

curve (4PL) and multiplied by the dilution factor.

2.4.2.2 Statistical analysis

Standard curves for the commercial ELISA kits were produced with Microsoft Excel
for Microsoft 365 (log/log curves) or GraphPad Prism v9.1.1 for Windows (4PL curves;
GraphPad Software, San Diego, CA, USA). Results are shown as mean + SEM and
compared using two-way ANOVA followed by Tukey’s correction for multiple
comparisons (GraphPad Prism v9.1.1 for Windows, GraphPad Software, San Diego,
CA, USA).

Univariate (Pearson’s test) analyses were used to determined correlations between
mouse plasma CCN concentrations and severity of liver fibrosis, as well as other
metabolic, biochemical, or histological characteristics in The CCN2 Study and The
CCN1 Study (Chapters 4 and 5). Correlative statistics were performed using SPSS
version 26.0 (IBM, Armonk, NY, USA). Statistical significance was determined by a p-

value < 0.05.
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Chapter 3: The Diabetes and Liver
Clinic Audit
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3.1 Introduction

The first results chapter of this thesis is presented in the format of an unpublished,
prepared, manuscript. It is a retrospective audit of the Charles Perkins Centre (CPC)
Royal Prince Alfred Hospital (RPAH) Diabetes and Liver Clinic (DLC), which is
Australasia’s first multidisciplinary clinic dedicated to individuals with diabetes and
NAFLD. It highlights the scope of the problem, that is, the high prevalence of NASH
fibrosis in individuals with T2DM and offers insight into how this clinic might enhance

the assessment for NASH fibrosis.

3.2 Prepared manuscript
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Abstract
Aims: To describe the clinical profile of patients attending Australasia’s first dedicated
Diabetes and Liver Clinic and to identify clinical and/or biochemical predictors of

advanced liver fibrosis.

Methods: A retrospective audit of the Charles Perkins Centre Royal Prince Alfred
Hospital Diabetes and Liver Clinic was performed. Patients with T2DM were referred
if they had abnormal liver enzymes or steatosis on ultrasound. Liver fibrosis severity
was determined by transient elastography using Fibroscan®. Clinical risk scores were
calculated. Multivariate stepwise regression analysis was used to identify correlates

of advanced fibrosis.

Results: Ninety-six patients were included, age 58.6+9.5 yrs, with diabetes duration
of 12.6+£9.7 yrs, BMI of 33.6+£6.4 kg/m? and HbAlc of 7.7+1.4%. Overall, 28% had
advanced liver fibrosis (LSM = 10.3 kPa), which is ~10% higher than a historic cohort.
The NAFLD fibrosis score had good negative predictive value (87%). In this cohort of
patients with concomitant diabetes and NAFLD, advanced liver fibrosis was best
predicted by a combination of LDL-c, BMI, ALT, and ALP (p-value < 0.005).

Conclusion: A dedicated Diabetes and Liver Clinic has enhanced the assessment for
NASH fibrosis, of which the prevalence in this cohort was 28%. The NFS is a useful
clinical score for excluding patients with significant liver fibrosis, but other models may

perform better in a NAFLD with diabetes population.

Keywords: type 2 diabetes mellitus; non-alcoholic fatty liver disease; non-alcoholic

steatohepaititis; liver fibrosis; NAFLD fibrosis score.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has become the leading cause of chronic
liver disease worldwide®6. The increase in prevalence of NAFLD is driven by its
epidemiologic and pathophysiologic links to type 2 diabetes mellitus (T2DM) and
obesity. Approximately 25% of the general population has NAFLD, but this rises to
greater than 70% in adults with obesity or T2DM®8.188 |n addition, the presence of
T2DM is an independent risk factor for progressing to each of the more severe stages
of NAFLD®7.182.190 The growing rates of these concomitant metabolic diseases have
significant implications not only for long-term health outcomes at both individual and
public health levels, but also impacts on healthcare systems and health economics,

related to screening, diagnosis, and management.

NAFLD is defined by excessive accumulation of hepatic fat (> 5%), in the absence of
secondary causes including excessive alcohol intake. It encompasses a spectrum of
disease, from simple steatosis to non-alcoholic steatohepatitis (NASH) and cirrhosis.
The later, more severe stages are characterised by hepatic inflammation and fibrosis
and are more common in individuals with T2DM compared with the general
population329. The degree of liver fibrosis is linked to premature mortality from
cardiovascular disease and liver-related complications such as hepatocellular
carcinoma and end-stage liver failureb7321-324  Globally, the rates of liver
transplantation with cirrhosis due to NAFLD/NASH as the primary indication are
increasing’?. In the past two decades NASH has overtaken alcoholic liver disease as
the second most common indication for transplant in the United States.’3. In Australia,
it remains in third place, behind hepatitis C infection and alcoholic liver disease, but
has increased more than five-fold since 200374. The change in trends is partially
explained by improved prevention and treatments with vaccination and antiviral
therapies for chronic liver disease caused by hepatitis infections’. However, the
absolute increased prevalence of NAFLD cannot be ignored. In fact, it is expected that
by 2030 the prevalence of all stages of NAFLD will have increased by more than 20%,
but the prevalence of the most severe stages of fibrosis, that is F3 and F4, will have

more than doubled?s.

The gold standard for assessing NAFLD remains liver biopsy, but in most cases, this

is unnecessary, highly invasive, and carries inherent risk82. Therefore, other methods
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of assessing the liver non-invasively have been developed, which can be implemented
in the clinical setting®3. This includes the use of the Fibroscan®, which utilises transient
elastography to measure liver stiffness, a surrogate for fibrosis. Studies have shown
a high degree of correlation between Fibroscan® readings and fibrosis stage confirmed
on liver biopsy in the NAFLD population®-%3, Local data has reported that the
prevalence of NASH fibrosis, defined as a liver stiffness measurement (LSM) of 2 10.3
kPa (normal < 5.5 kPa) by Fibroscan®, in unselected patients attending a tertiary
diabetes outpatient clinic was 18%%85. In contrast the general population prevalence
rate of NASH fibrosis is less than 5%83. This data is in keeping with epidemiological
evidence that NAFLD is more likely to progress to more severe stages of liver disease
in individuals with T2DM.

In addition to liver imaging, other non-invasive methods of assessing liver fibrosis
include use of scoring systems based on readily accessible clinical and laboratory
parameters. The NAFLD fibrosis score (NFS) combines data on an individual’s age,
body mass index (BMI) and presence of diabetes/impaired fasting glucose with
biochemical indices of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), albumin level, and platelet count325, The fibrosis-4 index (FIB-4) combines data
on age, ALT, AST, and platelet count, and was first developed for the hepatitis C/HIV
co-infection population, but also performs well in the NAFLD population326. Both
scores have a high negative predictive value when they are below the specified cut-
offs327.328  however neither of these scores were derived from populations with
concomitant T2DM and NAFLD exclusively, potentially limiting their utility in this

cohort.

A joint Clinical Practice Guideline from the European Association for the Study of Liver
(EASL), Diabetes (EASD) and Obesity (EASO) on the management of NAFLD was
published in 201619, It made a level A2 recommendation (high quality evidence,
weaker recommendation) to assess for the presence of NAFLD in all individuals with
T2DM, irrespective of their liver enzyme levels. Assessment included a minimum of a
liver ultrasound and liver enzymes. However, the authors acknowledged that the
availability of resources, the added burden on healthcare systems, and the limited
effective treatments, would be important considerations in widespread screening. The

American Diabetes Association (ADA) included screening for NAFLD for the first time
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in their 2019 Standards of Medical Care in Diabetes2%°, They recommended that all
individuals with T2DM who have biochemical or radiological evidence of NAFLD
should receive assessment for NASH and liver fibrosis. They suggest the use of non-
invasive tests, such as elastography or fibrosis biomarkers, however the
recommendation was based on low level (Level C) evidence. Ultimately, assessment
by a liver specialist, with or without a liver biopsy, may still be required to provide a
definitive diagnosis. This recommendation contrasts with the Practice Guidance from
the American Association for the Study of Liver Diseases, which recommended
against routine screening of individuals with diabetes, but to maintain a high index of
suspicion for the more severe manifestations of NAFLD, as these are undoubtedly

more common in the diabetes population32°.

There are currently no clinical practice guidelines in Australia for the screening of
NAFLD in the diabetes population. Latest statistics from the Australian Institute of
Health and Welfare indicate that approximately 1.7 million Australian adults have
diabetes330. Based on this data, over 1 million Australian adults may have NAFLD, and
screening and identifying those at highest risk remains a challenge. This is partly due
to limited knowledge about the pathogenesis, natural history, and complications of
NAFLD/NASH in individuals with T2DM. There are few clinics globally dedicated to
diabetes and liver disease and here we report the clinical experience of the first
multidisciplinary Diabetes and Liver Clinic (DLC) in Australasia. The aim of this study
was to describe the clinical profile of patients attending the DLC and to establish any
clinical and/or biochemical parameters that correlate with severe NASH fibrosis in this

cohort.

Subjects, Materials and Methods:

Subjects

Data were collected retrospectively from patients who were assessed at the Charles
Perkins Centre Royal Prince Alfred Hospital Diabetes and Liver Clinic (CPC RPAH
DLC) from its inception in 2016 until 2019. Referral criteria for assessment to this clinic
were patients with T2DM who had abnormal blood liver enzyme tests and/or liver
steatosis on imaging. Exclusion criteria included individuals without T2DM, those who
did not complete the clinical assessment, or those who did not have NAFLD as the

primary hepatic abnormality. All patients underwent screening to exclude other

99



aetiologies of liver disease including autoimmune, infectious, and genetic causes.
Alcohol intake was documented, but excessive alcohol intake above the current
recommended guidelines of less than 14 standard drinks per week was not an
exclusion criterion. Each patient was reviewed by an experienced endocrinologist and

hepatologist.

Clinical and biochemical parameters

Information collected from the DLC clinic records included: demographics, past
medical history, physical examination findings and pathology results. Detailed history
regarding diabetes diagnosis, management and complications was obtained.
Biochemical parameters (non-fasting) included: blood electrolytes, liver enzymes, full
blood count, international normalised ratio (INR), haemoglobin Alc (HbAlc),
fructosamine, glucose, insulin, c-peptide, lipid panel and ferritin, and urine albumin to

creatinine ratio (UACTr).

Liver assessment

Transient elastography with Fibroscan® (EchoSens, Paris, France) was performed by
an experienced hepatologist to measure liver stiffness (liver stiffness measurement;
LSM), with either M or XL probe. A minimum of 10 readings with an IQR/median ratio
of < 30% was required for a score to be valid33l. An LSM = 10.3 kPa was deemed to
represent advanced liver fibrosis332. A secondary analysis was performed using an
LSM = 8.5 kPa (supplementary data). The NFS and FIB-4 were calculated as
previously described325:333, Each patient underwent a dedicated liver ultrasound. A
diagnosis of cirrhosis was made by the clinic hepatologist based on clinical,
radiological, biochemical and/or histopathological findings. Liver biopsy was not

routinely performed, but when undertaken it was reported using the Brunt criteria®°.

Comparison with an unselected T2DM cohort
We compared data from this study with data from a previously reported historic cohort
exploring the rates of advanced liver fibrosis in unselected individuals with T2DM from

the same tertiary centre86:87,
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Statistical analysis

All statistics were performed using Microsoft Excel or IBM SPSS version 26.0. Two-
tailed t-test was used for continuous variables and chi-squared test was used for
categorial variables. Univariate (Pearson’s test) and multivariate stepwise logistic and
linear regression analyses were used to determined correlations between LSM by
transient elastography and clinical and biochemical characteristics. Variables with a p-
value < 0.1 were included in the multivariate regression analysis. Statistical

significance was determined by a p-value < 0.05.

Ethics approval
The study was approved by the Sydney Local Health District RPA Ethics Committee
(Ethics reference number X19-0117 and 2019/ETH02727).

Results

Patient characteristics

A total of 119 patients were assessed in the CPC RPAH DLC from 2016 to 2019
(Supplementary Figure 1). Eleven patients were excluded who did not have T2DM (no
diabetes or type 1 diabetes mellitus (T1DM)) and a further nine patients did not
complete the assessment. Three patients were diagnosed with non-NAFLD pathology.
In total, 96 patients were included in this study and the clinical characteristics are
shown in Table 1 and the biochemical characteristics are shown in Table 2. There
were similar numbers of males and females, with a mean age of 58.6 years.
Approximately 39% were of Anglo-Saxon descent, with three patients identifying as
Aboriginal or Torres Strait Islander. The remainder of the patients were of a mix of
Asian, South American, Middle Eastern, European, or from other parts of Oceania. All
but one patient had T2DM: one patient was identified as having diabetes secondary
to IgG4 pancreatitis; however, he was not excluded as his overall clinical picture was
more consistent with insulin resistance and not absolute insulin deficiency. The mean
duration of diabetes was 12.6 years, with a range of 0 to 40 years. The mean HbAlc
was 7.7% indicating relatively well controlled diabetes. Patients were taking on
average two non-insulin diabetes medications. Classes included: biguanides,
sulphonylureas, dipeptidyl-peptidase 4 (DPP4) inhibitors, sodium-glucose co-
transporter 2 (SGLTZ2) inhibitors, or glucagon-like peptide-1 (GLP-1) receptor agonists.
Almost half were taking either an SGLT2 inhibitor or GLP-1 receptor agonist, classes

101



of medications which have promising data regarding positive effects for NAFLD in
people with diabetes. In addition, 41% of the patients were being treated with insulin
(mean total daily dose of insulin = 67 units). Microvascular diabetes-related
complications were more frequent than macrovascular complications. Diabetic
nephropathy and peripheral neuropathy were the most common complications,

present in ~one quarter of all patients.

Over 90% of patients attending the DLC clinic were either overweight or obese, and
the mean BMI was 34 kg/m2. Most patients had hypertension or dyslipidaemia treated
with pharmacotherapy. Over 15% of patients also had obstructive sleep apnoea, which
whilst not a component of the metabolic syndrome, is strongly associated with the
same clinical features. A surprisingly high proportion of the cohort were ex-smokers
(38%), whilst almost 10% were active smokers. Levels of alcohol intake above current

recommended guidelines were reported in ~15% of patients.

Liver assessment

Fibroscan® readings were obtained on 90 patients. Of these, 25 had advanced fibrosis,
as indicated by an LSM = 10.3 kPa (Figure 1) which represented 28% of this T2DM
cohort. A Fibroscan® reading was not obtained in five patients due to technical
challenges with increased body habitus and a further patient did not meet criteria for
a valid reading as described in the methods. A clinical diagnosis of liver cirrhosis was
made in 16 patients (17%). Rates of liver biopsy were low (11%) in this clinic, but the
results were used to confirm the diagnosis in the relevant cases. It should also be
noted that a third of the cohort may have had another contributing factor to their degree
of liver disease, such as excessive alcohol intake, previous (inactive) hepatitis B
infection, or medications associated with liver fibrosis such as methotrexate or

tamoxifen use.

The NFS and FIB-4 stratified by degree of liver fibrosis is shown in Figure 2. There
were 13 out of 64 patients with low LSM that had a low risk NFS, and 9 patients out of
25 with a high LSM that had a high risk NFS. The rate of indeterminate risk NFS was
close to 60%. Most patients had a low risk FIB-4, and only 1 patient (out of 16) with
cirrhosis had a high risk score. It is notable that for both the NFS and the FIB-4, some,

albeit few, advanced fibrosis was present in those with low risk scores, but such cases
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were relatively more common with progressively higher risk scores. Overall, the NFS
had good negative predictive value (87%, 13 of 15) in those with low risk scores to

identify patients unlikely to have advanced fibrosis.

Clinical and biochemical features of individuals with advanced liver fibrosis
Individuals with an LSM = 10.3 kPa were statistically more likely to have peripheral
vascular disease or a previous cerebrovascular accident compared with individuals
without advanced fibrosis (Table 1). However, the number of events in each group
were low and the clinical significance is unclear. There was no difference in overall
rates of macrovascular complications, nor presence of ischaemic heart disease.
Individuals with an LSM = 10.3 kPa were more likely to have a higher HbA1c (8.1
1.4vs 7.5+ 1.3 %; p=0.049) and AST (43.7 + 21.5vs 32.1 + 11.8 U/L; p = 0.016),
and lower LDL-C (1.6 + 0.6 vs 2.1 £ 0.8 mmol/L; p = 0.011) compared with those with
an LSM < 10.3 kPa (Table 2). Body mass index did not reach statistical significance
with a p-value of 0.064 (35.0 + 5.1 vs 32.6 + 6.4 kg/m?).

Correlations between Fibroscan® reading and clinical and biochemical variables

Correlative analysis was performed with LSM by transient elastography as a
categorical variable of < or = 10.3 kPa, and separately as a continuous variable
(Supplementary Table 1). On logistic regression, an LSM of 2 10.3 kPa was associated
with higher HbAlc, ALP, GGT, and AST, and a lower LDL-c as well as a higher risk
FIB-4 (all p < 0.05). Additional variables of BMI, ALT, and systolic blood pressure were
included in the multivariate analysis as they had p-values > 0.05 but < 0.1. On
multivariate logistic regression, an LSM = 10.3 kPa was best predicted by a
combination of lower LDL-C and higher BMI, ALT, and ALP (p < 0.005; Table 3). When
linear regression was performed, a different set of variables correlated with higher
LSM: higher BMI, HbAlc, ALP, GGT, ALT, AST, triglycerides, and systolic blood
pressure, as well as insulin therapy and higher risk NFS and FIB-4 (all p < 0.05; Table
3). Additional variable of platelet count was included in the multivariate analysis as p-
value was > 0.05 but <0.10. On multivariate analysis, a higher LSM was best predicted
by a combination of BMI, platelet count and GGT (p-value < 0.005; Table 3). Clinical
factors without significant correlation included age, duration of diabetes, presence of
diabetes-related complications, c-peptide, ferritin, current or previous smoking, or

excessive alcohol intake.
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Comparison with a historic type 2 diabetes mellitus cohort.

The demographic and clinical data for this cohort is available in Supplementary Table
2 and published elsewhere®6:87. In brief, 106 patients with non-T1DM were recruited
and underwent transient elastography. One hundred and two patients had valid
Fibroscan® readings, of which 19 readings were = 10.3 kPa (19%). This is almost 10%

less than the prevalence reported in the current study.

Discussion

High prevalence of NASH fibrosis in a pre-selected type 2 diabetes mellitus cohort
This study has described the clinical experience of Australasia’s first multidisciplinary
clinic dedicated to people with diabetes and NAFLD. The prevalence of advanced liver
fibrosis in this study, as determined by an LSM = 10.3 kPa was 28%. This was greater
than the background population prevalence of ~5% and consistent with previous data
that individuals with T2DM are at a greater risk of progressing to more severe
phenotypes of NAFLD®’. The cohort consisted of generally well, community-dwelling
outpatients. Although the mean data indicated a middle-aged cohort with long standing
diabetes, the ranges identified a diversity of ages, duration of diabetes and ethnicity.
Over 90% of the cohort were overweight or obese, with high prevalence of
hypertension (> 70%) and/or dyslipidaemia (> 80%), as well as diabetes-related
complications (> 50% at least one complication). The prevalence of the metabolic
syndrome in this cohort was not formally assessed as waist circumference was not
routinely measured. However, it is reasonable to assume that the rate was very high:

all patients had diabetes, and there was high prevalence of all other criteria334.

The prevalence of advanced fibrosis in our current cohort was ~10% higher than our
historic cohort of unselected individuals with T2DM. Both studies used an LSM
threshold of =2 10.3 kPa, which was chosen based on a study by Wong and
colleagues332. This cut-off had a negative predictive value of 99% for detecting
cirrhosis on liver biopsy, with high sensitivity and specificity. It is noted that other
studies use different LSM thresholds, many of which were lower than the cut-off used
in our study33>. Therefore, although comparison between studies is challenging, the
prevalence reported here may be an underestimate. In fact, when using an LSM
threshold of = 8.5 kPa, the prevalence of advanced fibrosis in our cohort was 38%

(Supplementary Table 3). Nevertheless, the use of lower thresholds has significant
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implications for the degree of fibrosis detected, with lower thresholds likely to detect
lesser degrees of fibrosis. This reduces the clinical relevance, as highest priority
should be given to identifying individuals with more severe fibrosis and therefore at
higher risk of morbidity and mortality.

A study of unselected outpatients with T2DM found that an LSM = 7.65 kPa had a 35%
overall prevalence and a 75% positive predictive value for identifying biopsy-proven
fibrosis of = F2336, This early study is one of few studies that utilised liver biopsy, albeit
in small numbers, and highlighted that significant liver fibrosis was under-recognised
in the T2DM population. In comparison to our study performed in an outpatient
population with diabetes, a prospective study screening hospitalised inpatients with
diabetes using transient elastography found a lower prevalence of 16% with severe
fibrosis (defined as LSM > 8.7 kPa), despite worse glycaemic control with an average
HbAlc of 8.7%337. However, their cohort had a mean BMI of 25 kg/m? and 52% of
included patients had T1DM, which may partly explain the lower prevalence, despite
using a lower LSM threshold. There have been multiple recent studies that have found
similar results, that is, a lower prevalence of advanced fibrosis compared to the data
reported in this current study, when recruiting unselected or consecutive patients from
regular outpatient diabetes clinics338-342_ In contrast, one study from a Japanese cohort
had a similar prevalence, if not higher, of advanced fibrosis, with 34% of the cohort
having an LSM = 9.7 kPa343, Overall, this suggests that a dedicated Diabetes and Liver
Clinic, where there is pre-selection based on other factors such as deranged liver
enzyme tests or radiological evidence of steatosis, may be able to attract a higher

referral rate for more severe liver disease than a more general diabetes clinic.

Predicting NASH fibrosis in a diabetes cohort

There was a significant correlation between LSM and BMI on univariate analysis. This
supports recommendations to these patients that weight reduction may improve liver
health, certainly steatosis and possibly prevent progression of inflammation and
fibrosis. Metabolic surgery resulting in substantial and sustained body weight reduction
(> 15%) has been shown to be associated with less severe, or even resolution of,
NASH fibrosis'’’-17°, We also found a univariate correlation for HbAlc, as well as a
significantly higher HbA1c in the group with LSM = 10.3 kPa. Unlike macro- and micro-

vascular complications of diabetes, liver fibrosis is not thought to be primarily mediated
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by hyperglycaemia, and there is a lack of strong data to suggest that improving
glycaemic control improves NASH fibrosis. Although this is cross-sectional data, the
correlation with HbA1c is difficult to explain. The HbAlc was not statistically significant
in the multivariate analysis, nor has it been in other similar studies. It also does not
form part of any clinical risk score calculations, although the inclusion of diabetes or
impaired glucose tolerance in the NFS may mask the need for a biochemical index
such as HbAlc. Our study did not find any correlations between advanced liver fibrosis
and traditional hyperglycaemia-driven diabetes-related complications, most likely due
to the relatively smaller sample size with low event numbers. There is wider evidence
that links the presence of NASH with macro- and micro-vascular complications, most
strongly for cardiovascular disease, but also chronic kidney disease (CKD) and
peripheral neuropathy321.344.345 - Concerningly, NASH and CKD may co-exist, and
significantly increase cardiovascular risk346. In addition, the de Ledinghen study
reported that higher LSM by transient elastography was associated with previous
cardiovascular event, past history of diabetic foot ulcer, and an absence of diabetic

retinopathy33”.

Whilst the relationship between metabolic syndrome, obesity and NAFLD have been
established, there is still some uncertainty as to the clinical implications of NAFLD in
the diabetes population. Proposed mechanisms for the progression of NAFLD in
diabetes relates to increased insulin resistance resulting in relative
hyperinsulinaemia34’. Our study did not find a correlation between liver stiffness and
biochemical markers of insulin resistance, such as c-peptide or c-peptide:glucose ratio
or insulin level. This analysis was likely confounded by the fact that the blood samples
were not performed in the fasting state, and as such, the HOMA-IR could not be
calculated either. In addition, patients with T2DM receiving insulin therapy were
excluded from the insulin analysis (but not the c-peptide analysis) as their insulin levels
would be a measure of both endogenous and exogenous insulin. Statistical analyses
without these exclusions yielded similar non-significant results. Further studies in a
T2DM population investigating this relationship of insulin resistance, relative insulin

deficiency, and hyperinsulinaemia, with NASH fibrosis, are required.

Although both the NFS and FIB-4 had good negative predictive value in our cohort of

87% and 85%, respectively, FIB-4 out-performed the NFS in the univariate analysis.

106



In fact, when LSM was analysed as a dichotomous variable, it was not significantly
associated with NFS. The NFS and FIB-4 (and body weight) were not included in the
multivariate analysis due to multicollinearity. Our statistical models showed that
advanced liver fibrosis with LSM = 10.3 kPa was best predicted by lower LDL-c and
higher BMI, ALT, and ALP. The association of higher ALP is unexpected, and difficult
to explain. Other small cross-sectional studies of individual with biopsy-proven NASH
have found similar associations on univariate and multivariate analysis, including in a
T2DM population348349 Whilst raised ALP is generally seen in cholestatic liver
diseases, it may be possible that a ductular reaction associated with liver fibrosis
results in bile duct injury and release of ALP into the serum although there is little
evidence in the literature to support this30. Correlations with ALT and BMI are
expected, as both are components of the NFS. We hypothesise that the lower LDL-c
may reflect the high rates of medications used for the treatment of dyslipidaemia, as
higher LDL-c is usually associated with a worse metabolic state3°l. This is also
concordant with the higher rates of peripheral vascular disease and cerebrovascular
accidents in individuals with advanced fibrosis, as these patients were more likely to
have had more aggressive treatment of their dyslipidaemia. Further analysis of LDL-c
subclass may also have been useful in determining atherogenic potential, and

therefore cardiovascular risk.

In a separate model where LSM was analysed as a continuous variable, increasing
LSM was predicted by higher GGT and BMI, and lower platelet count. Again, the
correlation of higher GGT is unusual in liver fibrosis, and may be non-specific, although
other studies have shown similar results338.340.342_ This data may be confounded by
alcohol intake, where 15% of this cohort self-reported exceeding 140 g/week of
alcohol, which was the national recommendation at the time of data collection but has

since been reduced to 100 g/week.

Both combinations of variables from the multivariate analysis differ from those in the
NFS and FIB-4, and notably do not include advancing age as an independent variable.
This suggests that, at least in our study, relatively young individuals with T2DM remain
at risk of advanced liver fibrosis, along with older individuals. In addition, the absence
of AST from both models is unusual given the strong relationship between AST levels

and NASH, and the significant difference between individuals with and without
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advanced fibrosis found in this study. Regardless, the novel combination of variables
from our models may have utility in predicting advanced fibrosis in a pre-selected

T2DM population and should be further tested in larger cohorts.

Improving patient outcomes with a multidisciplinary Diabetes and Liver Clinic

As aforementioned, this study is unique in that individuals with T2DM have been pre-
screened, or pre-selected based on the presence of deranged liver function tests or
radiological evidence of steatosis. These patients were then subsequently offered
review in our multidisciplinary clinic by a hepatologist and endocrinologist. Most other
studies have reported on unselected cohorts of individuals with T2DM86.:336,338-341,343
whereas this study reports on a pre-selected cohort, thereby potentially targeting a
higher risk group. This is supported by the higher prevalence of severe disease

reported here.

Whilst the data presented in this study represents the first review of each patient at
the DLC, each patient was subsequently offered annual follow-up. Unfortunately, the
capture of longitudinal data has been significantly affected by the COVID-19 pandemic
and is not reported here. Nevertheless, screening in the DLC has identified individuals
with serious complications, including ~17% of the cohort with a clinical diagnosis of
cirrhosis. This has enabled subsequent systematic screening for the complications of
cirrhosis, including hepatocellular carcinoma, hepatic insufficiency, and portal
hypertension. It has provided an opportunity to be proactive and offer potentially
lifesaving treatment for a disease that was previously undiagnosed. Thus, such a
clinic, with specialist review by both endocrinologists and hepatologists in a

multidisciplinary setting, has the potential to improve patient outcomes.

Although it is acknowledged that many healthcare sites may not have the capacity or
resources to set up such a specialised clinic, there are further benefits to establishing
a dedicated Diabetes and Liver Clinic. In the absence of any approved drug treatments
for NASH fibrosis, there is intense interest in the development of therapeutics, which
may either prevent development, delay progression, and/or reverse NASH fibrosis. At
the time of writing, the National Institutes of Health Clinical Trials register currently lists
more than 500 clinical trials for NASH, including 150 trials that specifically include a

diabetes population352. Clinics such as the DLC can be used to identify patients that
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may be suitable for enrolment into relevant ethically approved clinical trials, with the

aim of developing effective drug treatments.

Challenges of currently available screening tools for NASH

It is only in recent years that the link between NAFLD and diabetes has been
recognised and there remains a general low level of awareness amongst health
practitioners. Contributing to this is a lack of early warning symptoms, and a
longstanding pervasive clinician attitude as to a common benign nature of NAFLD.
There are also significant challenges in diagnosis, and the current lack of a simple,
widely available biomarker for NASH means that a pragmatic diagnostic and staging

approach is needed.

While there is little consensus across international guidelines, screening algorithms
commonly utilise combinations of liver enzyme tests, a clinical score(s) and transient
elastography. Liver enzyme tests need to be interpreted with caution as results within
the reported normal range do not necessarily exclude severe disease. Transient
elastography may be unreliable in people with morbid obesity, even with availability of
the larger-sized XL probe3%3. Our cohort was predominantly overweight or obese, and
there were six patients where even a hepatologist experienced in undertaking transient
elastography could not obtain a reliable reading owing to patient body habitus. Due to
the difficulties in obtaining a clear diagnosis of NAFLD severity in the absence of
routine liver biopsy, as well as the limitations of using other screening tools
independently, risk scores were created to assist with predicting the diagnosis based
on readily available clinical and biochemical parameters. Both the NFS and FIB-4 have
been shown to be better than other scoring systems at predicting overall mortality, but
they are not accurate enough to be used alone in the clinical setting3>4. A high NFS
score in our series clearly enhanced the likelihood of a high Fibroscan® reading, as
did a high FIB-4, although the sensitivity was only 36% and 4%, respectively. The high
number of indeterminate scores limits their utility as a stand-alone assessment tool.
Nevertheless, these scores may help to exclude people with T2DM who are at the
lowest risk of NASH fibrosis and thus who may not need to be further investigated by
transient elastography or other methods for severe NASH fibrosis®’. Indeed, if we used

a low NFS to exclude patients needing further assessment, the population with
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elevated LSM could have been increased to 31% in this series, however this would be

at the expense of excluding two patients with an LSM = 10.3 kPa in the current cohort.

There is much interest in using blood biomarkers to identify persons with advanced
liver fibrosis. A comprehensive review was published by Wong and colleagues and
such a review would be beyond the scope of this paper84. However, whilst several
specific fibrosis markers, as well as combination panels have been researched,
guestions about accuracy and concerns about cost remain. Other potential markers
that have been researched by this group include fibroblast activation protein (FAP)
and dipeptidyl-peptidase 4 (DPP4) activity. When combining FAP levels and NFS in a
screening algorithm, ~40% of patients could be reclassified from “indeterminate risk”
to “low risk” category®’. In addition, circulating DPP4 levels were associated with LSM
> 10.3 kPa?®. Importantly, both studies were performed in cohorts of individuals with

concomitant NAFLD and diabetes, exclusively.

Is screening individuals with T2DM for NASH a cost-effective process?

Individuals with T2DM are at significantly higher risk of developing advanced liver
fibrosis and dying from cardiovascular disease and liver-related complications.
Without consensus on the best approach to screening, and without any approved
treatments, it is difficult to assess cost-effectiveness of screening. There is little
published data that focusses specifically on a diabetes cohort, with most analysis
studies reporting on the primary care setting on hypothetical cohorts or individuals with
confirmed NAFLD or risk factors for NAFLD3%5-3%8, When studying a T2DM cohort
exclusively, a model of hypothetical patients found that screening (liver ultrasound +/-
liver biopsy), reduced both the number of individuals who developed cirrhosis and liver
related deaths, but this was offset by the side effects of treatment, which in this study
was pioglitazones3>°. Overall, the screening strategy was found not to be cost-effective.
In contrast, a subsequent study using ultrasound with liver enzymes (AST or ALT),
followed by transient elastography, with prescribed intensive lifestyle intervention or
pioglitazone was found to be cost effective360. The authors explained the difference in
results compared to the Corey et al study was because of the inclusion of the costs
associated with diagnosis of hepatocellular carcinoma and liver transplant into their
model. A large, multi-national study also found that using transient elastography was

a cost-effective intervention in primary care, and even more effective when applied to
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a diabetes cohort3¢!. Further cost-analysis studies for different screening algorithms

are needed, ideally which can be applied to an Australian population.

Strengths of this study

A major strength of this study is its exclusive use of a T2DM population with
concomitant NAFLD. The increased risk of severe liver disease posed by T2DM is
under-recognised and under-studied. The use of a pre-selected cohort, versus a more
general cohort of all-comers to an outpatient diabetes clinic, has enabled an even

higher risk group to be targeted for more intensive investigation.

Limitations of this study

Limitations of this study include the retrospective collection of data. In addition, the
rates of liver biopsy were low, and therefore a histological diagnosis was lacking in
most patients. However, this is acceptable in routine clinical practice, where liver
biopsy, whilst a gold standard, is not common. The majority of patients were referred
from a tertiary hospital outpatient diabetes clinic, and it could be argued that these
patients may have self-selected and were more likely to be health conscious. This
study has not reported on progression of NAFLD, although with time, longitudinal data
will be obtained, and this will provide further insight into the natural history of diabetes
and NAFLD and NASH.

Conclusion

The prevalence of more severe phenotypes of NAFLD was higher in this cohort
compared with other cohorts, including inpatients with diabetes and patients attending
a diabetes centre outpatient service. The results contained herein support the
establishment of the multidisciplinary Diabetes and Liver Clinic in identifying patients
with diabetes who have more severe liver fibrosis due to NASH or cirrhosis. The
correlation between higher LSM by transient elastography and higher HbAlc and BMI,
whilst cross-sectional, supports a need to focus on improving glycaemic control and
body weight to reduce the risks associated with liver fibrosis, particularly in the
absence of any proven pharmacological therapy directed at the liver. Further studies
are needed to assess the natural history of this condition with diabetes, and
identification of other biomarkers of disease severity or progression. With time, it is

expected that more accurate and cost-effective screening methods to assess for
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NASH fibrosis severity will be developed, and they may be combinations of: clinical
risk scores for fibrosis with transient elastography and/or dedicated fibrosis blood
biomarker assays, to better determine who should have a liver biopsy. Whether those
with NASH fibrosis of, for example, moderate severity should be prioritised for
metabolic surgery is also an important topic for future studies. In addition, definitive
clinical trial results investigating agents that may specifically prevent, stabilise, and

reverse NASH fibrosis in people with diabetes, are keenly awaited.
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Figures and Tables
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Figure 1: LSM for each patient. LSM, liver stiffness measurement.
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Figure 2: Rates of low, indeterminate, and high risk NFS and FIB-4, stratified by dichotomised LSM.
FIB-4, fibrosis-4 index; LSM, liver stiffness measurement; NFS, NAFLD fibrosis score.
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Table 1: Clinical characteristics of participants in The DLC Audit.

