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Abstract 

Introduction: Non-alcoholic fatty liver disease is strongly associated with type-2 diabetes mellitus, 

with diabetic patients being at higher risk for adverse outcomes. The aim of this thesis was to explore 

in detail the clinical and metabolic phenotype of diabetics screened for NAFLD in primary care and 

to develop a referral management pathway for this population. Moreover, this thesis investigated the 

impact of alterations of the gut-liver axis on the severity of liver disease in such cohort. 

Methods: In this cross-sectional study, consecutive diabetic patients from primary care were 

screened for liver disease and NAFLD. Nuclear magnetic resonance and liquid chromatography-

mass spectrometry were used to explore the metabolic profile of the patients against severity of liver 

disease. Stool meta-taxagenomics allowed for the analysis of the composition of the microbiome, 

while gut permeability was investigated using an in-vitro model and an ex-vivo measurement of 

faecal protease activity. Inflammatory cytokines profile was also analysed in serum as well as in 

faecal samples. 

Results: Clinically significant NAFLD was highly prevalent in the diabetic population in primary care. 

According to the results of this study, applying FIB-4 with a cut-off of 1.3 in this population would 

miss up to 38% of the patients with significant liver disease. The BIMAST score, which was derived 

based on simple clinical parameters, was validated both internally and externally, outperformed 

conventional screening methods and optimised risk-stratification in primary care. Among the 

metabolites, only lysine deficiency was associated with increased hepatic collagen content. 

Moreover, specific changes in gut microbiome were associated with more severe liver disease, while 

intestinal permeability tended to increase with liver disease severity. A combination of host and 

microbiota-related factors were associated with a leakier gut in this population. 

Conclusions: Current risk-stratification for NAFLD among diabetics in primary care can be 

improved. Exploring the gut-liver axis may offer diagnostic as well as therapeutical insights in this 

population. 
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1. INTRODUCTION 

1.1 Non-Alcoholic Fatty Liver Disease: definition, diagnosis, screening and management 

1.1.1 Definition and epidemiology of NAFLD 

 Chronic liver disease (CLD) is the only major cause of death still rising in the United Kingdom 

(UK), reporting 500% increase in mortality rates for patients younger than 65 years (Williams et al., 

2014). It has been estimated that one in five young people has steatosis and one in 40 has significant 

fibrosis around the age of 24 years already (Abeysekera et al., 2020). Only 7% of overall CLD is 

attributable to autoimmune (autoimmune hepatitis-AIH), cholestatic (primary biliary cholangitis-PBC, 

primary sclerosing cholangitis-PSC) and to genetic disorders (haemochromatosis, Wilson’s disease, 

WD). The most common contributors of CLD are: alcoholic liver disease (ALD), non-alcoholic fatty 

liver disease (NAFLD) and viral hepatitis (chronic hepatitis B-CHB, chronic hepatitis C-CHC) 

(Williams et al., 2014). Histologically, NAFLD encompasses a spectrum of pathological disorders 

characterised by macro-vescicular fat accumulation (steatosis, Non-alcoholic fatty liver, NAFL) with 

or without hepatocellular injury and/or inflammation (Non-Alcoholic Steato-Hepatitis, NASH) and a 

variable degree of fibrosis through to cirrhosis (Kleiner et al., 2005, Brunt et al., 2021). 

 NAFLD is the most common cause of abnormal liver function tests (LFTs) worldwide, with an 

estimated prevalence ranging between 19–46% (Younossi et al., 2019d). Overall, the NAFLD 

prevalence is particularly higher in those with metabolic syndrome, i.e. a combination of central 

obesity, insulin resistance, type 2 diabetes mellitus (T2DM), hypertension and dyslipidaemia (Glen 

et al., 2016). Mirroring the epidemic of metabolic syndrome, the prevalence of NAFLD is constantly 

increasing, going from 15% in 2005 to 25% in 2010 and, in similar fashion, the prevalence of NASH 

from 33% to 59.1% (Younossi et al., 2019b). Furthermore, NASH has become the fastest growing 

indication for liver transplantation in the USA, and it is still raising (Younossi et al., 2019a). Notably, 

the NAFLD prevalence is even higher among high-risk groups. According to tertiary care studies, 

more than 50% of the patients with T2DM will have NAFLD (Glen et al., 2016). As one would expect, 

the prevalence of NAFLD is as high as 45% among those with increased Body mass index (BMI>30 

kg/m2) and up to 90% among those undergoing bariatric surgery (Tanajewski et al., 2017). As large 
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part of the epidemiological data derives from tertiary care centres, there is not much evidence on the 

prevalence of NAFLD in the general population. 

 In the UK, NAFLD also represents a major cause of abnormal liver functions tests, accounting 

for 26.4% of the cases (Armstrong et al., 2012). In 2018, the number of patients diagnosed with 

NAFLD in the UK was estimated to be almost 11 million people, while the number of those with 

NASH almost 1,75 million (Statistics, Mid-2018). Interestingly, autopsy data suggests that 4-9% of 

people with BMI between 27.5 and 35 kg/m2 have histological evidence of NASH, a figure which 

rises up to 19% in those with a BMI greater than 30 kg/m2 (Wanless and Lentz, 1990). Given the 

current prevalence of obesity at 25% in the UK, this translates into about 1 in 20 in the general 

population having NASH. Moreover, considering the estimated trend in obesity prevalence, 50-60% 

of the population will have a BMI greater than 30 kg/m2 and, therefore, one in ten people will have 

NASH (Office, April, 2014, Morgan et al., 2021). Even more concerning is the data on future 

generations, as a steep increase in childhood obesity has been reported during the last decade. 

According to Public Health England, the prevalence of obesity is now 9.3% among 4-5 years old, 

and up to 18.9% in age 10-11 years. Of note, such estimates have already doubled in the last few 

years (Health and Social Care Information Centre (HSCIC), April 2014).  

 

1.1.2 Natural history of NAFLD 

 Far from the old concept of being a dichotomic disease, NAFLD is now considered to be a 

dynamic disease with a wide spectrum of disease activity within different cases of simple steatosis 

or NASH (Kleiner and Makhlouf, 2016). Insulin resistance (IR) plays a crucial role in the development 

and progression of liver disease, as this stimulates de novo lipogenesis and is associated with 

impaired lipolysis, resulting into an increase flux of fatty acid to the liver (Bugianesi et al., 2010). Of 

note, hepatic triglyceride storage is not harmful per se. Nevertheless, when the hepatic capacity of 

using, storing and exporting free fatty acids becomes saturated, lipotoxicity may occur within the 

liver. Overall, lipotoxicity is thought to be the crucial driver for the development and progression of 

hepatocellular injury, inflammation, hepatic stellate cell activation and extracellular matrix (ECM) 
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deposition (Neuschwander-Tetri, 2010). Overall, a status of IR also drives a dysfunctional adipose 

tissue, which produces metabolically active cytokines (Guilherme et al., 2008) Figure 1.1.  

 The development and progression of liver disease in NAFLD is now being explained with a 

multi-hit hypothesis, where a plethora of dietary, environmental and genetic factors contribute to the 

disease along with the worsening of IR (Figure 1.1). Along with hyperinsulinaemia, 

hyperglucagonaemia can also be observed in patients with NAFLD. Hepatic glucacon resistance 

may result into impaired aminoacids metabolism beta-oxidation and lipolysis (Galsgaard, 2020). 

Dietary elements, both in terms of overall calories intake and specific dietary patterns, may contribute 

to the development of NAFLD. Specifically, high-fat diets, increased fructose and red meat intake 

have been associated to worsening hepatic steatosis and to inducing a pro-inflammatory status 

(Bergheim et al., 2008, Ma et al., 2015, Zelber-Sagi et al., 2018). Moreover, there has been a large 

body of work showing that gut microbiome plays an essential role in disease activity in patients with 

NAFLD (Hu et al., 2020). The interactions between the liver and the gut, the so called “gut-liver axis”, 

result from a complex interplay between the gut and the immune system, which ranges from immune 

tolerance to immune activation. Changes in gut microbiome composition, gut permeability and the 

translocation of pro-inflammatory bacterial by-products are now included among the factors involved 

in the progression of liver disease in this population (Kirpich et al., 2015). Genetic factors also 

represent an important contribution to NAFLD progression. Few genes have been identified as 

conferring different levels of susceptibility to fat accumulation, hepatic inflammation and lipotoxicity, 

such as patatin-like phospholipase domain containing protein 3 (PNPLA3), Transmembrane 6 

superfamily member 2 (TM6SF2) and membrane-bound O-acyltransferase domain containing 7 

(MBOAT7) (Buzzetti et al., 2016).  

 Clinical data from paired liver biopsies and placebo arms of clinical trials have demonstrated 

that up to 25% of patients with NAFL, a condition which was previously considered “benign”, may 

also progress to advanced fibrosis. Among those with NASH, up to 35% present fibrosis progression, 

while 40% remain relatively stable over time. Overall, NAFLD is considered a slow-progressive 

disease, with a 1-stage fibrosis progression over 14 years for those with fibrosis stage 1 and over 7 

years in patients with advanced fibrosis (Pais et al., 2013). However, those with NASH seem to 
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progress more rapidly than those with NAFL (Chalasani et al., 2012), with up to 20% of patients with 

NASH and fibrosis stage 3 progressing to cirrhosis (Torres et al., 2012, Ascha et al., 2010). Baseline 

inflammation status and worsening of metabolic risk factors have been suggested as the main 

contributors to disease progression in these patients (Pais et al., 2013). Overall, the yearly 

cumulative incidence of NASH-related hepato-carcinoma (HCC) is low (1.5-2%) compared to 4% of 

HCC from chronic viral hepatitis (Ascha et al., 2010, Estes et al., 2018). Moreover, recent evidence 

also suggests that pre-cirrhotic NAFLD may confer an increased risk for HCC, independent of 

cirrhosis (Estes et al., 2018) (Figure 1.2). Specifically, NAFLD-associated NAFLD in the absence of 

cirrhosis accounts for up to 25-46% of all NAFLD-associated HCC cases (Dyson et al., 2014, 

Piscaglia et al., 2016). 