All Patients LSM < 10.3 kPa LSM = 10.3 kPa p-value
Gender, % male (n) 52.1 (50) n=96 56.9 (37) n =65 40.0 (10) n=25 0.150
Age, years (range) 58.6 + 9.5 (33 - 85) n=96 57.5+ 9.3 (36 - 75) n=65 61.1+ 9.1 (47 - 83) n=25 | 0.104
Duration of diabetes, years (range) 12.6 £ 9.7 (0 - 40) n =96 11.8+9.3(0-39) n =65 13.6 £ 9.7 (0 - 40) n=25 0.425
Number of non-insulin diabetes medications 2.0+0.9 n=96 19+1.0 n =65 22+0.9 n=25 0.295
Insulin therapy, % (n) 40.6 (39) n=296 35.4 (23) n==65 52.0 (13) n=25 0.150
Total daily dose of insulin, units (range) 66.6 + 43.6 (10 - 178) n=39 59.2 + 35.7 (18 - 150) n=23 83.6 + 53.8 (20 - 178) n=13 0.160
2 one microvascular complication, % (n) 54.2 (52) n=296 56.9 (37) n =65 44.0 (11) n=25 0.271
Peripheral neuropathy 27.1 (26) n =96 27.7 (18) n=:65 28.0 (7) n=25 0.977
Diabetic retinopathy 15.8 (15) n=295 16.9 (11) n =65 16.0 (4) n=25 0.916
Diabetic nephropathy 26.0 (25) n =96 27.7 (18) n =65 12.0 (3) n=25 0.115
2 one macrovascular complication, % (n) 16.7 (16) n =96 15.4 (10) n=:65 24.0 (6) n=25 0.338
Ischaemic heart disease 10.4 (10) n =96 12.3 (8) n =65 8.0 (2) n=25 0.560
Peripheral vascular disease 5.2 (5) n=296 1.5(1) n==65 16.0 (4) n=25 0.007*
Cerebrovascular accident 4.2 (4) n=296 1.5(1) n==65 12.0(3) n=25 0.031*
Body weight, kg 94.6 + 20.7 n=295 91.4+20.3 n =64 97.7+19.7 n=25 0.187
BMI, kg/m? 33.6+6.4 n=94 326+6.4 n=64 35.0+5.1 n=25 0.064
Overweight/obese, % (n) 92.7 (89) n=94 90.6 (24) n=64 96.0 (58) n=25 0.397
History of hypertension, % (n) 71.9 (69) n=96 69.2 (19) n =65 76.0 (45) n=25 0.526
Systolic blood pressure, mmHg 133.0+19.1 n=290 131.7 £ 18.8 n =63 139.4+19.1 n=23 0.101
Diastolic blood pressure, mmHg 78.2+9.5 n =88 78.8+10.4 n=62 77.1+6.7 n=22 0.386
History of dyslipidaemia, % (n) 80.2 (77) n=296 80.0 (52) n==65 80.0 (20) n=25 1.00
LSM, kPa 7.7[5.7-11.7] n=96 6.8[5.3-7.9] n=65 17.3[13.2-24.2] n=25 | <0.001*

Data expressed as mean + SD, % (n) or median [IQR]. * p-value < 0.05 using two-tailed t-test for continuous variables or chi-squared test for categorical

variables. BMI, body mass index; LSM, liver stiffness measurement.
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Table 2: Biochemical characteristics of participants in The DLC Audit?.

Data expressed

aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; HbAlc, haemoglobin Alc; HDL-c, high-density lipoprotein

All Patients LSM > 10.3 kPa LSM = 10.3 kPa p-value
HbAlc, % 7.7+x1.4 n =95 75+13 n =64 81+14 n=25| 0.049*
Random glucose, mmol/L 9.2+4.0 n=93 9.0+4.0 n==64 9.3+3.6 n=23| 0.745
Random insulin, pmol/L 188.3+1824 | n=52| 1685+1528 | n=41| 307.0+290.3 n=28 0.226
Random c-peptide, pmol/L | 1806.7 £ 1164.1 | n =89 | 1813.5+1196.4 | n=61 | 1893.3+ 1145.6 | n=23 | 0.780
C-peptide:glucose 212.0+149.7 | n=88| 219.0+£162.0 |n=61| 202.3+110.7 | n=22| 0.499
ALP, U/L 88.3+36.8 n =96 82.4+30.1 n =65 99.7 + 48.3 n=25| 0.105
GGT, U/L 122.2+193.1 | n=96 93.0 £101.2 n=65| 207.6+329.3 | n=25| 0.099
ALT, U/L 48.1 + 31.1 n =96 43.9 £ 23.8 n =65 55.1 + 38.5 n=25| 0.184
AST, U/L 35.3+15.7 n =96 32.1+11.8 n =65 43.7 £ 215 n=25| 0.016*
Albumin, g/L 42.6 £ 5.7 n =96 424 +6.3 n =65 43.2+45 n=25| 0.489
Platelet count, x 10%L 234.8 + 65.9 n =96 241.8 + 67.8 n =65 216.2 + 64.6 n=25| 0.104
Ferritin, pg/L 186.1+164.3 | n=94| 170.4+£139.2 |n=64| 200.2+1934 | n=24| 0.494
Total cholesterol, mmol/L 41+10 n=95 42+11 n=64 3.8+09 n=25| 0.102
Triglycerides, mmol/L 23+1.2 n=95 22+11 n=64 24+12 n=25| 0.432
HDL-c, mmol/L 1.2+05 n =96 1.2+0.3 n =65 1.2+0.5 n=25| 0.850
LDL-c, mmol/L 1.9+0.8 n =87 21+0.8 n==61 1.6+0.6 n=22| 0.011*
Creatinine, umol/L 73.8+24.1 n =96 72.4+21.4 n =65 73.0 £ 26.9 n=25| 0.926
UACr, mg/mmol Cr 8.4+24.2 n =87 7.4+18.4 n==61 3.2+6.7 n=20| 0.140

as mean + SD. @ non-fasting blood sample. * p-value < 0.05 using two-tailed

t-test. ALP, alkaline phosphatase; ALT, alanine

cholesterol; LDL-c, low-density lipoprotein cholesterol; LSM, liver stiffness measurement; UACr, urine albumin to creatinine ratio.
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Table 3: Multivariate regression analysis.

LSM = 10.3 kPa

LSM continuous variable

p-value < 0.005

p-value < 0.005

Variable Beta p-value Variable Beta p-value
Constant -6.107 0.004 Constant 3.038 0.525
LDL-c -1.874 0.004 BMI 0.350 0.002
BMI 0.141 0.011 Platelet count -0.030 0.007
ALT 0.028 0.028 GGT 0.021 <0.001
ALP 0.026 0.008
Summary: Summary:

X2 = 26.032 F =15.493
R2=0.396 R2=0.354

ALP, alkaline phosphatase; ALT, alanine aminotransferase; BMI, body mass index; GGT, gamma-

glutamyl transferase; LDL-c, low-density lipoprotein cholesterol; LSM, liver stiffness measurement.
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Supplementary Data

Patients reviewed in CPC RPAH Diabetes and Liver Clinic
Referral criteria: T2DM + abnormal liver enzyme tests and/or steatosis on imaging
(March 2016 — Feb 2019)
n=119

Patients excluded (n = 20):
= 11 did not have T2DM

* 4 =no diabetes
* 7=T1DM
= 9 incomplete assessment

) 4

A 4

Medical records reviewed
n=299

Patients excluded (n = 3):
= 1 normal liver assessment
= 2 diagnosed with non-NAFLD aetiology

= Active hepatitis C infection
* Haematological disorder

Y

A 4

Total patients included in study
n =96

Supplementary Figure 1: Flow chart of patients included and excluded from the study. CPC RPAH,
Charles Perkins Centre Royal Prince Alfred Hospital; NAFLD, non-alcoholic fatty liver disease; T1DM,
type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus.
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Supplementary Table 1: Univariate correlations between LSM and clinical and biochemical variables.

LSM = 10.3 kPa LSM continuous variable

Variable Pearson r | p-value Pearson r p-value
Age 0.173 0.102 0.174 0.101
Sex -0.152 0.153 -0.111 0.296
Body weight 0.140 0.189 0.231 0.0292
BMI 0.179 0.093* 0.270 0.010*
NFS 0.173 0.105 0.228 0.0322
FIB-4 0.322 0.0022 0.427 <0.0012
Random glucose 0.034 0.757 0.030 0.784
HbAlc 0.220 0.038* 0.246 0.020*
C-peptide 0.030 0.784 -0.033 0.768
UACr -0.110 0.327 -0.126 0.262
ALP 0.212 0.044* 0.368 <0.001*
GGT 0.260 0.013* 0.456 <0.001*
ALT 0.175 0.099* 0.209 0.048*
AST 0.329 0.002* 0.369 <0.001*
AST:ALT 0.062 0.564 0.038 0.720
Platelet count -0.171 0.108 -0.206 0.051*
Albumin 0.064 0.549 0.008 0.939
Ferritin 0.086 0.425 -0.055 0.611
Total cholesterol -0.167 0.117 -0.051 0.637
Triglycerides 0.087 0.415 0.208 0.050*
HDL-c -0.024 0.826 -0.017 0.871
LDL-c -0.237 0.031* -0.113 0.309
Dyslipidaemia 0.000 1.000 0.061 0.569
Systolic blood pressure 0.182 0.094* 0.286 0.008*
Diastolic blood pressure -0.079 0.476 -0.007 0.951
Hypertension 0.067 0.531 0.119 0.263
Duration of diabetes 0.087 0.414 0.086 0.418
Insulin therapy 0.152 0.153 0.253 0.016*
Any microvascular complication -0.116 0.276 -0.053 0.618
Peripheral neuropathy 0.003 0.977 0.028 0.793
Diabetic retinopathy -0.011 0.917 0.081 0.448
Diabetic nephropathy -0.166 0.117 -0.137 0.198
Any macrovascular complication 0.101 0.344 0.062 0.559
Any diabetic complication -0.094 0.377 -0.025 0.814
Smoker (current or previous) -0.033 0.756 -0.006 0.958
Excessive alcohol intake -0.117 0.275 -0.139 0.195

* p-value < 0.1 for inclusion in multivariate regression analysis. 2 not included in multivariate regression
analysis due to multicollinearity. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; AST:ALT, AST to ALT ratio; BMI, body mass index; FIB-4, fibrosis-4 index;
GGT, gamma-glutamyl transferase; HbAlc, haemoglobin Alc; HDL-c, high-density lipoprotein
cholesterol; LDL-c, low-density lipoprotein cholesterol; LSM, liver stiffness measurement; NFS, NAFLD
fibrosis score; UACr, urine albumin to creatinine ratio.
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Supplementary Table 2: Characteristics from historic cohort of patients with T2DM.

All Patients
Gender, % male (n) 62.6 (66) n =106
Age, years (range) 62.6 £ 9.6 (40 - 82) n =106
Duration of diabetes, years (range) | 11.2 + 8.5 (0 - 41) n =106
Insulin therapy, % (n) 35.8 (38) n =106
HbAlc, % 75%+1.2 n =106
Body weight, kg 89.2+22.1 n =106
BMI, kg/m? 31.2+6.6 n =106
LSM, kPa 5.8 [4.4 - 8.3] n =102

Data expressed as mean * SD, % (n) or median [IQR]. BMI, body mass index; HbAlc, haemoglobin

Alc; LSM, liver stiffness measurement; T2DM, type 2 diabetes mellitus.

Supplementary Table 3: Comparison of the NFS and FIB-4 using LSM cut-off of 8.5 kPa and 10.3 kPa.

LSM = 8.5 kPa LSM = 10.3 kPa
(38%, 34/90) (28%, 25/90)
NFS FIB-4 NFS FIB-4
NPV 80% (12/15) | 77% (41/53) | 87% (13/15) | 85% (45/53)
PPV 59% (13/22) | 100% (1/1) 41% (9/22) 100% (1/1)
Sensitivity 38% (13/34) 3% (1/34) 36% (9/25) 4% (1/25)
Specificity 22% (12/55) | 73% (41/56) | 20% (13/64) | 69% (45/65)

FIB-4, fibrosis-4 index; LSM, liver stiffness measurement; NFS, NAFLD fibrosis score; NPV, negative
predictive value; PPV, positive predictive value.
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3.3 Concluding remarks
The DLC audit has highlighted the high prevalence of NASH fibrosis in a cohort of

individuals with T2DM, and that without this service, these individuals would remain
undiagnosed and unable to access important medical care to monitor progression of
disease and prevention and management of related complications. It has also
explored variables that may potentially be used to predict advanced fibrosis in a T2DM
population. Given the high prevalence and significant potential adverse outcomes, a
better understanding of the pathogenesis of NASH fibrosis in the setting of T2DM is
required. The upcoming two results chapters explore the role of two members of the
CCN family that may be involved in the development of fibrosis in the liver, using a

pre-clinical model of NASH fibrosis.
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Chapter 4: Effects of hepatocyte-
specific CCN2 gene deletion on the
development of NASH fibrosis in a

mouse model of high fat feeding

and diabetes (The CCN2 Study)
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4.1 Introduction

Cellular communication network factor 2 (CCN2) is a cysteine-rich matricellular protein
involved in the regulation of cellular proliferation, differentiation, survival, adhesion,
and ECM production?’. It has been implicated in the pathogenesis of many fibrotic
disease, including in the liver. Clinical and pre-clinical studies have shown increased
CCN2 at the mRNA and protein levels in fibrotic livers267-269.275 Qur laboratory has
previously published two key articles in this area. The first reported on the up-
regulation of CCN2 in a pre-clinical mouse model of NASH fibrosis induced by high fat
feeding and diabetes!4>. The second used systemic administration of a neutralising
antibody against CCN2 to demonstrate a protective effect against the development of
NASH fibrosis using the same model'44. Together, these data suggest that CCN2 may
not only be a marker, but also a mediator, of progression of fibrosis in NASH.

CCN2 has normal biological functions in many cell types and tissues throughout the
body. Systemic inhibition is likely to have a range of adverse effects, especially in
normal wound healing. In fact, CCN2-null mice are perinatal lethal due to respiratory
failure as a result of defects in ribcage ossification362. Embryos also exhibit lung
hypoplasia3®® and reduced pancreatic 8 cell mass364. Thus, it is important to elicit the
role of liver CCN2 in the development of liver fibrosis and establish whether specifically

down-regulating liver CCN2 has a protective effect on the liver.

The study presented in this chapter uses a novel pre-clinical model, whereby the gene
and environment interaction can be explored. The aim of this study was to examine
whether homozygous gene deletion of hepatocyte-specific CCN2 leads to a less
severe NASH fibrosis phenotype compared to control mice exposed to high fat feeding

and diabetes.

4.2 Methods

The Methods are described in detail in Section 2.3 and a summary is provided here.
This study used hepatocyte-specific CCN2 gene knockout (CCN2-KO) mice,
generated by Dr Xiaoyu Wang using the CreLoxP system, in the FaD model of NASH
fibrosis developed previously by this laboratory. In brief, male control mice (AlbCre
and CCN2M) and CCN2-KO mice were fed a high fat diet (45% kcal) for 15 weeks
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before the induction of diabetes with multiple low dose intraperitoneal injections of STZ
(HFD+DM groups). Mice were then maintained for a further 10 weeks before
termination. Additional mice from each of the three sub-strains were fed either
standard chow (Chow groups) or high fat diet (HFD groups) for the duration of the
study. Thus, there were nine groups in this study. Metabolic outcomes were measured,
and routine plasma biochemistry analysed. The primary outcome was the
development of NASH fibrosis, which was assessed histologically by PSR and H&E
staining (see Section 2.3.5). The mRNA levels of fibrosis and inflammatory markers

were measured using qPCR (see Section 2.3.6).

Unless otherwise specified, data is presented as mean £+ SEM and analysed using a
two-way ANOVA with Tukey’s correction for multiple comparison. The statistical
analyses presented in this chapter have focussed on the interactions between the
three mouse sub-strains for the same “diet” (i.e., AlbCre HFD+DM vs CCN2f/
HFD+DM vs CCN2-KO HFD+DM). Interactions between the three “diets” have been
tested within the two-way ANOVA (i.e., AlbCre Chow vs AlbCre HFD vs AlbCre
HFD+DM), however the statistical results have not been routinely shown. This is
because the FaD model has already been validated and published beforel44145 and
replication of the model was not the primary focus of this current study. Note that * has
been used to denote comparisons between the three mouse sub-strains for the same
“diet,” #denotes comparisons between Chow vs HFD or HFD+DM for the same mouse
sub-strain, and ® denotes comparisons between HFD vs HFD+DM for the same mouse
sub-strain. AlbCre groups are depicted in light grey, CCN2f groups in dark grey and
CCN2-KO groups in green.
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4.3 Results
4.3.1 Reduction in whole liver tissue CCN2 in CCN2-KO mice

Successful deletion of the hepatocyte CCN2 gene was confirmed by measuring the
MRNA level of CCN2 from whole liver tissue. In the basal state, CCN2-KO mice fed a
chow diet had 25% and 43% reduction in CCN2 mRNA level compared to AlbCre and
CCN2" Chow mice, respectively, although this was not statistically significant on a
two-way ANOVA (Figure 4.1). As expected, CCN2 mRNA level was induced in HFD
and HFD+DM groups in the control sub-strains, AlbCre and CCN2" but to a
significantly lesser degree in the CCN2-KO HFD+DM group. There was a 56%
reduction in CCN2 mRNA level in the CCN2-KO HFD+DM mice compared with the
AlbCre HFD+DM mice (1.87 + 0.24 vs 4.29 + 1.48, p = 0.023) and a 65% reduction
when compared with the CCN2l HFD+DM mice (1.87 + 0.24 vs 5.30 + 0.98, p =
0.004). The protein levels of CCN2 were numerically reduced in the Chow and
HFD+DM groups compared with the control sub-strains of mice (Figure 4.2). The
persistent, albeit lesser expression of CCN2 in the CCN2-KO mice is hypothesised to

be derived from non-hepatocyte liver cells.
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Figure 4.1: Ccn2 mRNA levels in whole liver tissue measured by qPCR. Data shown as mean + SEM
as relative fold change of AlbCre Chow and CCN2™" Chow groups; n = 8 - 13. * p-value < 0.05 or ***
p-value < 0.001 for comparison of mouse sub-strains within the same “diet” subgroup using two-way

ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.
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Figure 4.2: CCNZ2 protein level in whole liver tissue measured by Western immunoblot (A) with
representative image (B). Note that the sample order in (A) and (B) are different. Data shown as
mean + SEM as relative fold change of AIbCre Chow group; n = 4. * p-value < 0.05 for comparison of
mouse sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for

multiple comparisons. ns, not significant. Courtesy of Dr Xiaoyu Wang.
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4.3.2 Metabolic outcomes
4.3.2.1 Body weight
Mice were weighed weekly for the duration of the study (Figure 4.3). Chow fed mice

(triangles) gradually gained weight consistent with normal growth and development.
HFD and HFD+DM mice quickly gained excess weight with high fat feeding. At week
16, diabetes was induced in the HFD+DM mice (circles) with 2 - 3 injections of low
dose STZ. These mice had an expected and brief reduction in body weight for
approximately two weeks before body weight plateaued. HFD mice (squares)

continued to gain weight throughout the study.
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Figure 4.3: Weekly body weight per mouse group. Data shown as mean + SEM; n= 8 - 13. STZ,

streptozotocin.

At the end of the study, total weight gain was similar for each mouse sub-strain within
the same “diet” subgroup, with no difference observed in the CCN2-KO mice
compared with the AlbCre or CCN2"f mice (Figure 4.4). HFD mice gained the most
weight (31 - 36 g), followed by HFD+DM mice (24 - 28 g), with Chow mice gaining the
least weight (15 - 16 g).
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Figure 4.4: Total body weight gain. Data shown as mean + SEM; n = 8 - 13. ns (not significant), p-
value > 0.05 for comparison of mouse sub-strains within the same “diet” subgroup using two-way

ANOVA with Tukey’s correction for multiple comparisons.

The mean body weights of the mice at termination are shown in Table 4.1. All HFD
and HFD+DM mice were significantly heavier than Chow mice in the same mouse sub-
strain (statistics comparing different “diet” groups not shown). The HFD+DM mice
were statistically less heavy than the HFD mice by ~10g, except in the CCN2"f mice,

where the mean termination body weights were similar.

Table 4.1: Body weight (grams) at termination.

Chow HFD HFD+DM
AlbCre 33.76 + 1.48 52.20+1.14 42.61 + 2.68
CCN2f/M 3454 +1.75 48.51 + 1.57 48.06 + 1.54
CCN2-KO 32.85+1.29 55.33 +1.06 45.35+2.83

Data shown as mean + SEM; n=8 - 13.

4.3.2.2 Blood glucose levels

BGLs were measured weekly from week 16 to the end of the study. After induction of
diabetes with STZ, mice in the HFD+DM groups (circles) developed hyperglycaemia
with BGLs ranging between 15 - 25 mmol/L throughout the remainder of the study

(Figure 4.5). The Chow and HFD mice remained normoglycaemic.
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Figure 4.5: Weekly random blood glucose levels. Data shown as mean + SEM; n = 8 - 13. @ fasting
BGL. BGL, blood glucose level; STZ, streptozotocin.

The mean of the weekly BGLs from week 17 to 27 are shown in Table 4.2. The
HFD+DM mice had significantly higher mean BGL compared with the respective Chow
and HFD mice of the same mouse sub-strain. Mean BGLs in the HFD+DM mice were
17 - 21 mmol/L, representing a moderate degree of hyperglycaemia without induction
of severe catabolism. There was no difference in mean BGLs between the Chow mice
and the HFD mice which were maintained from 9 - 11 mmol/L. Glucose levels in the
CCN2-KO mice were not different to the AlbCre and CCN2%f mice.

Table 4.2: Mean random BGL (mmol/L) from week 17 to 27.

Chow HFD HFD+DM
AlbCre 9.45 +0.19 10.14 £ 0.30 19.27 + 2.Q7#####, 3338
CCN2fi 9.44 +0.22 10.30 £ 0.39 17.63 + 1.85"##* $3%
CCN2-KO 9.91 +0.12 11.23 £ 0.62 21.03 + 1,93, $33%

Data shown as mean + SEM; n = 8 - 13. ## p-value < 0.0001 for Chow vs HFD+DM of the same mouse
sub-strain, or ¥ p-value < 0.001 or *% p-value < 0.0001 for HFD vs HFD+DM of the same mouse sub-
strain, using two-way ANOVA with Tukey’s correction for multiple comparisons. BGL, blood glucose

level.
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4.3.2.3 Evaluation of insulin resistance

4.3.2.3.1 Fasting whole blood insulin level at week 16.

The fasting whole blood insulin level was measured using a commercial ELISA kit at
week 16 of the study. This timepoint was prior to induction of diabetes in the HFD+DM
mice and therefore Figure 4.6 only shows chow fed mice (Chow groups) or high fat
fed mice (combination of mice allocated to the HFD or HFD+DM groups). Mice that
were high fat fed for 15 weeks had already developed marked hyperinsulinaemia
compared to standard chow fed mice but did not develop significant hyperglycaemia.
There was no effect of the CCN2-KO in these parameters compared with the AlbCre

or CCN2ffl mice.
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Figure 4.6: Fasting whole blood insulin levels (A) and BGL (B) obtained at week 16 in mice fed either
a chow or high fat diet. Data shown as mean £+ SEM; n = 8 - 22. * p-value < 0.05 for comparison of
mouse sub-strains within the same “diet” subgroup, or * p-value < 0.05, # p-value < 0.01, ¥* p-value <
0.001 or ## p-value < 0.0001 for chow fed vs high fat fed within the same mouse sub-strain, using
two-way ANOVA with Tukey’s correction for multiple comparisons. BGL, blood glucose level; ns, not

significant.
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4.3.2.3.2 Fasting plasma insulin and c-peptide levels at termination

Using commercial ELISA kits, insulin and c-peptide levels were measured from plasma
obtained in the fasting state at termination (Figure 4.7). As expected, mice from HFD
groups exhibited markedly hyperinsulinaemia across all three mouse strains. Mice
from the HFD+DM groups had insulin levels that were similar to the Chow groups, and
in the context of hyperglycaemia, was indicative of relative insulin deficiency (model
of T2DM) rather than absolute insulin deficiency (model of TIDM). A similar pattern

was observed in c-peptide levels.

The AlbCre HFD mice had significantly higher insulin and c-peptide levels compared
with CCN2"1 HFD mice, and higher c-peptide level compared with CCN2-KO HFD
mice. However, there was no difference in the concentration of the matched fasting
capillary BGL amongst the different sub-strains (Figure 4.7C). Differences in the
assessment of insulin may be due to the different genetic background of the sub-
strains and a variable response to metabolic stress, which was most evident between
the two control sub-strains. Importantly, the two control sub-strains generally had
similar outcomes in the multiple measures of insulin resistance that were undertaken
(Section 4.3.2.3.3 and 4.3.2.3.4). Otherwise, there was no effect of the CCN2-KO in
insulin or c-peptide levels compared with the AlbCre or CCN2f mice across the Chow
and HFD+DM subgroups.
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Figure 4.7: Fasting plasma insulin (A) and c-peptide (B) levels, with matched fasting capillary BGL
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(C). Data shown as mean + SEM; n = 8 - 13. * p-value < 0.05 or ** p-value < 0.01 for comparison of

mouse sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for

multiple comparisons. BGL, blood glucose level; ns, not significant.
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4.3.2.3.3 Insulin tolerance test

An ITT was performed prior to termination as a measure of whole-body insulin
sensitivity, but some caution should be made in interpreting the results due to the wide
differences in glucose concentrations between groups. At baseline, the AlbCre Chow
group showed statistically significant lower normalised area AUC compared to the
CCN2 Chow and CCN2-KO Chow groups (AlbCre: 4055 + 1181, CCN2": 6625 +
232, and CCN2-KO: 6286 *= 197; Figure 4.8). There was no difference in the
normalised AUC amongst mouse sub-strains in the HFD or HFD+DM groups. All HFD
groups had statistically higher normalised AUC compared with the Chow and
HFD+DM groups of the same mouse sub-strain (statistics comparing different “diet”
groups not shown), confirming the greatest degree of insulin resistance in these HFD
mice. There was no difference in insulin sensitivity between the Chow and HFD+DM
groups. The non-normalised data depicting the shape of each curve is also shown in
Figure 4.8.

Of note, three mice from the AlbCre Chow group and four mice from the CCN2-KO
HFD group received a lower dose of insulin (0.65 units/kg) to reduce the risk of
hypoglycaemia during the initial attempt at this procedure. Once this was excluded as
a major concern, all other mice received the full insulin dose (0.75 units/kg). Five mice
from the AlbCre Chow group (full insulin dose) developed hypoglycaemia and received
intraperitoneal injections of 20% glucose to normalise their BGLs. For the purpose of
data analysis, the last BGL taken before glucose was given was carried forward to all
later timepoints. Ultimately, there was no effect of the hepatocyte-specific CCN2-KO
on the ITT results, although the data suggests that the AlbCre mice were more insulin

sensitive at baseline compared with the other mouse sub-strains.
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Figure 4.8: Insulin tolerance test with normalised incremental AUC (A) and non-normalised time
course data (B). Data shown as mean + SEM; n = 8 - 13. ** p-value < 0.01 for comparison of mouse
sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple

comparisons. AUC, area under the curve; BGL, blood glucose level; ns, not significant.
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4.3.2.3.4 Calculated measures of insulin resistance

In addition to the ITT, other calculated measures of insulin resistance were performed
using the results of the fasting capillary BGL at termination, fasting plasma insulin level
and/or fasting plasma c-peptide level (Figure 4.9). The trends within each of these
measures were similar: highest level of insulin resistance in the HFD groups, and
similar levels of insulin resistance amongst Chow and HFD+DM groups. There was no

effect of the CCN2-KO on these surrogate markers of insulin resistance.
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Figure 4.9: Calculated measures of insulin resistance: HOMA-IR (A), HOMA-B (B), glucose to insulin
ratio (C), and QUICKI (D). Data shown as mean + SEM; n = 8 - 13. * p-value < 0.05, ** p-value < 0.01
or *** p-value < 0.001 for comparison of mouse sub-strains within the same “diet” subgroup using two-
way ANOVA with Tukey’s correction for multiple comparisons. HOMA-IR, homeostatic model
assessment for insulin resistance; HOMA-B, homeostatic model assessment for -cell function;

QUICKI, quantitative insulin check index of insulin sensitivity; ns, not significant.
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4.3.2.4 Assessment of body composition

4.3.2.4.1 EchoMRI™

Fat mass and lean mass of the mice were measured using EchoMRI™. Results
expressed as a percentage of total body weight are shown in Figure 4.10 and absolute
mass data is shown in Table 4.3. At both week 15 and week 25, HFD and HFD+DM
mice had significantly higher fat mass percentage and lower lean mass percentage
compared with the Chow group of the same mouse sub-strain (statistics comparing
different “diet” groups not shown). There was no significant difference between mouse
sub-strains, except in the AloCre HFD+DM group, which had slightly lower fat mass
percentage and higher lean mass percentage than both the CCN2"f HFD+DM and
CCN2-KO HFD+DM groups at both timepoints. The CCN2-KO did not affect body

composition as measured by EchoMRI™,
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Figure 4.10: Body composition by EchoMRI™: fat mass expressed as percentage of total body weight
(A) and lean mass expressed as percentage of total body weight (B) at week 15 and week 25. Note
that at week 15, HFD+DM groups were not yet diabetic. Data shown as mean + SEM; n= 8 - 13. * p-
value < 0.05, ** p-value < 0.01, *** p-value < 0.001 or **** p-value < 0.0001 for comparison of mouse
sub-strains within the same “diet” subgroup using mixed-effects analysis with Sidak’s correction for

multiple comparisons. ns, not significant.
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Table 4.3: Body composition by EchoMRI™ and DXA: absolute fat mass, lean mass, and total body weight at week 15 and week 25.

EchoMRI™ Chow HFD HFD+DM
Week 15 AlbCre CCN2f CCN2-KO AlbCre CCN2f CCN2-KO AlbCre CCN2fi CCN2-KO
Fat mass () 3.56 £ 0.42 5.22+0.70 3.46 £ 0.52 16.69+0.85 | 19.84+0.55 | 18.87+1.23 | 1489+1.01 | 20.54+0.53 | 19.14+0.86
Lean mass (Q) 2545+0.63 | 23.15+0.45 | 22.78+0.30 | 26.66+0.65 | 23.56+0.30 | 25.21+0.44 | 2758+ 0.33 | 25.92+0.37 | 24.58 +0.59
Total body weight (g) 31.39+095 | 30.85+£1.09 | 28.33+0.69 | 4580+149 | 46.17+0.78 | 47.68+151 | 4512+1.14 | 4951+059 | 47.83+1.52
Week 25 AlbCre CCN2f CCN2-KO AlbCre CCN2 CCN2-KO AlbCre CCN2fi CCN2-KO
Fat mass () 5.41+0.80 7.88 £1.15 5.45+0.83 21.06+0.74 | 21.93+1.07 | 24.01+0.92 | 13.63+2.49 | 20.89+1.15 | 18.68+2.01
Lean mass (Q) 2596+0.81 | 23.72+0.51 | 23.51+0.27 | 28.02+0.52 | 25.51+0.64 | 27.99+0.38 | 27.64+0.37 | 24.14+0.54 | 24.85+0.69
Total body weight (9) 3431+1.26 | 3395+152 | 31.01+1.11 | 51.81+0.98 | 49.69+1.69 | 54.99+1.05 | 44.16+253 | 47.70+1.62 | 46.44+2.72
DXA Chow HFD HFD+DM
Week 15 AlbCre CCN2fi CCN2-KO AlbCre CCN2f CCN2-KO AlbCre CCN2fi CCN2-KO
Fat mass (9) 5.94+0.91 9.04 £0.91 7.64 £0.57 19.62+0.98 | 20.16+0.89 | 20.05+0.64 | 17.90+0.76 | 20.56+0.56 | 20.75+0.83
Lean mass (g) 20.33+0.99 | 17.07+0.37 | 16.37+0.26 | 20.73+0.80 | 20.15+0.95 | 21.56+0.96 | 21.68+1.05 | 22.08+0.56 | 21.13+1.05
Total body weight (g) 26.27+0.80 | 26.17+0.99 | 24.01+0.68 | 40.35+1.33 | 40.30+0.67 | 41.61+1.21 | 39.58+0.81 | 42.64+0.47 | 41.89+1.26
Week 25 AlbCre CCN2fi CCN2-KO AlbCre CCN2f CCN2-KO AlbCre CCN2fi CCN2-KO
Fat mass () 10.30+0.84 | 12.39+1.04 | 10.81+0.77 | 24.01+0.61 | 25.32+159 | 26.38+0.60 | 17.71+2.11 | 2453+1.16 | 22.07+1.84
Lean mass (g) 19.74+0.69 | 17.35+0.46 | 16.41+0.49 | 2241+0.43 | 1946+085 | 23.16£0.54 | 21.45+0.43 | 18.73+0.52 | 19.13+0.75
Total body weight (g) 30.04+1.16 | 29.73+1.40 | 27.21+1.13 | 46.42+094 | 44.78+1.61 | 4954+0.75 | 39.16+2.36 | 39.68+3.55 | 41.21+2.45

Data shown as mean + SEM; n = 8 - 13. Please note that as per the Methods, relevant p-values have been identified in the relevant Figures, not in the Table.
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4.3.2.4.2 Dual X-ray Absorptiometry

Body composition and BMD were measured using DXA. Representative images of a
normal weight, chow fed mouse and an obese, high fat fed mouse are shown in Figure
4.11. The pattern of results of fat mass and lean mass percentage were similar to
those found in body composition analysis using EchoMRI™, although DXA relatively
over-estimated the fat mass by approximately 10% (Figure 4.12 and Table 4.3). The
systematic discrepancy is likely because DXA performs a 2-dimensional analysis,
whereas EchoMRI™ performs a 3-dimensional analysis and is therefore more

accurate.

Fat map Bone map

%-""

Fat map Bone map

Figure 4.11: Representative images of a normal weight, chow fed mouse (top row) and obese, high fat
fed mouse (bottom row) undergoing DXA scan. From left to right: DXA status (green); fat map (blue);

bone map (yellow); lean map (red).
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Figure 4.12: Body composition by DXA: fat mass expressed as percentage of total body weight (A)
and lean mass expressed as percentage of total body weight (B) at week 15 and week 25. Note that
at week 15, HFD+DM groups were not yet diabetic. Data shown as mean + SEM; n= 8 - 13. * p-value
< 0.05, ** p-value < 0.01 or **** p-value < 0.0001 for comparison of mouse sub-strains within the same
“diet” subgroup using mixed-effects analysis with Sidék’s correction for multiple comparisons. DXA,
dual x-ray absorptiometry; ns, not significant.
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BMD was measured using DXA and the results are shown in Figure 4.13. Reductions
in BMD occurred as early as 15 weeks in the CCN2l and CCN2-KO HFD and
HFD+DM groups. This was maintained at week 25, where the AlbCre HFD mice, but
not the AlbCre HFD+DM, also had reduced BMD. Measurements of bone area and

bone mineral content are shown in Table 4.4. The CCN2-KO did not affect bone

outcomes.
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Figure 4.13: Bone mineral density at week 15 and week 25. Note that at week 15, HFD+DM groups
were not yet diabetic. Data shown as mean + SEM; n = 8 - 13. * p-value < 0.05 for comparison of
mouse sub-strains within the same “diet” subgroup using mixed-effects analysis with Sidak’s

correction for multiple comparisons. ns, not significant.
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Table 4.4: Bone area, bone mineral content, and bone mineral density at week 15 and week 25.

Chow HFD HFD+DM

Week 15 AlbCre CCN2f CCN2-KO AlbCre CCN2fi CCN2-KO AlbCre CCN2fi CCN2-KO

BA (cm?) 7.36 +0.19 7.72+0.17 7.05+0.11 8.84+0.13 8.84+0.23 9.47 £ 0.37 9.95+0.34 9.34+0.27 9.94+0.30

BMC (9) 0.55+0.01 0.59 +0.02 0.55+0.01 0.63 +0.02 0.54 +0.03 0.59 +0.01 0.70 £ 0.05 0.57 +0.02 0.62 +0.03
BMD (mg/cm?) 75.53 +3.03 75.84 + 2.06 77.75+1.13 71.17+1.42 | 60.77 £2.21 63.57 +2.73 70.25 £ 3.26 61.69 + 2.06 62.06 +1.79

Week 25 AlbCre CCN2 CCN2-KO AlbCre CCN2fi CCN2-KO AlbCre CCN2fi CCN2-KO

BA (cm?) 7.73+0.22 8.03+£0.22 7.98 +0.20 9.54 £ 0.09 9.73+0.40 9.65+0.16 8.99+0.35 9.69+0.20 9.41+0.34

BMC (9) 0.63 +0.03 0.62 +0.01 0.61+0.02 0.64 +0.01 0.63 +0.04 0.64 +0.01 0.65+0.01 0.65+0.02 0.63 +0.02
BMD (mg/cm?) 81.52+1.65 77.27 +1.59 76.65+1.21 67.44 +1.22 64.63 £ 1.41 66.83 +1.13 73.57+251 67.33 + 0.58 67.65+1.10

Data shown as mean + SEM; n = 8 - 13. BA, bone area; BMC, bone mineral content; BMD, bone mineral density.
p-values have been identified in relevant Figures, not in the Table.

Please note that as per the Methods, relevant
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4.3.2.5 Organ weights at termination

The wet weight of the liver, epididymal fat pads, subcutaneous (dorsolumbar) fat pads,
gastrocnemius muscles, spleen, kidneys, and heart were measured at termination and
normalised against total body weight (Figure 4.14). The absolute data is shown in
Table 4.5. The livers of the HFD (AlbCre: 7.41 + 0.28, CCN2: 7.63 £ 0.49, and CCN2-
KO: 8.27 + 0.30 % TBW) and HFD+DM (AlbCre: 6.95 + 0.40, CCN2: 7.09 + 0.24,
and CCN2-KO: 7.86 + 0.49 % TBW) mice were approximately two-fold heavier than
the Chow mice (AlbCre:3.73 £ 0.11, CCN2%/: 4,08 + 0.06, and CCN2-KO: 3.69 + 0.14
% TBW). There was no difference in normalised liver weight between HFD and
HFD+DM mice. There was no effect from CCN2-KO on liver size (Figure 4.14A).

Absolute epididymal fat mass, as a marker of visceral fat in mice, was generally higher
in the HFD and HFD+DM groups compared with the Chow groups, but after
normalisation against their total body weight, there was no statistical difference
observed (Figure 4.14B). The CCN2"f Chow mice (1.63 * 0.26 g) had unusually high
epididymal fat mass compared to the AlbCre (1.11 £ 0.16 g) and CCN2-KO (1.16 +
0.18 g) Chow mice. There was no difference in the liver to epididymal fat mass ratio
between mouse sub-strains, although the ratio was elevated in HFD and HFD+DM
groups compared with Chow groups (Figure 4.14C). Subcutaneous fat pads were
systematically resected from the dorsolumbar region and were significantly larger in
mice that had been high fat fed (Figure 4.14D). Conversely, gastrocnemius muscle
weight was lower in HFD and HFD+DM mice (Figure 4.14E). These results were
consistent with the body composition data measured by EchoMRI™ and DXA.
Normalised spleen mass was similar across most groups (Figure 4.14F). Normalised
kidney (Figure 4.14G) and heart (Figure 4.14H) mass were reduced in the HFD and
HFD+DM groups. Across all measured organs, there was no difference in normalised
weight between HFD and HFD+DM groups, except in the AlbCre HFD+DM mice.
These mice displayed an unusual phenotype of lower subcutaneous fat pad mass and
higher gastrocnemius muscle, spleen, kidney, and heart weights, although these

results may be due to the slightly lower total body weight in these mice.

Overall, the CCN2-KO did not affect any of the organ weights, indicating a lack of a

systemic effect from the hepatocyte-specific gene deletion.
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Figure 4.14: Organ wet weights expressed as percentage of total body weight: liver (A), epididymal fat
(B), liver to epididymal fat ratio (C), subcutaneous fat (D), gastrocnemius muscle (E), spleen (F),

kidney (G), and heart (H). Data shown as mean + SEM; n= 8 - 13. * p-value < 0.05, ** p-value < 0.01,

*** p-value < 0.001 or **** p-value < 0.0001 for comparison of mouse sub-strains within the same

“diet” subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons. TBW, total

body weight; ns, not significant.
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Table 4.5: Organ wet weights (grams) at termination.

Chow HFD HFD+DM
AlbCre CCN21/M CCN2-KO AlbCre CCN2f/ CCN2-KO AlbCre CCN2i CCN2-KO
Liver 1.26 £ 0.07 1.42 £0.09 1.21 £0.05 3.89+0.24 3.76 £0.31 4.59 + 022 296 +0.24 3.40+0.16 3.57+0.30
Epididymal fat 1.11+0.16 1.63+0.26 1.16£0.18 1.83+0.09 1.61+0.08 1.77 £0.10 1.85+0.21 1.90 £ 0.09 1.81+0.14
Liver:epididymal fat 1.29 £0.17 1.02+0.11 1.24 +0.20 2.16 £0.15 2.44 +0.28 2.66 £0.18 1.69+0.12 1.87+0.18 2.16 £0.30
Subcutaneous fat 0.42 = 0.07 0.70+0.14 0.53 £ 0.07 2.51+0.08 245+0.14 278+0.17 1.64 £ 0.39 270+0.24 2.28+0.31
Gastrocnemius muscle 0.35+0.008 | 0.32+0.005 | 0.31+0.007 | 0.36 +0.007 | 0.38+0.032 | 0.35+0.005 | 0.35+0.006 | 0.32+0.006 | 0.31+0.014
Spleen 0.08 +0.006 | 0.06 +0.003 | 0.07+£0.004 | 0.11+0.005 | 0.11+0.008 | 0.13+0.004 | 0.15+0.010 | 0.11+0.008 | 0.12 +0.010
Kidney 0.33+0.02 0.33+0.01 0.33+0.01 0.40 £ 0.02 0.37£0.01 0.42 +0.01 0.41+0.02 | 0.35+0.004 | 0.36+0.01
Heart 0.15+0.006 | 0.14 +0.006 | 0.15+0.006 | 0.15+0.004 | 0.14 +0.004 | 0.16 +0.004 | 0.14+0.004 | 0.13+0.002 | 0.14 +0.005
Total body weight 33.76+£1.48 | 3454+1.75 | 3285+1.29 | 52.20+1.14 | 4851+157 | 5533+1.06 | 42.61+2.68 | 48.06 + 1.54 | 45.35+ 2.83

Data shown as mean + SEM; n = 8 - 13. Please note that as per the Methods, relevant p-values have been identified in the relevant Figures, not in the Table.
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4.3.2.6 Routine fasting plasma biochemistry

4.3.2.6.1 Liver-related tests

The AST and ALT levels were markedly elevated in the HFD and HFD+DM groups
compared with the Chow groups (Figure 4.15 and Table 4.6; statistics comparing
different “diet” groups not shown). There was a trend to higher AST and ALT level in
the AlbCre HFD+DM compared with the CCN2"f HFD+DM and CCN2-KO HFD+DM
groups (Figure 4.15A and B). In contrast, both AST and ALT were significantly lower
in the AlbCre HFD mice compared with the CCN2-KO HFD mice but not the CCN2f/l
HFD mice. The AST to ALT ratio can be used clinically to suggest the aetiology and
severity of the abnormal enzyme results. The lower ratio observed in the HFD and
HFD+DM mice was due to the relatively higher rise in ALT compared with rise in AST
and was consistent with significant hepatocellular injury (Figure 4.15C). The ALP
levels were also elevated in the HFD and HFD+DM mice compared with Chow mice
across all three mouse sub-strains (Figure 4.15D). However, in the HFD+DM groups,
the CCN2-KO mice had a significantly reduced level of ALP compared with the AlbCre
mice but not the CCN2 mice (AlbCre: 33.46 + 7.22, CCN2//: 23.31 + 2.32, and
CCN2-KO: 18.41 + 2.35 U/L). Total protein and albumin levels are measures of liver
synthetic function. Total protein was not reduced in HFD+DM groups compared with
the respective Chow group of the same sub-strain, however, within the HFD+DM
groups, the total protein in the AlbCre mice was significantly lower than the CCN2f/l
and CCN2-KO groups (AlbCre: 44.82 + 0.95, CCN21/: 50.44 + 0.78, and CCN2-KO:
53.05 £ 2.94 ¢g/L; Table 4.6). A similar pattern was observed in albumin levels, and
AlbCre HFD+DM mice had significantly lower albumin levels compared with AlbCre
Chow mice (AlbCre Chow: 29.89 + 0.27 vs AlbCre HFD+DM: 27.23 + 0.47 g/L, p =
0.040; Figure 4.15E). Total bilirubin levels were generally very low, with no clear
pattern identified (Figure 4.15F). The automated analyser was unable to detect GGT
in mouse plasma, and platelet count was not assessed either as it required stored

whole blood, which was not available.

In general, this data indicates that hepatocyte CCN2 deletion did not affect plasma

markers of liver damage, except for the reduction in ALP under HFD+DM conditions.
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Figure 4.15: Liver-related plasma tests: AST (A), ALT (B), AST:ALT (C), ALP (D), albumin (E), and
total bilirubin (F). Data shown as mean + SEM; n=7 - 12. * p-value < 0.05, ** p-value < 0.01 or *** p-
value < 0.001 for comparison of mouse sub-strains within the same “diet” subgroup using two-way
ANOVA with Tukey’s correction for multiple comparisons. ALP, alkaline phosphatase; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; AST:ALT, AST to ALT ratio; ns, not significant.
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4.3.2.6.2 Lipid panel

Total cholesterol, HDL-c, and LDL-c were elevated in all groups that were fed a high
fat diet, but to a higher degree in the HFD groups compared with the HFD+DM groups
(Figure 4.16 and Table 4.6; statistics comparing different “diet” groups not shown). In
the HFD+DM groups, total cholesterol, HDL-c, and LDL-c were all significantly lower
in the AlbCre mice compared with CCN2% and CCN2-KO mice. Fasting triglyceride
levels were lower in the HFD and HFD+DM groups compared with Chow groups, with

no statistical difference between mouse strains.
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Figure 4.16: Fasting plasma lipid panel: total cholesterol (A), triglycerides (B), HDL-c (C), and LDL-c
(D). Data shown as mean + SEM; n =7 - 12. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 or
**** p-value < 0.0001 for comparison of mouse sub-strains within the same “diet” subgroup using two-
way ANOVA with Tukey’s correction for multiple comparisons. HDL-c, high-density lipoprotein

cholesterol; LDL-c, low-density lipoprotein cholesterol; ns, not significant.
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Table 4.6: Routine fasting plasma biochemistry.

Chow HFD HFD+DM
AlbCre CCN2fi CCN2-KO AlbCre CCN2f CCN2-KO AlbCre CCN2f CCN2-KO
AST (UIL) 64.02 £ 9.82 86.33 + 84.76 + 9.83 270.28 = 368.93 = 418.18 = 392.52 + 29253 + 322.32
10.35 36.19 52.96 46.48 56.99 18.71 33.50
ALT (UIL) 25574379 | 3177+162 | 28.42 + 4.7 368.60 = 513.81 + 601.36 = 443.40 326.36 = 320.42
46.64 85.68 70.28 54.45 29.64 39.96
AST:ALT 261+0.25 277 +0.36 3.27+0.42 0.73+0.04 1.06 £ 0.38 0.71+0.03 0.87 + 0.06 0.97+0.11 1.06 = 0.06
ALP (U/L) 13.49+£0.76 7.09 £0.87 7.49+0.83 31.17+447 | 29.13+4.72 | 30.79+358 | 33.46+7.22 | 23.31+232 | 1841+235
Albumin (g/L) 29.89+0.27 | 31.92+0.31 | 30.71+0.41 | 31.68+0.55 | 32.35+1.26 | 33.97+0.47 | 27.23+0.47 | 30.55+0.45 | 30.99 +1.26
Total protein (g/L) 43.55+0.38 | 46.96+0.50 | 45.00+0.47 | 52.18+1.17 | 54.13+1.63 | 58.05+1.49 | 44.82+0.95 | 50.44+0.78 | 53.05+2.94
Total bilirubin (umol/L) 1.13+0.33 0.35+0.10 0.98 +0.28 0.68 +0.18 0.29+0.11 1.77 £0.32 1.15+0.45 0.76 +0.18 0.94 +0.17
Total cholesterol (mmol/L) 246+0.11 2.85+0.17 2.38+0.14 8.26 £ 0.44 8.74 £ 1.06 9.71+0.63 4.92+0.61 7.17+£0.19 6.91 +0.36
Triglycerides (mmol/L) 0.73+0.08 0.77 £ 0.07 0.74 £ 0.07 0.54 +0.03 0.61+0.04 0.68 £ 0.04 0.47 £0.05 0.47 £0.02 0.43+£0.03
HDL-c (mmol/L) 1.88 £ 0.09 215+0.11 1.81+0.10 5.08 +0.15 4.87 +0.49 5.20+0.14 3.36 + 0.36 4.62 + 0.05 451+0.10
LDL-c (mmol/L) 0.39 £ 0.02 0.38 £ 0.03 0.35 +0.02 2.38+0.18 2.47+0.35 3.11+£0.24 1.36 +0.24 2.06 £ 0.08 2.01+0.15

Data shown as mean + SEM; n =7 - 12. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AST:ALT, AST to ALT

ratio; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol. Please note that as per the Methods, relevant p-values have been

identified in the relevant Figures, not in the Table.
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4.3.3 The effects of hepatocyte CCN2 deletion on NASH fibrosis

The gold standard for assessing the development of NASH fibrosis in humans is via a

core liver biopsy, and use of standard histological staining such as H&E staining, with
or without the use of a dedicated fibrosis stain, such as PSR staining or Masson’s
Trichrome staining®. We elected to use both H&E and PSR staining in assessing the
main histological features of NASH: fibrosis, inflammation, hepatocyte ballooning, and
steatosis. Each of these features were assessed using multiple approaches as
described in the Methods (Section 2.3.5). In addition, other techniques, such as
measurement of MRNA levels of key fibrosis and inflammation markers, were used to

provide additional support to the histological outcomes.

4.3.3.1 The effects of hepatocyte CCN2 deletion on liver fibrosis

4.3.3.1.1 Assessment of liver fibrosis by histology

The primary outcome of this study was to assess the development of liver fibrosis,
which, in humans, links strongly to loss of liver function and increased mortality32!-
324365 Two different methods of assessing fibrosis were used: quantification using
image analysis software and grading according to the Brunt criteria by an independent

anatomical pathologist. Both methods were applied to PSR-stained liver tissue.

A) Quantification of liver fibrosis using image analysis software

The details of the methods are described in Section 2.3.5.1. In brief, 4 - 6 images per
stained liver tissue section were taken at three magnifications (100x, 200x, and 400x)
and ImageJ software was used to calculate the percent area of the PSR-positive
stained tissue. The threshold settings were optimised using the HFD+DM groups, and

then the same analysis settings were applied to the Chow and HFD groups.

The percent area of PSR-positive stained tissue at various magnifications is shown in
Figure 4.17. At all three magnifications, there were very low levels (< 1%) of PSR-
positive tissue in all three Chow groups, which was consistent with an absence of liver
fibrosis. Some PSR-positive stained tissue was evident due to the staining of collagen
fibres that normally line the blood vessel walls. Fibrosis levels in the HFD groups were
also relatively low and may be an underestimate as the threshold settings were not
optimised specifically for these groups. Regardless, there was no effect of the CCN2-

KO in the HFD group and percent of PSR-positive tissue was similar to the AlbCre and
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CCN2M HFD groups. The HFD+DM groups all had greater percent of PSR-positive
tissue compared with the Chow and HFD groups (statistics comparing different “diet”
groups not shown). The CCN2-KO groups displayed significantly lower percentage of
PSR-positive stained tissue across all three magnifications, including at more detailed
areas of the central vein and the portal tracts. Although fibrosis was generally most
abundant at the level of the portal tract, the relative reduction was greatest at the
central vein, where there was approximately 50% reduction in percent area of fibrosis.

Representative images are shown in Figures 4.18 - 4.20.
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Figure 4.17: Quantification of fibrosis of PSR-stained liver tissue with images taken at 100x

magnification (A), 200x magnification (B), and 400x magnification focussing on central veins (C) and

portal tracts (D). Data shown as mean + SEM; n =6 - 13. * p-value < 0.05, ** p-value < 0.01 or **** p-

value < 0.0001 for comparison of mouse sub-strains within the same “diet” subgroup using two-way

ANOVA with Tukey’s correction for multiple comparisons. PSR, Picro Sirius Red; ns, not significant.
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Figure 4.18: Representative histological images of PSR-stained liver tissue (200x magnification).
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Figure 4.19: Representative histological images of central veins from PSR-stained liver tissue (400x magnification).
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Figure 4.20: Representative histological images of portal tracts from PSR-stained liver tissue (400x magnification).

155



B) Grading of liver fibrosis according to the Brunt criteria

The Brunt criteria grades liver fibrosis according to its regionality, and unlike the
method used in the previous section, is not quantitative. An absence of fibrosis is FO,
perisinusoidal fibrosis is F1, periportal fibrosis is F2, bridging fibrosis is F3, and
cirrhosis is F4. A higher stage represents more severe disease and worse prognosis.
Mice from the HFD+DM groups exhibited the highest fibrosis grade, although there
was no difference detected in the CCN2-KO group (AlbCre: 2.8 + 0.5, CCN2f: 2.6 +
0.2, and CCN2-KO: 2.8 + 0.2; Figure 4.21 and Table 4.7). There was no fibrosis (FO0)
observed in the Chow fed mice, and the HFD mice had an intermediary grade of

fibrosis.
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Figure 4.21: Fibrosis grade according to the Brunt criteria. Data shown as mean + SEM; n =7 - 13. Ns
(not significant), p-value > 0.05 for comparison of mouse sub-strains within the same “diet” subgroup

using two-way ANOVA with Tukey’s correction for multiple comparisons.

4.3.3.1.2 mRNA levels of fibrosis markers from whole liver tissue

Figure 4.22 and Table 4.8 show the mRNA levels of fibrosis markers from whole liver
tissue. In general, the expression of collagen-I, -lll, -IVa1, -IVa2 and -VI, TGFf(31,
fibronectin, ACTA2 and TIMP1 were increased in all of the HFD+DM groups compared
with the Chow groups, and to a lesser extent, increased in all of the HFD groups
(statistics comparing different “diets” not shown). There was no significant difference
in the mMRNA level of these genes between the AlbCre HFD+DM group and the
CCN2" HFD+DM group, indicating that the two control sub-strains behaved in a
similar manner. There was a statistically significant reduction in CCN2-KO HFD+DM
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collagen-I mRNA level of 45% compared with the CCN2%"f HFD+DM group (CCN2f:
17.4 £ 3.4 vs CCN2-KO: 9.6 + 1.6, p = 0.049) but not the AlbCre HFD+DM group
(AlbCre: 15.1 £ 5.2 vs CCN2-KO: 9.6 £ 1.6, p = 0.248; Figure 4.22A). The same pattern
was observed in collagen-VI mRNA level, where there was a reduction in the CCN2-
KO HFD+DM group of 32% compared with the CCN2" HFD+DM group (CCN2f: 8.6
+ 1.2 vs CCN2-KO: 5.8 £ 0.9, p = 0.022) but not the AlbCre HFD+DM group (AlbCre:
6.1 £1.1 vs CCN2-KO: 5.8 £ 0.9, p = 0.969; Figure 4.22D). There was no statistical
difference in collagen-Ill (Figure 4.22B), -IVa1 (Table 4.8) or -IVa2 (Figure 4.22C)
MRNA levels between the CCN2-KO HFD+DM group and either of the control sub-
strain HFD+DM groups, although the fold changes were numerically smaller in the
CCN2-KO HFD+DM group. The mRNA level of TGFB1, an up- and down-stream
regulator of CCN2, was induced by HFD+DM, but to a lesser extent in the CCN2-KO
HFD+DM group (AlbCre: 5.2 + 0.9, CCN2": 4.5 + 0.5, and CCN2-KO: 3.2 + 0.3; Figure
4.22E). The interaction was significant between AlbCre HFD+DM and CCN2-KO
HFD+DM (p = 0.002) and trending between CCN2% HFD+DM and CCN2-KO
HFD+DM (p = 0.056). There was also a reduction in the mRNA level of fibronectin
(Figure 4.22F), another component of the ECM, in the CCN2-KO HFD+DM group
versus the CCN2%f HFD+DM group (p = 0.015) and a trend for reduction versus the
AlbCre HFD+DM group (p = 0.054). There was no significant difference in the mRNA
levels of ACTA2 or TIMP1 amongst the different sub-strains of mice for the same “diet”
subgroup, although there was a trend to reduced TIMP1 in the CCN2-KO HFD+DM
group (Table 4.8). In general, there was no statistical differences between mouse sub-
strains in the HFD groups, except for unexpected higher mRNA level of TGFB1 (Figure
4.22E) and fibronectin (Figure 4.22F) in the CCN2" HFD group.

In summary, the overall pattern indicated a reduction in fibrosis markers across the
board in the CCN2-KO HFD+DM mice compared with the control sub-strains, although
this did not always meet statistical significance when using a rigorous test such as a

two-way ANOVA with Tukey’s correction for multiple comparisons.
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Figure 4.22: mRNA levels of fibrosis markers Col1 (A), Col3 (B), Col4a2 (C), Col6 (D), Tgfb1 (E), and
Fn1 (F). Data shown as mean + SEM; n= 8 - 13. * p-value < 0.05, ** p-value < 0.01 or *** p-value <
0.001 for comparison of mouse sub-strains within the same “diet” subgroup using two-way ANOVA
with Tukey’s correction for multiple comparisons. Col1, collagen-I; Col3, collagen-lll; Col4a2, collagen-

IVa2; Col6, collagen-VI; Fn1, fibronectin; Rn18s, 18S ribosomal RNA; Tgfb1, transforming growth

factor B1; ns, not significant.
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4.3.3.2 The effects of hepatocyte CCN2 deletion on liver inflammation

4.3.3.2.1 Assessment of liver inflammation by histology

A) Assessment of lobular inflammation

In addition to fibrosis, a major hallmark of NASH is the development of inflammation®°.
Lobular inflammation was scored on H&E-stained tissue according to the NAS criteria
(0O =absent, 1 =1 focus, 2 =2 - 4 foci, or 3 => 4 foci per 200x field) by an independent
anatomical pathologist (Figure 4.23 and Table 4.7). The HFD+DM groups had the
highest degree of lobular inflammation, with a mean of 2 - 4 foci per 200x field in each
mouse sub-strain (AlbCre: 2.3 + 0.3, CCN2ff: 2.4 + 0.2, and CCN2-KO: 2.4 + 0.2).
The HFD groups had an intermediary level of lobular inflammation, although the
CCNZ2-KO HFD group were scored statistically higher than the AlbCre HFD group, but
not the CCN2%HFD group. The Chow groups all had a mean score of less than 1.
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Figure 4.23: Lobular inflammation scored according to the NAS criteria. Data shown as mean + SEM;
n=7-13. * p-value < 0.05 for comparison of mouse sub-strains within the same “diet” subgroup

using two-way ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.

B) Assessment of portal inflammation

Portal inflammation was scored on H&E-stained tissue according to the Brunt criteria
(0 = absent, 1 = mild, 2 = moderate, or 3 = severe) by an independent anatomical
pathologist (Figure 4.24 and Table 4.7). The HFD+DM groups had the highest degree
of portal inflammation, which was graded as moderate (AlbCre: 2.2 + 0.3, CCN2/: 2.3
+ 0.2, and CCN2-KO: 2.5 = 0.2). The HFD groups had a mild degree of portal
inflammation. The Chow groups all had low levels of portal inflammation. There was

no effect from the CCN2-KO on the degree of portal inflammation.
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Figure 4.24: Portal inflammation scored according to the Brunt criteria. Data shown as mean + SEM; n
= 7 - 13. ns (not significant), p-value > 0.05 for comparison of mouse sub-strains within the same

“diet” subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons.

4.3.3.2.2 mRNA levels of inflammation markers from whole liver tissue

The mRNA levels of inflammation markers IL1B, CCL2, and TNF were measured
(Figure 4.25 and Table 4.8). Unlike the fibrosis markers, where the two control mouse
sub-strains, AlbCre and CCN2", rendered similar results, there was a clear distinction
between the AlbCre HFD+DM and the CCN2"# HFD+DM groups across all three
inflammation genes: the AlbCre HFD+DM mice displayed significantly higher mRNA
levels of IL1B, CCL2 and TNF compared with the CCN2"1 HFD+DM mice. The CCN2-
KO HFD+DM mice also had significantly lower expression of all three genes compared
with the AlbCre HFD+DM mice, and in addition, had reduced expression of CCL2
compared with the CCN2" HFD+DM mice, but not IL1B or TNF.
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Figure 4.25: mRNA levels of inflammation markers I11b (A), Ccl2 (B), and Tnf (C). Data shown as
mean + SEM; n =8 - 13. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 or **** p-value <
0.0001 for comparison of mouse sub-strains within the same “diet” subgroup using two-way ANOVA
with Tukey’s correction for multiple comparisons. Ccl2, C-C motif chemokine ligand 2; II1b, interleukin-

16; Rn18s, 18S ribosomal RNA; Tnf, tumour necrosis factor a; ns, not significant.

4.3.3.3 The effects of hepatocyte CCN2 deletion on hepatocyte ballooning
4.3.3.3.1 Assessment of hepatocyte ballooning by histology

The development of hepatocyte ballooning is the pathognomonic histological feature
of NASHE0, Ballooning was scored on H&E-stained tissue according to the NAS criteria
(0 = absent, 1 = few, or 2 = many) by an independent anatomical pathologist (Figure
4.26 and Table 4.7). The HFD+DM groups had the highest degree of ballooning, the
HFD groups had an intermediary level, and the Chow groups had no ballooning
present. There was no effect from the CCN2-KO on hepatocyte ballooning.
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Figure 4.26: Hepatocyte ballooning scored according to the NAS criteria. Data shown as mean *
SEM; n =7 - 13. ns (not significant), p-value > 0.05 for comparison of mouse sub-strains within the

same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons.

4.3.3.4 The effects of hepatocyte CCN2 deletion on liver steatosis

4.3.3.4.1 Assessment of liver steatosis by histology

Steatosis was scored on H&E-stained tissue according to the NAS criteria (0 = < 5%,
1=5-33%, 2=234-66%, or 3 =>66%) by an independent anatomical pathologist
(Figure 4.27 and Table 4.7). All Chow groups had < 5% steatosis, whereas all mice
fed a high fat diet (HFD and HFD+DM groups) had very high levels of steatosis. There
was no effect from the CCN2-KO on the degree of steatosis.

4.3.3.4.2 Measurement of liver triglycerides

Triglycerides were extracted from whole liver tissue and measured using a colorimetric
assay3'5316, High fat fed mice (HFD and HFD+DM groups) had higher amounts of
triglyceride compared with Chow groups (Figure 4.28). The CCN2-KO HFD+DM group
had approximately one third more triglyceride content compared with the AlbCre
HFD+DM and CCN2%" HFD+DM groups (AlbCre: 51.4 + 2.1, CCN2"/: 56.2 + 1.7, and
CCN2-KO: 78.2 £ .5).
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Figure 4.27: Steatosis scored according to the NAS criteria. Data shown as mean + SEM; n=7 - 13.
ns (not significant), p-value > 0.05 for comparison of mouse sub-strains within the same “diet”

subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons.
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Figure 4.28: Amount of liver triglycerides. Data shown as mean + SEM; n= 8 - 13. ** p-value < 0.001

*kkk

or p-value < 0.0001 for comparison of mouse sub-strains within the same “diet” subgroup using

two-way ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.
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4.3.3.5 The effects of hepatocyte CCN2 deletion on the NAS

The NAS is calculated by the addition of scores for lobular inflammation, hepatocyte
ballooning, and steatosis. As expected, the HFD+DM mice had the highest NAS, the
HFD mice had an intermediary score, and the Chow mice had the lowest score (Figure
4.29 and Table 4.7). Again, there was no effect observed from the CCN2-KO of this
composite outcome, except in the HFD groups where the CCN2-KO HFD mice had a
slightly higher NAS compared with the AlbCre HFD group but not the CCN2% HFD
group. Representative images of the H&E-stained tissue from which the NAS was

scored are shown in Figure 4.30.
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Figure 4.29: NAS score. Data shown as mean £+ SEM; n =7 - 13. * p-value < 0.05 for comparison of
mouse sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for

multiple comparisons. ns, not significant.
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Figure 4.30: Representative histological images of H&E-stained liver tissue (200x magnification).
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Table 4.7: Components of the Brunt and NAS criteria.

Chow HFD HFD+DM
AlbCre CCN2" CCN2-KO AlbCre CCN2" CCN2-KO AlbCre CCN2f/ CCN2-KO
Fibrosis (0 - 4) 0.0+0.0 | 0.0x0.0 0.0+0.0 19+1.1 1.8+0.3 2.3+0.2 2802 | 26+0.2 2.8+0.2
Lobular Inflammation (O - 3) 04+0.2 | 0.8+0.1 0.4+0.2 14+0.3 1.6+0.2 21+0.2 23+03 | 24+0.2 24+0.2
Portal Inflammation (0 - 3) 0.1+01 | 0.2+0.1 0.1+0.1 1.5+0.2 1.6+0.3 1.8+0.1 22+03 | 23+£0.2 25+0.2
Hepatocyte Ballooning (O - 2) 0.0+0.0 | 0.0x0.0 0.0+0.0 0.4+0.2 0.6+0.2 0.9+0.2 1.3+03 | 1.3£0.2 1.8+0.2
Steatosis (0 - 3) 0.0+0.0 | 0.0x0.0 0.0+0.0 3.0+£0.0 29+0.1 3.0+0.0 29+0.1 | 3.0+£0.0 3.0+£0.0
NAS (0 - 8) 04+02 | 0.7+£0.2 0.4+0.2 48+04 50+04 6.0+04 65+05 | 6.8+x04 7.2+0.3

Data shown as mean + SEM; n = 8 - 13. NAS, NAFLD activity score. Please note that as per the Methods, relevant p-values have been identified in the relevant

Figures, not in the Table.
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4.3.4 Potential biomarkers of NASH fibrosis in T2DM

4.3.4.1 mRNA levels of potential biomarkers

4.3.4.1.1 Other CCN family members

The mRNA levels of other CCN family members, CCN1 and CCN3 were measured
(Figure 4.31 and Table 4.8). CCN1 mRNA level was elevated in the AlbCre HFD+DM
group, whilst the CCN2 and CCN2-KO HFD+DM groups had similar CCNL1 levels to
the basal state. In contrast, CCN3 mRNA level was highest in the CCN2%"l HFD+DM

group, although this was not statistically significant.
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Figure 4.31: mRNA levels of Ccn1 (A) and Ccn3 (B). Data shown as mean £+ SEM; n= 8- 13. *** p-
value < 0.001 or **** p-value < 0.0001 for comparison of mouse sub-strains within the same “diet”
subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons. Ccn1, cellular
communication network 1; Ccn3, cellular communication network 3; Rn18s, 18S ribosomal RNA; ns,

not significant.

4.3.4.1.2 The DPP4 family

FAP is a marker of HSC activation, which are the predominant cells responsible for
the deposition of ECM in the liver®’”. FAP is a member of the DPP4 family, and
expresses not only DPP4 activity, but also collagenase activity366. There is increased
MRNA level of DPP4 in liver tissue in the presence of liver disease3¢’, and circulating
DPP4 activity is associated with hepatocyte apoptosis and fibrosis in humans with
NASH and diabetes?®®. In this study, the mRNA level of FAP was numerically higher in
the HFD groups compared with the Chow groups, with highest expression in the
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HFD+DM, and provides further evidence of a fibrotic process in the model. DPP4
MRNA level was statistically lower in the CCN2-KO HFD+DM group compared with
both the AlbCre HFD+DM and CCN2% HFD+DM groups (AlbCre: 1.1 + 0.2, CCN2//;
1.2+ 0.1, and CCN2-KO: 0.7 £ 0.0), which may be consistent with lesser liver disease
in the experimental group (Figure 4.32 and Table 4.8).
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Figure 4.32: mRNA levels of Fap (A) and Dpp4 (B). Data shown as mean + SEM; n = 8 - 13. * p-value
< 0.05, ** p-value < 0.01, *** p-value < 0.001 or **** p-value < 0.0001 for comparison of mouse sub-

strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple
comparisons. Dpp4, dipeptidyl-peptidase 4; Fap, fibroblast activation protein; Rn18s, 18S ribosomal

RNA; ns, not significant.
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Table 4.8: mRNA levels normalised to the housekeeper gene and expressed as fold change (reference group = AlbCre Chow + CCN2" Chow).