 The main cause of death among NAFLD patients is cardiovascular disease (CVD) (33% of 

deaths), followed by non-gastrointestinal cancer (19% of deaths) and then liver related complications 

(19% of deaths) (Adams et al., 2010). In terms of absolute risk, patients with NAFLD have been 

shown to have significantly increased risk of all overall-causes mortality (Hazard ratio 2.2, 95%CI 

1.2-44), mainly driven by malignancy (Adams et al., 2010). However, CVD is still highly prevalent 

and represents an important cause of mortality and morbidity in these patients (Abeles et al., 2019, 

Targher et al., 2016). Previously published studies have explored clinical, biochemical and 

histological variables that could predict mortality in patients with NAFLD, concluding that age and 

T2M are strong predictors for adverse events (Adams et al., 2020). However, it is now established 

that fibrosis stage represents the main prognostic factor in this population (Ekstedt et al., 2015). 
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Figure 1.1 Risk factors for development and progression of NAFLD. NAFLD illustrates the most common 
risk factors associated with the development and progression of NAFLD. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, BA: bile acid, FXR: farnesoid-x-receptor, LPS: 
lipopolysaccharide, TLR: toll-like receptor, DNL: de-novo lipogenesis, T2DM: type 2 diabetes mellitus, IR: 
insulin resistance, patatin-like phospholipase domain containing protein 3 (PNPLA3), Transmembrane 6 
superfamily member 2 (TM6SF2) and membrane-bound O-acyltransferase domain containing 7 (MBOAT7). 
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Figure 1.2. Natural history of NAFLD. NAFLD affects almost 25% of the population worldwide. Up to 25% of 
patients with simple steatosis and up to 35% of patients with NASH may develop cirrhosis. Overall, progression 
rate for one fibrosis stage is 14 years for F1 and 7 years for F3. However, a subgroup (20%) of patients with 
NASH and F3 may be fast progressors and develop cirrhosis in 2 years. The overall yearly incidence of HCC 
in those with NASH cirrhosis is 1.5-2%. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, NASH: non-alcoholic steatohepatitis, F3: fibrosis 
stage 3, F1: fibrosis stage 1. 

 

1.1.3 Diagnosis and non-invasive assessment of NAFLD 

 The vast majority of patients with NAFLD are asymptomatic. Hepatomegaly is the most 

common clinical finding on physical examination. As patients progress to advanced liver disease, 

signs and symptoms related to portal hypertension become evident. A diagnosis of NAFLD should 

be suspected in all patients with at least one component of the metabolic syndrome, presenting with 

evidence of hepatic steatosis on imaging. Of note, NAFLD represents still a diagnosis of exclusion 

of other common causes of liver disease, especially chronic alcohol consumption (European 

Association for the Study of the Liver. Electronic address et al., 2021, Glen et al., 2016).  

 Histopathological assessment of the liver biopsy remains the gold standard for diagnosing 

NASH and staging liver disease in NAFLD (Bugianesi et al., 2010, European Association for the 

Study of the Liver. Electronic address et al., 2021, Glen et al., 2016). Currently, the interpretation of 

liver biopsy relies on the use of semi-quantitative scores, such as the NASH clinical research network 

(NASH CRN) scoring system. When using such scores, disease activity is defined based on the 
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assessment of steatosis, hepatocyte ballooning and lobular inflammation, while staging is based on 

the assessment of fibrosis (Kleiner et al., 2005). However, obtaining a liver biopsy is expensive, 

invasive and associated with potential complications. More importantly, considering the high 

prevalence of the disease, histology cannot be considered in all the patients but should be limited to 

selected sub-groups, such as those at high risk for progressive disease, and/or in the setting of 

clinical trials (Kleiner and Makhlouf, 2016, Nalbantoglu and Brunt, 2014). 

 Given the drawbacks of performing a liver biopsy, there has been an explosive development 

and use of non-invasive tests (NIT), with significant (fibrosis stage F≥2) and advanced (fibrosis stage 

F≥3) fibrosis being the main clinical endpoints(European Association for Study of and Asociacion 

Latinoamericana para el Estudio del, 2015). Overall, blood-based NIT are mainly divided into direct 

(or class 1) and indirect (or class 2) biomarkers. The direct NIT correlate directly with or are parts of 

the liver matrix produced by the hepatic stellate cells (HSC) during fibrogenesis. Conversely, indirect 

NIT consist of a combination of routine biochemical tests, such as LFTs, platelet (PLT) count and 

albumin, and patient demographics, such as age, BMI or the presence of T2DM. Patented NIT are 

usually a combination of both class 1 and class 2 NIT. The majority of the indirect NITs have been 

validated against histology and provide dual cut-offs: a low cut-off with high sensitivity (to rule out 

the disease) and a high cut-off with high specificity (to rule in the disease). The use of each cut-off 

is mainly dictated by the clinical setting and/or on the disease prevalence. If these cut-offs are 

combined, then the number of false positive and false negative are usually reduced. However, when 

applying such system, a significant sub-group of patients would inevitably fall in the indeterminate-

risk group and, therefore, will require further investigations as per those in the high-risk category. 

Main NITs used in NAFLD are displayed in Table 1.1. Overall, the Fibrosis-4 score (FIB-4) (Vallet-

Pichard et al., 2007), NAFLD fibrosis score (Angulo et al., 2007) and Enhanced liver fibrosis (ELF) 

(Rosenberg et al., 2004) are the most frequently used NIT in clinical practice. 

 New imaging modalities based on ultrasound elastography have offered better sensitivity and 

specificity for predicting liver fibrosis than conventional imaging techniques. This is the case of 

transient elastography (TE) (Fibroscan, Echosens, Paris), followed by acoustic radiation force 

imaging (ARFI), shear wave elastography and magnetic resonance elastography (MRE) (Cassinotto 
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et al., 2016, European Association for Study of and Asociacion Latinoamericana para el Estudio del, 

2015). Briefly, TE employs vibrations of mild amplitude and low frequency, which propagate within 

the liver. The subsequent pulse-echo ultrasonic acquisitions are reflective of the hepatic elastic 

properties, i.e. stiffness, and are expressed in kilopascals (kPa). On a patient perspective, TE is 

painless and rapid (<5 minutes) and thus highly acceptable. On a clinical perspective, TE provides 

high accuracy and reproducibility for detecting advanced liver fibrosis (European Association for 

Study of and Asociacion Latinoamericana para el Estudio del, 2015). In addition, the Controlled 

attenuation parameter (CAP) score, which has been recently applied to TE, can estimate the 

presence of steatosis, based on the physical impact of fat on shear-wave propagation (Pu et al., 

2019). Using this non-invasive technique, it is now possible to measure fat content and to predict 

disease severity in a large number of patients.  

 The choice of NIT used in clinical practice is usually based upon different factors, such as 

the availability and cost of the test/technique, as well as the “context of use”. For instance, class 2 

biomarkers, which require inexpensive and widely available parameters, can be easily used to 

predict liver fibrosis in large populations (i.e primary care). Conversely, sophisticated, time-

consuming and expensive techniques like MRE are acceptable in selected groups of patients and 

for research purposes (i.e tertiary care) (Crossan et al., 2015, Han et al., 2017) .  

Notably, most of the NITs were developed and validated in secondary or tertiary care settings 

and, therefore, their performance in primary care is largely unknown. Due to the spectrum effect, 

NITs will have lower sensitivity and higher specificity in populations with lower disease prevalence. 

On the other hand, in secondary/tertiary care settings (higher disease prevalence) the positive 

predictive value (PPV) will be higher, as it is higher a priori the probability of observing true positive 

cases. As such, when selecting patients from a low prevalence population, a first NIT with high PPV 

should be used to rule out (or screen) the disease, followed by a highly accurate non-invasive tool 

which should rule in (or diagnose) significant liver disease (2-tiers system) (Crossan et al., 2015, 

Usher-Smith et al., 2016).  
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Direct serum markers Indirect serum markers Patented serum markers 

Hyaluronate  
 

Laminin  
 

YKL-40 
 

Procollagen type I carboxy-
terminal peptide (PICP) 

 
Procollagen type III amino-
terminal peptide (PIIINP)  

 
Metalloproteinases (MMP)-1 and 

MMP-2 
 

Tissue inhibitors of the 
metalloproteinases (TIMPs) 

 
Transforming growth factor β1 

(TGF-β1) 
 

MP3 
 

Microfibril-associated 
glycoprotein 4 (MFAP-4) 

AST/ALT ratio 
 

PGA 
 

APRI 
 

Forns index 
 

FIB-4 
 

Lok index 
 

Fibrosis probability index (FPI) 
 

NAFLD fibrosis score  
 

BARD 
 

GGT to PLT ratio 

Fibrotest 
 

Fibroindex 
 

Hepascore 
 

Fibrospect 
 

ELF 
 

Fibrometers 

 

Table 1.1 Overview of the main non-invasive tests based on blood tests and clinical parameters. 

 

1.1.4 The relationship between NAFLD and T2DM 

 Overall, patients with NAFLD tend to have components of metabolic syndrome such as 

obesity, T2DM, hyperlipidaemia and hypertension. Among these comorbidities, NAFLD and T2DM 

display a bidirectional association, due to their common pathogenic mechanism of IR. Not only 

NAFLD is a frequent finding in patients with T2DM, but also a diagnosis of NAFLD confers a 2 to 5-

fold risk of developing T2DM (Lonardo et al., 2018, Tilg, 2017). This risk parallels the severity of liver 

disease and improves with the resolution of NAFLD over time. Nevertheless, the exact prevalence 

of NAFLD in T2DM is unknown, previously pooled at 55.5% (95%CI: 47.3-63.7%) with variability 

according to different diagnostic techniques and selection criteria of a screened population (Dai et 

al., 2017). However, most of the data comes from observational studies carried out mainly in tertiary 

care centres (Kim et al., 2021, Poynard et al., 2021), while evidence derived from primary care is 

small (Williamson et al., 2011). Interestingly, a recent study has suggested that the prevalence of 

NAFLD among diabetics in primary care was 78.72%, with steatosis being diagnosed based on CAP 

score greater than 248 dB/m (Chen et al., 2020b). 
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 On a clinical perspective, the impact of T2DM on NAFLD seems to occur both early (with 

greater lipid accumulation) and later (with liver inflammation and fibrosis) within the spectrum of liver 

disease in NAFLD (Targher et al., 2021). In terms of natural history, T2DM is also an important 

prognostic factor for adverse clinical outcomes, such as the occurrence of advanced fibrosis and 

HCC (Adams et al., 2010, Harrison et al., 2021). According to Public health England, the obesity 

pandemic could result in the number of people with T2DM increasing further up to 6.2 million by 

2034. Given the expected increases in the incidence of T2DM, it is expected a subsequent 

tremendous rise in the disease burden from NASH and its complications in the United States as well 

as in the other Western countries (Younossi and Henry, 2021).  

 

1.1.5 Screening for NAFLD in primary care 

 Primary care clinicians play an essential role in identifying patients with NAFLD who are at 

risk of significant liver disease (European Association for the Study of the Liver. Electronic address 

et al., 2021). In this sense, the Lancet commission on liver disease identified the need for diagnostic 

pathways for screening people with NAFLD as a priority area to defeat liver disease (Williams et al., 

2014). Interestingly, a recent UK-based study has demonstrated that the diagnosis and management 

of NAFLD is perceived as a great challenge by the General practitioners (GPs). Moreover, another 

recent study has shown that up to two-thirds of the new referral to Hepatology clinics are discharged 

once received their first assessment, confirming that current risk-stratification from primary care 

needs optimisation (Elangovan et al., 2020). As many promising drugs are in the pipeline, identifying 

those with advanced fibrosis or at risk of developing advanced fibrosis in the community will become 

a clinical priority in the next future. 

 Given the high prevalence and severity of NAFLD in the diabetic population, there is an 

expected large burden of undiagnosed NAFLD with advanced fibrosis in the community, and – as 

such - a major interest in early detection of the disease among diabetics in primary care (European 

Association for the Study of the Liver. Electronic address et al., 2021). Nevertheless, there is a 

substantial lack of awareness among clinicians and policy makers. For instance, current diabetes 

management guidelines do not advise for NAFLD screening in the general population (Davies et al., 
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2018). Conversely, the latest NICE guidelines recommend screening for NAFLD subjects with T2DM 

and metabolic syndrome, performing LFTs and/or ultrasound (US). However, LFTs assessment is 

not sufficient alone for screening NAFLD, since it is well established that NASH and significant 

fibrosis can occur in patients with normal range LFTs (Ma et al., 2020). Specifically, more than 12% 

of diabetic men and 7% of diabetic women have been found to have advanced fibrosis with normal 

alanine aminotransferase (ALT) (Wong et al., 2009). Furthermore, US has low reproducibility and 

was not designed to stage disease severity (European Association for the Study of the Liver. 

Electronic address et al., 2021).  

 The latest European guidelines recommend screening NAFLD in high-risk populations (i.e. 

patients with metabolic syndrome) following a 2-tiers system. Specifically, it is recommended that 

patients should be stratified using FIB-4 and/or ELF in primary care, followed by TE in a specialist 

setting (European Association for the Study of the Liver. Electronic address et al., 2021). However, 

it should be noted that FIB-4 was derived from a tertiary care setting, and its performance in primary 

care has not been fully evaluated (Vallet-Pichard et al., 2007).  

 Although screening for NAFLD in high-risk populations has been supported by European 

association for the study of the liver (EASL) guidelines, a consensus on cost-effectiveness of 

screening hasn’t been reached yet. Corey and colleagues performed a simulation to compare 

quality-adjusted life years (QALYs) between screening with liver biopsy vs non screening and 

including pioglitazone as therapeutical option. The authors reported that NASH screening could have 

been cost-effective, if superior treatment had been made available at the time of the model (Corey 

et al., 2016). Interestingly, a UK-based study comparing risk stratification using TE vs standard of 

care proved to be cost-effective in the general population (Tanajewski et al., 2017). Moreover, a 

recent cost-utility analysis also demonstrated that screening patients with T2DM with US and LFTs, 

followed by non-invasive tests was more effective than not screening (Noureddin et al., 2020). Based 

on this evidence, a recent position paper from the American Gastroenterological Association strongly 

recommends screening for NAFLD in patients within primary care (Ando and Jou, 2021) (Noureddin, 

Gastroenterology 2021). 
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 Another important limitation to screening pathways of NAFLD is an overall low awareness 

among primary care clinicians, possibly as the result of gaps in knowledge as well as lack of 

awareness of relevant practice guidelines. In a survey study, over 40% of GPs were not familiar with 

clinical published guidelines for NAFLD management (Said et al., 2013). Moreover, such GPs were 

more likely to screen low-risk patients while neglecting patients at high-risk for liver fibrosis. Again, 

this phenomenon has been attributed to the misconception that LFTs may reflect disease severity. 

Along with developing cost-effective screening for NAFLD in primary care, future work should also 

focus on academic teaching regarding the burden of NAFLD and high-risk stratification as well as 

building awareness among GPs. 

 

1.1.6 Management and treatment of patients with NAFLD 

 Patient with NAFLD or NASH without fibrosis are generally considered to be at low risk of 

developing liver-related complications within 10-15 years of follow-up. Nevertheless, such patients 

carry major metabolic comorbidities and, therefore, have an increased risk of mortality resulting from 

both cardiovascular disease and extra-hepatic malignancies (Adams et al., 2020). It is advisable that 

their cardiovascular (CV) risk should be optimised and that they should be screened for malignancy 

following up-to-date guidelines. Of note, recommendations on CV risk and cancer screening should 

be applied to all patients with NAFLD, regardless of the severity of liver disease. Patients with NASH 

and fibrosis stage 1 or 2 have a good prognosis but are known to have higher risk of progression to 

cirrhosis (Pais et al., 2013, Pais et al., 2011, Dyson et al., 2015) compared to patients with no fibrosis. 

Furthermore, patients with NASH and advanced fibrosis stage (F>3) should be considered for 

pharmacological treatment wherever possible, in addition to aggressive lifestyle modification (Rinella 

and Charlton, 2016). Finally, patients with evidence of cirrhosis should be followed-up for 

surveillance of complications, such as HCC and portal hypertension. 

 Lifestyle modifications and weight loss represent the cornerstone of treatment for all patients 

with NAFLD (Rinella and Charlton, 2016). Several studies have supported weight loss as effective 

treatment for reducing steatosis and disease activity (expressed as NASH activity score (NAS)) on 

histology. Specifically, modest weight loss (5% weight loss) may reduce ALT levels and steatosis, 
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whereas more marked weight loss (>10% weight loss) can favour NASH resolution and fibrosis 

regression, although this was achieved by a small group of patients (Vilar-Gomez et al., 2015, Wong 

et al., 2013a, Promrat et al., 2010). Moreover, several studies have investigated whether specific 

macronutrients and/or dietary patterns may have an independent impact on treating NAFLD. Overall, 

carbohydrate-restricted diets have been linked to greater reduction in hepatic fat content compared 

to low-calories diet alone, as high sugar intake was associated with greater inflammation (Browning 

et al., 2012, Browning et al., 2008, Oarada et al., 2015). Diets with limited cholesterol content may 

be beneficial in patients with NAFLD not only because they reduce their de novo lipogenesis but also 

as they lower the CV risk (Yasutake et al., 2009). Among others, the Mediterranean diet, which is 

naturally enriched with fibre and polyunsaturated fatty acids, is considered the best approach and 

has been able to reduce hepatic steatosis effectively over a period of 6 weeks with benefits being 

independent from weight loss achieved (Ryan et al., 2013, Stewart, 2018, Properzi et al., 2018). 

Nevertheless, the advantage of short-term changes in diet remains limited in a clinical perspective. 

 A previous prospective study including 293 patients demonstrated the effect and 

sustainability of weight loss after 52 weeks of monitored diet and exercise. Interestingly, the overall 

rate of NASH resolution was proportional with the amount of weight lost. However, only 30% of the 

patients managed to lose 5% weight and even less subjects achieved a 10% weight loss (Vilar-

Gomez et al., 2015). These results raise important question on how sustainable these changes may 

be in the long term. An exercise plan should also be evaluated and tailored on patients’ medical 

condition. Ideally, a combination of aerobic and resistance training should be favoured (Rinella and 

Charlton, 2016). When feasible, also a behavioural assessment for eating disorders should be 

offered to those patients who require support (Stewart et al., 2015, Forlano et al., 2021). Bariatric 

surgery represents also another option in a selected population of patients, as this improved liver 

histology as well as other obesity-related comorbidities (Jan et al., 2015). However, as complications 

may occur according to the procedure chosen, a careful risk-benefit analysis should be carried out 

on single cases.  

 Currently, there is no pharmacological treatment for NAFLD. However, as NAFLD is strictly 

intertwined with T2DM, several antidiabetic drugs have been previously considered and/or are 
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currently under evaluation to treat the condition. Specifically, metformin, although effective in 

ameliorating IR, has not shown any beneficial effect on liver histology (European Association for the 

Study of the et al., 2016, Polyzos and Mantzoros, 2016). Other antidiabetic medications, such as 

thiazolidinediones, showed a positive effect on disease severity but carry an unfavourable safety 

profile (Glen et al., 2016). Two classes of incretin-based therapies, the glucagon-like peptide-1 

receptor agonists (GLP-1RA) and the dipeptyl peptidase-4 inhibitors (DPP-4i) represent promising 

new medications for treating NASH. Specifically, preliminary results from phase-2 studies with 

liraglutide (Keating et al., 2012) and semaglutide (Da and Satapathy, 2021) have shown encouraging 

results on weight loss and NASH resolution but not clear results on fibrosis regression. In another 

study, liralutide treatment reduced ALT in dose-dependent manner, especially in patients who had 

higher LFTs levels at baseline (Vilsboll et al., 2012). Liraglutide was also able to alter the fat 

distribution by decreasing waist circumference, wait/hip ration and the amount of visceral fat content 

(Suzuki et al., 2013). Moreover, a combination of exenatide with pioglitazone (Sathyanarayana et 

al., 2011) or with dapagliflozin (Gastaldelli et al., 2020) seem to further potentiate the effect in 

reduction of hepatic steatosis. Morerover, obethicolic acid, a synthetic bile acid acting as an 

farnesoid-X receptor (FXR) is also considered another promising agent for the treatment of NASH, 

as it has proved effective in improving histology in pre-clinical and human studies (Chitturi et al., 

2018, Younossi et al., 2019c). There is a multitude of other medications in development for treating 

NAFLD/NASH (Albhaisi and Sanyal, 2021). Finally, manipulation of gut microbiome as potential 

treatment for NAFLD will be discussed in Paragraph 1.2.5. 

 To conclude, since established and licensed pharmacotherapies for NASH are on their way, 

it is of great importance to identify high risk patients. A correct risk-stratification will also allow for the 

development of a NAFLD referral/management strategy pathway. As a result, there will be a 

reduction in progression rates to end-stage liver disease, the number of non-liver and liver-related 

events as well as requirement for liver transplantation.  
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1.2 Gut microbiota and metabolic profile in NAFLD 

1.2.1 Definition of gut microbiota and metabolomics 

 The term “gut microbiota” refers to the microorganism community residing in the intestinal 

lumen. Adult gut microbiota includes on average 1013 bacterial cells, resulting from more than 250 

different species of bacteria, fungi, viruses and archaea (Sender et al., 2016). The human intestinal 

microbiota is mainly composed of bacteria from the Firmicutes (60 to 80%), the Bacteroidetes (20 to 

40%), the Proteobacteria and the Acinetobacteria phylum, with high variability among individuals 

(Ley et al., 2006, Rinninella et al., 2019). Overall, the intestinal flora is susceptible to a wide range 

of factors, such as environmental, immunological or host factors as well as alteration in bile flow, 

gastric pH or intestinal dysmotility. However, although gut microbiota composition can be modulated 

by such factors, this is relatively stable in the long term (Wilson et al., 2020). Of note, the relationship 

between the host and the gut microbiota is symbiotic and plays a crucial role in modulating the health 

status. Specifically, the term “dysbiosis” refers to the disruption of the normal composition of the gut 

microbiota and conditions of dysbiosis have been associated with specific disease status in humans.  