Chow HFD HFD+DM

AlbCre CCN2f/ CCN2-KO AlbCre CCN2" CCN2-KO AlbCre CCN2f/ CCN2-KO

Col1 1.2+0.2 1.0£0.1 1.3+0.3 7.0+14 148+ 1.9 129+2.4 15.1+5.2 174+ 3.4 9.6+1.6
Col3 1.2+0.2 1.0£0.1 1.1+0.2 6.5+1.0 9.7+1.0 86+1.2 12.1+3.1 120+ 2.1 10.3+£ 2.0
Col4al 1.4+0.4 1.0£0.1 1.0+0.1 28+04 4.7+0.3 45+0.5 6.0+ 0.9 5.6 +0.7 46+0.8
Col4a2 0.9+0.1 1.1+0.1 0.9+0.1 2.3+0.2 3.2+0.1 3.0+0.3 4.3+0.6 45+0.5 3.4+0.5
Col6 1.1+0.2 1.0£0.1 1.4+0.3 3.5+0.5 6.1+0.7 5.8+ 0.6 6.1+1.1 8.6+1.2 5.8+0.9
Tgfbl 1.0+0.1 1.1+0.1 0.9+0.1 24+0.2 4.8+ 0.5 29+0.3 52+0.9 45+04 3.2+0.3
Fnl 1.0+0.1 1.0£0.1 0.9+0.1 1.0+0.1 1.7+0.1 1.0£0.1 1.3£0.2 1.3+0.1 1.0+0.1
Acta? 1.5+0.3 1.0£0.2 2.0+£0.5 1.6+0.4 1.9+0.2 3.0+0.8 2.6+0.3 3.1+0.5 2.6 +0.5
Timpl 1.7+0.5 1.2+0.3 0.9+0.2 23.2+4.2 446 £ 7.5 46.9+5.3 51.7+9.2 56.6 + 10.4 41.6 £ 8.9
I11b 1.4+0.2 0.9+0.2 1.2+0.3 2.8+0.5 6.1+1.2 26+0.2 9.2+2.8 5.0+ 0.6 4.8 +0.7
Ccl2 0.9+0.2 1.4+0.2 0.8+0.2 119+ 23 176+ 1.8 13.2+1.0 29.9+3.3 201+ 25 13.1+1.7
Tnf 1.1+0.2 1.2+0.2 1.0£0.1 5.1+0.6 91+1.6 53+05 19.7 £ 3.0 125+1.6 9.8+1.1
Ccnl 1.2+0.1 1.0£0.1 1.3+0.2 1.2+0.1 1.2+0.1 1.3+0.1 22+0.2 1.5+0.1 1.4+0.1
Ccn3 21+0.7 1.2+04 1.6+0.5 1.1+0.4 1.4+0.3 2.7+0.9 1.7+0.6 41+15 2.2+0.8
Dpp4 0.9+0.0 1.2+0.1 0.8+0.0 1.1+0.1 1.8+0.1 1.0£0.1 1.1+£0.2 1.2+0.1 0.7+0.0
Fap 1.4+0.3 0.9+0.1 1.2+0.3 1.6+0.3 1.5+0.2 1.9+0.3 29+0.2 26+04 3.3+0.6

Data shown as mean + SEM; n = 8 - 13. Acta2, a smooth muscle actin; Ccl2, C-C motif chemokine ligand 2; Ccnl, cellular communication network 1; Ccn3,
cellular communication network 3; Coll, collagen-I; Col3, collagen-lll; Coldal, collagen-1Va1; Col4a2, collagen-1Va2; Col6, collagen-VI; Dpp4, dipeptidyl-
peptidase 4; Fap, fibroblast activation protein; Fnl, fibronectin; Il1b, interleukin-18; Tgfbl, transforming growth factor 1; Timpl, tissue inhibitor of
metalloproteinase 1; Tnf, tumour necrosis factor a. Please note that as per the Methods, relevant p-values have been identified in the relevant Figures, not in
the Table.
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4.3.4.2 Plasma cytokeratin-18

CK-18 has been proposed as a potential biomarker for NASH fibrosis. Plasma
concentrations of CK-18 were highest in the HFD+DM groups and were progressively
lower in each of the HFD groups and the Chow groups of the same mouse sub-strain
(statistics comparing different “diet” groups not shown; Figure 4.33). The CCN2-KO
HFD+DM group had significantly lower concentration of CK-18 compared with the
AlbCre HFD+DM group but not the CCN2% HFD+DM group.
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Figure 4.33: Plasma cytokeratin-18 quantification. Data shown as mean + SEM; n = 8 - 13. ** p-value
< 0001 or *** p-value < 0.0001 for comparison of mouse sub-strains within the same “diet” subgroup
using two-way ANOVA with Tukey’s correction for multiple comparisons. CK-18, cytokeratin-18; ns,

not significant.

4.3.5 Pre-clinical in vivo mouse imaging

4.3.5.1 Liver ultrasound

It has been reported in the literature that liver ultrasound can be used as a novel non-
invasive method for assessing liver fibrosis in mice301.303 but unfortunately attempts to
replicate this were unsuccessful. The recommended ultrasound images were captured
according to the published methods; however, the analysis of the data is complex and
requires specialised software and external assistance. Ultrasound images taken at
week 25 of high fat fed mice demonstrated hyperechoic liver tissue and hepatomegaly.

Representative images are shown in Figure 4.34.
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Figure 4.34: Representative liver ultrasound images taken at week 25 of a chow fed mouse (A) and

an HFD+DM mouse (B). a, liver tissue; b, right kidney; c, blood vessels.

4.3.5.2 Liver MRI

The initial plan was to perform serial liver MRIs at week 15 and week 25 of the study,
to explore novel methods of assessing liver fibrosis. However, at week 15, high fat fed
mice were already at the upper end of the weight limit for the MRI chamber, and thus
no serial MRIs were performed. T1-weighted MRI images taken at week 15 of high fat
fed mice demonstrated hyperintensity of the liver tissue, hepatomegaly and increased

subcutaneous fat. Representative images are shown in Figure 4.35.

Figure 4.35: Representative T1 axial MRI images taken at week 15 of a chow fed mouse (A) and a
high fat fed mouse (B).
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4.4 Discussion

4.4.1 Summary of main findings

The CCN2 Study demonstrated that targeting hepatocyte CCN2 provided some
protection from the development of NASH fibrosis induced by high fat feeding followed
by diabetes. Quantitative histological analysis showed a reduced amount of liver
fibrosis in the CCN2-KO HFD+DM mice compared with the control sub-strain mice
(AlbCre HFD+DM and CCNZ2f HFD+DM groups), with supporting data from
decreased mRNA levels of fibrosis markers in liver tissue. There were no differences
observed in the CCN2-KO HFD+DM mice in the components of the NAS or Brunt
criteria, however these scoring systems have not been validated in mice. There were
reduced liver inflammation markers and increased liver fat in the CCN2-KO HFD+DM
mice. These findings were in the absence of any observed systemic or metabolic
changes in the CCN2-KO mice.

4.4.2 Prevention of hepatic fibrosis with deletion of hepatocyte CCN2

The exact mechanisms by which deletion of hepatocyte CCN2 protects the liver from
fibrogenesis in this pre-clinical model is unclear. CCN2 is a well-recognised mediator
of the fibrotic process, including in the liver, as it activates HSCs and regulates ECM
production?61.274 Recently published research by this laboratory demonstrated
protection from NASH fibrosis using systemic administration of a neutralising
polyclonal antibody against CCN2144, This current study has now identified a similar
finding of attenuated fibrotic change, when targeting hepatocyte CCN2 with genetic

manipulation.

There was concomitant inhibition of mMRNA levels of key collagen and profibrotic
genes. There were significant reductions in collagen-l and -VI in the CCN2-KO
HFD+DM mice. Collagen-I and -VI are the main collagens deposited in increased
fibrosis. Similar results were identified in the neutralising polyclonal CCN2 antibody
study44. Collagen-VI production is tightly linked to activated HSCs and has autocrine
effects. It is unclear in this study whether CCN2 is inducing changes in collagen-VI via
direct effects on hepatocytes or indirect effects on HSCs. Further studies assessing
protein levels of the collagens are needed, including by Western immunoblot and/or

immunohistochemistry.
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It has previously been reported that one potential mechanism by which CCN2
promotes fibrosis is through the inhibition of ECM degradation by increasing
expression of TIMP1273, This study demonstrated a 20 - 26% reduction in TIMP1
MRNA level in the CCN2-KO HFD+DM group, however this did not reach statistical
significance. Nevertheless, changes in TIMP1 regulated by CCN2 may still have a
minor effect on development of liver fibrosis and further studies in this area are

required.

Whilst this thesis has primarily focussed on describing the phenotype of the CCN2-KO
HFD+DM mice, it is important to consider future studies for investigation of potential
mechanisms that may explain the findings. The MAPK signalling pathways have been
implicated in matrix regulation, and CCN2 is known to activate these cascades3%.
Proliferation of HSCs is promoted by activation of ERK and JNK, whilst p38 is a potent
inhibitor153.157.160 " |nvestigation of these pathways in the study of the neutralising
polyclonal CCN2 antibody showed reduction of ERK phosphorylation in mice with
reduced liver fibrosis!44. Future studies for The CCN2 Study will include investigation
of the MAPK pathways through assessment of protein levels of total and

phosphorylated ERK, JNK and p38 by Western immunoblot.

It is unknown whether the hepatocyte deletion of CCN2 reduces the signal to HSCs.
Activated HSCs are the cell type driving ECM production and fibrosis in the liver and
ACTA2 is frequently used as a marker of activated HSCs3%°, In this study, the mRNA
level of ACTA2 was not reduced in the CCN2-KO HFD+DM mice, however the protein
level was not assessed. It may be that ACTA2 undergoes post-transcriptional
modifications and is more heavily regulated at the protein level than the mRNA level.
Analysis of ACTA2 by Western immunoblot and/or immunohistochemistry should be
assessed to determine whether reductions in fibrosis are related to reduction in the

overall number of activated HSCs.

4.4.3 Reduced hepatic inflammation with hepatocyte CCN2 deletion

CCN2 is known to have pro-inflammatory effects and is implicated in multiple
inflammatory disorders. CCN2 can both induce and be induced by inflammatory
cytokines and chemokines?52:260, The role of CCN2 in the inflammation of NASH is
unclear. This study showed that hepatocyte deletion of CCN2 decreased CCL2 mRNA
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level compared with both the AlbCre and CCN2" groups, and IL1B and TNF were
reduced compared with the AlbCre but not CCN2" groups. This data suggests that
CCN2 also contributes to the inflammatory change in this model, and related signalling

pathways, such as NF-kB, need to be further investigated.

Assessment of liver tissue histopathology with standard H&E staining did not reveal a
difference in lobular or portal inflammatory cell infiltration in the CCN2-KO HFD+DM
mice. This was reported as per the NAS and Brunt criteria, respectively, by an
independent anatomical pathologist88L. It is likely that this method of assessment is
not sensitive enough to detect small changes in inflammation, and further assessment
using immunohistochemistry may be required to detect more subtle changes.
Evaluation of macrophage involvement, using F4/80 or CD68 staining, is especially
relevant, given the changes in CCL2 mRNA level identified in this study. CCL2 is a

key chemokine regulating migration and infiltration of monocytes and macrophages37°.

4.4.4 Increased hepatic steatosis with hepatocyte CCN2 deletion

There is no literature to suggest that hepatocyte CCN2 directly affects liver fat. Instead,
the increased amount of triglycerides measured in the livers of CCN2-KO HFD+DM
mice is hypothesised to be reflective of the lesser severity of liver fibrosis. As liver
fibrosis becomes more advanced, there may be resolution of steatosis, in a process
called “burnt out” NASH371.372_ However, a significant amount of fat, usually more than
the diagnostic 5%, remains, and thus a difference on a scale of 0 - 3 using the

NAS/Brunt criteria may not necessarily be expected.

4.45 Liver tissue CCN2 levels with hepatocyte CCN2 deletion

In the mice with hepatocyte CCN2 deletion, the CCN2 mRNA level was non-
significantly reduced by 25 - 43% in the basal state, improving to a significant reduction
of 56 - 65% in the HFD+DM group. The four-fold increase in CCN2 mRNA level from
Chow to HFD+DM in each of the control mouse sub-strains indicates that CCN2 is
robustly induced in this model. The hepatocyte deletion of CCN2 partially prevents the
induction of CCN2, which increased by only two-fold in these mice. The protein level
of CCN2 was reduced by 25 - 45% in the CCN2-KO HFD+DM group compared with
the control mouse sub-strains. CCN2 can be produced by all cell types in the liver and

the persistent expression of CCN2 in these mice is hypothesised to be derived from
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non-hepatocyte liver cells, which account for ~20% of liver volume®%274. Despite not
achieving a near-complete liver CCN2 deletion, this model has still produced a
phenotype of improved liver fibrosis. It may be that achieving a higher reduction in liver

CCN2 may more effectively prevent liver fibrosis.

4.4.6 Targeting CCN2 in other liver cells

The hepatocyte source of CCN2 was targeted in this study as hepatocytes are the
most abundant cell type in the liver®0. Another cell type of significant interest is the
HSC. The activation and recruitment of an increased number of HSCs are important
stages in the development of fibrosis. CCN2 is one of many mediators involved in this
process, and is produced by all cell types in the liver, including by HSCs274. CCN2 is
thought to have autocrine and paracrine effects in the liver, and thus targeting
hepatocytes only may not be sufficient to completely prevent development of liver
fibrosis. It has been shown here that liver CCN2 can still be induced in mice with a
hepatocyte CCN2 deletion, suggesting that other sources may be involved. Targeting
CCN2 in HSCs, either in addition to hepatocytes or independently, may offer better

outcomes in prevention of liver fibrosis.

4.4.7 Absence of systemic effects of hepatocyte CCN2 gene deletion

The effect on the liver from the hepatocyte CCN2 deletion occurred in the absence of
any systemic differences between the mouse sub-strains. The CCN2-KO mice
exhibited similar metabolic outcomes compared with the AlbCre and CCN2% mice,
including in weight, glycaemia, insulin resistance, body composition, organ weights,

and circulating lipids.

4.4.8 Systemic differences in the two control sub-strain HFD+DM groups
In this study, the AlbCre HFD+DM group was systemically different to the CCN2f/

HFD+DM group. The AlbCre HFD+DM group had lower fat mass and higher lean
mass, despite no statistical difference in the mean termination weight. These mice also
had higher spleen, kidney, and heart mass when normalised to total body weight.
Plasma ALP and CK-18 were higher, and albumin was lower, suggesting worse liver
damage, but histological analysis did not identify a difference in fibrosis endpoints. The
MRNA levels of inflammation markers were also significantly higher in the AlbCre
HFD+DM group, compared with the CCN2"f HFD+DM group. This constellation of
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differences is challenging to explain. The mice were otherwise systemically well, with
no indication of poor well-being to suggest an infective or inflammatory process.
Another explanation may be inherent to the use of Cre transgene mice: it has been
identified that Cre itself can produce phenotype changes, Cre can be active in
undesired sites, and Cre activity can be mosaic373. These issues will be discussed in

further detail in Chapter 7, along with the rationale for using two control sub-strains.

4.4.9 Conclusion

The CCN2 Study has confirmed previous findings that the combination of high fat
feeding and diabetes leads to development of NASH with significant fibrosis. Using
this model, it has been demonstrated that mice with hepatocyte CCN2 deletion
developed less NASH fibrosis and reduced inflammation. These findings were in the
absence of any systemic difference at baseline between the CCN2-KO mice and the
AlbCre or CCN2" control mice. This data provides further evidence that CCN2 is
increasingly a potential target for limiting progression of NASH fibrosis in the setting

of T2DM and this has implications for development of potential therapeutic agents.
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Chapter 5: Effects of hepatocyte-
specific CCN1 gene knockout on the
development of NASH fibrosis in a
mouse model of high fat feeding
and diabetes (The CCN1 Study)
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5.1 Introduction

Cellular communication network factor 1 (CCN1) is a cysteine-rich matricellular protein
involved in inflammation and tissue repair. CCN1 has antifibrotic properties and has
been implicated in the regression of liver fibrosis through induction of senescence of
activated HSCs?%6. This has three main effects: senescent cells can no longer
proliferate to create more ECM-producing cells, senescent cells express the
senescence-associated secretory phenotype (SASP) to up-regulate MMPs and down-
regulate collagens and TGF31, and finally, senescent cells can be removed by natural

killer cells to accelerate wound repair246.

Clinical and pre-clinical studies have shown increased CCN1 at the mRNA and protein
levels in fibrotic livers disease?86-288, The hepatocyte-specific CCN1 gene knockout
mouse has previously been used to study the role of CCN1, albeit in a model that
lacked the metabolic features that are relevant to human NASH. However, the study
elegantly showed that mice with hepatocyte-specific deletion of CCN1 exhibited more
liver fibrosis and less HSC senescence, whilst overexpression of CCN1 led to
reductions in liver fibrosis with more HSC senescence?86, Confusion has arisen since
the more recent publication of a study claiming CCN1 to be a positive regulator of
NASH, although this study did not report on any fibrosis endpoints28’. Further studies
on the role of CCNL1 in the development of NASH with fibrosis using relevant models

are needed.

The study presented in this chapter uses a novel pre-clinical model, whereby the gene
and environment interaction can be explored. The aim of the study was to examine
whether homozygous gene deletion of hepatocyte CCN1 leads to a more severe
NASH fibrosis phenotype compared to control mice exposed to high fat feeding and

diabetes.

5.2 Methods

The Methods are described in detail in Section 2.3 and a summary is provided here.
This study used hepatocyte-specific CCN1 gene knockout mice (CCN1-KO),
generated by Dr Xiaoyu Wang using the CreLoxP system, in the FaD model of NASH
fibrosis developed previously by this laboratory. In brief, male control mice (AlbCre
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and CCN1"M) and CCN1-KO mice were fed a high fat diet (45% kcal) for 15 weeks
before the induction of diabetes with multiple low dose intraperitoneal injections of STZ
(HFD+DM groups). Mice were then maintained for a further 10 weeks before
termination. Additional mice from each of the three sub-strains were fed either
standard chow (Chow groups) or high fat diet (HFD groups) for the duration of the
study. Thus, there were nine groups in this study. Metabolic outcomes were measured,
and routine plasma biochemistry analysed. The primary outcome was the
development of NASH fibrosis, which was assessed histologically by PSR and H&E
staining. The mMRNA levels of fibrosis and inflammatory markers were measured using
gPCR.

Unless otherwise specified, data is presented as mean £+ SEM and analysed using a
two-way ANOVA with Tukey’s correction for multiple comparison. The statistical
analyses presented in this chapter have focussed on the interactions between the
three mouse sub-strains for the same “diet” (i.e., AlbCre HFD+DM vs CCN21
HFD+DM vs CCN1-KO HFD+DM). Interactions between the three “diets” have been
tested within the two-way ANOVA (i.e., AlbCre Chow vs AlIbCre HFD vs AlbCre
HFD+DM), however the statistical results have not been routinely shown. This is
because the FaD model has already been validated and published before'44145 and
replication of the model was not the primary focus of this current study. For reference,
* has been used to denote comparisons between the three mouse sub-strains for the
same “diet” and # denotes comparisons between Chow vs HFD or HFD+DM for the
same mouse sub-strain. AlbCre groups are depicted in light grey, CCN1% groups in
dark grey and CCN1-KO groups in orange.
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5.3 Results

5.3.1 Reduction in whole liver tissue CCN1 mRNA level in CCN1-KO mice

Successful deletion of the hepatocyte CCN1 gene was confirmed by measuring the
MRNA level of CCN1 from whole liver tissue. The CCN1-KO mice fed a chow diet had
an ~95% reduction in CCN1 mRNA level compared with the AlbCre and CCN1" Chow
mice (Figure 5.1). There was a 93% reduction in the CCN1 mRNA level in the CCN1-
KO HFD+DM mice compared with the AlbCre HFD+DM mice (0.13 + 0.02 vs 1.83 +
0.22, p < 0.001) and an 80% reduction when compared with the CCN1"# HFD+DM
mice (0.13 £ 0.02 vs 0.64 + 0.10, p = 0.022). The residual amount of CCN1 detected
in the CCN1-KO mice is hypothesised to be derived from non-hepatocyte liver cells.
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Figure 5.1: Ccn1 mRNA levels in whole liver tissue measured by qPCR. Data shown as mean + SEM
as relative fold change of AlbCre Chow and CCN1™ Chow groups; n = 8 - 14. * p-value < 0.05, *** p-

value < 0.001 or **** p-value < 0.0001 for comparison of mouse sub-strains within the same “diet”

subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.
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5.3.2 Metabolic outcomes
5.3.2.1 Body weight

Mice were weighed weekly for the duration of the study (Figure 5.2). Chow fed mice

(triangles) gradually gained weight consistent with normal growth and development.
The HFD and HFD+DM mice quickly gained excess weight with high fat feeding. At
week 16, diabetes was induced in the HFD+DM mice (circles) with 2 - 3 injections of
low dose STZ. These mice had an expected and brief reduction in body weight for
approximately three weeks before body weight plateaued in the AloCre HFD+DM and
CCN1"" HFD+DM groups, and body weight was re-gained in the CCN1-KO HFD+DM

mice. The HFD mice (squares) continued to gain weight throughout the study.
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Figure 5.2: Weekly body weight per mouse group. Data shown as mean + SEM; n= 8 - 14. STZ,

streptozotocin.

At the end of the study, total weight gain was similar between all three Chow groups
(Figure 5.3). However, there was significantly greater mean total weight gain in the
CCN1-KO HFD mice compared with the AlbCre HFD mice, and in the CCN1-KO
HFD+DM mice (31.25 = 1.71 g) compared with the AlbCre HFD+DM (24.34 £ 1.76 Q)
and CCN1" HFD+DM mice (25.34 + 3.03 g).
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The mean body weights of the mice at termination are shown in Table 5.1. All HFD
and HFD+DM mice were significantly heavier than Chow mice of the same mouse
sub-strain and the HFD mice were also significantly heavier than the HFD+DM mice
(statistics comparing different “diet” groups not shown). The CCN1-KO mice were
numerically the heaviest of the HFD and HFD+DM subgroups, and this was statistically
significant when compared with the corresponding AlbCre mice, but not the CCN1f/l

mice of the same “diet” subgroup.
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Figure 5.3: Total body weight gain. Data shown as mean + SEM; n = 8 - 14. * p-value < 0.05, ** p-
value < 0.01 or *** p-value < 0.001 for comparison of mouse sub-strains within the same “diet”

subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.

Table 5.1: Body weight (grams) at termination.

Chow HFD HFD+DM
AlbCre 33.66 + 1.57 48.54 + 2.33 41,57 +1.82
CCN2afi 35.74 + 1.76 54,28 + 0.84 43.64 + 3.31
CCN1-KO 32.13+1.11 58.31 + 0.89** 48.71 +£1.718*

Data shown as mean + SEM; n = 8 - 14. ** p-value < 0.01 for comparison of AlbCre vs CCN1-KO within

the same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons.
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5.3.2.2 Blood glucose levels

BGLs were measured weekly from week 16 to the end of the study. After induction of
diabetes with STZ, mice in the HFD+DM groups (circles) developed hyperglycaemia
(Figure 5.4). Despite starting at a similar baseline glucose level, the CCN1-KO
HFD+DM mice (13 - 22 mmol/L) did not achieve the same severity of hyperglycaemia
as the AlbCre HFD+DM and CCN1 HFD+DM mice (17 - 29 mmol/L). The Chow and

HFD mice remained normoglycaemic.

40
AlbCre Chow -+ ccN1" chow —— CCN1-KO Chow

AlbCre HFD = ccN1™ HED —= CCN1-KO HFD
AIbCre HFD+DM  — ccN1" HED+DM - CCN1-KO HFD+DM
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Figure 5.4: Weekly random blood glucose levels. Data shown as mean + SEM; n = 8 - 14. BGL, blood

glucose level; STZ, streptozotocin. @ fasting BGL.

The mean of the weekly BGLs from week 17 to 27 are shown in Table 5.2. AllHFD+DM
groups had significantly higher mean BGL compared with the respective Chow and
HFD groups of the same mouse sub-strain (statistics comparing different “diet” groups
not shown). Mean BGLs in the HFD+DM mice ranged from 17 - 24 mmol/L,
representing a moderate degree of hyperglycaemia without induction of severe
catabolism. Notably, the mean BGL of the CCN1-KO HFD+DM group was significantly
lower than both of the other HFD+DM groups but remained higher than the Chow and
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HFD groups. There was no difference in mean BGLs between the Chow mice and the

HFD mice which were maintained from 9 - 11 mmol/L.

Table 5.2: Mean random BGL (mmol/L) from week 17 to 27.

Chow HFD HFD+DM
AlbCre 9.51+0.17 10.34 £ 0.44 23.70 + 0.19%+*
CCN2™/M 9.28 +0.19 11.08 £ 0.23 22.74 + 1.75%=
CCN1-KO 9.38 £+ 0.17 11.28 £ 0.26 17.27 £ 1.30

Data shown as mean + SEM; n = 8 - 14. *** p-value < 0.001 or **** p-value < 0.0001 for comparison of
AlbCre or CCN1™! ys CCN1-KO within the same “diet” subgroup using two-way ANOVA with Tukey’s

correction for multiple comparisons. BGL, blood glucose level.

5.3.2.3 Evaluation of insulin resistance

5.3.2.3.1 Fasting whole blood insulin level at week 16

The fasting whole blood insulin level was measured using a commercial ELISA kit at
week 16 of the study. This time-point was prior to induction of diabetes in the HFD+DM
mice and therefore Figure 5.5 shows either chow fed mice (Chow groups) or high fat
fed mice (combination of mice allocated to the HFD or HFD+DM groups). Mice that
were high fat fed for 15 weeks had already developed marked hyperinsulinaemia
compared to standard chow fed mice. By this timepoint, the AlbCre (p < 0.001) and
CCN1' (p = 0.021) high fat fed mice had a mean fasting BGL 2 - 3 mmol/L higher
than their respective chow fed groups, although there was no significant difference in

fasting BGL between the high fat fed groups.
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Figure 5.5: Fasting whole blood insulin levels (A) and BGL (B) obtained at week 16 in mice fed either
a chow or high fat diet. Data shown as mean + SEM; n = 8 - 26. * p-value < 0.05 or ** p-value < 0.01
for comparison of mouse sub-strains within the same “diet” subgroup, or * p-value < 0.05, ## p-value <
0.001 or ## p-value < 0.0001 for chow fed vs high fat fed within the same mouse sub-strain, using
two-way ANOVA with Tukey’s correction for multiple comparisons. BGL, blood glucose level; ns, not

significant.

5.3.2.3.2 Fasting plasma insulin and c-peptide levels at termination

Using commercial ELISA kits, insulin and c-peptide levels were measured from plasma
obtained in the fasting state at termination (Figure 5.6). As expected, mice from the
HFD groups exhibited marked hyperinsulinaemia across all three mouse sub-strains,
with the highest level in the CCN1-KO group (statistically significant vs AlbCre but not
CCN1%M). Mice from the HFD+DM groups had insulin levels that were similar to the
Chow groups, and in the context of hyperglycaemia, was indicative of relative insulin
deficiency (model of T2DM) rather than absolute insulin deficiency (model of T1DM).
The insulin level in the CCN1-KO HFD+DM group (263 £+ 49 pM) was approximately
double that of the AlbCre HFD+DM (123 + 14 pM) and CCN1"# HFD+DM (141 + 20
pM) groups, but this was not statistically significant. The c-peptide levels followed a
similar pattern to the insulin levels, where the CCN1-KO HFD+DM mice had
numerically higher c-peptide levels, but also a lesser degree of hyperglycaemia on the
matched fasting BGL.
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Figure 5.6: Fasting plasma insulin (A) and c-peptide (B) levels, with matched fasting BGL (C). Data
shown as mean £ SEM; n = 8 - 14. ** p-value < 0.01 for comparison of mouse sub-strains within the
same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons. BGL,

blood glucose level; ns, not significant.

5.3.2.3.3 Insulin tolerance test

An ITT was performed prior to termination as a measure of whole-body insulin
sensitivity, but some caution should be made in interpreting the results due to the wide
differences in glucose concentrations between groups. The normalised AUC was
similar at baseline amongst the three mouse sub-strains (Figure 5.7). There was no
significant increase in AUC in the AlbCre HFD or CCN1% HFD groups compared with
the corresponding Chow groups of the same mouse sub-strain, but there was a small
but significant increase in AUC in the CCN1-KO HFD mice compared with the CCN1-
KO Chow mice, indicating reduced insulin sensitivity or increased insulin resistance
(statistics comparing different “diet” groups not shown). The CCN1-KO HFD+DM
group had the highest insulin resistance of the HFD+DM groups, which was
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statistically significant compared with the CCN11# HFD+DM group but not the AlbCre
HFD+DM group (AlbCre: 6074 + 802, CCN1": 5664 + 386, and CCN1-KO: 7294 +
550). The non-normalised data depicting the shape of each curve is also shown in
Figure 5.7, which further highlights the increased insulin resistance of the CCN1-KO
HFD and the CCN1-KO HFD+DM groups.
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Figure 5.7: Insulin tolerance test with normalised incremental AUC (A) and non-normalised time
course data (B). Data shown as mean = SEM; n = 5 - 14. * p-value < 0.05 for comparison of mouse
sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple
comparisons. AUC, area under the curve; BGL, blood glucose level; ns, not significant. Note: three

mice from the AlbCre Chow group and one mouse from the AlbCre HFD group did not undergo the
ITT.
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5.3.2.3.4 Calculated measures of insulin resistance

In addition to the ITT, other calculated measures of insulin resistance were performed
using the results of the fasting BGL at termination, fasting plasma insulin level and/or
fasting plasma c-peptide level (Figure 5.8). The HOMA-IR results followed a similar
pattern as the ITT, whereby the CCN1-KO HFD and CCN1-KO HFD+DM groups had
the highest degree of insulin resistance within their “diet” subgroups, although this did
not reach statistical significance when using the rigorous test of a two-way ANOVA
with Tukey’s correction for multiple comparisons. The HOMA- results showed a trend
to increased insulin secretion in the CCN1-KO HFD and CCN1-KO HFD+DM groups.
The glucose to insulin ratio was relatively lower in the CCN1-KO HFD+DM group
compared with the AlbCre HFD+DM (p = 0.033) and CCN17" HFD+DM (p = 0.010)
groups (AlbCre: 18.7 + 2.3, CCN1%/: 19.9 + 3.6, and CCN1-KO: 10.1 + 2.3), also

consistent with a higher degree of insulin resistance being present.

As these findings are from fasting blood samples and it is mainly the liver that regulates
fasting glucose, these results likely reflect predominantly a degree of hepatic insulin
resistance being present in the CCN1-KO HFD+DM group, although recognising that
the formal assessments for insulin resistance, were statistically negative across the
groups. The data for HOMA-B suggest that the CCN1-KO HFD+DM may have some
greater pancreatic 3 cell function. Collectively, these data in the CCN1-KO mice under
the HFD+DM conditions of this model suggest that pancreatic 8 cell function is partially
improved and it more than compensates for the insulin resistance in the mice to

improve blood glucose levels.
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Figure 5.8: Calculated measures of insulin resistance: HOMA-IR (A), HOMA-B (B), glucose to insulin
ratio (C), and QUICKI (D). Data shown as mean + SEM; n = 8 - 14. * p-value < 0.05, ** p-value < 0.01
or *** p-value < 0.001 for comparison of mouse sub-strains within the same “diet” subgroup using two-
way ANOVA with Tukey’s correction for multiple comparisons. HOMA-B, homeostatic model
assessment for B-cell function; HOMA-IR, homeostatic model assessment for insulin resistance;

QUICKI, quantitative insulin check index of insulin sensitivity; ns, not significant.
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5.3.2.4 Assessment of body composition using EchoMRI™

Body composition including fat mass and lean mass were assessed using EchoMRI™
at two timepoints, week 15 and week 25. Results expressed as a percentage of total
body weight are shown in Figure 5.9 and absolute mass data is shown in Table 5.3.
At both week 15 and week 25, the HFD and HFD+DM mice had significantly higher fat
mass percentage and lower lean mass percentage compared with the Chow group of
the same mouse sub-strain (statistics comparing different “diet” groups not shown). At
week 15, there was no statistical difference in fat mass percentage between mice of
the same “diet” subgroup, however there was already a significant reduction in lean
mass percentage in the CCN1-KO HFD+DM mice compared with the AlbCre HFD+DM
group (56.77 = 0.65 vs 64.89 + 2.10 %, p = 0.018). By week 25, the CCN1-KO
HFD+DM group had significantly higher fat mass percentage compared with the
AlbCre HFD+DM group (41.72 + 1.22 vs 29.26 = 2.98 %, p = 0.038) and lower lean
mass percentage compared with both the AlbCre HFD+DM (p < 0.001) and CCN1//
HFD+DM (p = 0.003) groups (AlbCre: 66.30 + 2.74, CCN1%M: 64.57 + 3.84, and CCN1-
KO: 54.77 + 1.08 %). This translated to a significantly higher fat to lean mass ratio in
the CCN1-KO HFD+DM group.
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Figure 5.9: Body composition by EchoMRI™: fat mass expressed as percentage of total body weight
(A), lean mass expressed as percentage of total body weight (B), and fat to lean mass ratio (C), at
week 15 and week 25. Note that at week 15, HFD+DM groups were not yet diabetic. Data shown as
mean + SEM; n =5 - 14. * p-value < 0.05, ** p-value < 0.01 or **** p-value < 0.0001 for comparison of
mouse sub-strains within the same “diet” subgroup using mixed-effects analysis with Sidak’s
correction for multiple comparisons. ns, not significant. Note: three mice from the AlbCre Chow group,
one mouse from the AlbCre HFD group and one mouse from the CCN1-KO HFD+DM group did not
undergo the week 25 body composition analysis.
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Table 5.3: Body composition by EchoMRI™: absolute fat mass, lean mass, and total body weight at week 15 and week 25.