 The term “metabolomics” includes a wide range of techniques which investigate the presence 

of small molecules (i.e. metabolites) which result from the interaction between the host and the gut 

microbiota. Therefore, the metabolome analysis aims to elucidate the biological implications that 

such metabolites have in the host-gut system. 

 

1.2.2 The role of gut microbiota in the pathogenesis of NAFLD 

 Over the last decade, there has been a growing body of evidence linking the presence of 

intestinal dysbiosis to the pathogenesis of human liver disease, with a primary focus on metabolic 

disease and, specifically, NAFLD. Preliminary studies had associated NASH with small intestinal 

bacterial overgrowth in human subjects (Wigg et al., 2001). Further animal experiments involving the 

manipulation of the gut microbiome offered then the strongest evidence supporting the role of 

dysbiosis in NAFLD. Specific intestinal microbiome profile was associated with increased intestinal 

energy harvest from diet in obese mice. Interestingly, this trait was shown to be transmissible to lean, 
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germ-free mice via microbiome transfer (Turnbaugh et al., 2006). Furthermore, IR per se could be 

ameliorated after the administration of antibiotics (Membrez et al., 2008). In human studies, when 

obese men with metabolic syndrome received FMT from lean donors, they showed a significant 

improvement in IR and in butyrate-producing intestinal microbiota (Vrieze et al., 2012).  

 Over the last years, there has been an explosion of studies exploring changes in microbiome 

and their association with liver disease in NAFLD. A summary of the main changes described in 

NAFLD is summarised in Table 1.2. Overall, an increased abundance of Proteobacteria and 

Firmicutes as well as a reduction in Bacteroidetes and Prevotellaceae has been noted in patients 

with NAFLD compared to healthy controls (Hoyles et al., 2018, Aron-Wisnewsky et al., 2020, Lanthier 

et al., 2021, Astbury et al., 2020). Notably, the majority of the studies have focused on comparing 

healthy controls vs patients with NASH or with simple steatosis, as well as comparing different 

grades of steatosis. It should also be noted that studies comparing the bacterial taxonomic 

composition of patients with NAFLD vs those with NASH produced variable and even contradictory 

findings, as a result of differences in the cohorts analysed and in the methods used to assess liver 

disease (Schnabl, 2021). Unfortunately, there is only small evidence exploring specific changes in 

gut microbiota with regards to fibrosis stage in NAFLD, despite this being the main predictor factor 

in these patients. 

 Short chain fatty acid (SCFA), such as acetic, propionic, and butyric acid, play a crucial role 

in modulating the interaction between the host and the gut microbiota. Specifically, SCFA are the 

major products of carbohydrate fermentation and are mainly produced by gut microorganism up to 

a daily production of 50-100 mmol/l (Duncan et al., 2009). The SCFA influence the energetic 

metabolism, the immune response and the expansion of the adipose tissue (Arslan, 2014). Many of 

the effects of the SCFA are mediated via G-protein coupled receptors (GPCRs), which are mainly 

expressed on the immune system cells, the adipocytes and the intestinal endocrine cells. Within the 

intestine, SCFA act on GPCRs, slowing gastric emptying, intestinal transit and nutrient absorption 

(Musso et al., 2010). Moreover, specific SCFA, such as butyrate, might also suppress inflammation 

directly as a result of their interaction with T regulatory cells in the mucosa (Bollrath and Powrie, 

2013, Furusawa et al., 2013).  
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 Interestingly, SCFA were able to reduce the amount of hepatic steatosis, via modulating fatty 

acid synthetase activity and hepatic lipid synthesis in mice fed with high fat diet. In the same model, 

there was also a two-fold increase in hepatic lipid oxidation in the SCFA-fed mice, mainly due to an 

enhanced lipid oxidative state (den Besten et al., 2015). Despite clear results arising from animal 

models, the role of SCFA in altering the energy harvest has been less elucidated in humans. An 

early study reported a lower faecal energy excretion in those with obesity when compared with lean 

individuals (Wostmann et al., 1983). Among others, Bacteroidetes are the main contributors to the 

production of SCFA, with changes in their abundance impacting on the level of SCFA. Specifically, 

it has been demonstrated that a 20% decrease in faecal Bacteroidetes and a correspondent increase 

in Firmicutes translates into 150 kcal increase in energy harvest from the diet (Turnbaugh et al., 

2006) (Jumpertz et al., 2011). Of note, such functional change in the microbiota composition can 

occur after few days of overeating, hinting at the presence of a very dynamic response with caloric 

intake. On a similar note, another study including adults with NAFLD showed an association between 

the presence of NASH and increased percentage of Firmicutes vs a reduced percentage of 

Bacteroides, after adjusting for BMI and dietary fat intake (Mouzaki et al., 2013). Not only microbiota 

but also diet composition have an influence on SCFA production and they can influence each other. 

Specifically, it is well known that dietary fibres represent an important source of SCFA. Moreover, 

high-fibre diets may promote the Bacteroidetes phylum, Prevotella, whereas high-fat diet reduce 

diversity and promote Firmicute growth (de Wit et al., 2012).  

 Another postulated mechanism linking the microbiome to NAFLD is its effects on the 

stimulation of adipose tissue. Specifically, disturbances of the microbiota can result in changes in 

the production of the intestinal form of fasting-induced adipocyte factor (FIAF). FIAF is a secreted 

protein which inhibits lipoprotein lipase (LPL) in several extra-intestinal sites, such as white adipose 

tissue, brown adipose tissue, muscles and hepatocytes (Backhed et al., 2004). Inhibiting intestinal 

FIAF has been linked to increased lipolysis in the adipose tissue and to reduced fatty acid oxidation 

in the muscles (Backhed et al., 2004). In the liver, FIAF inhibition results into activation of lipogenic 

enzymes and increased fat accumulation (Cani et al., 2007) (Mao et al., 2015). 
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 Finally, several studies have also demonstrated that gut microbiota may influence host 

metabolism in NASH as a result of an augmented production of dietary ethanol. An early study linked 

dysbiosis with increased production of ethanol from the intestine; for example, 1 gr of Escherichia 

coli was able to produce 0.8 gr of ethanol per hour in anaerobic conditions (Dawes and Foster, 1956). 

Additionally, Protebacteria, which are well known alcohol-producing bacteria, were found to be 

substantially increased in patients with NASH (Zhu et al., 2013). Interestingly, ethanol per se may 

contribute to liver injury by increasing intestinal permeability and portal LPS levels, ultimately 

triggering inflammation (Parlesak et al., 2000). Furthermore, the gut microbiome may elicit the 

inflammatory response in the hepatocytes and macrophages directly via increased flux of tryptophan 

metabolites through the portal system (Krishnan et al., 2018). 

 

 

DISEASE SEVERITY BACTERIAL MICROBIOTA CHANGES 

NAFLD vs healthy controls Phylum ↑ Proteobacteria 

Family ↑ Enterobacteriaceae 

↓ Rikenellaceae, Rhuminococcaceae 

Genera ↑ Escherichia coli, Dorea, Peptoniphilus 

↓ Anaerosporobacter, Coprococcus  

Eubacterium, Faecalibacterium, Prevotella 

Severe steatosis or NASH vs 

controls or mild steatosis 

Phylum ↑  Fusobacteria 

Family ↑ Enterobacteriaceae 

↓ Prevotellaceae, Clostridiaceae 

Genera ↑ Bacteroides, Ruminococcus, Shigella, 

Escherichia coli 

↓ Clostridium 

 

Table 1.2. Summary of the main alterations of the intestinal microbiota previously described in patients 
with NAFLD and NASH. The table summarises the main finding from recent studies exploring the association 
between changes in microbiome in patients with NAFLD (Hoyles et al., 2018, Aron-Wisnewsky et al., 2020, 
Lanthier et al., 2021, Astbury et al., 2020). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, NASH: non-alcoholic steatohepatitis. 
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1.2.3 Disturbances in metabolic profile in patients with NAFLD 

 Metabolomic techniques have been employed widely to explore the role of small molecules 

and metabolic products, such as amino acids (AA), fatty acids, and carbohydrates, in the field of 

NAFLD research (Dumas et al., 2014). It is well known that the metabolism of AA modulates oxidative 

stress, insulin resistance and inflammation in the liver tissue. Specific disturbances in the level of 

circulating AA have been described in patients with NAFLD, such as an increase in branched chain 

aminoacids (BCAAs; leucine, isoleucine, valine) and in aromatic aminoacids (AAAs; tryptophan, 

tyrosin, phenylalanine), with a reduction in AA related to the metabolism of glutathione (glutamine, 

glycine, serine) (Yamakado et al., 2017, Newgard et al., 2009). Furthermore, plasma levels of BCAAs 

are also augmented in patients with other metabolic comorbidities such as patients with obesity 

and/or T2DM (Newgard et al., 2009, Laferrere et al., 2011), while higher levels of BCAAs have been 

described in men compared to women, suggesting gender discrepancy in terms of metabolic profile 

and risk for NAFLD (Krumsiek et al., 2015). 

 There has been an increasing body of evidence hinting at a possible role of circulating 

aromatic aminoacids as non-invasive markers for NAFLD severity. In a recent study, hepatocellular 

ballooning and inflammation, as assessed by NASH CRN scoring system, were associated with 

increased branched chain aminoacids and aromatic aminoacids, while fibrosis stages could be 

predicted using a combination of glutamate, serine and glycine (Gaggini et al., 2018). Moreover, 

plasma branched chain aminoacids correlated with NAFLD severity, more pronouncedly in women 

compared to men (Grzych et al., 2020). Another study by Masarone et al (Masarone et al., 2021) 

attempted to differentiate a cohort of biopsy-proven NAFLD patients into NAFL, NASH and NASH 

with cirrhosis, based on an untargeted plasma metabolomics profile and an algorithm with machine 

learning. A combination of glycocholic acid, taurocholic acid, phenylalanine and branched chain 

aminoacids could predict the NAFLD severity with an accuracy >80%. 

 In large scale clinical studies, increased fasting plasma levels of branched chain aminoacids 

have been positively associated with peripheral IR and developing T2DM (Newgard et al., 2009, 

Wang et al., 2011). Specifically, in obese non-diabetics, higher baseline concentrations of the 

branched chain and aromatic aminoacids were significantly associated with the risk of developing 
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diabetes in 12 years follow-up. Moreover, normoglycemic patients showed normal levels of those 

AA and their increase was associated with an up to a 4-fold increased risk of developing diabetes in 

the future (Wang et al., 2011). However, an opposite trend in aminoacids is usually reported when 

liver disease progresses, as elevated aromatic aminoacids and lowered branched chain aminoacids, 

especially in those with cirrhosis, mainly due to their impaired hepatic metabolism (Morgan et al., 

1978, Fischer et al., 1976). As such, a reduced branched chain aminoacids to aromatic aminoacids 

ratio (known as Fischer’s ratio) has been suggested to identify patients with more severe liver 

disease (Michitaka et al., 2010). Interestingly, branched chain aminoacids are mainly catabolized in 

peripheral organs such as muscle and adipose tissue (Newgard et al., 2009), while aromatic 

aminoacids are mainly metabolised in the liver (Matthews, 2007). Moreover, the majority of such 

aminoacids have been associated with hepatic IR, while only glutamate, glycine and tyrosine levels 

result from peripheral IR (Gaggini et al., 2018, Haufe et al., 2016). 

 Finally, the metabolism of aminoacids seems to be associated with oxidative stress, via 

modulating the metabolism of glutathione in NAFLD. Specifically, Zhou et al demonstrated that 

alterations of key aminoacids of the metabolism of glutathione may be clinically relevant. Specifically, 

patients with NASH showed increased levels of glutamate and isoleucine, and decreased levels of 

glycine and serine. A scoring system based on glutamate, isoleucine, glycine, two lipids and a 

combination of clinical features was able to predict the presence of NASH which high accuracy (Zhou 

et al., 2016).  

 

1.2.4 The role of bile acids in the pathogenesis of NAFLD 

 Bile acids (BA) are potent “digestive surfactants” that promote the absorption of lipids, 

including fat-soluble vitamins. Moreover, BA are involved in the primary pathway for the metabolism 

of cholesterol catabolism and account for ~50% of its daily turnover (Abadie et al., 1994). BA are 

mainly synthetised in the liver, resulting from the conversion of cholesterol into more water-soluble 

compounds (Acalovschi et al., 2009); BAs are then secreted into the hepatic canaliculi and stored in 

the gallbladder. After excretion and digestive process, about 95% of the BAs are re-absorbed from 

the terminal ileum, while only 5% reach the colon. In the colon, the remaining fraction of BAs is 
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passively reabsorbed after modifications, i.e. deconjugation and oxidation. The intestinal microbiota 

is actively involved in modulating the pool circulating and extracted BAs, as they participate actively 

to hydrolysis and dehydrogenation reactions (Cai and Chen, 2014). Overall, BAs display several 

functions as they are involved not only in the digestion and absorption of lipids, but they also act as 

signalling molecules modulating the metabolism of glucose and lipids through the FXR and the C 

protein-coupled bile acid receptor TGR5 (Masoodi et al., 2021). In the liver, FXR activation results 

in the downregulation of free fatty acid (FFA) synthesis and de novo lipogenesis (Chiang, 2017). 

FXR are also involved in carbohydrate metabolism, as this regulates hepatic gluconeogenesis, and 

prevents hepatic inflammation (Khalid, 2015). 

 An increased level of BAs has been widely demonstrated in liver tissue (Dasarathy et al., 

2011), plasma (Dasarathy et al., 2011, Aranha et al., 2008) and faeces (Aranha et al., 2008) of 

patient with NASH. There is unanimous consensus that higher levels of serum BAs in patients with 

NASH and NAFL is mainly driven by increased levels of conjugated Bas, while evidence on 

secondary BAs is still conflicting (Noureddin et al., 2020). A large body of work has demonstrated a 

dysregulation of BA metabolism in patients with NASH, including elevated primary conjugated BA, 

decreased levels of specific secondary BA and alteration of excreted BA (Newgard et al., 2009, 

Dasarathy et al., 2011, Aranha et al., 2008). Moreover, the expression of BA transporters also seems 

to be impacted in patients with NASH or simple steatosis (Puri et al., 2018, Legry et al., 2017). 

Specifically, the concentrations of cholic, chenodeoxycholic and deoxycholic acids were significantly 

increased in the liver in patients with NASH compared to controls (Aranha et al., 2008). Moreover, 

cholic acid has been strongly associated with inflammatory markers, with deoxycholic acid showing 

an opposite trend (Aranha et al., 2008). Interestingly, a recent study  suggested that there might be 

specific trend in taurine-conjugated vs glycine-conjugated BAs, with the first being elevated and the 

latter suppressed in patients with NASH (Lake et al., 2013). Nevertheless, it should be noted that 

many studies have not accounted for confounding factors such as obesity and IR, which have an 

independent influence on BA metabolism. 
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1.2.5 Manipulation of microbiota as therapeutic option in NAFLD 

 Given the recent exploration of the role of the microbiota in NAFLD, there has been an 

increasing interest in evaluating the manipulation of the intestinal flora as potential treatment option 

for patients with NAFLD. In this sense, different strategies have been investigated, including the use 

of nondigestible prebiotics, probiotics and symbiotics (Patel and DuPont, 2015). Probiotics display 

important beneficial effects that could be useful in patients with NAFLD, such as antimicrobial 

properties, support of the integrity of the intestinal barrier and immune modulation (Patel and DuPont, 

2015). The administration of VSL#3, a mixture of eight probiotic strains, for 4 months in children with 

obesity improved NAFLD and BMI, possibly as a result of increased levels of GLP-1 (Lee et al., 

2012, Campbell and Drucker, 2013). In adults with NAFLD, treatment with Bifidobacterium longum 

was able to lower the levels of inflammatory markers (Tumour necrosis factor (TNF-α), c reactive 

protein, lipopolysaccharide (LPS)), insulin resistance (as expressed as homeostatic model 

assessment for insulin resistance, HOMA-IR), AST and steatosis after 24 weeks compared with 

lifestyle alone (Malaguarnera et al., 2012). In another study, the administration of a probiotic formula 

could reduce intra-hepatic triglyceride content and improve ALT levels in patients with biopsy-proven 

NASH (Wong et al., 2013c). In a further analysis by the same group, a decrease in Bacteroidetes 

was considered the main driver of the therapeutical effect, with the overall biodiversity being equal 

(Wong et al., 2013b). Similarly, symbiotic supplementation has shown to reduce fasting insulin and 

triglyceride levels in patients with T2DM (Beserra et al., 2015). Although it has been proved that 

probiotics are able to modify the microbiota, there are important limitations to the studies previously 

published in the field, such as variable dosing, small numbers of participants and techniques used 

to assess liver disease  (Ferolla et al., 2015). 

 Faecal microbiota transplantation (FMT) involves transferring functional microbiomes from 

healthy individuals to the gastrointestinal (GI) tract of patients with intestinal dysbiosis. FMT is an 

effective therapeutic option for recurrent Clostridium difficile infection, as well as for metabolic 

diseases associated with intestinal microbiota dysbiosis. Previous results from animal models 

demonstrated that transplanting the gut microbiota from lean or obese mice may induce similar 

phenotypes to that of the host (Ridaura et al., 2013, Walker and Parkhill, 2013). Similarly, overweight 
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patients with metabolic syndrome showed a significant improvement in hepatic and peripheral IR 6 

weeks after receiving FMT (Vrieze et al., 2012). Other studies have also demonstrated that FMT 

may have a therapeutical role in improving T2DM (Anderson et al., 2012). Nevertheless, other 

studies have suggested that the effect of FMT in these patients is limited (Craven et al., 2020). 

However, evidence from human studies is limited and yet in development, with a large number of 

studies still in the recruitment phase (Chen et al., 2020a, Odenwald and Turner, 2013).  

 To conclude, the interaction between the intestinal microbiota and the host plays an important 

role in the development and progression of liver disease in patients with NAFLD. Such effect is 

mediated by an intricated combination of SCFA, small metabolites and circulating BA on the host 

metabolic status. So far, large number of studies have focused on NASH and simple steatosis. It 

would be clinically important to explore the presence of specific gut microbiota changes and 

metabolic profiles with regards to liver fibrosis, as this represents the main prognostic factor in these 

patients. 

 

1.3 Gut barrier in NAFLD 

1.3.1 Definition of gut barrier and gut permeability 

 The intestinal barrier function is defined as the ability of the mucosa and of the components 

of the extracellular barrier to prevent the exchange between the intestinal lumen and the tissues 

(Odenwald and Turner, 2013). Conversely, intestinal permeability refers to the property that allows 

such exchange. The GI mucosa is a semi-permeable barrier with multiple properties, such as the 

absorption of nutrients and immune sensing. The gut barrier plays an important role in limiting the 

passage of potentially pathological molecules and microorganisms into the systemic circulation. 

Moving from the luminal to the basolateral layer, the intestinal barrier includes the gut microbiota, 

the mucus layer, the monolayer of epithelial cells and then the immune cells located in the lamina 

propria. The mucus layer represents a physical barrier which separates the microbiota and large 

molecules from contacting the epithelial cells, but also acts as a facilitator for the passage of small 

molecules. Ultimately, the mucus layer defends the epithelium from acid and digestive enzymes. In 
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such distribution, the bacteria from the intestinal flora are mainly restrained within the outer part of 

the film of mucus (Johansson et al., 2008) (Figure 1.3). 

 The intestinal epithelium represents the crucial component of the intestinal mucosal barrier. 

The epithelial layer is composed of different cell populations, of which the enterocytes are the most 

abundant. Enterocytes display several essential properties, such as protective function and uptake 

of nutrients and other substances from the intestinal lumen. Goblet cells also populate the intestinal 

barrier, being actively involved in the secretion of mucus, while the enteroendocrine cells produce 

GI hormones, peptides and neurotransmitters. Moreover, the Paneth cells, which are mainly located 

at the intestinal crypts, as well as the T-cells, mainly located in the lamina propria, participate to the 

immune response as they secrete anti-microbial compounds (Crosnier et al., 2006).  

 The tight junctions (TJ) are the main structures forming the complex for cell-to-cell adhesion 

that polarizes the intestinal epithelium, as they regulate the passage of ions and, therefore, create a 

potential difference at either side of the tissue. Among other structures, the hemi-desmosomes are 

also important for the adhesion of the epithelial cells to the lamina propria (Farquhar and Palade, 

1963). Of note, products may cross the epithelium from the lumen using different pathways, which 

depend mainly on chemical properties, such as size and hydrophobicity. Small, hydrophilic and 

lipophilic compounds can use the transcellular route to cross the plasma membrane on the 

enterocytes. Ions, water and larger hydrophilic compounds between 400 Da and 10-20 kDa are 

transported using the paracellular route between enterocytes, which is principally regulated by TJs. 