Chow HFD HFD+DM

Week 15 AlbCre CCN21f CCN1-KO AlbCre CCN21f CCN1-KO AlbCre CCN21f CCN1-KO
Fat mass () 243+0.61 4.69 +0.80 3.12+041 13.08+1.82 | 16.06+0.65 | 18.67+0.54 | 13.00+1.24 | 17.42+0.65 | 18.10+0.41
Lean mass (Q) 27.31+0.38 | 2421+0.62 | 2421+043 | 27.52+0.60 | 27.33+£0.40 | 27.94+0.27 | 26.81+0.39 | 27.05+0.46 | 26.59 +0.51
Total body weight (g) 31.84+059 | 30.54+126 | 29.07+0.49 | 42.74+£191 | 4556+096 | 48.86+0.74 | 41.67+1.09 | 46.90+0.95 | 46.83+0.74

Week 25 AlbCre CCN21f CCN1-KO AlbCre CCN1™ CCN1-KO AlbCre CCN1f CCN1-KO
Fat mass () 6.60 +1.52 8.16 £1.20 5.70+0.88 18.03+2.09 | 21.76 +0.61 | 24.77+0.70 | 1248+1.72 | 14.72+2.80 | 20.39+1.18
Lean mass (Q) 27.18+0.63 | 2549+0.87 | 25.11+0.38 | 28.77+0.58 | 29.78+£0.45 | 29.85+0.29 | 26.69+0.46 | 26.85+0.77 | 26.32+0.72
Total body weight (g) 35.78+157 | 3549+185 | 3290+0.99 | 48.71+£245 | 54.08+0.81 | 56.98+0.87 | 40.95+1.71 | 43.32+3.24 | 48.38+1.80

Data shown as mean + SEM; n =5 - 14. Please note that as per the Methods, relevant p-values have been identified in the relevant Figures, not in the Table.

Note: three mice from the AlbCre Chow group, one mouse from the AlbCre HFD group and one mouse from the CCN1-KO HFD+DM group did not undergo the

week 25 body composition analysis.
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5.3.2.5 Organ weights at termination

The wet weight of the liver, epididymal fat pads, subcutaneous (dorsolumbar) fat pads,
gastrocnemius muscles, spleen, kidneys, and heart were measured at termination and
normalised against total body weight (Figure 5.10). The absolute data is shown in
Table 5.4.

The normalised liver weights of the HFD and HFD+DM mice were approximately two-
fold heavier than the Chow mice, consistent with hepatomegaly from steatosis (Figure
5.10A). The CCN1-KO HFD group had significantly higher liver weight compared with
the AlbCre HFD and CCN1" HFD groups, but this pattern was not evident in the
HFD+DM groups, where CCN1-KO HFD+DM mice had lower liver weights compared
with the CCN1" HFD+DM mice but not the AlbCre HFD+DM mice.

Epididymal fat mass, a marker of visceral fat in mice, was generally higher in the HFD
and HFD+DM groups compared with the Chow groups (Figure 5.10B). The CCN1-KO
HFD and CCN1-KO HFD+DM mice had significantly higher absolute epididymal fat
mass compared with the AlbCre and CCN1%'mice in the same “diet” subgroup (Table
5.4; statistics comparing different “diet” groups not shown), however this was not
observed after normalisation to total body weight. Subcutaneous fat pads were
systematically resected from the dorsolumbar region and were significantly larger in
mice that had been high fat fed (Figure 5.10D). The CCN1-KO HFD+DM mice had
significantly greater normalised subcutaneous fat mass compared with the AlbCre
HFD+DM and CCN1f HFD+DM mice (AlbCre: 3.02 + 0.44, CCN1%f: 2,94 + 0.53, and
CCN1-KO: 4.04 + 0.23 % TBW). In contrast, the CCN1-KO HFD+DM mice had
significantly reduced normalised gastrocnemius muscle mass compared with the
AlbCre HFD+DM and CCN1"# HFD+DM mice (AlbCre: 0.82 + 0.03, CCN1"/: 0.80 +
0.05, and CCN1-KO: 0.65 = 0.02 % TBW; Figure 5.10E). These findings are consistent
with the body composition data (Section 5.3.2.4). In addition, the CCN1-KO HFD+DM
mice had significantly lower normalised kidney mass (Figure 5.10G), but there was no
difference observed in normalised spleen (Figure 5.10F) or heart (Figure 5.10H) mass.
These data show overall, greater fat in the subcutaneous and epididymal tissue of the
CCN1-KO HFD and the CCN1-KO HFD+DM groups.
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Figure 5.10: Organ weights expressed as percentage of total body weight: liver (A), epididymal fat (B),
liver to epididymal fat ratio (C), subcutaneous fat (D), gastrocnemius muscle (E), spleen (F), kidney
(G), and heart (H). Data shown as mean + SEM; n = 8 - 14. * p-value < 0.05, ** p-value < 0.01, *** p-
value < 0.001 or **** p-value < 0.0001 for comparison of mouse sub-strains within the same “diet”

subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons. TBW, total body
weight; ns, not significant.
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Table 5.4: Organ wet weights (grams) at termination.

Chow HFD HFD+DM
AlbCre CCN1™M CCN1-KO AlbCre CCN1™M CCN1-KO AlbCre CCN1i CCN1-KO
Liver 1.39£0.05 1.36 £ 0.09 1.18 £0.05 3.07+0.51 458 + 0.26 5.74 +0.30 3.01+0.20 3.71+0.33 3.51+0.23
Epididymal fat 0.93+0.24 1.30+0.18 1.01+£0.16 1.77+0.10 1.64 £ 0.06 2.29+0.10 2.05+0.16 1.46 £0.15 2.62 +0.07
Liver:epididymal fat 2.50+£0.70 1.22+0.18 1.45+0.24 1.80 £ 0.32 2.86 +0.24 2.58+0.18 1.52+0.10 2.69+0.25 1.35+0.09
Subcutaneous fat 0.38 £ 0.09 0.62 + 0.09 0.38 + 0.06 1.78 £0.25 2.18+0.10 2.24+0.12 1.33+0.24 1.44 £0.34 1.99 +0.15
Gastrocnemius muscle 0.33+0.003 | 0.33+0.012 | 0.32+0.007 | 0.36 £0.006 | 0.36 +0.006 | 0.34 +0.005 | 0.33+0.006 | 0.33+0.007 | 0.31+0.007
Spleen 0.08 £ 0.005 | 0.08 +0.007 | 0.09+0.005 | 0.14+0.009 | 0.12+0.005 | 0.17+0.005 | 0.15+0.013 | 0.13+0.007 | 0.17 +£0.013
Kidney 0.36 +0.009 | 0.35+0.017 | 0.33+0.013 | 0.46+0.024 | 0.44+0.011 | 0.45+0.005 | 0.41+0.011 | 0.40+0.016 | 0.36 +0.018
Heart 0.16 £+ 0.007 | 0.16 +0.008 | 0.15+0.006 | 0.17+0.009 | 0.17 +0.005 | 0.18+0.003 | 0.14+0.003 | 0.18+0.003 | 0.16 +0.009
Total body weight 33.66+157 | 35.74+1.76 | 32.13+1.11 | 4854+2.33 | 54.28+0.84 | 58.31+0.89 | 41.57+1.82 | 43.64+3.31 | 48.71+1.71

Data shown as mean + SEM; n = 8 - 14. Please note that as per the Methods, relevant p-values have been identified in the relevant Figures, not in the Table.
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5.3.2.6 Routine fasting plasma biochemistry

5.3.2.6.1 Liver-related tests

The AST (Figure 5.11A) and ALT (Figure 5.11B) levels were markedly elevated in the
HFD and HFD+DM groups compared with the Chow groups (Table 5.5; statistics
comparing different “diet” groups not shown). In the HFD groups, the CCN1-KO mice
had the largest increase in AST and ALT levels, but in the HFD+DM groups, the levels
were similar. The relative changes in AST and ALT were also similar, with comparable
AST to ALT ratios (Figure 5.11C). The ALP levels were elevated in the HFD and
HFD+DM mice compared with Chow mice across all three mouse sub-strains (Figure
5.11D). However, the CCN1-KO mice in both the HFD and HFD+DM subgroups had
significantly higher ALP increase compared with the AlbCre and CCN1" HFD and
HFD+DM groups.

Total protein and albumin levels are measures of liver synthetic function. Total protein
levels were generally stable across all groups (Table 5.5). Albumin levels were
significantly decreased in all HFD+DM groups compared with the Chow and HFD
groups of the same mouse sub-strain (statistics comparing different “diet” groups not
shown), however there was no effect from the hepatocyte CCN1 deletion (Figure
5.11E). Total bilirubin levels were generally very low, with no significant changes
identified (Figure 5.11F). The automated analyser was unable to detect GGT in mouse
plasma, and platelet count was not assessed either as it required stored whole blood,

which was not available.
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Figure 5.11: Liver-related plasma tests: AST (A), ALT (B), AST:ALT (C), ALP (D), albumin (E), and total
bilirubin (F). Data shown as mean + SEM; n = 8 - 14. * p-value < 0.05, ™ p-value < 0.01, *** p-value <

0.001 or **** p-value < 0.0001 for comparison of mouse sub-strains within the same “diet” subgroup

using two-way ANOVA with Tukey’s correction for multiple comparisons. ALP, alkaline phosphatase;

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ns, not significant.
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5.3.2.6.2 Lipid panel

Total cholesterol, HDL-c, and LDL-c were elevated in all groups that were fed a high
fat diet, but to a higher degree in the HFD groups compared with the HFD+DM groups
(Figure 5.12 and Table 5.5; statistics comparing different “diet” groups not shown). In
the HFD+DM groups, total cholesterol, HDL-c, and LDL-c were all statistically higher
in the CCN1-KO mice compared with the AlbCre mice, and there was a similar trend
compared with the CCN1"Mmice. Fasting triglyceride levels were lower in the HFD and
HFD+DM groups compared with Chow groups, with no statistical difference between

mouse sub-strains.
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Figure 5.12: Fasting plasma lipid panel: total cholesterol (A), triglycerides (B), HDL-c (C), and LDL-c
(D). Data shown as mean + SEM; n = 8 - 14. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 or
**** p-value < 0.0001 for comparison of mouse sub-strains within the same “diet” subgroup using two-
way ANOVA with Tukey’s correction for multiple comparisons. HDL-c, high-density lipoprotein

cholesterol; LDL-c, low-density lipoprotein cholesterol; ns, not significant.
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5.3.2.6.3 High sensitivity c-reactive protein

Plasma high sensitivity c-reactive protein (hsCRP) was measured as a marker of
systemic inflammation. The CCN1-KO mice had a lower hsCRP compared with the
AlbCre and CCN1" mice across all three “diet” subgroups, including in the baseline
state (Figure 5.13).
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Figure 5.13: Plasma hsCRP. Data shown as mean £+ SEM; n = 8 - 14. * p-value < 0.05, ** p-value <
0.01 or *** p-value < 0.001 for comparison of mouse sub-strains within the same “diet” subgroup using
two-way ANOVA with Tukey’s correction for multiple comparisons. hsCRP, high sensitivity c-reactive

protein; ns, not significant.
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Table 5.5: Routine fasting plasma biochemistry.

Chow HFD HFD+DM
AlbCre CCN21iA CCN1-KO AlbCre CCN21iA CCN1-KO AlbCre CCN21iA CCN1-KO
105.44 £ 247.73 £ 307.57 £ 555.70 £ 302.23 255.58 £ 356.24
AST (U/L) 65.14 £5.23 74.87 £5.93
34.11 39.96 28.04 30.36 40.67 19.87 39.03
229.09 + 37413 608.65 + 335.23 + 315.77 £ 347.40 £
ALT (U/L) 26.76 £ 3.39 39.90+9.88 | 47.88 +21.35
54.11 42.87 45.06 46.93 39.27 53.20
AST:ALT 2.64 £0.33 2.65+0.38 2.69+0.29 1.51+0.31 0.86 + 0.05 0.94 £ 0.04 0.92 £0.03 0.88 £ 0.08 1.16 £ 0.10
ALP (U/L) 8.66 £+ 0.72 10.30 £ 0.75 9.35+0.57 21.03 £ 2.06 22.35+2.08 38.22+1.75 19.48 +1.72 22.09 +£3.37 35.38 £ 3.57
Albumin (g/L) 29.13+0.42 30.76 £ 0.25 30.63£0.44 29.01+£1.10 30.65 £ 0.25 31.76 £ 0.41 26.90 £ 0.52 27.73 £0.62 28.78 £ 0.52
Total protein
@) 52.31+£1.39 52.18 £ 0.52 52.35+0.76 55.96 £ 2.30 59.54 £ 0.90 64.75 £ 1.30 52.28 £1.15 54.05 +1.29 54.81 £ 1.57
g
Total bilirubin
( ) 0.68 £0.13 1.58 + 0.67 1.52 £ 0.50 1.60 £ 0.51 1.36 +0.18 2.19+0.21 0.64 £0.14 0.93+0.14 1.53+0.19
pmo
Total cholesterol
( nw 2.54 £0.09 2.48 £0.20 3.22+0.13 6.40 £1.18 9.44 £0.41 11.3+£0.52 5.09£0.43 6.51 £0.52 8.13 £ 0.45
mmo
Triglycerides
( " 0.85 +0.08 0.85+0.10 0.73 £ 0.06 0.58 £ 0.04 0.70 £ 0.03 0.71 £ 0.03 0.51 £0.04 0.61 £ 0.04 0.53+0.03
mmo
HDL-c (mmol/L) 2.01 £0.07 2.06 £0.17 2.64+0.11 4,04 +0.61 5.47 £ 0.09 5.88 £ 0.15 3.75+0.20 4,43 +0.26 5.17 £ 0.18
LDL-c (mmol/L) 0.47 £ 0.06 0.40 £ 0.03 0.49 £0.02 2.02+0.41 3.10£0.22 3.55+0.17 1.48 £0.18 2.04 £0.20 2.38£0.15
hsCRP (mg/L) 0.10 £ 0.010 0.09 + 0.003 0.07 £ 0.004 0.11 + 0.004 0.11 + 0.004 0.10 + 0.004 0.11 + 0.004 0.11 +£ 0.003 0.09 + 0.003

Data shown as mean + SEM; n = 8 - 14. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; HDL-c, high-density
lipoprotein cholesterol; hsCRP, high sensitivity c-reactive protein; LDL-c, low-density lipoprotein cholesterol. Please note that as per the Methods, relevant p-

values have been identified in the relevant Figures, not in the Table.
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5.3.3 The effects of hepatocyte CCN1 deletion on NASH fibrosis

The gold standard for assessing the development of NASH fibrosis in humans is via a

core liver biopsy, and use of standard histological staining such as H&E staining, with
or without the use of a dedicated fibrosis stain, such as PSR staining or Masson’s
Trichrome staining®. We elected to use both H&E and PSR staining in assessing the
main histological features of NASH: fibrosis, inflammation, hepatocyte ballooning, and
steatosis. Each of these features were assessed using multiple approaches as
described in the Methods (Section 2.3.5). In addition, other techniques, such as
measurement of MRNA levels of key fibrosis and inflammation markers, were used to

provide additional support to the histological outcomes.

5.3.3.1 The effects of hepatocyte CCN1 deletion on liver fibrosis

5.3.3.1.1 Assessment of liver fibrosis by histology

The primary outcome of this study was to assess the development of liver fibrosis,
which, in humans, links strongly to loss of liver function and increased mortality32!-
324365 Two different methods of assessing fibrosis were used: quantification using
image analysis software and grading according to the Brunt criteria by an independent

anatomical pathologist. Both methods were applied to PSR-stained liver tissue.

A) Quantification of liver fibrosis using image analysis software

The details of the methods are described in Section 2.3.5.1. In brief, 4 - 6 images per
stained liver tissue section were taken at three magnifications (100x, 200x, and 400x)
and ImageJ software was used to calculate the percent area of the PSR-positive
stained tissue. The threshold settings were optimised using the HFD+DM groups, and

then the same analysis settings were applied to the Chow and HFD groups.

The percent area of PSR-positive stained tissue at various magnifications is shown in
Figure 5.14. At all three magnifications, there were very low levels (< 1%) of PSR-
positive tissue in all three Chow groups, which was consistent with an absence of liver
fibrosis. Some PSR-positive stained tissue was evident due to the staining of collagen
fibres that normally line the blood vessel walls. Fibrosis levels in the HFD groups were
intermediary, with no significant effect from the CCN1-KO, although the CCN1-KO
HFD group had numerically the greatest amount of fibrosis of all the HFD groups at all

magnifications. The HFD+DM groups had the greatest amount of PSR-positive tissue
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compared with the Chow and HFD groups, indicating the greatest amount of liver
fibrosis (statistics comparing different “diet” groups not shown). The CCN1-KO
HFD+DM group displayed approximately double the percentage of PSR-positive
stained tissue across all three magnifications, including at more detailed analysis of
areas of the central vein and the portal tracts. Fibrosis was generally most abundant
at the level of the portal tract, which was also the site of the greatest relative increase
in fibrosis in the CCN1-KO HFD+DM group. Representative images are shown in
Figures 5.15 - 5.17.

203



100x magnification 200x magnification
%k %k %k
10 104 ns ns *okokk
= . \ \ \ \ M
S 8- S 84 ns ns ns ns ns
) ns ns ns [ 1 1 [l
2 g4 | I I | 2 64
2 ns ns ns ns ns ns 2
g 4 T 1 1 g 4]
& &
" fmi [ " i
0l em e o1 *_i
Chow HFD HFD+DM Chow HFD HFD+DM
C D
400x magnification 400x magnification
Central Vein Portal Tract
%k %k %k %k
ns ns * %k Kk k
*okokk \ \ \ \ [
10+ 104 ns ns ns ns ns
ns ns Kk o a1
g 8 \ \ \ \ [ g 8
o ns ns ns ns ns o
g 6 11 11 g 6-
(&) (0]
7 4 z 41
& &
" H[I 1 " [
ol C1LEn = olE1LH &
Chow HFD+DM Chow HFD HFD+DM

=3 AlbCre mm ccNi1? BB CCN1-KO

Figure 5.14: Quantification of liver fibrosis of PSR-stained tissue with images taken at 100x
magnification (A), 200x magnification (B), and 400x magnification focussing on central veins (C) and
portal tracts (D). Data shown as mean + SEM; n = 8 - 14. *** p-value < 0.001 or **** p-value < 0.0001
for comparison of mouse sub-strains within the same “diet” subgroup using two-way ANOVA with

Tukey’s correction for multiple comparisons. PSR, Picro Sirius Red; ns, not significant.
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Figure 5.15: Representative histological images of PSR-stained liver tissue (200x magnification).
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Figure 5.16: Representative histological images of central veins from PSR-stained liver tissue (400x magnification).
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Figure 5.17: Representative histological images of portal tracts from PSR-stained liver tissue (400x magnification).
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B) Grading of liver fibrosis according to the Brunt criteria

The Brunt criteria grades liver fibrosis according to its regionality, and unlike the
method used in the previous section, is not quantitative. An absence of fibrosis is FO,
perisinusoidal fibrosis is F1, periportal fibrosis is F2, bridging fibrosis is F3, and
cirrhosis is F4. A higher stage represents more severe disease and worse prognosis.
Mice from the HFD+DM groups exhibited the highest fibrosis grade, although there
was no difference detected in the CCN1-KO group (AlbCre: 2.8 + 0.2, CCN1f/: 3.3 +
0.1, and CCN1-KO: 2.8 = 0.2; Figure 5.18). There was minimal fibrosis observed in
the Chow fed mice, and the HFD mice had an intermediary grade of fibrosis.
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Figure 5.18: Fibrosis grade according to the Brunt criteria. Data shown as mean + SEM; n =8 - 14. ns
(not significant), p-value > 0.05 for comparison of mouse sub-strains within the same “diet” subgroup

using two-way ANOVA with Tukey’s correction for multiple comparisons.

5.2.3.1.2 mRNA levels of fibrosis markers from whole liver tissue

Figure 5.19 and Table 5.7 show the mRNA levels of fibrosis markers from whole liver
tissue. In general, the expression of collagen-I, -lll, -IVa1, -IVa2 and -VI, TGFB1 and
TIMP1 were increased in the HFD and HFD+DM groups compared with Chow groups
(statistics comparing different “diet” groups not shown). Fibronectin mRNA level was
reduced in the AlbCre and CCN1"" HFD and HFD+DM groups, and ACTA2 mRNA
level remained stable across the “diet” subgroups (Table 5.7). There was no significant
difference in mRNA levels of the tested genes between the AlbCre groups and the

CCN1"figroups for the same “diet” subgroup, indicating that the two control sub-strains
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behaved in a similar manner. The exception to this was in relation to TGFB1 (Figure
5.19E) and fibronectin (Table 5.7) mRNA levels, where the AlbCre HFD+DM group
had statistically higher expression compared with the CCN1f HFD+DM group.

Of particular note, there was an ~two-fold statistically significant increase in the CCN1-
KO HFD+DM collagen-I (Figure 5.19A) and collagen-VI (Figure 5.19D) mRNA levels
compared with both the AlbCre HFD+DM and CCN1"f HFD+DM groups. A similar
pattern was observed in collagen-Ill (Figure 5.19B), - IVa1 (Figure 5.19C) and -IVa2
(Table 5.7) mRNA levels, although these were only significant compared with the
CCN1"f HFD+DM group but not the AlboCre HFD+DM group. The CCN1-KO HFD+DM
and AlbCre HFD+DM groups had similar mRNA levels of TGFB1 (Figure 5.19E) and
fibronectin (Table 5.7), and both were statistically higher than the CCN1# HFD+DM
group. TIMP1 mRNA level was numerically higher in the CCN1-KO HFD+DM group,
however this did not reach statistical significance (Figure 5.19F). There was no effect
on ACTA2 mRNA level from the CCN1-KO (Table 5.7). Amongst the HFD groups, the
CCN1-KO group had the highest numerical mMRNA levels of the fibrosis markers
compared with the AlbCre and CCN1" groups, however these findings were not

statistically significant.

In summary, the overall pattern indicated an increase in fibrosis markers in the CCN1-
KO mice, primarily observed in the HFD+DM subgroup, although this did not always
meet statistical significance when using a rigorous test such as a two-way ANOVA

with Tukey’s correction for multiple comparisons.
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Figure 5.19: mRNA levels of fibrosis markers Col1 (A), Col3 (B), Col4a2 (C), Col6 (D), Tgfb1 (E), and
Timp1 (F). Data shown as mean + SEM; n = 8 - 14. * p-value < 0.05 or ** p-value < 0.01 for

comparison of mouse sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s
correction for multiple comparisons. Col1, collagen-I; Col3, collagen-Ill; Col4a2, collagen-IVa2; Col6,
collagen-VI; RplpO, ribosomal protein, large, PO; Tgfb1, transforming growth factor B1; Timp1, tissue

inhibitor of metalloproteinase 1; ns, not significant.
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5.3.3.2 The effects of hepatocyte CCN1 deletion on liver inflammation

5.3.3.2.1 Assessment of liver inflammation by histology

A) Assessment of lobular inflammation

In addition to fibrosis, a major hallmark of NASH is the development of inflammation®°.
Lobular inflammation was scored on H&E-stained tissue according to the NAS criteria
(0O =absent, 1 =1 focus, 2 =2 - 4 foci, or 3 => 4 foci per 200x field) by an independent
anatomical pathologist (Figure 5.20 and Table 5.6). The HFD+DM groups had the
highest degree of lobular inflammation, with a mean of 2 - 4 foci per 200x field in each
mouse sub-strain (AlbCre: 2.4 + 0.1, CCN1: 2.8 + 0.1, and CCN1-KO: 2.6 + 0.1).
The HFD groups had an intermediary level of lobular inflammation, although the
CCN1"MHFD group had less lobular inflammation compared with the AlbCre HFD and
CCN1-KO HFD groups. The Chow groups all had a mean score of less than 1.
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Figure 5.20: Lobular inflammation scored according to the NAS criteria. Data shown as mean + SEM;
n = 8- 14. ** p-value < 0.01 for comparison of mouse sub-strains within the same “diet” subgroup
using two-way ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.
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B) Assessment of portal inflammation

Portal inflammation was scored on H&E-stained tissue according to the Brunt criteria
(0 = absent, 1 = mild, 2 = moderate, or 3 = severe) by an independent anatomical
pathologist (Figure 5.21 and Table 5.6). The HFD+DM groups had the highest degree
of portal inflammation, which was graded as moderate to severe (AlbCre: 2.6 + 0.2,
CCN1f; 2.8 £ 0.1, and CCN1-KO: 2.5 + 0.2). The HFD groups had a mild to moderate
degree of portal inflammation. The Chow groups all had low levels of portal

inflammation. There was no effect from the CCN1-KO on the degree of portal

inflammation.
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Figure 5.21: Portal inflammation scored according to the Brunt criteria. Data shown as mean + SEM; n
= 8- 14. ** p-value < 0.010 for comparison of mouse sub-strains within the same “diet” subgroup

using two-way ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.

5.3.3.2.2 mRNA levels of inflammation markers from whole liver tissue

The mRNA levels of inflammation markers IL1B, CCL2, and TNF were measured
(Figure 5.22 and Table 5.7). Unlike the fibrosis markers, where the two control mouse
sub-strains, AlbCre and CCN1" rendered similar results, there was a clear distinction
between the AlbCre HFD+DM and CCN1%f HFD+DM groups across all three
inflammation genes: the AlbCre HFD+DM mice displayed significantly higher mRNA
levels of IL1B, CCL2, and TNF compared with the CCN1#f HFD+DM mice. The CCN1-
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KO HFD+DM mice had similar expression to the CCN1%f HFD+DM mice but
significantly lower expression of IL1B and TNF compared with the AloCre HFD+DM

mice.
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Figure 5.22: mRNA levels of inflammation markers II1b (A), Ccl2 (B), and Tnf (C). Data shown as
mean * SEM; n = 8 - 14. * p-value < 0.05, ** p-value < 0.01 or **** p-value < 0.0001 for comparison of
mouse sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for
multiple comparisons. Ccl2, C-C motif chemokine ligand 2; 111b, interleukin-1B; Rplp0, ribosomal
protein, large, PO; Tnf, tumour necrosis factor a; ns, not significant.
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5.3.3.3 The effects of hepatocyte CCN1 deletion on hepatocyte ballooning
5.3.3.3.1 Assessment of hepatocyte ballooning by histology

The development of hepatocyte ballooning is the pathognomonic histological feature
of NASH®0, Ballooning was scored on H&E-stained tissue according to the NAS criteria
(0 = absent, 1 = few, or 2 = many) by an independent anatomical pathologist (Figure
5.23 and Table 5.6). The CCN1-KO HFD+DM mice had lower scoring of hepatocyte
ballooning compared with both the AlbCre HFD+DM and CCN1% HFD+DM (AlbCre:
2.0 £ 0.0, CCN1%; 1,9 + 0.1, and CCN1-KO: 1.4 + 0.2). The HFD groups had an
intermediary level of ballooning, and the Chow groups had minimal ballooning present.
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Figure 5.23: Hepatocyte ballooning scored according to the NAS criteria. Data shown as mean *
SEM; n =8 - 14. * p-value < 0.05 or ** p-value < 0.01 for comparison of mouse sub-strains within the
same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons. ns, not

significant.

5.3.3.4 The effects of hepatocyte CCN1 deletion on liver steatosis

5.3.3.4.1 Assessment of liver steatosis by histology

Steatosis was scored on H&E-stained tissue according to the NAS criteria (0 = < 5%,
1=5-33%, 2=234-66%, or 3 =>66%) by an independent anatomical pathologist
(Figure 5.24 and Table 5.6). All Chow groups had mild steatosis, whereas all mice fed
a high fat diet (HFD and HFD+DM groups) had very high levels of steatosis. There

was no effect from the CCN1-KO on the degree of steatosis.
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Figure 5.24: Steatosis scored according to the NAS criteria. Data shown as mean + SEM; n= 8 - 14.
ns (not significant), p-value > 0.05 for comparison of mouse sub-strains within the same “diet”

subgroup using two-way ANOVA with Tukey’s correction for multiple comparisons.

5.3.3.4.2 Measurement of liver triglycerides

Triglycerides were extracted from whole liver tissue and measured using a colorimetric
assay3'5316, High fat fed mice (HFD and HFD+DM groups) had higher amounts of
triglyceride compared with the Chow groups (Figure 5.25; statistics comparing
different “diet” groups not shown). There was no effect from the CCN1-KO on liver
triglycerides, although there was a small but significant increase in the CCN1-KO HFD
group compared with the CCN1"" HFD group but not the AlbCre HFD group.
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Figure 5.25: Amount of liver triglycerides. Data shown as mean + SEM; n = 8 - 14. * p-value < 0.05 or

** p-value < 0.01 for comparison of mouse sub-strains within the same “diet” subgroup using two-way
ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.
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5.3.3.5 The effects of hepatocyte CCN1 deletion on the NAS

The NAS is calculated by the addition of scores for lobular inflammation, hepatocyte
ballooning, and steatosis. As expected, the HFD+DM mice had the highest NAS, the
HFD mice had an intermediary score, and the Chow mice had the lowest score (Figure
5.26 and Table 5.6). Again, there was no effect observed from the CCN1-KO on this

composite outcome. Representative images of the H&E-stained tissue from which the
NAS was scored are shown in Figure 5.27.
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Figure 5.26: NAS score. Data shown as mean £+ SEM; n = 8 - 14. ** p-value < 0.01 for comparison of

mouse sub-strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for
multiple comparisons. ns, not significant.

216



AlbCre CCN1fIA CCN1-KO

HFD

HFD+DM

Scale bar =50 ym

Figure 5.27: Representative histological images of H&E-stained liver tissue (200x magnification).
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Table 5.6: Components of the Brunt and NAS criteria.

Chow HFD HFD+DM
AlbCre CCN1™ CCN1-KO AlbCre CCN1™ CCN1-KO AlbCre CCN1™/ CCN1-KO
Fibrosis (0 - 4) 0.0+00 | 0.2+0.1 0.3+0.2 21+04 19+0.2 25+0.2 28+0.2 | 3.3+0.1 2.8+0.2
Lobular Inflammation (O - 3) 0.3+0.2 | 0.8+0.1 0.4+0.2 2.0+0.2 1.2+0.2 20+0.2 24+01 | 28+0.1 26+0.1
Portal Inflammation (0 - 3) 0.3+0.2 | 0.2+0.1 0.3+0.2 1.7+£0.4 1.2+0.2 21+0.2 26+0.2 | 28+0.1 25+0.2
Hepatocyte Ballooning (O - 2) 0.0+00 | 0.1+0.1 0.0+0.0 0.9+0.3 0.7+£0.1 1.2+0.2 20+00 | 1.9+0.1 14+0.2
Steatosis (0 - 3) 0.1+01 | 0.3+0.2 0.2+0.2 29+0.1 3.0+0.0 3.0+0.0 3.0+0.0 | 3.0+£0.0 3.0+£0.0
NAS (0 - 8) 04+0.2 | 1.2+04 0.6 +0.3 5.8+0.5 48+0.3 6.2+0.3 74+01 | 7.7+£0.2 7.0+0.3

Data shown as mean + SEM; n = 8 - 14. NAS, NAFLD activity score. Please note that as per the Methods, relevant p-values have been identified in the relevant

Figures, not in the Table.
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5.3.4 Potential biomarkers of NASH fibrosis in T2DM

5.3.4.1 mRNA levels of potential biomarkers

5.3.4.1.1 Other CCN family members

The mRNA levels of other CCN family members, CCN2 and CCN3 were measured
(Figure 5.28 and Table 5.7). CCN2 mRNA level was elevated in the CCN1-KO

HFD+DM group, suggestive of a profibrotic process. There was no difference
observed in CCN3 mRNA level.
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Figure 5.28: mRNA levels of Ccn2 (A) and Ccn3 (B). Data shown as mean £+ SEM; n= 8- 14. * p-
value < 0.05 for comparison of mouse sub-strains within the same “diet” subgroup using two-way
ANOVA with Tukey’s correction for multiple comparisons. Ccn2, cellular communication network 2;

Ccn3, cellular communication network 3; RplpO0, ribosomal protein, large, PO; ns, not significant.

5.3.4.1.2 The DPP4 family

FAP is a marker of HSC activation, which are the predominant cells responsible for
the deposition of ECM in the liver®’”. FAP is a member of the DPP4 family, and
expresses not only DPP4 activity, but also collagenase activity.36® There is increased
MRNA level of DPP4 in liver tissue in the presence of liver disease3%’, and circulating
DPP4 activity is associated with hepatocyte apoptosis and fibrosis in humans with
NASH and diabetes.®6 In this study, the mMRNA level of FAP incrementally rose in the
CCN1-KO mice from Chow to HFD to HFD+DM, consistent with increasing HSC
activation (Figure 5.29 and Table 5.7). In contrast, there was no progressive rise in the
AlbCre or CCN1" mouse sub-strains. The CCN1-KO mice had a lower DPP4 mRNA
level at baseline, with no subsequent change with HFD or HFD+DM. DPP4 mRNA
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level also remained low in the AlbCre and CCN1%f HFD and HFD+DM groups. These
findings were inconsistent with the histology data quantifying PSR-stained liver tissue
and mRNA levels of fibrosis markers indicating higher severity of fibrosis in the CCN1-

KO HFD+DM group, and therefore higher levels of FAP and DPP4 compared with the
control sub-strains were expected.
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Figure 5.29: mRNA levels of Fap (A) and Dpp4 (B). Data shown as mean + SEM; n = 8 - 14. * p-value
< 0.05, ** p-value < 0.01, *** p-value < 0.001 or **** p-value < 0.0001 for comparison of mouse sub-
strains within the same “diet” subgroup using two-way ANOVA with Tukey’s correction for multiple

comparisons. Dpp4, dipeptidyl-peptidase 4; Fap, fibroblast activating protein; Rplp0, ribosomal
protein, large, PO; ns, not significant.
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Table 5.7: mRNA levels normalised to the housekeeper gene and expressed as fold change (reference group = AlbCre Chow + CCN1" Chow).