Several other macro-nutrients, such as amino acids, vitamins and carbohydrates may cross the 

enterocytes actively, using specific transporters. Even larger peptides, proteins and bacteria may 

move to systemic blood stream, via a combination of endocytosis, transcytosis, and subsequent 

exocytosis.  
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Figure 1.3 Intestinal mucosal barrier. Epithelial cells, together with Paneth cells and goblet cells, form a 
layer that works as a mechanical barrier which is sealed by a complex combination of desmosomes and gap 
junctions. The layer of mucus acts as a chemical barrier that limits the direct contact between the gut 
microbiome and the intestinal epithelium. Immune cells reside mainly in the lamina propria. 

 

1.3.2 Methods for assessing the gut permeability 

 Several techniques have been employed to measure the intestinal permeability both in-vitro 

and in-vivo. Commonly, permeability has been assessed as Transepithelial electric resistance 

(TEER) measured across monolayers of specific cell lines or biopsies of the GI mucosa. The TEER 

is usually measured in Ohms and it is a quantitative measure of the integrity of the gut barrier. The 

classic set-up used for the measurement of TEER consists of a cellular monolayer cultured on a 

semipermeable insert which compartmentalises the model into an apical (upper) and basolateral (or 

lower) space. Two electrodes are placed in the upper and lower compartment and therefore, are 

physically separated by the cellular monolayer. Hypothetically, the ohmic resistance can be 

calculated by applying a direct current voltage to the electrodes and measuring the actual current 

between them. The ohmic resistance is calculated based on Ohm’s law as the ratio of the voltage 

and current. These experiments are usually carried out with the use of an epithelial volt/ohm meter 

(EVOM) employing an alternating current, which reduces the possibility of direct electric damage to 
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the monolayer. Moreover, EVOM works on a frequency of 12.5 Hz which is designed to avoid any 

charging effect on the cell layer (Srinivasan et al., 2015). Other techniques for measuring the 

permeability across cell monolayer in vivo have used probe molecules, such as dextran 4 or 40, 

exploiting a similar concept (Schoultz and Keita, 2020). 

 Interestingly, the intestinal permeability may also be measured in vivo as the urinary excretion 

of indigested probes (mainly saccharides) that cross the intestinal epithelium by the paracellular 

pathway, are filtered by the glomerulus and excreted in the urine without active reabsorption. The 

majority of the saccharides used in these techniques are absorbed in the small bowel and colon, 

with different timing of urinary excretion reflecting different regional absorption throughout the GI 

tract (Camilleri and Vella, 2021). 

 Recent studies have also suggested that the assessment of serum levels of Fatty acid 

binding proteins (FABP) and zonulin may be of use as an estimation of gut permeability in humans. 

Specifically, FABP-2 are small cytosolic proteins which transport fatty acids and include several 

isotypes which are expressed in different tissues, such as heart, liver, intestine, muscle and 

adipocyte (Niewold et al., 2004). Intestinal FABP (i-FABP or FABP-2) is uniquely located in mature 

small-intestinal enterocytes. Moreover, the peculiar position within the intestinal villi facilitates its 

leakage into the circulation when damage to the intestinal mucosa occur (Kanda et al., 1992). Early 

studies confirmed that FABP-2 could be detected in plasma or urine as a result of intestinal ischemia 

in both animals (Gollin et al., 1993) and in humans (Kanda et al., 1996). In the field of liver disease, 

individuals with CHB and CHC have shown higher plasma levels of FABP-2 compared to controls, 

suggesting some degree of enterocytes death (Sandler et al., 2011). Finally, there is also recent 

evidence suggesting the use of zonulin and calprotectin as ex-vivo serum markers of increased gut 

permeability (Fasano, 2012, Schoepfer et al., 2010, Konikoff and Denson, 2006).   

 

1.3.3 Intestinal bacterial products translocation 

 The term intestinal bacterial translocation refers to the passage of viable micro-organism 

from the gut lumen toward the mesenteric lymphatic system, and, subsequently, towards the system 
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bloodstream to extraintestinal sites, such as the spleen and liver (Berg and Owens, 1979). Notably, 

a certain degree of bacteria and bacterial products may translocate even under physiological 

conditions. LPS is a dominant molecule which is located on the surface of Gram-negative bacteria. 

Elevated levels are found in the plasma of patients with GI and non-GI inflammatory diseases 

(Dlugosz et al., 2015, Du Plessis et al., 2013). The translocation of molecules between 200 Da and 

4 kDa implies some degree of increased intestinal permeability via the paracellular route.  

 Under physiological conditions, the paracellular pathway is limited to molecules up to 20 kDa. 

As such, bacteria or large particles cannot translocate across the epithelium using this pathway. 

Specifically, the uptake of bacteria occurs mainly via the Peyer’s patches M-cells, and to a lesser 

extent via the enterocytes (Keita and Soderholm, 2010). Of note, the M-cells present a poorly 

organised border with short and irregular microvilli, which facilitate the internalization of bacteria, 

viruses and large molecules from the intestinal lumen to the lymphoid system. In enterocytes, the 

uptake of enteric bacteria relies on the phosphorylation of the myosin light chain (MLC). Notably, the 

IFN-γ regulated the MLC and therefore its disturbances may enhance the paracellular permeability 

to molecules up to 10 kDa, but not to small molecules of 200 Da (Watson et al., 2005). 

 

1.3.4 Gut permeability in T2DM 

 The presence of T2DM is known to be associated with low-grade systemic inflammation as 

well as with alterations of the intestinal barrier function. Specifically, gut permeability has been 

studies extensively in vivo using the Dextran FITC assay in animal models and was described as 

increased in diabetic obese mice (Cani et al., 2008) (Cani et al., 2009). Interestingly, such changes 

were modifiable to some extent when the gut microbiome was manipulated, ie with the administration 

of prebiotics (Cani et al., 2008) or antibiotics (Cani et al., 2009).  

 There is also a growing evidence supporting the presence of increased gut permeability in 

patients with T2DM, expressed as increased serum levels of LPS (Harte et al., 2012, Pussinen et 

al., 2011). When compared to non-diabetics, patients with T2DM show significantly higher levels of 

LPS (Gomes et al., 2017). Moreover, LPS levels were also predictive of developing T2DM in 10 
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years follow-up, in the FINRISK97 cohort (Pussinen et al., 2011). Furthermore, patients with T2DM 

not only have higher absolute concentration of LPS, but also higher post-prandial excursions of LPS 

following a high fat diet meal (Harte et al., 2012). These results suggest a chronic increase in LPS 

and also a higher susceptibility to further increase of LPS as a response to diet in patients with 

T2DM.  

 Changes in the composition of the gut microbiota have also been described as contributing 

to an impaired mucosal barrier (Dabke et al., 2019). Specifically, microbial perturbations have been 

associated with elevated levels of LPS in the systemic circulation of patients with T2DM (Dabke et 

al., 2019). Systemically, the LPS interacts with TLR-4 receptors and activates a pro-inflammatory 

cascade, mediated by the release of cytokines, adhesion molecules and reactive oxygen species 

(Kim and Sears, 2010). Moreover, in patient with T2DM, decreased levels of glucagon-like peptide 

2 (GLP-2) have also been associated with disruption of zonulin-1, occluding and claudin-1, resulting 

in abnormalities in the TJ barrier (Yu et al., 2016).   

 Patients with T2DM may also present other peculiar mechanism by which intestinal 

permeability may be impaired. For instance, in vitro experiments have shown that leptin may 

modulate the expression of TJ proteins directly (Ahmad et al., 2017). Of note, leptin is a hormone 

which regulates the appetite sensation; its dysfunction has been described among patients with 

T2DM (Gruzdeva et al., 2019). A previous study involving animal models demonstrated that 

consumption of high sugar diet facilitates the degradation of the mucus barrier via the selection of  

mucus-degrading bacteria (Desai et al., 2016). Furthermore, hyperglycaemia has been shown to 

damage the intestinal epithelial cells directly by altering TJ integrity, with a mechanism which 

depends on glucose transporter-2 (GLUT2) (Thaiss et al., 2018). In the same study, when 

hyperglycaemia was corrected, the deletion of inhibition of GLUT-2 was able to restore barrier 

function (Thaiss et al., 2018). Finally, an inadequate glycaemic control has been associated with 

increased translocation of microbial products in the systemic circulation (Thaiss et al., 2018). 

 

  



62 
 

1.3.5 Gut permeability in NAFLD 

 There is evidence suggesting that plasma endotoxin concentrations are increased in the early 

stages of liver disease from NAFLD in a paediatric population, suggesting the presence of some 

degree of increased gut permeability already in the initial phases of the disease (Nier et al., 2017). 

Moreover, children diagnosed with NASH show higher levels of LPS concentrations compared to 

control subjects, hinting at a relationship between bacterial translocation and triggering the immune 

system in NAFLD (Giorgio et al., 2014). 

 Not only excessive food intake but also specific dietary patterns have proved to be strongly 

associated with alterations in the intestinal barrier (Alvarez-Mercado et al., 2019). A previous study 

reported an improvement in visceral adiposity, weight and serum LFTs in patients with NAFLD who 

were following a Mediterranean dietary regime or low-calorie diet for 16 weeks (Biolato et al., 2019). 

However, there was no specific change in intestinal permeability (Sanchez-Rodriguez et al., 2020). 

Conversely, when obese patients with steatosis underwent a weight-reduction regime and lifestyle 

modifications for 52 weeks, there was an improvement in the gut permeability up to within normal 

values (Damms-Machado et al., 2017). Moreover, increasing the dietary fibre intake translated into 

a reduction in serum zonulin levels, LFTs levels and hepatic steatosis in patients with NAFLD, 

possibly by altering intestinal permeability (Krawczyk et al., 2018). 

 Intestinal dysbiosis may also impact upon the expression of TJ, increasing gut permeability 

and translocation of bacterial products (Nicoletti et al., 2019). Among others, bacteria from the 

Bacteroides spp have been shown to increase the expression of zonulin and improve epithelial 

barrier function (Yoshida et al., 2018). Specifically, a recent study suggested that the improvement 

seen in the intestinal permeability reported after chronic physical exercise is mainly driven by an 

increase of the Firmicutes to Bacteroides ratio, as well as to an improvement in microbial diversity 

(Keirns et al., 2020). The composition of gut microbiota may also modulate the abundance of SCFA, 

which in turn may have protective effect on the intestinal epithelium, as they promote epithelial cell 

proliferation and adhesion (Mailing et al., 2019). Specifically, elevated levels of butyrate induce the 

release of anti-inflammatory cytokines and promote the integrity of the intestinal barrier (Keirns et 
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al., 2020). In this sense, the intestinal inflammatory milieu could increase the permeability per se and 

be contributing to decompensation events in patients with more advanced liver disease (Riva et al., 

2020). 