Chow HFD HFD+DM
AlbCre CCN1™/ CCN1-KO AlbCre CCN1™M CCN1-KO AlbCre CCN1/ CCN1-KO

Col1 0.87+0.22| 1.86+0.51 1.06 £ 0.18 3.99 + 0.61 4.71 £ 0.49 6.02 + 0.81 3.60 + 0.58 3.35+0.45 5.98 + 0.82
Col3 0.87 +£0.25| 2.00 +£0.55 1.03+0.33 3.80 + 0.57 4.82 + 0.47 5.32 £ 0.82 3.51 + 0.59 2.99 + 0.60 5.56 + 0.95
Col4al 0.84+0.09| 1.31+0.18 0.82 + 0.13 2.15+0.29 2.50+0.38 3.42 £+ 0.39 2.99+0.38 2.22 +0.29 3.57 £ 0.37
Col4a2 0.87+0.14| 1.38+0.19 0.59 + 0.08 1.30+0.18 1.61+0.12 1.75+£0.20 1.54 +£0.13 1.29+0.13 1.92 +£0.23
Col6 0.88+0.22 | 1.78 £0.47 0.95+0.21 2.57 +0.38 3.03+0.34 3.11+0.34 2.02+0.34 2.18 + 0.26 3.98 + 0.64
Tgfbl 0.92+0.14| 1.43+£0.30 0.77 £ 0.10 1.49 £ 0.20 1.80 £ 0.19 1.79+0.16 2.01+£0.18 1.34+£0.12 2.17 +£0.23
Fnl 0.96+0.10 | 1.16 £0.14 0.53 + 0.08 0.68 + 0.05 0.56 + 0.02 0.49 £ 0.04 0.60 + 0.03 0.34 £+ 0.04 0.54 + 0.04
Acta? 0.92+0.50| 2.73+£0.73 0.88 + 0.23 0.93+0.33 2.21 +0.61 1.04 = 0.09 1.18 £ 0.22 3.67 £ 2.82 1.40 £ 0.29
Timpl 0.55+0.15| 3.64 £1.50 2.07+1.32 | 16.48+4.45 | 20.57 £3.46 | 33.75+4.12 | 18.50 +£ 3.97 | 19.49 +2.47 | 28.09 + 3.83
I11b 1.14+0.33 | 1.47+0.34 0.59 + 0.20 1.16 £ 0.16 1.12 £ 0.15 1.13+0.14 3.60 £ 0.74 1.32 £ 0.25 2.18 + 0.32
Ccl2 1.00+0.24 | 1.91 +0.58 0.84 + 0.30 5.21 +1.22 5.96 + 0.82 6.36 £+ 0.43 | 12.05+2.12 | 6.95%0.90 9.81 + 2.39
Tnf 0.89+0.12 | 1.87 £ 0.66 1.05 £ 0.43 2.60 + 0.41 2.89 +0.32 2.94 + 0.43 9.19+1.64 3.70 £ 0.50 6.09 + 1.15
Ccn2 0.83+0.16 | 1.81+0.43 0.89 + 0.18 1.14 £ 0.29 1.57 £ 0.27 1.76 £ 0.31 1.50 £ 0.24 1.07 £ 0.17 2.11 +0.41
Ccn3 1.08+0.56 | 2.51+0.74 1.41 +£0.40 1.04 £ 0.54 1.95+0.88 0.62 +0.21 1.39+0.44 0.69 + 0.18 1.13 £ 0.49
Dpp4 1.01+£0.15| 1.15%0.13 0.54 + 0.07 0.65 + 0.08 0.52 + 0.04 0.48 + 0.05 0.49 + 0.05 0.32 +0.04 0.48 + 0.04
Fap 1.36 £053| 1.49+0.34 0.74 £ 0.22 0.74 £ 0.13 0.50 + 0.07 0.89 + 0.15 1.31+£0.26 0.56 + 0.11 1.47 £0.15

Data shown as mean + SEM; n = 8 - 14. Acta2, a smooth muscle actin; Ccl2, C-C motif chemokine ligand 2; Ccn2, cellular communication network 2; Ccn3,
cellular communication network 3; Coll, collagen-I; Col3, collagen-lll; Coldal, collagen-1Va1; Col4a2, collagen-1Va2; Col6, collagen-VI; Dpp4, dipeptidyl-
peptidase 4; Fap, fibroblast activation protein; Fnl, fibronectin; ll1b, interleukin-18; Tgfbl, transforming growth factor 1; Timpl, tissue inhibitor of
metalloproteinase 1; Tnf, tumour necrosis factor a. Please note that as per the Methods, relevant p-values have been identified in the relevant Figures, not in
the Table.
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5.3.4.2 Plasma cytokeratin-18

CK-18 has been proposed as a potential biomarker for NASH fibrosis. Plasma
concentrations of CK-18 were generally higher in the HFD+DM groups, but there was
no effect observed in the CCN1-KO HFD+DM group compared with the control strains
(Figure 5.30).
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Figure 5.30: Plasma cytokeratin-18 quantification. Data shown as mean + SEM; n = 8 - 14. ** p-value
< 0001 for comparison of mouse sub-strains within the same “diet” subgroup using two-way ANOVA
with Tukey’s correction for multiple comparisons. CK-18, cytokeratin-18; ns, not significant.

5.3.5 Pre-clinical in vivo mouse imaging

5.3.5.1 Liver ultrasound

It has been reported in the literature that liver ultrasound can be used as a novel non-
invasive method for assessing liver fibrosis in mice301.393 put unfortunately attempts to
replicate this were unsuccessful. The recommended ultrasound images were captured
according to the published methods; however, the analysis of the data is complex and
requires specialised software and external assistance. Ultrasound images taken at
week 25 of high fat fed mice demonstrated hyperechoic liver tissue and hepatomegaly.

Representative images are shown in Figure 5.31.
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Figure 5.31: Representative liver ultrasound images taken at week 25 of a chow fed mouse (A) and
an HFD+DM mouse (B). a, liver tissue; b, right kidney; c, blood vessels.

5.4 Discussion

5.4.1 Summary of main findings

The CCN1 Study demonstrated that targeting hepatocyte CCN1 worsened the
development of NASH fibrosis induced by high fat feeding followed by diabetes.
Quantitative histological analysis showed an increased amount of liver fibrosis in the
CCN1-KO HFD+DM mice compared with the control sub-strain mice (AlbCre HFD+DM
and CCN1"" HFD+DM groups), with supporting data from increased mRNA levels of
fibrosis markers in liver tissue. There were no differences observed in the CCN1-KO
HFD+DM mice in the components of the NAS or Brunt criteria, although these scoring
systems have not been validated in mice. In addition, a systemic metabolic phenotype
was identified in the CCN1-KO HFD+DM mice, characterised by greater body weight
and lower blood glucose levels.

5.4.2 More severe hepatic fibrosis in mice with deletion of hepatocyte CCN1

The quantitative histological assessment of PSR-stained liver tissue and collagen
MRNA level data indicate that the absence of hepatocyte CCN1 causes increased
liver fibrosis. This finding was most clear in the CCN1-KO HFD+DM group rather than
the CCN1-KO HFD group. The FaD model was originally developed with the evidence
that T2DM exacerbates the liver fibrosis phenotype compared with high fat feeding
alone. CCN1 has previously been found to be an important factor in the induction of
senescence of activated HSCs to aid prevention of increased liver fibrosis?4 and
future studies should examine HSC activation status and degree of senescence, which
may potentially be altered in the CCN1-KO HFD+DM mice.
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It may well be that in the presence of relative insulin deficiency, hepatic insulin
signalling is selectively impaired and hepatocyte CCN1 deletion may exacerbate this
finding. Indeed, it has previously been shown using this current model that MAPK
signalling through ERK phosphorylation is markedly increased in HFD+DM compared
with Chow fed mice!#4, and future studies should examine MAPK signalling in the
CCN1-KO HFD+DM mice. Overall, it is predicted that HSC senescence will be
decreased in the CCN1-KO HFD+DM mice, and the number of activated HSCs will be
increased. In this case, the hepatocyte CCN1 deletion may not substantially impact
the increased phosphorylation of ERK already seen in HFD+DM, but the lack of HSC
senescence and/or increased HSC activation may further contribute to worsening liver

fibrosis.

There was a trend to elevation of TIMP1 mRNA level in the mice with hepatocyte
CCN1 deletion compared with the control sub-strains (~50%). TIMPL1 inhibits the
actions of MMPs, thereby preventing degradation of ECM and worsening fibrosis170.
TIMP1 is produced predominantly by activated HSCs171374375 and thus it would be
expected to be further increased in mice with a hepatocyte CCN1 deletion which are
hypothesised to have greater number of activated HSCs. In addition to preventing
ECM degradation, TIMP1 also promotes fibrogenesis through the inhibition of
apoptosis of activated HSCs173174, TIMP1 mRNA level is regulated by several pro-
inflammatory cytokines, including IL1B, TNF, and TGFB72. This study did not show
up-regulation of these inflammatory markers at the mRNA level, suggesting that other
pathways, such as greater number of activated HSCs, may be involved. Another
potential indirect pathway may involve CCN2, which was up-regulated in the CCN1-
KO HFD+DM group. CCN2 has been shown to promote fibrosis though increasing the

expression of TIMP1273,

There were significant increases in mRNA levels of collagen-I, -1, -IVa2 and -VI in the
CCN1-KO HFD+DM mice compared with the control sub-strains. Collagen-I and -VI
are the main collagens deposited in increased fibrosis. Collagen-VI production is
tightly linked to activated HSCs. It is unclear in this study whether absence of CCN1
is inducing changes in collagen-VI via effects on hepatocytes or effects on HSCs.

Further studies assessing protein levels of the collagens are needed.
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The antifibrotic properties of CCN1 in the liver are related to the induction of
senescence of activated HSCs?46. This prevents further proliferation of activated
HSCs, induces up-regulation of MMPs with down-regulation of collagens and TGFf31,
and signals for removal of senescent cells by natural killer cells286. Further studies
examining the activated and senescent forms of HSCs are required. This study did not
demonstrate increased mMRNA levels of ACTA2 or FAP, both markers of activated
HSCs, however these genes may undergo post-transcriptional or post-translational

modification and assessment of protein levels may be more valuable.

5.4.3 Identification of a systemic phenotype in CCN1-KO HFD+DM mice
The systemic phenotype identified in the CCN1-KO HFD+DM group was characterised

by increased fat deposition in subcutaneous and epididymal fat stores, with lesser
hyperglycaemia. The insulin resistance and pancreatic 3 cell effectiveness were
trending to increases in each but were not statistically significant. The data suggest
that the CCN1-KO HFD+DM mice are less insulin deficient than the controls and can
overcome the insulin resistance to improve the blood glucose levels. The reason for
this is unclear; it may be that the mice with hepatocyte CCN1 deletion were less
susceptible to the toxic effects of STZ on the pancreatic B cells than the controls, as
even after one week of STZ administration the hyperglycaemia was less despite
receiving the same weight-based dose of STZ as the control mice. Alternatively, mice
with hepatocyte CCN1 deletion may exhibit enhanced pancreatic 3 cell recovery. To
confirm such effects would require a repeat of the same study with analysis of the
pancreas. If the changes in glucose and insulin were replicated, then consideration of
using other methods to induce diabetes in the model, such as with alloxan or use of
mice with genetically-induced diabetes, would be helpful in excluding STZ as the

culprit.

In turn, the relative hyperinsulinaemia may be contributing to the increased fat
deposition in the CCN1-KO HFD+DM mice. The mice in this group had baseline body
weights equivalent to the other mice in the study. However, they exhibited greater total
weight gain over the course of the study (versus the AlbCre and CCN1f HFD+DM
groups), greater fat mass by body composition (versus the AlbCre HFD+DM group),
and greater epididymal (versus the CCN1"" HFD+DM group) and subcutaneous
(versus the AlbCre and CCN1%ft HFD+DM groups) fat depots. Insulin plays an
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important role in fat accumulation, through promotion of lipid uptake and storage,
stimulation of lipogenesis, and inhibition of lipolysis376. Interestingly, the liver weight
was not further elevated in the CCN1-KO HFD+DM mice compared with the control
mice, nor were the amount of liver triglyceride or plasma triglyceride levels. This may
suggest that the effects of insulin on lipid pathways are more affected in some tissues

compared with others.

Whilst specific caloric intake and energy expenditure measurements were not
undertaken, food intake and mouse activity were grossly monitored. They were not
noticeably different between the different sub-strains of mice and are thus unlikely to
explain the differences in body weight and fat composition. Future studies might
include use of BioDAQ Food and Water intake monitoring system and/or Promethion

metabolic cages to objectively measure these variables.

The mice with hepatocyte CCN1 deletion also demonstrated an interesting phenotype
where the hsCRP levels were lower than the control mice. This finding was
independent of the “diet” subtype and was observed in the Chow fed mice, the HFD
mice, and the HFD+DM mice. As CRP is synthesised predominantly by hepatocytes,
the data suggest that hepatocyte CCN1 may be necessary for production of normal
CRP levels. Interestingly, CRP has been shown to induce CCN1 in vascular
endothelial cells®’7, although no studies have reported systemic CRP dependence on
liver CCN1.

It is possible that the systemic phenotype of the CCN1-KO HFD+DM mice contributed
to, or primarily caused the increased liver fibrosis. However, this is less likely than a
direct hepatic fibrotic effect, as there was no increase in liver inflammatory markers in
the CCN1-KO HFD+DM mice, suggesting that some more direct profibrotic effect of
hepatocyte CCN1 absence occurred. In addition, the mice were less hyperglycaemic
rather than more. Previous use of this model has demonstrated that within the
HFD+DM mice, greater insulin resistance links to more severe fibrosis14°, but in the
current study the hepatocyte CCN1 deletion in the HFD+DM mice did not cause

statistically significant greater insulin resistance.
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5.4.4 Liver tissue CCN1 levels with hepatocyte CCN1 deletion

In the mice with hepatocyte CCN1 deletion, the CCN1 mRNA level from whole liver
tissue was reduced by more than 80% across each of the Chow, HFD, and HFD+DM
groups when compared with both control mouse groups. Although the lack of good
guality commercial antibodies for mouse CCN1 have made it challenging to provide
much protein data, one antibody did detect a faint band of the correct molecular mass
that showed that CCN1 protein level was lower in the CCN1-KO liver tissue (shown in
Section 2.3.1.4). Overall, this indicates successful deletion of hepatocyte CCN1 using
the CreLoxP system. Residual CCN1 expression is probably derived from non-

hepatocyte cells.

5.4.5 Comparison of the two control HFD+DM qgroups

Unlike The CCN2 Study, where there were several systemic differences between the
AlbCre HFD+DM mice and the CCN2"l HFD+DM mice, the two control groups in The
CCN1 Study had a similar overall phenotype. An exception to this was in the mRNA
levels of liver tissue inflammatory markers, where the AlbCre HFD+DM group had
approximately double the expression of the CCN1"f HFD+DM group in IL1B, CCL2,
and TNF. A similar pattern was observed for the AlbCre HFD+DM group in The CCN2
Study. This suggests that the AlbCre mice generate a greater inflammatory response
in the liver when exposed to HFD+DM conditions. The implications of this are unclear,
as both control sub-strains developed similar amounts of liver fibrosis on histological
analysis and similar increases in mRNA levels of fibrosis markers. It is possible that
the AlbCre mice have increased protein misfolding of albumin in the liver leading to
greater ER stress, but further studies are needed to support this. Nevertheless, it is
important to acknowledge the differences between the control groups under HFD+DM
conditions, so as not to misinterpret the data when making comparisons to the CCN1-
KO HFD+DM group.

5.4.6 Conclusion

The CCN1 Study primarily addressed if hepatocyte CCN1 deletion worsens liver
fibrosis in the HFD+DM model. The quantitative PSR histological data and mRNA
levels for ECM components support the main hypothesis that was being tested. The
novelty of the current research is that findings of a lack of hepatocyte CCNL1 led to

increased fibrosis in this clinically relevant metabolic model of high fat feeding with
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diabetes. While other researchers in the CCNL1 field have also found the lack of CCN1
exacerbates liver fibrosis, the models used were not metabolic in type and were based
on CCl, exposure or bile duct ligation28. The current work now extends the CCN1
findings to this translational metabolic model and it suggests that hepatocyte CCN1

has an important counter-regulatory role to limit liver fibrosis.
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Chapter 6: Circulating CCNs as
Potential Biomarkers of Diabetes-

Related Complications
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6.1 Introduction

Development of diabetes-related complications causes increased morbidity and
mortality in individuals with T2DM. Routine screening for some complications is
recommended for early detection of complications329:33, While some biomarkers can
predict development of complications before they occur, such as HbAlc, hsCRP, and
albuminuria, some of these are not specific for one tissue, and overall, there are few

markers with proven clinical utility.

The CCN proteins are key signalling and regulatory molecules implicated in normal
physiology and pathological states?4°. They stimulate mitosis, adhesion, apoptosis,
ECM production, growth arrest and migration24°. Different CCNs may be involved in
different stages of the development of diabetes and its complications?72, While there
is evidence that some CCNs may be mediators of certain complications at a tissue or
organ level, whether circulating CCNs can predict certain diabetes complications, is
an albeit related, but different issue. The aim of this study was to determine if
circulating levels of CCN1, CCN2, and CCN3, enabling readily accessible systemic
CCN levels, can be used as potential biomarkers of diabetes-related complications,

including NASH fibrosis, in clinical and pre-clinical studies.

6.2 Methods

The Diabetes and Steatohepatitis (DaSH) Study was a cross-sectional study of
individuals with T2DM attending the RPAH Diabetes Centre (described in detail in
Section 2.4.1). Circulating levels of CCN1, CCN2 and CCN3 were measured using
commercial kits from historical blood samples collected in The DaSH Study. Univariate
(Spearman’s test) and multivariate stepwise linear and logistic regression analyses
were used to determine correlations between human circulating CCN concentrations
and NASH fibrosis, as well as other clinical, biochemical, or radiological

characteristics.

The CCN2 Study and The CCN1 Study used a translatable mouse model of high fat
feeding and diabetes to study the effects of hepatocyte-specific gene deletion of CCN2
and CCNL1 on the development and progression of NASH fibrosis (described in detail
in Section 2.3). Circulating levels of CCN1, CCN2 and CCN3 were measured using
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commercial kits from plasma samples collected from the mice in these pre-clinical
studies (described in detail in Section 2.4.2). Univariate (Pearson’s test) analyses were
used to determine correlations between mouse circulating CCN concentrations and
severity of liver fibrosis, as well as other metabolic, biochemical, or histological
characteristics. All correlative statistics were performed using SPSS version 26.0
(IBM, Armonk, NY, USA).

6.3 Results

6.3.1 Circulating CCNs in The DaSH Study
6.3.1.1 Clinical and biochemical characteristics

The baseline characteristics of participants in The DaSH Study have been reported
previously86:87.317 - Qut of the 108 participants included in the original study, two
participants were excluded from this study as they had T1DM. Table 6.1 and Table 6.2
show the clinical and biochemical characteristics of the 106 participants included in
this sub-study cohort. One patient did not have a height recorded and thus BMI could
not be calculated, and a valid Fibroscan® reading could not be obtained from four

patients.
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Table 6.1: Clinical characteristics of participants in The DaSH Study.

All Participants

Gender, % male (n) 64.7 (66) n =106
Age, years (range) 62.6 £ 9.6 (40 - 82) n =106
Duration of diabetes, years (range) 11.2+8.5(0- 41) n =106
Insulin-requiring, % (n) 35.8 (38) n =106
Presence of = one diabetes-related complication, % (n) 75.5 (80) n =106
Presence of = one microvascular complication, % (n) 70.8 (75) n =106
Peripheral neuropathy 51.9 (55) n =106
Diabetic retinopathy 19.8 (21) n =106
Diabetic nephropathy 38.7 (41) n =106
Diabetic foot ulcer/amputation 10.4 (11) n =106
Presence of = one macrovascular complication, % (n) 24.5 (26) n =106
Ischaemic heart disease 19.8 (21) n =106
Peripheral vascular disease 6.6 (7) n =106
Cerebrovascular accident 8.5 (9) n =106
NAFLD 87.7 (93) n = 106
LSM, kPa 5.8[4.4 - 8.4] n =102
LSM = 10.3 kPa 18.6 (19) n =102
Body weight, kg 89.2+22.1 n =106
BMI, kg/m? 31.4+6.2 n = 105
Overweight/obese, % (n) 87.6 (92) n =105
History of hypertension, % (n) 79.2 (84) n =106
SBP, mmHg 136.8 £ 16.0 n =106
DBP, mmHg 78.4 + 10.5 n =106
History of dyslipidaemia, % (n) 90.6 (96) n =106

Data expressed as mean + SD, % (n) or median [IQR]. BMI, body mass index; DBP, diastolic blood

pressure; LSM, liver stiffness measurement; NAFLD, non-alcoholic fatty liver disease; SBP, systolic

blood pressure.
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Table 6.2: Biochemical characteristics of participants in The DaSH Study.

All Participants

HbAlc, % NGSP units 75+1.2 n =106
ALP, U/L 78.2 + 26.6 n =106
GGT, U/L 38.3+40.2 n =106
ALT, U/L 32.6 £22.0 n =106
AST, U/L 26.5+12.0 n =103
Albumin, g/L 459+29 n = 106
Platelet count, x 10%L 255.3+71.2 n =106
Ferritin, pg/L 95.0 £ 99.9 n =106
Total cholesterol, mmol/L 4110 n = 106
Triglycerides, mmol/L 1.8+1.2 n =106
HDL-c, mmol/L 1204 n =106
LDL-c, mmol/L 21+0.8 n =102
Creatinine, pmol/L 78.6 £20.9 n =106
eGFR, mL/min/1.73m?2 88.1+21.1 n =106
UACr, mg/mmol Cr 10.9 + 32.7 n =105

Data expressed as mean = SD. ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,

aspartate aminotransferase; eGFR, estimated glomerular filtration rate; GGT, gamma-glutamyl

transferase; HbAlc, haemoglobin Alc; HDL-c, high-density lipoprotein-cholesterol; LDL-c, low-density

lipoprotein cholesterol; NGSP, National Glycohemoglobin Standardization Program; UACr, urine

albumin to creatinine ratio.

6.3.1.2 Circulating CCN concentrations

The concentrations of each of the CCNs measured are listed in Table 6.3. Some serum

and plasma samples were unavailable for testing.

Table 6.3: Median and interquartile ranges for circulating CCN1, CCN2, and CCN3.

CCN1 CCN2 CCN3
(pg/mL) (ng/mL) (ng/mL)
Serum Serum Serum Plasma
n=92 n=92 n=93 n =100
Median 225.0 744.8 15.7 17.6
25% Percentile 187.2 512.4 11.7 13.6
75% Percentile 267.7 1125.6 28.1 27.5
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A univariate analysis was performed to assess the correlation between the circulating
CCNs, and the results are shown in Table 6.4. Serum CCN1 concentration did not
correlate with measures of CCN2 or CCN3, although the p-values for each of these
interactions were between 0.068 - 0.090. Serum CCN2 concentration positively
correlated with plasma CCN3 concentration (r = 0.226, p = 0.034), and serum and
plasma CCN3 concentrations correlated strongly with each other (r = 0.917, p <
0.001). The results of the circulating CCN2 concentrations measured using the R&D
assay have not been described here, as they did not make plausible biological sense

and the results were not consistent with data from the literature.

Table 6.4: Correlation matrix for circulating CCN1, CCN2, and CCN3.

CCN1 CCN2 CCN3
Serum Serum Serum Plasma
CCN1 Serum
0.191
CCN2 Serum
(p = 0.068)
0.190 0.170
Serum (p = 0.070) (p = 0.105)
CCN3 P=" P="
0.182 0.226 0.917
Plasma
(p = 0.090) (p = 0.034) (p < 0.001)

Data expressed as Spearman r (p-value). Significant correlations (p-value < 0.05) are highlighted in

green.

6.3.1.3 Circulating CCNs and general metabolic variables

A higher serum CCNL1 concentration was associated with older age, female gender,
lower body weight, lower WC, lower WHR and higher HDL-c (Table 6.5 and Figure
6.1). This data suggests that CCN1 may be a serological biomarker of reduced
metabolic syndrome presence in individuals with T2DM. There was no association

with duration of diabetes or HbAlc.
Circulating CCN2 concentration was associated with a lower BMI (r = -0.258, p =

0.014). There were no significant correlates between serum or plasma CCN3

concentrations and metabolic variables.
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Table 6.5: Univariate correlations between circulating CCNs and metabolic variables.

CCN1 CCN2
n=92-106 Serum Serum Serum Plasma
0.213 0.107 0.060 0.113
Age
(p = 0.041) (p = 0.310) (p = 0.567) (p = 0.261)
-0.264 -0.053 -0.084 -0.066
Gender
(p =0.011) (p =0.619) (p =0.426) (p =0.516)
. . 0.044 0.082 -0.039 -0.046
Duration of diabetes
(p = 0.674) (p = 0.438) (p = 0.710) (p = 0.650)
-0.006 -0.034 -0.051 0.014
HbA1lc
(p = 0.955) (p = 0.749) (p = 0.629) (p = 0.888)
. 0.132 -0.057 -0.002 0.011
Insulin therapy
(p = 0.209) (p = 0.591) (p = 0.984) (p=0.911)
. -0.260 -0.175 -0.005 0.004
Body weight
(p = 0.012) (p = 0.095) (p = 0.963) (p = 0.967)
BMI -0.165 -0.258 -0.014 0.001
(p=0.118) (p = 0.014) (p = 0.896) (p = 0.990)
-0.261 -0.121 -0.054 -0.032
wWC
(p = 0.013) (p = 0.253) (p = 0.610) (p = 0.756)
-0.271 -0.012 -0.140 -0.124
WHR
(p = 0.009) (p = 0.911) (p = 0.182) (p = 0.221)
. 0.069 0.054 -0.106 -0.062
Hypertension
(p=0.512) (p = 0.609) (p = 0.313) (p = 0.541)
0.099 -0.058 0.014 -0.019
SBP
(p = 0.348) (p = 0.584) (p = 0.896) (p = 0.852)
-0.011 -0.006 -0.022 0.014
DBP
(p = 0.915) (p = 0.956) (p = 0.833) (p = 0.890)
L. . 0.046 -0.150 0.076 0.021
Dyslipidaemia
(p = 0.663) (p = 0.154) (p = 0.467) (p = 0.837)
0.182 0.072 0.069 0.099
Total cholesterol
(p = 0.082) (p = 0.496) (p = 0.513) (p = 0.327)
. . -0.050 0.187 -0.025 0.031
Triglycerides
(p = 0.634) (p = 0.074) (p = 0.814) (p = 0.760)
0.321 0.027 -0.013 -0.066
HDL-c
(p = 0.002) (p = 0.795) (p = 0.902) (p = 0.514)
0.137 -0.093 0.030 0.049
LDL-c
(p = 0.202) (p = 0.386) (p=0.779) (p = 0.633)

Data expressed as Spearman r (p-value). Significant correlations (p-value < 0.05) are highlighted in
green. BMI, body mass index; DBP, diastolic blood pressure; HbAlc, haemoglobin Alc; HDL-c, high-
density lipoprotein-cholesterol; LDL-c, low-density lipoprotein cholesterol; SBP, systolic blood pressure;

WC, waist circumference; WHR, waist to hip ratio.
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Figure 6.1: Serum CCN1 correlations with metabolic parameters: body weight (A), WC (B), WHR (C),
and HDL-c (D). HDL-c, high-density lipoprotein cholesterol; WC, waist circumference; WHR, waist to

hip ratio.

6.3.1.4 Circulating CCNs and diabetes-related complications

There was a total of 80 participants that had a least one diabetes-related complication,
including 75 that had at least one microvascular complication and 26 that had at least
one macrovascular complication (Table 6.6). Two participants had advanced liver
fibrosis with no other diabetes-related complications. The definitions of diabetes-

related complications applied in this study are listed in Table 6.7.

Serum CCN1 concentrations did not correlate with the presence of any diabetes-
related complication. There was a positive association with BNP, however the
significance of this is unclear. Unfortunately, we did not have information on the
presence or history of congestive cardiac failure, which is closely associated with

elevated BNP concentrations®’8. There have not been any previous reports of CCN1
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being linked to cardiac disease in diabetes?’2. In mice, CCNL1 is essential for normal

cardiac development379,

Serum CCN2 concentration was positively associated with an abnormal monofilament
test (r = 0.236, p = 0.024). There have not been any previous reports on CCNSs in
diabetic peripheral neuropathy?’?2 and further clarification in this area is needed,
including assessment for correlations with objective measures such as biothesiometer
readings. A higher serum CCN2 concentration was associated with increased
likelihood of having a reduced eGFR (r = 0.296, p = 0.004; Figure 6.3), which is
consistent with its known profibrotic role in DKD3#0, There was also a strong positive
correlation with higher BNP (r = 0.338, p = 0.001; Figure 6.2), again consistent with
previous research demonstrating a link between CCN2 and cardiovascular disease?2.
The correlation with presence of diabetic retinopathy was did not quite reach statistical
significance (r = 0.197, p = 0.064), however CCN2 has previously been associated

with this microvascular complication too272.

Plasma CCN3 concentration was associated with a lower eGFR (continuous and
categorical) and a higher UACr, suggesting that it may be a predictor of kidney disease
in individuals with T2DM (Figure 6.2 and Figure 6.3). Biologically, this is consistent
with the understanding that CCN3 is an antifibrotic protein, and is increased in DKD
as it inhibits the profibrotic actions of CCN2272. It is also not surprising that circulating
CCN2 concentrations correlate very strongly with circulating CCN3 concentrations
(Table 6.4), although if CCN3 was able to overcome CCN2, then a negative correlation

might also be expected.
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Table 6.6: Univariate correlations between circulating CCNs and diabetes-related complications.

CCN1 CCN2
n Serum Serum Serum Plasma
Presence of = one diabetes-related complication 80 -0.066 (p = 0.534) 0.006 (p = 0.954) -0.033 (p = 0.754) -0.099 (p = 0.328)
Presence of = one microvascular complication 75 -0.044 (p = 0.680) 0.089 (p = 0.397) -0.038 (p = 0.721) -0.111 (p = 0.271)
Presence of = one macrovascular complication 26 -0.053 (p = 0.617) 0.006 (p = 0.957) 0.007 (p = 0.950) 0.023 (p = 0.823)
Peripheral neuropathy (AMT or Sx of PN) 55 -0.009 (p = 0.935) 0.059 (p = 0.579) -0.060 (p = 0.570) -0.126 (p = 0.213)
Abnormal monofilament test 21 -0.036 (p = 0.732) 0.236 (p = 0.024) 0.093 (p = 0.377) 0.164 (p = 0.103)
Symptoms of peripheral neuropathy 52 -0.007 (p = 0.947) 0.031 (p = 0.771) -0.075 (p = 0.475) -0.174 (p = 0.083)
Diabetic nephropathy (eGFR < 60 or albuminuria) 41 -0.018 (p = 0.866) 0.048 (p = 0.648) 0.129 (p = 0.219) 0.189 (p = 0.060)
eGFR < 60 9 -0.052 (p = 0.621) 0.296 (p = 0.004) 0.213 (p = 0.041) 0.226 (p = 0.024)
eGFR (continuous variable) - 0.019 (p = 0.854) -0.172 (p = 0.101) -0.148 (p = 0.156) -0.218 (p = 0.029)
Albuminuria 38 0.018 (p = 0.868) -0.031 (p = 0.771) 0.118 (p = 0.261) 0.162 (p = 0.108)
UACT (continuous variable) - 0.089 (p = 0.403) 0.023 (p = 0.830) 0.144 (p = 0.171) 0.202 (p = 0.044)
Diabetic retinopathy 21 -0.045 (p = 0.674) 0.197 (p = 0.064) 0.055 (p = 0.610) -0.010 (p = 0.919)
Diabetic foot ulcer/amputation 11 -0.019 (p = 0.858) -0.054 (p = 0.612) 0.115 (p = 0.271) 0.101 (p = 0.318)
Ischaemic heart disease 21 -0.030 (p = 0.776) -0.008 (p = 0.940) -0.019 (p = 0.859) 0.015 (p = 0.886)
BNP (continuous variable) - 0.246 (p = 0.018) 0.338 (p = 0.001) 0.071 (p = 0.504) 0.116 (p = 0.283)
Peripheral vascular disease 7 -0.012 (p = 0.912) 0.120 (p = 0.258) 0.018 (p = 0.863) 0.104 (p = 0.307)
Cerebrovascular accident 9 0.100 (p = 0.343) -0.123 (p = 0.242) 0.068 (p = 0.519) 0.040 (p = 0.696)

Data expressed as Spearman r (p-value). Significant correlations (p-value < 0.05) are highlighted in green. AMT, abnormal monofilament test; BNP, brain

natriuretic peptide; eGFR, estimated glomerular filtration rate; Sx of PN, symptoms of peripheral neuropathy; UACr, urine albumin to creatinine ratio.
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Table 6.7: Definitions of diabetes-related complications.

Complication

Definition

Any diabetes-related complication

Any micro- or macrovascular complication, or advanced liver fibrosis

Microvascular complication

Peripheral neuropathy or diabetic nephropathy or diabetic retinopathy

Peripheral neuropathy

Symptoms of peripheral neuropathy or abnormal monofilament test

Diabetic nephropathy

eGFR < 60 mL/min/1.73m? or albuminuria (UACr > 3.5 mg/mmol Cr in females or UACr > 2.5 mg/mmol/Cr in males)

Diabetic retinopathy

Any degree of retinopathy based on dilated eye examination

Diabetic foot ulcer/amputation

Current or previous foot ulcer of lower limb amputation

Ischaemic heart disease

Acute myocardial infarction or revascularisation

Peripheral vascular disease

Abnormal peripheral vascular assessment

Cerebrovascular accident

Stroke or transient ischaemic attack

Advanced liver fibrosis

LSM = 10.3 kPa

eGFR, estimated glomerular filtration

rate; LSM, liver stiffness measurement; UACr, urine albumin to creatinine ratio.

239



r=0.246
40000+ . p =0.018
. o °
~ 300004 .
£ o
(@)}
£ 20000
o
z
@ 10000
0 1 1 I 1 1 1
0 100 200 300 400 500 600
Serum CCNL1 (pg/mL)
C

2001 r=-0.218
< p =0.029
& .
N~ 1504
:' g [ ]
£ ; M)
E 100-{ ol .
| LY d
E . *
x 504
O} .
()

0 1 1 I ) 1
0 50 100 150 200 250

Plasma CCN3 (ng/mL)

40000+

30000

200004

NP (pg/mL)

@ 10000-

r=0.338
p =0.001

250

2004

1504

UACr

1004

504

T T T 1
1000 2000 3000 4000

Serum CCN2 (ng/mL)

r=0.202
p =0.044

1 T T T 1
50 100 150 200 250

Plasma CCN3 (ng/mL)

Figure 6.2: Circulating CCN correlations with diabetes-related complications: CCN1 and BNP (A),
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6.3.1.5 Circulating CCNs and NASH fibrosis

There was no significant difference in the median concentration of CCN1, CCN2, or
CCN3 when stratified by the presence of advanced liver fibrosis (Table 6.8). Univariate
correlations were performed to establish whether circulating CCNs could be used as
potential biomarkers for NASH fibrosis in individuals with T2DM (Table 6.9). Blood
concentrations of CCN1, CCN2, or CCN3 did not correlate with the presence of
advanced liver fibrosis, as determined by transient elastography with an LSM cut-off
=210.3 kPa or when LSM was included as a continuous variable. However, serum
CCN1 concentrations correlated positively with both DPP4 activity, FAP and HA
concentrations, and CCN3 (serum and plasma) correlated with FAP, PIIINP, AST:ALT
and FIB-4 (Figure 6.4). This suggests that CCN1 and CCN3 may have value as

biomarkers for NASH fibrosis.

Table 6.8: Circulating CCN concentrations according to absence (LSM < 10.3 kPa) or presence (LSM

> 10.3 kPa) of advanced liver fibrosis.

LSM < 10.3 kPa LSM = 10.3 kPa p-value*
CCN1 225.0 230.0
Serum n=70 n=18 0.507
(pg/mL) [186.5 - 269.9] [201.0 - 283.0]
CCN2 727.3 886.8
Serum n=70 n=18 0.202
(ng/mL) [486.8 - 1108.9] [530.3 - 1413.5]
14.8 17.9
Serum n=71 n=18 0.216
CCN3 [10.9 - 27.3] [14.3 - 29.9]
(ng/mL) 17.4 20.5
Plasma n=79 n=17 0.160
[13.6 - 29.1] [17.4 - 27.3]

Data expressed as median [IQR]. * Mann-Whitney test. LSM, liver stiffness measurement.
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Table 6.9: Univariate correlations between circulating CCNs and liver-related variables.

CCN1 CCN2 CCN3
n=92-106 Serum Serum Serum Plasma
0.072 0.138 0.133 0.145
LSM = 10.3 kPa
(p = 0.504) (p = 0.201) (p =0.215) (p = 0.158)
0.094 0.043 0.021 -0.008
LSM
(p = 0.385) (p = 0.694) (p =0.843) (p =0.941)
ALT -0.072 -0.022 -0.104 -0.130
(p = 0.492) (p = 0.836) (p = 0.320) (p = 0.196)
0.013 -0.033 0.052 -0.034
AST
(p = 0.905) (p = 0.758) (p =0.627) (p =0.739)
0.134 0.043 0.286 0.223
AST:ALT
(p = 0.209) (p = 0.688) (p = 0.006) (p = 0.028)
NES -0.080 -0.138 0.054 0.116
(p = 0.458) (p = 0.200) (p = 0.615) (p = 0.262)
FIB.4 -0.041 0.197 0.102 0.206
(p =0.702) (p = 0.064) (p =0.337) (p = 0.043)
HA 0.274 0.163 0.075 0.086
(p = 0.008) (p =0.122) (p =0.473) (p = 0.395)
0.034 0.206 0.081 0.124
TIMP1
(p=0.744) (p = 0.049) (p =0.442) (p = 0.219)
0.148 0.019 0.267 0.293
PIIINP
(p = 0.159) (p = 0.858) (p = 0.010) (p = 0.003)
-0.030 0.042 0.098 0.075
CK-18
(p=0.774) (p = 0.691) (p = 0.348) (p = 0.457)
0.357 0.146 0.013 0.082
DPP4 activity
(p < 0.001) (p =0.164) (p = 0.898) (p = 0.416)
0.276 0.102 0.282 0.332
FAP
(p = 0.008) (p = 0.335) (p = 0.006) (p = 0.001)

Data expressed as Spearman r (p-value). Significant correlations (p-value < 0.05) are highlighted in
green. ALT, alanine aminotransferase; AST, aspartate aminotransferase; AST:ALT, AST to ALT ratio;
CK-18, cytokeratin-18; DPP4, dipeptidyl-peptidase 4; FAP, fibroblast activation protein; FIB-4, fibrosis-
4 index; HA, hyaluronic acid; LSM, liver stiffness measurement; NFS, NAFLD fibrosis score; PIIINP,
type Il procollagen N-terminal peptide; TIMPL1, tissue inhibitor of metalloproteinase 1.
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Figure 6.4: Serum CCN1 correlations with DPP4 activity (A) and FAP (B), and serum CCN3
correlations with FAP (C) and PIIINP (D). DPP4, dipeptidyl-peptidase 4; FAP, fibroblast activation
protein; PIIINP, type Ill procollagen N-terminal peptide.

6.3.1.6 Identifying predictors of NASH fibrosis

Univariate and multivariate analyses were performed to identify if other variables or
combinations of variables, apart from CCNs, may be useful in predicting advanced
fibrosis. Correlative analysis was performed with Fibroscan® reading as a categorical
variable of < or 2 10.3 kPa, and separately as a continuous variable. Variables with p-
values > 0.05 but < 0.1 were included in the multivariate analysis. The variables
associated with advanced liver fibrosis are listed in Table 6.10. On multivariate logistic
regression, an LSM = 10.3 kPa was best predicted by a combination of triglyceride
level, waist circumference, duration of diabetes, and hyaluronic acid (p-value < 0.001;
Table 6.11). On multivariate linear regression, a higher LSM was best predicted by a
combination of diabetic foot ulcer/amputation, insulin therapy, TSH, AST, ALT, and

platelet count (p-value < 0.001; Table 6.11).
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Table 6.10: Univariate correlations between Fibroscan® reading and clinical and biochemical variables with p-value < 0.01.

LSM = 10.3 kPa

LSM continuous variable

Variable Spearman R p-value Variable Spearman R p-value

Sex 0.230 0.020* Sex 0.352 <0.001
Weight® 0.307 0.002 Weight? 0.405 <0.001
BMI2 0.232 0.019 BMI2 0.299 0.002
wWC 0.325 0.001* wWC 0.416 <0.001
WHR? 0.273 0.006 WHR? 0.361 <0.001
SBP 0.184 0.065* SBP 0.175 0.079
Duration of diabetes 0.255 0.010* Insulin therapy 0.279 0.004
Insulin therapy 0.215 0.030* HbAlc 0.325 0.001
HbAlc 0.204 0.040* Any diabetes-related complication? 0.234 0.018
Any diabetes-related complication? 0.280 0.004 Total # of microvascular complications? 0.289 0.003
Total # of microvascular complications? 0.326 0.001 Diabetic nephropathy 0.267 0.007
Diabetic nephropathy 0.245 0.013* Albuminuria® 0.283 0.004
eGFR < 602 0.206 0.038 UACra 0.232 0.019
Albuminuria® 0.248 0.013 Diabetic foot ulcer/amputation 0.246 0.013
UACr2 0.237 0.017 Any macrovascular complication 0.169 0.090
Abnormal monofilament test 0.208 0.036* PVD? 0.185 0.064
Diabetic foot ulcer/amputation 0.321 0.001* Steatosis 0.175 0.079
Any macrovascular complication 0.240 0.015* OSA 0.168 0.091
PvDa 0.168 0.093 Creatinine? 0.235 0.018
GGT 0.318 0.001* GGT 0.293 0.003
ALT 0.196 0.048* ALT 0.221 0.026
AST 0.181 0.073* AST 0.213 0.034
Platelet count -0.302 0.002* AST:ALT? -0.175 0.083
Total cholesterol 0.210 0.034* Platelet count -0.301 0.002
Triglycerides 0.215 0.030* Triglycerides 0.207 0.037
NFS?2 0.294 0.003 HDL-c -0.188 0.059
HA 0.284 0.004* Uric acid 0.230 0.020
TIMP1 0.204 0.039* TSH -0.259 0.009
PIIINP 0.442 <0.001* fT42 0.193 0.052
DPP4 activity 0.218 0.028* 25-OH Vit D -0.174 0.080
FAP 0.261 0.008* NFS? 0.251 0.013
HA 0.312 0.001
TIMP1 0.255 0.010
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PIIINP
CK-18
DPP4 activity

0.487
0.264
0.166

<0.001
0.007
0.095

* p-value < 0.1 for inclusion in multivariate regression analysis. 2 not included in multivariate regression analysis due to multicollinearity. 25-OH VitD, 25-hydroxy

vitamin D; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AST:ALT, AST to ALT ratio; BMI, body mass index; CK-18, cytokeratin-18; DPP4,
dipeptidyl-peptidase 4; eGFR, estimated glomerular filtration rate; FAP, fibroblast activation protein; fT4, free thyroxine; GGT, gamma-glutamyl transferase; HA,

hyaluronic acid; HbAlc, haemoglobin Alc; HDL-C, high-density lipoprotein cholesterol; LSM, liver stiffness measurement; NFS, NAFLD fibrosis score; OSA,

obstructive sleep apnoea; PIIINP, type Ill procollagen N-terminal peptide; PVD, peripheral vascular disease; SBP; systolic blood pressure; TIMP1, tissue inhibitor

of metalloproteinase 1; TSH, thyroid stimulating hormone; UACr, urine albumin to creatinine ratio; WC, waist circumference; WHR, waist to hip ratio.

Table 6.11: Multivariate regression analysis.

LSM = 10.3 kPa

LSM continuous variable

p-value < 0.001

p-value < 0.001

Variable Beta p-value Variable Beta p-value
Constant -13.556 <0.001 Constant 14.592 <0.001
Triglycerides 0.791 0.024 Diabetic foot ulcer/amputation 5.677 0.016
wC 0.076 0.002 Insulin therapy 4.334 0.006
Duration of diabetes 0.076 0.044 TSH -1.685 0.007
HA 0.014 0.004 AST 0.290 0.011

ALT -0.146 0.022
Platelet count -0.034 0.001
Summary: Summary:
x?= 35.824 F=7.139
R?=0.491 R?=0.318

ALT, alanine aminotransferase; AST, aspartate aminotransferase; HA, hyaluronic acid; LSM, liver stiffness measurement; TSH, thyroid stimulating hormone;

WC, waist circumference.
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6.3.2 Circulating CCNs in pre-clinical mouse studies
The circulating concentrations of CCN1, CCN2, and CCN3 in The CCN2 Study and

The CCN1 Study were measured using commercial kits, to determine if there was an

association with the development of NASH fibrosis. The metabolic, biochemical, and
histological characteristics have been described in detail in Chapter 4 (The CCN2
Study) and Chapter 5 (The CCN1 Study). The focus of the correlation analyses was
in the HFD+DM groups, as these were the groups in which significant NASH fibrosis
developed. Correlation results of the HFD and Chow groups were not performed as

these groups did not develop NASH fibrosis.

6.3.2.1 Circulating CCNs in The CCN2 Study

6.3.2.1.1 Circulating CCN concentrations

There was no effect from the hepatocyte specific gene deletion of CCN2 on the
systemic concentrations of plasma CCN2 (Figure 6.5). Plasma CCN2 levels were
similar across all nine study groups. Plasma CCN1 concentrations were significantly
higher in the CCN2-KO HFD and CCN2-KO HFD+DM groups compared with the
corresponding AlbCre groups of the same “diet”, but not compared with the CCN2f/
groups. The plasma concentration of antifibrotic CCN3 was increased in the CCN2-
KO HFD+DM group which may be consistent with the reduced amount of liver fibrosis
observed in this group. Baseline (Chow groups) CCN concentrations were similar

across all three sub-strains of mice.
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Figure 6.5: Mouse plasma CCN1 (A), CCN2 (B), and CCN3 (C) concentrations from The CCN2 Study.
Data shown as mean = SEM; n =7 - 13. * p-value < 0.05, *** p-value < 0.001 or **** p-value < 0.0001
for comparison of mouse sub-strains within the same “diet” subgroup using two-way ANOVA with
Tukey’s correction for multiple comparisons. ns, not significant.

6.3.2.1.2 Circulating CCN correlations with liver fibrosis

Plasma concentrations of CCN1, CCN2, or CCN3 did not correlate with the amount of
liver fibrosis detected by PSR staining in any of the three HFD+DM groups in The
CCN2 Study (Table 6.12). This is consistent with the lack of correlation identified in
The DaSH Study and suggests that circulating CCNs may not be useful biomarkers

for the presence of liver fibrosis.
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Table 6.12: Univariate correlations between plasma CCNs and amount of liver fibrosis.

Plasma CCN1 Plasma CCN2 Plasma CCN3
AlbCre HFD+DM
% PSR +ve tissue 100x 0.200 -0.067 -0.083
(p = 0.605) (p = 0.853) (p = 0.820)
% PSR +ve tissue 200x -0.018 0.233 0.287
(p = 0.962) (p =0.517) (p =0.421)
% PSR +ve tissue 400x CV 0.062 0.298 0.023
(p=0.874) (p = 0.403) (p = 0.950)
% PSR +ve tissue 400x PT -0.185 -0.058 0.164
(p =0.633) (p=0.873) (p = 0.652)
CCN2"! HFD+DM
% PSR +ve tissue 100x 0.092 0.667 0.365
(p =0.828) (p = 0.035) (p = 0.300)
% PSR +ve tissue 200x 0.047 0.493 0.299
(p = 0.912) (p = 0.148) (p = 0.402)
% PSR +ve tissue 400x CV -0.435 0.091 -0.096
(p = 0.281) (p = 0.802) (p = 0.792)
% PSR +ve tissue 400x PT -0.378 0.311 0.040
(p = 0.355) (p = 0.587) (p = 0.913)
CCN2-KO HFD+DM
% PSR +ve tissue 100x -0.193 -0.309 0.133
(p = 0.570) (p = 0.304) (p = 0.665)
% PSR +ve tissue 200x -0.026 -0.355 0.202
(p = 0.940) (p = 0.234) (p = 0.509)
% PSR +ve tissue 400x CV -0.119 -0.204 0.164
(p = 0.728) (p = 0.504) (p = 0.593)
% PSR +ve tissue 400x PT -0.078 -0.178 0.303
(p = 0.821) (p = 0.560) (p = 0.314)

Data expressed as Pearson r (p-value). Significant correlations (p-value < 0.05) are highlighted in green.

CV, central vein; PSR, Picro Sirius Red; PT, portal tract.
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6.3.2.1.3 Identifying predictors of NASH fibrosis

An attempt was made to identify metabolic, biochemical, or histological characteristics
that may predict the amount of liver fibrosis identified in the HFD+DM groups. There
was no logical series of variables with statistical significance that correlated with the
percent of PSR-positive staining (200x magnification) in the CCN2"f HFD+DM and
CCN2-KO HFD+DM groups. In the AlbCre HFD+DM group, more fibrosis was
associated with lower final weight, higher termination BGL, lower fat mass and higher
lean mass (by termination tissue weights and body composition data), lower liver
CCN1 mRNA level, and higher grade of portal inflammation and fibrosis by Brunt

criteria (all p < 0.05)80.81,

6.3.2.1.4 Correlates of other variables with circulating CCNs

The AlbCre HED+DM group

A higher plasma CCN1 concentration was associated with greater hyperglycaemia (r
= 0.835, p = 0.005) and lower insulin (r = -0.658, p = 0.076) and c-peptide (r = -0.759,
p = 0.029) levels, consistent with pancreatic damage and metabolic dysregulation. It
also correlated with a lower ALP (r = -0.853, p = 0.003), AST:ALT (r = -0.787, p =
0.012) and bilirubin (r = -0.771, p = 0.015), which may be indicative of lesser liver

damage. Plasma CCN2 concentration was correlated with liver CCN1 (r = -0.633, p =
0.049) and ACTA2 (r = -0.809, p = 0.005) mRNA levels. A higher plasma CCN3
concentration was associated with lower scores for steatosis (r = -0.656, p = 0.039),
hepatocyte ballooning (r = -0.680, p = 0.030) and NAS (r = -0.711, p = 0.021) on

histological assessment.

The CCN2"HFD+DM group

Higher plasma CCNL1 concentration was associated with variables suggestive of lesser

liver damage, including lower liver collagen-VI (r = -0.688, p = 0.040) and FAP (r = -
0.806, p = 0.009) MRNA levels, and lower scores for lobular inflammation (r = -0.905,
p = 0.001), hepatocyte ballooning (r = -0.729, p = 0.026) and total NAS (r = -0.866, p
= 0.003). It was also associated with a significantly higher plasma CCN3 concentration
(r=0.714, p = 0.047) and a trend towards a higher plasma CCN2 concentration (r =
0.694, p = 0.056). Plasma CCN2 concentration was positively associated with ALP (r
= 0.666, p = 0.025) and percent of PSR-positive tissue at 100x magnification (r =

249



0.667, p = 0.035). There was a trend for reduced liver FAP mRNA level with higher
plasma CCN3 concentration (r = -0.594, p = 0.054).

The CCN2-KO HFD+DM group

Plasma CCN1 concentrations were associated with lower insulin (r = -0.722, p = 0.012)

and c-peptide (r = -0.742, p = 0.009) levels, as well as lower liver mRNA levels of
collagen-IVa2 (r = -0.691, p = 0.019) and TNF (r = -0.611, p = 0.046). Plasma CCN2
concentration was correlated with liver CCN1 mRNA level (r = 0.629, p = 0.021), whilst
plasma CCN3 concentration was associated with liver CCN3 mRNA level (r = 0.608,
p = 0.028).

6.3.2.2 Circulating CCNs in The CCN1 Study

6.3.2.2.1 Circulating CCN concentrations

There was a systemic effect on plasma CCN1 concentrations in mice with a
hepatocyte-specific CCN1 gene deletion: plasma CCN1 concentrations were
significantly lower in the CCN1-KO HFD and CCN1-KO HFD+DM groups compared
with the corresponding AlbCre groups of the same “diet”, and numerically lower
compared with the CCN1% groups (Figure 6.6). Plasma CCN2 concentrations were
significantly lower in the CCN1-KO HFD+DM group compared with the other two
control HFD+DM groups, despite increased liver fibrosis observed in this group,
suggesting that other non-circulating CCN2-mediated pathways may be responsible
for fibrosis development. Plasma CCN3 levels were similar across all nine study
groups, and baseline (Chow groups) CCN concentrations were similar across the

three mouse sub-strains.
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Figure 6.6: Mouse plasma CCN1 (A), CCN2 (B), and CCN3 (C) concentrations from The CCN1 Study.
Data shown as mean = SEM; n =7 - 14. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 or ****
p-value < 0.0001 for comparison of mouse sub-strains within the same “diet” subgroup using two-way
ANOVA with Tukey’s correction for multiple comparisons. ns, not significant.

6.3.2.2.2 Circulating CCN correlations with liver fibrosis

Plasma concentrations of CCN1, CCN2, or CCN3 did not correlate with the amount of
liver fibrosis detected by PSR staining in the CCN1%fl HFD+DM or the CCN1-KO
HFD+DM groups in The CCN1 Study (Table 6.13). There was an unexpected negative
correlation in the AlbCre HFD+DM group with plasma CCN2 concentration, which was
discordant from the findings in The CCN2 Study (Table 6.12). There was also a
negative correlation with plasma CCN1 concentration, but only at the high-powered
magnification of the PSR assessment. Again, this data suggests that circulating CCNs

may not be useful biomarkers for the presence of liver fibrosis.
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Table 6.13: Univariate correlations between plasma CCNs and amount of liver fibrosis.

Plasma CCN1 Plasma CCN2 Plasma CCN3
AlbCre HFD+DM
% PSR +ve tissue 100x -0.501 -0.674 -0.350
(p = 0.117) (p = 0.046) (p = 0.265)
% PSR +ve tissue 200x -0.495 -0.728 -0.323
(p=0.122) (p = 0.026) (p = 0.306)
% PSR +ve tissue 400x CV -0.685 -0.487 0.026
(p = 0.020) (p=0.184) (p =0.937)
% PSR +ve tissue 400x PT -0.643 -0.673 -0.326
(p = 0.033) (p = 0.047) (p = 0.300)
CCN1"" HFD+DM
% PSR +ve tissue 100x -0.351 -0.111 0.273
(p = 0.320) (p=0.776) (p=0.417)
% PSR +ve tissue 200x -0.333 -0.081 0.341
(p = 0.348) (p = 0.836) (p = 0.305)
% PSR +ve tissue 400x CV -0.389 -0.472 0.024
(p=0.267) (p = 0.200) (p = 0.945)
% PSR +ve tissue 400x PT -0.362 0.074 0.472
(p =0.304) (p = 0.849) (p=0.143)
CCN1-KO HFD+DM
% PSR +ve tissue 100x -0.195 -0.201 0.116
(p = 0.523) (p = 0.510) (p = 0.694)
% PSR +ve tissue 200x -0.285 -0.259 -0.008
(p = 0.346) (p = 0.392) (p = 0.978)
% PSR +ve tissue 400x CV -0.067 -0.231 0.257
(p = 0.827) (p = 0.447) (0.375)
% PSR +ve tissue 400x PT -0.200 -0.282 -0.098
(p = 0.513) (p = 0.351) (p = 0.740)

Data expressed as Pearson r (p-value). Significant correlations (p-value < 0.05) are highlighted in green.

CV, central vein; PSR, Picro Sirius Red; PT, portal tract.
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6.3.2.2.3 Identifying predictors of NASH fibrosis

The amount of liver fibrosis (% PSR +ve tissue 200x) was positively correlated with
the grade of fibrosis by Brunt criteria8® in the CCN11f HFD+DM (r = 0.643, p = 0.033)
and CCN1-KO HFD+DM (r = 0.648, p = 0.012) groups but not the AlbCre HFD+DM
group (r = 0.283, p = 0.372). In the AlbCre HFD+DM group, more fibrosis was
associated with higher final weight and higher liver mRNA levels of collagen-I,
collagen-IVa2, TGFB1, and TIMP1 (all p < 0.05).

6.3.2.2.4 Correlates of other variables with circulating CCNs

The AlbCre HFD+DM group

A higher plasma CCN1 concentration was associated with lower weight gain (r = -
0.757, p = 0.007), reduced fat mass (r = -0.677, p = 0.022), better insulin sensitivity
(glucose:insulin ratio: r = 0.706, p = 0.015; AUC ITT: r = -0.660, p = 0.027), but higher
glucose level (r = 0.692, p = 0.018). There was also a trend to less severe lobular
inflammation (r = -0.552, p = 0.078) and NAS score (r =-0.552, p = 0.078) on histology

assessment. Plasma CCN2 concentration correlated with an improved metabolic

phenotype (lower final body weight: r = -0.791, p = 0.011; lower fasting plasma insulin:
r=-0.675, p =0.046; lower fat mass: r =-0.801, p = 0.009; higher lean mass: r = 0.796,
p = 0.010) and lower mRNA levels of fibrosis markers (collagen-I: r =-0.827, p = 0.006;
collagen-Ill: r = -0.791, p = 0.011; collagen-IVa2: r = -0.802, p = 0.009; collagen-VI: r
=-0.697, p=0.037; TGFB1:r=-0.677, p=0.045; TIMP1: r =-0.683, p = 0.042). There
was an inverse relationship between plasma CCN3 concentration and liver weight (r
=-0.703, p = 0.011) and liver triglyceride concentration (r = -0.620, p = 0.031).

The CCN1"1 HFD+DM group

Plasma CCNL1 concentration was associated with a lower fasting plasma c-peptide

level (r = -0.650, p = 0.042) and improved insulin sensitivity (glucose:insulin ratio: r =
0.677, p = 0.032; AUC ITT: r = 0.621, p = 0.055). It was also associated with a lower
ALT (r =-0.731, p = 0.016) but higher AST:ALT (r = 0.749, p = 0.013) and higher liver
FAP mRNA level (r = 0.657, p = 0.039). Plasma CCN2 concentration was correlated
with lower weight gain (r = -0.884, p = 0.002), higher mean BGL (r = 0.808 p = 0.008),
lower fasting plasma insulin level (r = -0.677, p = 0.045), improved insulin resistance
(glucose:insulin ratio: r = 0.697, p = 0.037; AUC ITT: r = -0.711, p = 0.032), lower fat
mass (r = -0.925, p < 0.001), and higher lean mass (r = 0.922, p < 0.001). There was
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also a negative association with ALP (r = -0.802, p = 0.009), blood lipids (total
cholesterol: r = -0.769, p = 0.015; HDL-c: r = -0.745, p = 0.021; LDL-c: r =-0.682, p =
0.043) and collagen-I (r = -0.699, p = 0.036) and collagen-VI (r = -0.854, p = 0.003)
MRNA levels. Plasma CCN3 concentration was also negatively correlated with
collagen-VI mRNA level (r = -0.647, p = 0.031).

The CCN1-KO HFED+DM group

Plasma CCN1 concentration was associated with lower weight gain (r = -0.636, p =
0.019), lower fat mass (r = -0.691, p = 0.013), higher lean mass (r = 0.664, p = 0.019),
lower liver mass (r =-0.672, p =0.012) and liver triglyceride concentration (r = -0.616,
p = 0.025), lower blood lipids (total cholesterol: r = -0.656, p = 0.015; HDL-c: r =-0.620,
p =0.024; LDL-c: r =-0.562, p = 0.046), and higher liver DPP4 mRNA level (r = 0.606,
p = 0.028). Plasma CCN2 concentration was associated with lower weight gain (r = -
0.636, p = 0.019), lower fat mass (r = -0.800, p = 0.002), and higher lean mass (r =
0.779, p = 0.003). There was a positive relationship with ALT (r = 0.626, p = 0.022)
and AST (r = 0.649, p = 0.016), and an inverse relationship with total cholesterol (r =
-0.571, p=0.041) and HDL-c (r =-0.714, p = 0.006). Plasma CCN3 concentration was

inversely associated with liver triglyceride level (r = -0.606, p = 0.022).

6.4 Discussion

6.4.1 Predicting diabetes-related complications with circulating CCNs in
individuals with T2DM

The DaSH cohort consisted of individuals with relatively well-controlled, long-standing
T2DM, with high rates of diabetes-related complications, obesity, hypertension, and
dyslipidaemia. The prevalence of advanced liver fibrosis by transient elastography was
19%. Whilst the measurements of blood CCN1, CCN2 or CCN3 were not able directly
predict the presence of specific diabetes-related complications in this relatively small

cohort, some interesting correlations were noted.

Firstly, a higher blood CCN1 concentration was associated with a lower body weight
and waist circumference, and higher HDL-c. Individually, these variables are tightly
linked to cardiovascular risk, but together they suggest that there may be an impact of
CCNL1 on the metabolic phenotype. There have not been any reports in the literature

linking circulating CCN1 with obesity or metabolic syndrome?72 and further studies in
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this area are warranted. A higher circulating CCN2 level was associated with variables
linked to peripheral neuropathy, diabetic nephropathy, and cardiac disease, and this
has previously been described in the literature?’2. Circulating CCN3 correlated with
markers of diabetic nephropathy. CCN2 and CCN3 have a “ying-yang” relationship in
some organ pathologies, and CCN3 was previously demonstrated to have an inhibitory

effect on CCN2 to prevent renal fibrosissel,

The circulating concentrations of neither CCN1, CCN2, nor CCN3 correlated with the
presence of advanced liver fibrosis as determined by an LSM threshold of = 10.3 kPa.
The rationale and limitations for using a conservative cut-off were discussed earlier in
The DLC Audit (Chapter 3). The lack of a significant difference in circulating CCN
concentration between individuals with and without advanced liver fibrosis suggests
that these measures may not be sensitive enough to be used as novel blood
biomarkers, at least not on their own. However, the association of CCN1 with DPP4
activity, FAP, and HA, and of CCN3 with FAP, PIIINP, and FIB-4, suggests there may

be a link of some of these blood CCN measures with NASH fibrosis.

In further attempts to study the predictors of advanced liver fibrosis in The DaSH
cohort, univariate and multivariate logistic and linear regression analyses were
performed. Interestingly, yet another novel combination of variables was identified in
the multivariate analyses, different from currently used clinical risk scores and from
The DLC Audit. In this cohort, advanced liver fibrosis was best predicted by higher
triglycerides, waist circumference, and HA, and longer duration of diabetes. These
variables generally make plausible clinical sense. The combination of variables in the
linear regression analysis are more difficult to explain. Association with foot disease
has previously been reported33’, and AST and platelet count are included in several
of the validated clinical risk scores. Insulin therapy may be a surrogate for the presence
of more severe diabetes. Surprisingly, there was an inverse relationship with ALT and
TSH, both variables that generally have positive correlations with NAFLD and
NASHS382:383 There is conflicting data around the relationship between TSH and
NAFLD, with some studies reporting on a positive association384 and others concluding

a lack of association385, but none have reported on an inverse relationship.
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6.4.2 Predicting liver fibrosis with circulating CCNs in mice

As major organ contributions (such as from the liver) to circulating concentrations of
CCNs and clearance of CCNs from the blood have not been defined in mice or
humans, it was unclear what to expect in these animal studies. The hepatocyte CCN2
deletion did not affect systemic levels of CCN2, but there was a significant increase in
the CCN3 concentration in the CCN2-KO HFD+DM mice. Elevated CCN3 may
represent an indirect mechanism for reduced fibrosis, through its inhibitory actions on
CCN2381, Conversely, there was some data to suggest that hepatocyte CCN1 deletion
may have had a systemic effect on circulating CCN1 concentrations. The levels of
CCN1 were lower in the CCN1-KO groups compared with the AlbCre groups under
HFD and HFD+DM conditions, but not when compared with the CCN1 groups. There
was also lower circulating CCN2 concentrations in the CCN1-KO groups, possibly
indicating that the increased fibrosis was independent of circulating CCN2 actions.

There were no changes in plasma CCN3 levels.

None of the measured circulating CCNs positively correlated with the amount of liver
fibrosis by PSR staining in either animal study. There was also a lack of other
predictors of liver fibrosis that were consistent between the six groups of HFD+DM

mice (representing five different sub-strains of mice).

When examining other variables that correlated with circulating CCNs, overall patterns
observed included that circulating CCN1 generally correlated with an improved
metabolic phenotype. Circulating CCN2 also correlated with improved metabolic
phenotype, but correlations with liver outcomes were frequently discordant. For
example, circulating CCN2 correlation with reduced mRNA levels of fibrosis markers
contradicts what is already known about CCN2. Circulating CCN3 tended to correlate

with outcomes suggestive of less liver damage.

Identifying significant correlations in the animal studies was challenging. In part this
may have been due to the small sample sizes within each group. Another factor that
may have confounded the findings was the discordance in the outcomes from the
AlbCre groups in the two studies. Potential reasons for this are discussed in Section
7.2.2. This provides justification for using two control sub-strains (AlbCre and

homozygous floxed mice) in studies using the CreLoxP system. In addition, the quality
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(and specificity) of CCN antibodies used in the commercial ELISA kits may be an issue
and a presumption was made that these kits were able to measure what was described

by the kit manufacturer.

6.4.3 Conclusion

Overall, circulating levels of CCNs alone are not good predictors of the presence of
NASH fibrosis. However, based on the small clinical and pre-clinical studies presented
here, they do link with metabolic phenotype and with some microvascular
complications. In particular, higher CCN1 associates with fewer metabolic syndrome
features, and hepatocyte CCN1 may contribute to similar features. The circulating
CCNs may have better utility predicting diabetes-related complications if they were
combined with other biomarkers or clinical risk scores, and in more severe
microvascular complications of diabetes. Further testing of this in prospective studies

with larger cohorts is needed.
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Chapter 7: General Discussion and

Conclusions
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7.1 Summary of Key Findings

This thesis presents novel research from both clinical and pre-clinical studies on the
development of NASH with fibrosis in the setting of T2DM. This is an area of emerging
interest as rising prevalence as well as enhanced awareness of the potential adverse
clinical outcomes posed by these concomitant diseases is recognised. There is a great
need to better understand the natural history and pathophysiology, to develop better
screening algorithms and diagnostic tools, and to discover new therapeutic targets to

improve the outcomes for individuals with NASH fibrosis and diabetes.

The key findings from each of the studies in this thesis are summarised below. A
comprehensive discussion of the key findings has been provided within each of the
preceding four results chapters. This final chapter will discuss how the studies have
collectively addressed the thesis aims and provide a general discussion, including

strengths, limitations, and future directions arising from this thesis.

The results from The Diabetes and Liver Clinic Audit presented in Chapter 3 provided
evidence that a dedicated multidisciplinary clinic can enhance the assessment for
NASH fibrosis. The prevalence of advanced liver fibrosis determined by transient
elastography with a conservative Fibroscan® threshold of 10.3 kPa was 28%. This was
almost 10% higher than a historic cohort of randomly recruited individuals with
diabetes from the same tertiary diabetes centre. The increased prevalence compared
with the historic cohort, and from other similar observational studies, is attributed to
our pre-selection of individuals on biochemical or radiological evidence of NAFLD. In
doing this, it was possible to direct limited resources to those who were at relatively
higher risk, compared using the more general approach of screening all people with
T2DM for NAFLD and NASH fibrosis. However, it is acknowledged that many
metabolic-focused centres, such as diabetes centres, may not have the resources to
establish such a specialised clinic, and thus the use of clinical risk scores using readily
available clinical and biochemical variables has an important role in further stratifying
those at greatest risk. In The DLC Audit, the use of the NFS had a marginally better
NPV compared with the FIB-4, but sensitivity and specificity of both were suboptimal.
This highlights the need to develop more accurate clinical risk scores, specifically
designed for individuals with diabetes and NAFLD. This study identified that the
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combination of lower LDL-c, and higher BMI, ALT, and ALP best predicted the
presence of advanced fibrosis, and this novel statistical model outperformed both the

NFS and the FIB-4. Further studies validating this model in other cohorts are required.

Having established the scope of the clinical problem, the following two results chapters
proceeded to use an established pre-clinical model of NASH fibrosis and diabetes to
examine the role of two members of the CCN family that have been implicated in
NASH fibrosis. The CCN2 Study, presented in Chapter 4, confirmed the hypothesis
that hepatocyte deletion of CCN2, a profibrotic gene/protein, would protect against the
development of NASH fibrosis. Indeed, mice with hepatocyte CCN2 deletion exhibited
a reduced amount of liver fibrosis on quantitative histological analysis, with supporting
evidence from reduction in mRNA levels of key ECM components. Conversely, The
CCN1 Study, presented in Chapter 5, confirmed the hypothesis that hepatocyte
deletion of CCN1, an antifibrotic gene/protein, would worsen the development of
NASH fibrosis. Mice with hepatocyte CCN1 deletion exhibited increased liver fibrosis
on quantitative histological analysis, with supporting evidence from increased mRNA
levels of key ECM components. The independent pathologist’s data supported the
model but was not able to detect the more subtle findings seen in quantitative image
analysis of liver fibrosis in the knockout mice. Nor were differences observed in the
other components of the NAS and Brunt criteria, however, these scoring systems have

not been validated in pre-clinical settings (discussed in Section 7.2.3).

Interestingly, mice with the hepatocyte CCN1 deletion also displayed metabolic
alterations characterised predominantly by greater weight gain and fat mass, with
lesser hyperglycaemia, indicating that the tissue-specific gene deletion had a systemic
effect on the mice. There was no such systemic effect identified in the hepatocyte
CCN2 deletion mice.

Finally, based on the existing literature implicating the CCNs in diabetes-related
complications, including NASH fibrosis, it was proposed that circulating CCNs could
be used as potential blood biomarkers. Chapter 6 reported on the measurement of
CCN1, CCN2, and CCN3 in blood samples from The DaSH Study, of which 19% had
advanced liver fibrosis. Whilst none of the measured CCNSs correlated with advanced

fibrosis by transient elastography, there were associations between CCN1 and CCN3
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with other biomarkers of NASH fibrosis (CCN1: FAP, DPP4 activity, and HA; CCN3:
FAP and PIIINP). Higher CCN1 concentration was associated with an improved
metabolic phenotype, whereas CCN2 concentration was associated with markers of
peripheral neuropathy, kidney disease and heart disease, whilst CCN3 concentration
was associated with kidney disease. Plasma measurements of CCN1, CCN2, and
CCN3 in the mice from the pre-clinical studies did not reveal any correlation with

severity of liver fibrosis.