 A recent metanalysis including studies that investigated the increased permeability in 

paediatric and adult NAFLD, concluded that small intestinal permeability increased with the degree 

of hepatic steatosis, while no association was found with hepatic inflammation, ballooning or fibrosis 

(De Munck et al., 2020, Miele et al., 2009). Moreover, the number of patients included in those 

studies was relatively small (De Munck et al., 2020). On a biological point of view, it is expected that 

an augmented translocation of bacterial products leads to inflammation and fibrogenesis in the liver, 

via the stimulation of TLR-4. As such, an association between the degree of increased gut 

permeability and severity of NAFLD is somehow predicted.  

 To conclude, there is evidence suggesting that patients, mainly paediatrics, with NAFLD may 

have increased gut permeability. A combination of diet, changes in gut microbiota, hyperglycaemia, 

hormonal status may be responsible of such changes in the intestinal epithelium in diabetic patients 

with NAFLD. However, a clear association between gut permeability and severity of liver disease in 

NAFLD has not been demonstrated so far. 

 

1.4 Inflammatory status in NAFLD 

1.4.1 Definition of metabolic inflammation 

 The term “metabolic inflammation” (or meta-inflammation) identifies the activation of pro-

inflammatory signalling pathways and cytokine production in metabolic tissues, i.e. adipose tissue, 

in presence of IR and obesity. Interestingly, metabolic inflammation shows a different course 

compared to the classic acute inflammatory response noted in bacterial infections, where a strong 

immune response leads to the elimination of the pathogen and to a rapid resolution to baseline 

conditions. Metabolic inflammation is characterised by a chronic, low-grade inflammation. Moreover, 

inflammatory mediators behave as true metabolic hormones which regulate insulin signalling and 

sensitivity (Hotamisligil, 2017). 
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1.4.2 The role of the gut-liver axis towards meta-inflammation in NAFLD 

 The gut-liver axis is one of the main contributors to the meta-inflammation in NAFLD. Not 

only a gut dysbiosis is associated with intestinal inflammation, but also with systemic inflammatory 

response via the translocation of bacterial products(Grabherr et al., 2019). A large number of gut 

metabolites have been proved to elicit a chronic inflammatory status, including ethanol production, 

changes in short chain fatty acids, secondary bile acids, branched chain aminoacids and many more. 

Among others, pathogen-associated molecular patterns (PAMPs) are also considered to play a 

major role in the development and progression of NAFLD. Such intestinal metabolites may all 

modulate the immune response in many target organs, such as adipose tissue, muscle and liver 

(Zmora et al., 2017).  

 The contribution of PAPMs to liver damage has been shown in preclinical studies, where 

steatosis, inflammation and fibrosis are reduced in TLR-4 deficient mice under HFD (Rivera et al., 

2007, Saberi et al., 2009). Furthermore, inflammasome deficiency-associated changes in gut 

microbiota result in hepatic steatosis and inflammation with the influx of TLR-4 and TLR-9 agonists, 

leading to enhanced TNF-alpha expression and inflammation in mice (Henao-Mejia et al., 2012). 

 

1.4.3 The role of the adipose tissue-liver axis for meta-inflammation in NAFLD 

 Adipose tissue plays an important role in the development of IR and NAFLD. Specifically, the 

presence of obesity has been associated with an enhanced lipolysis and with the secretion of 

inflammatory and pro-fibrogenic molecules, whose main target organ is the liver (Luci et al., 2020). 

Notably, the rapid expansion of the adipose tissue leads to relative hypoxia and, therefore, adipocyte 

cell death, as the cellular expansion rate tends to exceed the local oxygen availability, even though 

in presence on an enhanced angiogenesis (Lefere et al., 2016). Typically, such necrotic/apoptotic 

cells release a wide range of inflammatory cytokines, which perpetuate the inflammation and activate 

adipose tissue macrophages (ATMs), which cluster in a characteristic “crown-line” structure 

surrounding dying adipocytes (Choe et al., 2016). In addition to an increase in the numbers of ATM, 

obesity is also associated with a change in their phenotype towards a pro-inflammatory M1 state, 

characterised by the expression of TNF-α, IL-6 and IL-12 (Lumeng et al., 2008). These various 
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mediators then converge on inflammatory signalling pathways such as the activation of c-jun N-

terminal kinase and IкB kinaseβ, which in turn may alter insulin sensitivity and energy homeostasis 

(Gao et al., 2002). Interestingly, it has been shown that the severity of ATM correlated with the 

degree of hepatic steatosis, inflammation and fibrosis within the liver (Kolak et al., 2007, Tordjman 

et al., 2009). 

 With regards to meta-inflammation, there might as well be space for an adipose tissue-gut 

axis, as obesity per se has been linked to intestinal inflammation and the up-regulation of TNF-α, 

resulting in a further increase in the gut permeability (Henao-Mejia et al., 2012). Furthermore, 

Interleukin-1 beta (IL-1β), which is mainly produced by the liver, may also contribute to an increased 

gut permeability, as such molecule can alter the expression of MLCK (Al-Sadi et al., 2013). Similarly, 

Interleukin-6 (IL-6) may also be able to modulate the permeability of the intestinal epithelium through 

the regulation of claudin-2 up-regulation (Suzuki et al., 2011). 

 

1.4.4 Hepatic inflammation in NAFLD 

 A large amount of innate and adaptive immune cells is involved in the onset of inflammation 

in the liver in patients with NAFLD. Overall, hepatic inflammation results from the complex interaction 

of monocytes, resident macrophages (Kupffer cells), neutrophils as well as parenchymal 

hepatocytes and liver sinusoidal cells (Luci et al., 2020, Cai et al., 2019). The hepatocytes and the 

Kupffer cells interact with portal and systemic metabolites, such as PAMPs and damage-associated 

molecular patterns (DAMPs) and translate them into a cascade of inflammatory events and metabolic 

dysfunction in the liver (Cai et al., 2019, Hammoutene and Rautou, 2019). Subsequently, the liver 

transits from an immune-tolerant to an immune-active state, with a further production of inflammatory 

cytokines, such as transforming growth factor-beta (TGF-β), interleukin-10 (IL-10), IL-1, IL-6 and 

TNF-α. 

 Liver macrophages are important drivers of hepatic inflammation. At early stages of NAFLD, 

the enhanced pro-inflammatory polarization of liver-resident Kupffer cells could contribute to hepatic 

steatosis and initiate inflammation (Stienstra et al., 2010, Huang et al., 2010) and facilitate the 



66 
 

recruitment of other immune cells into the liver. In animal models, the depletion of Kupffer cells 

improves hepatic steatosis and hepatic IR in rats on high-fat diet (Huang et al., 2010). Moreover, it 

has been demonstrated that a state of macrophage activation towards a classically “M1” phenotype 

is able to promote hepatic steatosis and inflammation in mice (Navarro et al., 2015). As such, it has 

been argued that the balance between a pro-inflammatory versus anti-inflammatory state in 

macrophages may be crucial for the development and progression of NAFLD, even in the early 

stages of the disease (Wan et al., 2014). In this sense, bacterial products, toxic lipids and adipokines 

may shift the balance towards a pro-inflammatory polarization and the recruitment of further immune 

cells, which is the hallmark characteristic of NASH and fibrogenesis (Krenkel et al., 2018).  

 To conclude, NAFLD is characterised by a systemic low-grade inflammatory status which 

translates into disease progression. Both the gut and the adipose tissue contribute to the 

maintenance of such pro-inflammatory status, and therefore to liver injury. However, the complex 

interplay between gut, adipose tissue and liver has not been fully elucidated. 
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1.5 HYPOTHESES OF THE STUDY 

Hypothesis 1. Clinically significant NAFLD is highly prevalent among patients with T2DM in 

the community and the risk-stratification for NAFLD can be improved 

Aims: 

 1. To assess the prevalence of clinically significant NAFLD among patients with T2DM in the 

community  

 2. To assess the prevalence of other undiagnosed chronic liver disease among patients with 

T2DM in the community 

 3. To perform a risk-stratification for the development of a NAFLD referral/management 

strategy pathway from primary care 

 

Hypothesis 2. Metabolic profile and gut microbiota composition are associated to more 

severe liver disease in diabetic patients screened for NAFLD 

Aims: 

 1. To compare the metabolic profile and gut microbiome between diabetics with normal liver 

vs diabetics with NAFLD and different liver disease severity, all confounders included 

 2. To compare the metabolic profile and gut microbiome between diabetics with normal liver 

vs diabetics with NAFLD and different liver disease severity, correcting for metabolic risk factors 

 3. To compare the metabolic profile and gut microbiome between diabetics with and without 

NAFLD, correcting for metabolic risk factors 
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Hypothesis 3. Increased gut permeability is associated with more severe liver disease in 

diabetic patients screened for NAFLD 

Aims: 

 1. To explore gut permeability in diabetic patients with and without NAFLD and with different 

stages of liver disease severity using an in-vitro model 

 2. To explore the factors associated with increased gut permeability in diabetic patients 

screened for NAFLD 

 

Hypothesis 4. A pro-inflammatory status is associated with more severe liver disease in 

diabetic patients screened for NAFLD 

Aims: 

 1. To analyse the inflammatory status of diabetic patients screened for NAFLD 

 2. To explore the clinical and metabolic factors associated with the inflammatory status in 

diabetic patients screened for NAFLD 
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2. MATERIALS AND METHODS 

 

2.1 Study cohort 

2.1.1 Enrolment of the patients 

 This single-centre, cross-sectional study included all consecutive patients with T2DM being 

followed up in primary care. Specifically, patients were recruited from diabetes primary care (Tier 1) 

and community (Tier 2) clinics from the North-West London GP network (England, June 2018). 

Patients were invited to take part to the study by their routine care team, such as GPs, dieticians, 

podiatrists and diabetic nurses. Inclusion criteria were ability to give informed consent, age >18 years 

and presence of T2DM as defined by medical history, and specifically on fasting plasma glucose ≥7 

mmol/L or on the 2 h post-challenge plasma glucose ≥11.1 mmol/L. Exclusion criteria were inability 

to give informed consent, age <18 years and use of anti-diabetic drugs for conditions not including 

T2DM (i.e. the use of metformin for polycystic ovary syndrome alone). 