7.2 Links Observed Between the Clinical and Pre-clinical Studies
7.2.1 CCN1 and the metabolic syndrome

The CCN1-KO HFD+DM mice exhibited an unexpected phenotype with a ‘worse
metabolic state’, suggesting that the tissue-specific gene deletion had a systemic
effect. It is important to note that the overall circulating concentrations of CCN1 in the
CCN1-KO HFD+DM mice were the same as in one mouse control sub-strain but were
reduced compared to the other control, but that the metabolic phenotype between the
two control sub-strains was similar. The findings suggest that reduced hepatocyte
CCNL1 expression has deleterious effects on the systemic metabolic phenotype. This
concept is consistent with observations in The DaSH Study, where a higher circulating
CCNL1 level was associated with the improved metabolic phenotypes of lower body
weight and waist circumference, and higher HDL-c. Whether increasing CCN1
concentration can be used to prevent or treat NASH fibrosis and improve metabolic

parameters, is still to be elucidated.

7.2.2 CCN2, CCN1 and TIMP1
The effects of hepatocyte CCN2 and CCN1 on TIMP1 mRNA levels were investigated

in the animal studies. Deletion of hepatocyte CCN2 led to a trend in reduced TIMP1,
which may patrtially explain the reduced fibrosis through less inhibition of MMPs that
degrade ECM. Consistent with the paradigm developed in these findings, deletion of
hepatocyte CCNL led to a trend in increased TIMP1, which again, may partially explain
the increased fibrosis through increased inhibition of MMPs. Itis unclear if the changes
in TIMP1 levels are a direct effect of the hepatocyte gene deletion, or if they result
from the CCN effects on activated HSCs, which are the main producers of TIMPL1.

Nevertheless, there is an interesting relationship between CCN2 and CCN1, and
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TIMP1. The CCNs have been proposed here as potential biomarkers of NASH fibrosis,
while circulating TIMP1 is a component of the validated ELF Test (Section 1.4.3.2.1)
that is used internationally in screening algorithms for NASH fibrosis. Interestingly, The
DaSH Study uncovered a positive correlation between circulating CCN2 and
circulating TIMP1 levels. Although circulating CCN2 did not correlate with advanced
liver fibrosis by transient elastography, inclusion of CCN2 in existing fibrosis panels

such as the ELF Test may improve its predictive performance.

7.2.3 ALP and NASH fibrosis

The statistical model reported in The DLC Audit found that advanced liver fibrosis was

best predicted by a combination of variables that included higher ALP. This was
unexpected, as generally AST and ALT have greater value in predicting liver damage.
Similar findings of higher ALP association with NASH fibrosis have been reported in
other small cross-sectional studies34834°, Interestingly, the animal studies also
demonstrated changes in ALP that appeared to be related to the severity of NASH
fibrosis under HFD+DM conditions. In The CCN2 Study, there was reduced ALP in the
CCN2-KO HFD+DM group which showed less liver fibrosis, compared with the control
sub-strains. Conversely, in The CCN1 Study, there was increased ALP in the CCN1-
KO HFD+DM group which exhibited more liver fibrosis. The elevation of ALP is
generally observed in cholestatic liver diseases, but here it is shown in three different
studies to be linked with NASH fibrosis. It is possible that a ductular reaction3°
associated with liver fibrosis resulted in bile duct injury and release of ALP into the
serum. Histological evidence of a ductular reaction was observed in liver tissue from
HFD+DM mice but it was not formally quantified. Further research is needed to
establish the relevance of this unusual finding, including confirmation of liver-derived
ALP, and not bone-derived ALP.

7.3 Strengths of this Thesis

7.3.1 The clinically relevant FaD model of NASH fibrosis
Scientific research in the development and progression of NASH fibrosis has been

hampered by the lack of clinically relevant animal models that closely reflect the
metabolic changes and histological features as they occur in humans. In addition,

many frequently used models do not include a component of diabetes; whilst diabetes
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Is not specifically essential to the development of NASH fibrosis, it has been well
established that diabetes is an independent risk factor for more severe disease in

humans®7.

The FaD model was first published by this laboratory in 201114° as a highly translatable
and clinically relevant animal model. It has since been used to contribute to further
important research in NASH fibrosis in published!44 and unpublished studies. This
thesis combined the use of the FaD model with tissue-specific gene deletions,
highlighting the interaction between the environment and genetics to study NASH
fibrosis in diabetes. The FaD model begins with inducing obesity by high fat feeding
of mice aged four to seven weeks for a total of 26 weeks. Mice are not considered to
be mature adults until the age of three months; however, they have reached sexual
maturity by ~five weeks and thus this model aims to study the effects of obesity
induced in adult mice, and not in juvenile mice3. Mice generally begin to exhibit
changes associated with old age after the age of six months38¢, but in this study mice
were terminated by ~seven months of age, thereby limiting the effects of confounding

age-related changes.

The high fat diet used in the FaD model was comprised of 45% kcal fat and 0.26%
added cholesterol. High fat diets are frequently used to achieve obesity and insulin
resistance in animal models, but the effects can be unreliable. This may be related to
adaptation to reduce oral intake and resistance to the development of metabolic
abnormalities23%, which may be more pronounced in certain mouse strains38’. In
response to this, researchers have developed methods of “force feeding” through oral
gavage or gastrostomy feeding tubes or using genetically manipulated mice that
exhibit hyperphagia?®®>, methods which are not relevant to human disease.
Percentages of more than 60% kcal fat have been used in some diets, an amount that
far exceeds human dietary intake in the majority of the population?'2, The WHO
currently recommends that the total amount of fat consumed by an individual should
be less than 30% of their total energy intake, as amounts greater than this will
contribute to unhealthy weight gain388. To put this into perspective, recent data of
American adults reports that the mean total fat intake as a percentage of total energy
intake and adjusted for age was almost 36%38°. A panel of experts in obesity research

propose that a tolerated high fat human diet may consist of ~50 - 60% kcal fat3%°, which
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is almost double the recommended intake. In contrast, the relative difference of a
Chow diet, containing 12% kcal fat, and a high fat diet of 60% kcal fat, is much larger

and has questionable relevance to human physiology3.

The amount of added cholesterol used in dietary animal studies has also been heavily
scrutinised. Cholesterol increases the disease severity of NASH?1> but amounts used
iIn some studies are much greater than a standard human diet. The amount used in
the FaD model is relatively high for rodents but remains within the threshold of less

than 0.5% which is recommended to maintain human relevance?12,

In general, the rationale for using diets that have such excessive amounts of fat or
cholesterol relate to the convenience of such diets in rapidly causing metabolic
derangements. This has advantageous effects such as less time required to perform
a study, which can reduce the financial costs associated with long-term animal care,
and increased research productivity3%0. Mice also tend to develop a more severe
phenotype. However, these factors are at the expense of maintaining clinical
applicability. The composition of the diet used in the FaD model remains highly
relevant to human disease and importantly avoids many of the criticisms raised in

other studies that use less relevant diets.

After 15 weeks of ad libitum high fat feeding, mice in the FaD model diabetes were
then induced with diabetes using multiple low dose intraperitoneal injections of STZ.
This mimics the progression of human disease, whereby the initial onset of obesity
leads to insulin resistance and hyperinsulinaemia, followed then by the development
of relative insulin deficiency and subsequent elevation of glucose levels to the diabetes
range. Most of the mice required only two doses of STZ (65 mg/kg/day) given on
consecutive days to achieve hyperglycaemia. Studies of much higher daily and
cumulative doses of STZ to induce diabetes result in complete pancreatic B cell
destruction, and a phenotype of absolute insulin deficiency that is typical of TIDM230.
Whilst this model maintains glucose levels in the diabetes range throughout the ten
weeks of diabetes, there is improvement in levels, likely related to recovery of
pancreatic B cells over time. This pattern of glycaemia is frequently observed in animal

models using STZ to induce diabetes391-393,

264



Measurement of fasting plasma insulin and c-peptide levels indicate that mice in this
study retained pancreatic 8 cell function to produce similar amounts of insulin as Chow
fed mice, consistent with a relative insulin deficiency. Although these mice do not
display overt hyperinsulinaemia at termination, data from fasting whole blood
measurements taken at week 16, before the induction of diabetes, indicates that the
mice were hyperinsulinaemic for more than half of the duration of the study. This model
was not able to consistently demonstrate significant insulin resistance in the HFD+DM
groups using multiple surrogate markers and calculated measures. However, the gold
standard of hyperinsulinaemic euglycaemic clamp was not performed, and in future,
this may be able to confirm the presence of insulin resistance in these obese and

hyperglycaemic mice.

At high doses, STZ is known to cause toxicity outside of the pancreas3®4. Of main
concern in this study is the effects of liver toxicty231.3%5, However, the initial publication
from this laboratory reported on the amelioration of liver fibrosis in HFD+DM mice that
were treated with insulin to achieve normoglycaemial4®. This data provides evidence
that the low dose STZ was not the cause of the liver fibrosis observed in the FaD
model and reiterates that hyperglycaemia and diabetes increase the severity of

disease.

These two animal studies recapitulate that the FaD model reliably produces NASH
fibrosis, with a metabolic phenotype that closely resembles human disease. This is the
first time that the FaD model has been assessed according to the NAS and Brunt
criteria%81 by an independent anatomical pathologist with experience in mouse liver
histology. Importantly, the ~200 specimens were de-identified for the analysis. Each
of the Chow groups scored lowly in each of the individual criteria of fibrosis, lobular
inflammation, portal inflammation, hepatocyte ballooning, steatosis, and total NAS.
The HFD+DM groups had the highest scores for each of these criteria, whilst the HFD
groups had intermediary scores, except for steatosis where all mice fed a high fat diet
scored highly. This data provides further evidence that the addition of diabetes to a
high fat feeding worsens the phenotype of NASH fibrosis. In addition, the sequential
elevation in plasma measurement of CK-18, a proposed biomarker of NASH fibrosis,

provides further evidence of the robustness of the FaD model. The mRNA levels of
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collagens and related fibrotic genes change in the expected directions according to

the metabolic stress that each group of mice was exposed to.

A comprehensive method for quantification of the amount of PSR-positive stained
tissue using image analysis software was developed. This method was more sensitive
at detecting changes in fibrosis severity compared with the independent pathologist’s
assessment. The use of automated technology enhances the practicality of this
otherwise time-intensive method of capturing 20 images per mouse at multiple
magnifications and focussing on different zones of the liver. However, assessment of

a relatively large amount of tissue increases the reliability of the findings.

The main priority of the two animal studies was to examine the effects on development
of NASH fibrosis in mice with hepatocyte gene deletions of CCN2 or CCN1 exposed
to the FaD model of high fat feeding with diabetes. Assessment of mice fed a high fat
diet alone was not the primary aim, but these groups were used to highlight the
increased severity of disease when a high fat diet was combined with diabetes. A
diabetes-only group was not performed in this study as they have been reported on in
previous research from this laboratory and do not develop the metabolic features that
are characteristic of NASH, nor do they develop significant liver fibrosis'4>. The
findings in the HFD groups are generally as expected: lesser severity of fibrosis and
inflammatory endpoints compared with HFD+DM groups, although this was not always
statistically significant. Plasma studies of liver enzymes were somewhat discordant in
the HFD groups, as they were either similar to, or higher than the HFD+DM groups,
despite the lesser liver fibrosis. However, liver enzyme tests are a non-specific
measure of liver damage and therefore the discordance may not be clinically relevant,
especially when more reliable histological endpoints are available. The gene deletion
of CCN2 had no observed effect within the HFD groups in The CCN2 Study. In The
CCN1 Study, there were some minor effects with the hepatocyte CCN1 deletion
exacerbating the liver and metabolic phenotype, but these changes rarely reached
statistical significance. It is possible that the phenotype of the HFD mice was not

severe enough to show subtle differences induced by the gene deletion.

A two-way ANOVA with correction for multiple comparisons was a rigorous statistical

test for data consisting of two independent variables (mouse sub-strain and “diet”).
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One could argue that a less robust statistical test, such as a one-way ANOVA, may
have been sufficient, as the primary aim was to compare mice exposed to same
metabolic conditions. Although the data from this thesis adds to the model’s reliability,
this model has already been validated and published before, and so statistical tests
between Chow, HFD, and HFD+DM were observed but not routinely reported in the
current research. Nevertheless, even though it was difficult to demonstrate statistical
significance in many outcomes because of the multiple interactions, the two-way
ANOVA proved to be most appropriate statistical test, and reduced the risk of type |
statistical error being seen in these studies3%,

7.3.2 The use of two control sub-strains when using the CreLoxP system

A major strength of this thesis is the use of two control sub-strains for comparison with
the knockout sub-strain. Many studies that use the CreLoxP system report on only a
single control sub-strain, yet debate remains regarding which sub-strain is an
appropriate control. Evidence from this thesis shows that the two control sub-strains
can sometimes have different phenotypes, and this has potential to significantly affect
the interpretation of the data. The Jackson Laboratory details three options for control
sub-strains when using the CreLoxP system?%, Firstly, the homozygous LoxP is the
control used in the CCN2fland CCN 17 mice. These mice have the 34 bp LoxP sites
flanking the gene of interest, but without the presence of Cre recombinase will not
display a phenotype. The second option was the Cre transgene control, or in this case,
the AlbCre mouse. Theoretically, these mice do not contain the LoxP sites that
determine the site of recombination, and thus are frequently used as controls.
However, several potential problems have been identified with these mice, which will
be discussed below. The final suggestion is the Cre, heterozygous floxed control,
which carries the Cre transgene and a single floxed allele of the gene of interest.
Presumably, this is only a suitable control if a heterozygous deletion of the gene of
interest does not produce a phenotype. Alternatively, some studies simply use the

C57BL/6 wild-type strain as a control.

The Cre transgene control is frequently used in animal studies, but researchers should
be aware of potential problems with them?373. Firstly, Cre itself can produce its own
phenotype. The random insertion of Cre may inadvertently disrupt an endogenous

gene, causing unexpected and unrelated effects. In addition, Cre expression can be
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high enough to affect normal cell physiology, a phenomenon called “Cre toxicity”3°7:398,
There may also be naturally occurring “cryptic” LoxP sites, which closely resemble a
LoxP site399400, |f the Cre recognises a cryptic LoxP, DNA damage at that site can
occur. Secondly, although promoters are thought to be tissue-specific, Cre can be
expressed in other tissues. For example, the RIP-Cre is expected to cause a gene
deletion within pancreatic 3 cells, but a recent report showed unexpected Cre activity
in the brain?0t, And finally, there can be mosaic Cre activity where there is incomplete
deletion of floxed alleles. This may arise from Cre not being expressed in every cell in
the target organ (e.g., not all hepatocytes expressed Cre), or alternatively there may

be a failure of complete recombination.

Some of the above-mentioned concerns are more relevant to this thesis than others,
noting that the AlbCre mice used in this thesis were purchased commercially from The
Jackson Laboratory. Problems specific to creating new Cre transgenic mice or
germline expression of Cre have not been discussed. Nevertheless, the main
approach for addressing these concerns in the current animal studies was careful
observation for unexpected phenotypes and the use of two control sub-strains,
enabling comparison of the AlbCre sub-strain with the homozygous floxed sub-strain.
Future studies that include the use of a Cre reporter strain, which can express a visible
marker (e.g., fluorescent tag) in cells or tissue that express Cre activity may provide a

more accurate method of confirming appropriate Cre activity373402,

7.3.3 The use of two methods for fibrosis assessment

The histological assessment by the pathologist was not able to detect a change in the
fibrosis stage in the CCN2-KO and CCN1-KO HFD+DM mice, despite significant
changes in the amount of PSR-positive staining by quantitative analysis. One
consideration is that the two different methods used to assess liver fibrosis are
measuring different things: the Brunt criteria used to grade fibrosis is a measure of
regionality of fibrosis, where FO is the absence of fibrosis, F1 is perisinusoidal, F2 is
periportal, F3 is bridging and F4 is cirrhosis®. As the grade increases, more fibrosis is
present, however there is no specific quantitative aspect to this grading system, and it
is semi-quantitative at best. The fibrosis grade correlates well with clinical outcomes
in humans, but whilst this system is frequently used in pre-clinical models, it has not

been validated in animals. It may be that larger differences in fibrosis are required to
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be able to detect this using the Brunt criteria. For example, a longer duration model of
40 weeks routinely induces F4 fibrosis with occasional HCC (unpublished data) and
use of a hepatocyte CCN2 or CCNL1 deletion in this model may be able to show a

significant change in fibrosis using the Brunt criteria.

Another drawback of using the NAS and Brunt criteria is that by convention, the
specimen is graded as the highest grade present, rather than the average grade of the
sample. For example, in a mouse specimen containing 20 portal tracts, if 19 portal
tracts are FO/F1, but one portal tract is F2, then the sample is graded as F2. This may
explain the discrepancy between the amount of fibrosis by PSR staining compared

with the grading of fibrosis by the pathologist in the HFD groups.

Alternatively, using PSR staining in combination with image software analysis provides
a quantitative assessment of the amount of fibrosis. To improve the accuracy of this
measurement, multiple images of each histological section were taken, at multiple
magnifications, and focusing on multiple regions. In total, 20 images, covering a large
range of each specimen, were taken: four images at 100x magnification, four images
at 200x magnification, six images of six central veins at 400x magnification, and six
images of six portal tracts at 400x magnification. PSR staining is frequently used to
study fibrosis, but many studies do not perform such stringent analysis to quantify the

amount of fibrosis.

One problem that was encountered in the quantitative PSR analysis was the effects
of nuclei counterstaining. Standard protocols include a step for counterstaining nuclei
with haematoxylin to aid in cellular identification. The image analysis software was
detecting the brown-coloured nuclei as PSR-positive tissue, which was falsely
increasing the amount of fibrosis. This had a greater effect on Chow fed groups
compared with high fat fed groups: normal hepatocytes have nuclei with much larger
surface areas compared with hepatocytes of high fat fed mice, which have nuclei that
are pushed to the periphery by fat droplets and have a much smaller surface area. To
overcome this issue, two sets of consecutive tissue sections were stained, one with
nuclei counterstaining and one without. The non-counterstained sections were used
for fibrosis quantification, whilst the counterstained sections were used for cellular

identification and representative images.
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7.3.4 The value of clinical cohort studies: The DLC Audit and The DaSH Study
The two clinical cohorts used in this thesis provide valuable information in the study of
individuals with diabetes and liver disease. The CPC RPAH DLC clinic is the first of its

kind in Australasia. Patients undergo thorough clinical assessment, with access to
transient elastography for liver fibrosis assessment, which is not otherwise readily
accessible in Australia. It provides opportunity for coordinated screening of
complications in those with advanced liver fibrosis, and access to relevant clinical trials
of potential therapeutic interventions. In the future, serial assessment of these patients
will allow a better understanding of the natural history of NAFLD in individuals with

diabetes.

Over recent years, international guidelines for screening of NAFLD/NASH fibrosis in
the diabetes population have been developed!®%-201  in recognition of the increasing
burden of disease and the need to provide guidance to primary care physicians,
endocrinologists and hepatologists. The CPC RPAH DLC clinic was established
before most of the international guidelines were published, and this provides
significant validation for the clinic. Australia is yet to establish its own clinical guideline,
and real-world data from clinics such as this will aid in the development of relevant

and practical recommendations to improve patient outcomes.

The novelty of The DaSH Study cohort lies in the bio-banked blood samples with
corresponding clinical data, including liver assessment, of a cohort of individuals with
diabetes. Other potential biomarkers have been tested in this cohort before and
provided some novel results, including in FAP8 and DPP4 activity86. This thesis
reports on the measurement of circulating CCNs as potential novel blood biomarkers.
Although CCN1, CCN2, or CCN3 did not correlate directly with the presence of
advanced fibrosis by transient elastography, overall, the cohort had relatively mild
disease and few individuals had severe disease. Measurement of circulating CCNs in
a larger cohort selected for moderate to advanced liver fibrosis and T2DM might yield

better results.
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7.4 Limitations of this Thesis
7.4.1 Evidence for the gene deletion of CCN2 and CCN1

A limitation of this study was that in situ hybridisation was not performed to confirm the
location of the gene deletion. It is also assumed that deletion of a single module of
CCN2 and CCN1 will result in knockdown of all functional hepatocyte CCN2 and CCN1
proteins. The homozygous floxed mice were created by Professor Andrew Leask and
donated to our laboratory and thus there was no control over the insertion sites of the
LoxP sequences. Importantly, the deleted sequences were in-frame mutations that
resulted in a stop codon. Data prepared by Dr Xiaoyu Wang prior to the
commencement of this thesis and during the generation and confirmation of the gene
knockout mice clearly showed reductions at the DNA, mRNA, and protein levels in the
livers of chow fed CCN2-KO and also in the CCN1-KO mice.

In The CCN2 Study, it would have been helpful to achieve a greater reduction in liver
CCN2 in the CCN2-KO mice than the ~40 - 60% reduction that was shown here. If so,
then it may have been possible to achieve even greater prevention of liver fibrosis.
Continued production of CCN2 by non-hepatocyte liver cells may be responsible for
this and deletion of CCN2 in all liver cells, including HSCs, might yield greater effects

on fibrosis prevention.

There was a reduction of > 80% of liver CCN1 mRNA level in the CCN1-KO mice in
The CCN1 Study. There were challenges in detecting the CCN1 protein and the
Western immunoblot analysis of mice from chow fed mice appeared to show a reduced
level of CCN1 protein. Although several commercial antibodies were trialled, the
antibody used in the Western immunoblot shown in Chapter 2 detected a very faint
band that corresponded to the molecular mass for monomeric CCN1and showed the
expected reduction in the CCN1-KO mice compared with the AlIbCre mice. A
prominent band at a higher molecular mass was also detected and this darker band
may represent dimeric CCN1 protein. It showed the same trend of reduction in the

CCN1-KO mice but was not further investigated and remained to be confirmed.
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7.4.2 Generalisability of the pre-clinical findings

The effect of gender on development of NASH fibrosis was not explored as only male
mice were used in the animal studies. Both human and animal studies suggest that
NAFLD is a sexually dimorphic disease*3404, In humans, NAFLD affects men more
than women, but post-menopausal women are more likely to develop more severe
steatosis and liver fibrosis#?3. Similar findings have been reported in models of
oestrogen deficiency in zebrafish#%> and mice*%. These findings implicate oestrogen
as a protective hormone for NASH fibrosis and research is ongoing regarding its

therapeutic value?04,

However, gender is not included as a component of any of the validated clinical risk
scores for liver fibrosis and nor was it statistically significant in the multivariate
analyses of the two clinical cohorts used in this thesis. At the time of application for
animal ethics approval for The CCN2 Study and The CCNL1 Study, use of both genders
of mice was not mandated, as it is now. Historically, use of male animals was preferred
by researchers to mitigate the impact of the female oestrous cycle that may confound
results and increase the number of controls required. Also relevant to this study is the
resistance to diabetes induction by STZ in female C57BL/6 mice*’. It may be
reasonable to hypothesise that if pre-menopausal females had been used in this study,
they would have developed less fibrosis than the male mice, related to oestrogen
protection and less severe diabetes, and consequently the effects of the CCN2 or
CCN1 deletion may have been less pronounced. However, future studies should

endeavour to include female mice to improve the general applicability of the findings.

Each of the mouse sub-strains used in the animal studies were bred on a C57BL/6J
background, the most common strain used in animal research of dietary induced
metabolic changes. The benefits include their susceptibility to developing diet-induced
obesity and diabetes?8°. However, inbred mouse strains do not exhibit the genetic
diversity of humans, and future studies should also incorporate other inbred and
outbred mouse strains for a better understanding of the effect of genetic diversity on

development of NASH fibrosis.
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7.4.3 Utilisation of pre-clinical in vivo imaging

The Pre-clinical Imaging Core Research Facility in the Charles Perkins Centre at the
University of Sydney houses a wide range of modality options to conduct in vivo
studies in small animals. Unfortunately, this thesis was not able to fully utilise the pre-
clinical imaging facilities. The results of the liver ultrasound were not presented in this
thesis as there were difficulties with the data analysis, which required external
assistance. Whether a radiomics approach can be used to reliably identify liver fibrosis
in live mice is still unknown but ultrasound would be a useful non-invasive tool if it were
validated. The ultrasound images were easily acquired with short anaesthesia times

(under 15 minutes) and the procedure was well-tolerated by the mice.

Assessment by MRI was abandoned as high fat fed mice became too obese to fit
inside the MRI chamber for serial assessment. A further imaging modality that was not
explored due to the temporary closure of the facility during the COVID-19 pandemic
was MRS. A study in humans has reported that Hydrogen (*H) MRS features
correlated well with biopsy-proven fibrosis in individuals with chronic hepatitis#98.
Others have used 'H MRS in mice to quantify liver fat409:410 and 31Phosphorous (31P)
MRS in rats to assess liver fibrosis#!l. The benefit of pre-clinical imaging is that real-
time non-invasive assessment can be performed, which would otherwise require
termination of an animal for each single time-point analysis. Imaging modalities can
be repeated throughout the study and provide information on progression or
regression of disease. Incorporating pre-clinical imaging into future animal studies has
the potential to reduce the overall number of mice required in animal research, which

is one of the three R’s in the Australian Code for animal research412.

7.4.4 Generalisability of the clinical findings

Whilst both clinical cohorts studied in this thesis have reported on novel and important
data that adds to what is already known about NASH fibrosis and diabetes, a limitation
is the size of each cohort. There were just under 100 individuals in each study, and
this affects the general application of the results to a wider population. Data collection
from The DLC Audit is currently ongoing, however this audit has been significantly
impacted by the COVID-19 pandemic with the temporary cessation of face-to-face
clinical assessments. Larger studies of a longitudinal nature are required, which will

aid in further characterisation of individuals with NASH fibrosis and in defining the
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natural history of the disease. The statistical models proposed in The DLC Audit and
The DaSH Study could then be validated in these larger cohorts.

In the absence of national guidelines, controversy remains regarding the best
screening algorithm for NAFLD/NASH in T2DM. The development of accurate
screening tests, such as novel blood biomarkers, could be used in addition to clinical
risk scores to enhance diagnostic and prognostic value. Prospective studies with
relevant ethical approval to collect and store human blood samples will be useful in

the future testing of potential biomarkers for NASH fibrosis.

7.5 Future Directions
Many of the future directions were already discussed in previous sections of this
thesis. This final section will focus on two of the broader aspects of potential future

research studies that arose from the findings of this thesis.

7.5.1 Ildentifying mechanisms by which hepatocyte CCN2 and CCN1 affect liver

fibrosis

The CCN2 Study and The CCN1 Study have so far focussed on a phenotypic
description of the relevant hepatocyte gene deletions. Having confirmed the
hypotheses, the next step is to consider whether CCN2 or CCN1 are mediators, or
markers of liver fibrosis development or fibrosis regression. To do this, further research

into potential mechanisms will be required.

In examining the role of hepatocyte CCN2, further lines of investigation mentioned
already in this thesis (discussed in Section 4.4) include assessment of the MAPK
signalling pathways, the further exploration of the relationship between CCN2 and
TIMP1 and collagen proteins, and the interaction of CCN2 with activated HSCs.
Targeting CCN2 in other liver cells, such as HSCs, either in addition to or
independently of the hepatocyte, may improve outcomes in the prevention of liver
fibrosis. The protocol used is primarily a study of the prevention of liver fibrosis, and
future studies should aim to examine whether established liver fibrosis can be

reversed or at least progression prevented. This could be performed using time-
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targeted inducible gene deletions with the CreLoxP system, or with administration of

an anti-CCN2 agent after the development of liver fibrosis in a longer-term study.

Important future studies in The CCN1 Study will involve detailed assessment of the
role played by the HSCs, in relation to senescence and apoptosis pathways. Previous
studies of hepatocyte CCN1 gene deletion in a toxin-induced model of NASH showed
a deficit of HSC senescence using senescence-associated [-galactosidase
staining?6. Further investigation of the systemic phenotype in the CCN1-KO HFD+DM
mice is also required and will include consideration of whether this systemic phenotype
is an indirect contributor to the development of liver fibrosis. In the first instance,
repeating the current study would determine whether the systemic phenotype can be

replicated.

7.5.2 Considerations of CCN2 and CCN1 as potential therapeutic targets

The findings presented in the pre-clinical studies in this thesis suggest that inhibition
of liver CCN2 or treatment with CCN1 may be of therapeutic value in the prevention,

and possibly treatment, of NASH fibrosis.

7.5.2.1 Inhibition of CCN2 to reduce liver fibrosis

CCN2 has been studied as a therapeutic target in pre-clinical and clinical studies. In
the kidney, rodent studies have demonstrated that a reduction in CCN2 achieved by
injections of antisense oligonucleotides was able to reduce histological fibrosis and
expression of relevant fibrosis markers#13-415_ Other studies have used small interfering
RNA (siRNA) to silence CCN2 gene expression in models of renal allograft
nephropathy#'6 and unilateral ureteral obstruction*l”. A small phase 1 clinical trial of a
monoclonal antibody against CCN2 (FG-3019; FibroGen, San Francisco, CA, USA) in
individuals with microalbuminuric diabetic kidney disease showed promise in reducing
UACr48, The medication was administered intravenously every fortnight for two
months and was well tolerated. A subsequent phase 2 clinical was terminated early41°.
There are no current clinical trials of FG-3019 in the renal field listed on

ClinicalTrials.gov.

The most promising therapeutic use for FG-3019 exists for the treatment of idiopathic
pulmonary fibrosis (IPF). A phase 2 clinical trial (PRAISE) was published in 2020
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reporting on the attenuation of progression of IPF in patients who had been
randomised to receive intravenous infusions of FG-3019 (pamreviumab) every 3
weeks for 48 weeks?*20, A phase 3 double-blinded RCT (ZEPHYRUS [1)#21 with open-
label extension phase (ZEPHYRUS I1)#22 are currently underway. There have been no
safety concerns identified. Other active clinical trials listed on ClinicalTrials.gov include

studies of FG-3019 in pancreatic cancer and Duchenne Muscular Dystrophy.

Another drug targeting CCN2 through RNA interference, RXI-109 (Phio
Pharmaceuticals (formerly RXi Pharmaceuticals), Marlborough, MA, USA) has
undergone phase 2 clinical trials in individuals with hypertrophic#2® and keloid*?*
scarring. It is administered intra-dermally, but results are yet to be published. There is

also interest in intravitreal injection of this agent for the treatment of eye disease*25426,

Similar techniques of antisense oligonucleotides, siRNA, and neutralising antibodies
have been investigated in pre-clinical studies of liver fibrosis. One study showed
reduction of collagen-I expression but not fibrosis with intra-portal administration of
CCN2 antisense oligonucleotides in a CCls-induced mouse model of liver fibrosis+?7.
Other studies using siRNA in toxin-induced liver fibrosis in rats reported improvements
in fibrosis marker expression and liver fibrosis#?842°. Qur laboratory used
intraperitoneal administration of a polyclonal neutralising antibody against CCN2 to
show partial protection from the development of liver fibrosis in the clinically relevant
FaD model'44, A phase 2 clinical trial of FG-3019 plus the antiviral agent, entecavir, in
individuals with liver fibrosis due to chronic hepatitis B infection, was terminated early
as entecavir had an unexpected positive effect on fibrosis regression3°. No further
studies examining treatment of humans with liver fibrosis with inhibition of CCN2 have

been reported.

7.5.2.2 Treatment with CCNL1 to reduce liver fibrosis

There is considerably less research on the use of CCN1 as a therapeutic target. In a
mouse model of worsened fibrosis due to mutant CCN1 that is unable to bind to
integrins, administration of CCN1 was able to reverse the damage; this was
demonstrated in studies of wound healing with topical application of CCN1 protein262,

and in colitis with intraperitoneal injection of purified CCN1431,
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7.5.2.3 Targeted therapeutic strategies

Many of the above-mentioned studies have utilised systemic administration of a
potential therapeutic agent. However, the CCNs have a diverse range of functions in
many cells and tissues, and unwanted off-target side effects may limit their utility. But
CCNs are generally lowly expressed under normal conditions and become highly
expressed in response to inflammation and tissue damage. Theoretically, it is likely
that the sites of pathology will be preferentially targeted by systemically administered
therapeutic agents, and that the normal functions of unaffected organs and tissues will

be minimally impacted?52.

The homologous structure of the CCN family proteins makes the development of
humanised monoclonal antibodies challenging. Targeting the hinge region, which is
unique to each CCN member, may offer better specificity and less side effects?>2. The
fact that FG-3019 has promising data for therapeutic effectiveness for IPF without
significant side effects*2° gives promise that this type of drug design can potentially be

used in other fibrotic diseases.

Some technologies, such as siRNA and antisense oligonucleotides can have relatively
good specificity through careful design of nucleotide sequences?®2, The choice of
vector can also affect the effectiveness of drug delivery and potential side effects.
Adeno-associated virus (AAV) is the most preferable vector for gene therapy involving
the liver. They carry long-term gene expression and do not have the significant
immunogenic and genetic side effects associated with other viral vectors#32. Non-viral
vectors, such as nanopatrticles, are another potential option that are less likely to
generate an immune response. Nanoparticles have been used to deliver CCN2 siRNA
to treat liver fibrosis in cell-based and animal studies but have not yet been tested in

humans#33:434,

Another novel approach to targeting CCN2 is via injection of protein peptides. Several
peptides are under development by BLR Bio that target CCN2 through manipulations
in CCN3. Certain peptides have been designed to target kidney diseases, whilst others
have anti-cancer43> and/or antifibrotic properties. These remain under investigation in

pre-clinical studies and have not yet been tested in humans436,
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7.5.2.4 Reflections on therapy from The CCN2 Study and The CCN1 Study

Based on the results presented in the animal studies from this thesis, CCN2 and CCN1
are potential targets for the prevention of NASH fibrosis in diabetes. Future studies
could aim to test methods of gene therapy for inhibiting CCN2 to establish if NASH
fibrosis can be prevented, or even treated, using a clinically relevant mouse model.
Studies of administering CCN1 protein and determining effect on NASH fibrosis would
also be useful. As individually targeting CCN2 or CCNL1 is likely to result in partial,
rather than complete amelioration of fibrosis, models that simultaneously target CCN2

and CCN1 may offer a more effective therapeutic strategy.

7.6 Concluding Remarks

The growing burden of disease posed by NASH fibrosis in individuals with T2DM
highlights the need for increasing clinical and pre-clinical research into this area.
Research from this thesis has described the clinical problem and local prevalence in
The DLC Audit. Potential candidates implicated in the pathogenesis of NASH fibrosis
have been explored in novel pre-clinical mechanistic studies, with results suggesting
that each of CCN2 and CCNL1 indeed have promise as therapeutic targets. Finally, the
role of circulating CCNs as novel biomarkers for screening of NASH fibrosis has been
investigated. It is anticipated that in future years, answering key questions related to
pathophysiology using clinically relevant animal models will lead to development of
novel therapies for prevention and treatment of NASH fibrosis. Subsequent translation
of such pre-clinical research to the clinical setting, likely across decades, will

predictably lead to improved outcomes for people who have NASH fibrosis with T2DM.
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