 Sample size was calculated using a sample size calculator under the following assumptions: 

the prevalence of NAFLD in patients with T2-DM expected to be 60%, derived from tertiary care 

studies, the level of confidence 95% and the proposed power of the study 80%. The sample size 

was then adjusted for the percentage of patients expected to decline screening (10%), the 

percentage of patients with other causes of CLD (3%) and the dropout rate expected for the liver 

biopsy (a proportional 10%) resulting in 410 patients. Overall, the enrolment rate was significantly 

impacted by the COVID-19 pandemic and associated restrictions and closed earlier at 300 patients. 

 

2.1.2 Clinical assessment and screening process  

 All consecutive patients were screened for liver disease and NAFLD using blood tests (LFTs, 

lipid and metabolic profile, fasting insulin, HbA1c, ferritin), full liver screen (anti-HCV antibodies, HBV 

serologic panel, auto-antibodies, ferritin, caeruloplasmin, alpha-1 antitrypsin), transient elastography 

and ultrasound. Based on blood tests, non-invasive markers of fibrosis (such as NAFLD fibrosis 

score and FIB-4) were also calculated as per published formula (Angulo et al., 2007, Vallet-Pichard 

et al., 2007). Moreover, medical history, alcohol consumption, dietary intake assessment and 
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anthropometric parameters (BMI, waist and hip circumference) were recorded for each patient. 

Patients’ ethnic background was clustered into six groups: White Caucasian, White Hispanic, South 

Asian, East Asian, Black African and Afro-Caribbean, Arab. A diagnosis of both alcoholic and non-

alcoholic fatty liver disease (BAFLD) was defined as having NAFLD and reporting chronic alcohol 

consumption greater than 14 UI of alcohol per week, regardless of gender (guidelines, 2010). 

 As an estimation of socio-economic status, patients’ postcodes were used to assign a 

deprivation rank according to the English Index of Multiple Deprivation (IMD). Briefly, in England, the 

IMD scores identify areas of poverty, inequality and decreased opportunity based on income, 

employment, education attainment and other attributes. IMD divides England into 32,844 small 

areas, ranging from 1 (most deprived) to 32,844 (least deprived). IMD and related single domains 

were analysed as continuous variable (median of IMD and single domains) as well as categorical 

variable (percentage of patients into terciles of IMD and single domains).  

 TE and US were performed by a single operator, myself, after fasting for 4 hours. Liver 

stiffness measurement (LSM) and controlled attenuation parameters score were therefore recorded. 

Only LSM meeting the following criteria were included in the analysis: ≥ 10 valid measurements, ≥ 

60% success rate, and interquartile range/median ratio (IQR/M) ≤0.3 (Boursier et al., 2013). 

Presence of hepatic steatosis on US was defined as per previously published criteria (Hernaez et 

al., 2011). A clinical diagnosis of cirrhosis was based on biochemical, ultrasonographic (irregular 

hepatic profile, caudate lobe hypertrophy and splenomegaly) and elastographic (LSM) features 

(LSM≥12 kPa).  

 Based on the results of TE performed on the day of the enrolment, the patients were therefore 

stratified according to LSM ≥ 8.1 kPa (European Association for the Study of the Liver. Electronic 

address et al., 2021). A further cut-off of TE, LSM≥12.1 kPa, was applied for further stratification of 

the patients for severity of liver disease. The subgroup of patients with elevated LSM were 

considered for further investigations (such as a liver biopsy) and referred to specialist care as per 

guidelines’ recommendation and standard of care. 
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2.1.3 External validation cohorts 

 Two external centres provided a retrospective cohort of patients with T2DM diagnosed with 

NAFLD as external validation cohorts: the Royal Free Hospital (London, UK) and the Palermo 

University Hospital (Palermo, Italy). The diagnosis of NAFLD was based on either US or histology, 

in absence of other causes of liver disease, use of steatogenic drugs and chronic alcohol 

consumption above14 UI per week (Browning et al., 2008). Anthropometric parameters, blood tests 

and TE measurements were recorded for all the patients. FIB-4 was also calculated based on 

available blood tests.  

 Specifically, the cohort from the Royal Free Hospital included consecutive patients with 

T2DM who were firstly referred from primary care through the Camden and Islington pathway 

(Srivastava et al., 2019). As such, this group included patients selected from primary care based on 

FIB-4>1.3 and/or ELF>9.5 (selected primary care population). The cohort from the Palermo Hospital 

included consecutive patients with T2DM who were followed-up in the specialist NAFLD clinic 

(tertiary care population). 

 

2.1.4 Liver histology 

 Liver biopsies were performed using the True-cut technique. Only liver biopsies performed 

within 3 months from the clinical assessment and TE measurements were included in the study. 

Specimens were formalin-fixed and paraffin-embedded and stained as per standard of care. 

Histology was assessed by expert pathologists in liver disease referring to the NASH CRN scoring 

system (Kleiner et al., 2005). Significant fibrosis was defined as F≥2, while advanced fibrosis as 

F≥F3. In terms of NAS score, “possible NASH” was defined as 3≤NAS<5, while “definite NASH” as 

NAS≥5. 

 

2.1.5 Statistical analysis 

 The distribution of variables was explored using the Shapiro‐Wilk test. Continuous variables 

were reported as medians and interquartile range (IQR), while categorical variables were expressed 

as relative frequencies and percentages. Univariate analysis was carried out using Mann-Whitney 
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for continuous, and chi‐square test for categorical variables respectively. Kruskal-Wallis or ANOVA 

with post-hoc corrections was used for comparison between multiple groups. In terms of clinical 

characteristics, significant variables were carried forward to multivariate regression analysis to 

identify the odd ratios (OR) of the variables independently associated with clinical outcome (LSM≥ 

8.1 kPa). Binary logistic regression was then used to generate a formula for the prediction of the 

presence of liver disease secondary to NAFLD in the derivation cohort. Furthermore, calibration and 

goodness-of-fit were estimated computing the Brier score, with values ranging from 0 (accurate) to 

1 (not accurate), and the Hosmer‐Lemeshow test, with values ranging from 0 (lowest fit) to 1 (best 

fit).  

 ROC (receiver operating characteristic) curves were used to assess the diagnostic 

performance of the derived formula compared to traditional screening methods for liver disease. 

Areas under ROC curve (AUROC) with 95% confidence intervals were calculated under 

nonparametric (distribution free) assumption. Optimal cut‐off values were calculated to maximise 

sensitivity and specificity, according to the Youden index. For each cut‐off, sensitivity, specificity, 

PPV and negative predictive value (NPV) were reported based upon the observed prevalence of 

liver disease within the population. Finally, pairwise statistical comparison of AUROCs was 

performed using the DeLong method between the derived score and traditional screening methods.  

 All tests were two‐sided and a P value 0.05 was considered significant. Statistical analysis 

was performed using SPSS© (version 24.0; SPSS Inc Chicago, IL). 

 

 

2.1.6 Regulatory Approval 

 All patients’ recruitment was conducted in line with Good Clinical Practice and sample 

handling according to Human Tissue Act regulations. The main cross-sectional study (derivation 

cohort) obtained full ethical approval from the Research Ethics Committee (REC approval 

18/LO/1742, IRAS 251274), sponsorship from Imperial College London and adoption from Clinical 

Research Network Portfolio.  
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 The validation cohorts of patients provided by the Royal Free Hospital and the Palermo 

University Hospital were retrospective collection of routinely performed investigation and 

anonymised patients’ data. As such, ethical approval was not required as stated under the UK policy 

framework for health and social care. All activities were performed in accordance with the guidelines 

of the Helsinki Declaration. 

 

2.2 Metabolomics and gut microbiome analysis 

2.2.1 Overview 

 Metabolomics aims at the comprehensive and quantitative analysis of the wide arrays of 

metabolites in biological samples. The currently available techniques providing multiparametric 

metabolic profiling are mainly centred on Nuclear Magnetic Resonance (NMR) spectroscopy and 

mass spectrometry (MS), as both techniques provide in-depth information on the structure and the 

conformation of the multiple classes of metabolites in a single analysis. NMR technology provides a 

fast, quantitative and highly reproducible method for analysing metabolites and does not require 

extensive sample preparation. Furthermore, NMR may come with both a targeted and an untargeted 

approach. Targeted approaches require a priori knowledge of metabolites of interests, while non-

targeted approaches provide a global, unbiased profiling of the metabolome. Interestingly, MS allows 

for the quantification of compounds at a very low molecular concentration. However, MS shows low 

reproducibility and requires a time-consuming process for the preparation of the samples. If 

combined, the two techniques provide a comprehensive metabolic profiling of biological samples. In 

terms of gut microbiome profiling, metagenomic approaches have become popular techniques as 

these are simple and cost-effective. 

Among others, the 16s ribosomial RNA (rRNA) gene amplicons sequencing allows to target 

a specific RNA domain which is restricted to bacteria and archae. Taken together the metabolomics 

and the gut microbiome profiling provide a comprehensive snapshot of the bacteria-host interactions. 

In this study, targeted and untargeted metabolic profile was carried out in serum, urine and 

faecal extracts using NMR, while bile acid profile was obtained from serum and faecal extracts using 
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Ultra performance liquid chromatography – mass spectrometry (UPLC-MS). Gut microbiome was 

analysed in stool samples by 16s rRNA gene sequencing. 

 

2.2.2 Metabolic profiling 

2.2.2.1 Biological samples collection and storage 

 Serum, urine and stool samples were collected, processed and stored as per the Hepatology 

and Gastroenterology divisional standard operating procedure (SOP). Briefly, bloods and urines 

were collected on the same day of the clinical assessment and screening procedures. Blood samples 

were collected in a whole blood bottle, left 30 mins to allow the blood to clot, then centrifuged at 

1600g for 15 mins at 4 °C and finally aliquoted in 3 Eppendorf tubes. Urine samples were collected 

in a sterile container. A volume of 1 mL of urine were transferred into Eppendorf tubes and 

centrifuged at 13.000g for 10 minutes at 4°C. Using a syringe filter, aliquots of 600 μL of the 

supernatant were transferred into Eppendorf tubes. 

 Stool samples were collected within one week from the baseline clinical assessment and 

were delivered within 3 hours from being produced. For this purpose, on the day of the clinical 

assessment and screening procedures, patients were provided with a Fecotainer, a disposable cool 

bag and detailed, illustrated instructions for use. Samples were transported by the patient to the Liver 

and anti-viral unit, based at St Mary’s Hospital and then aliquoted as neat samples in 1.5 ml 

Eppendorf. There was no specific dietary restriction or recommendation before collecting the faecal 

samples, while stool from patients who had received antibiotic treatment for the previous 2 weeks 

were excluded from the analysis. 

All samples were stored at -80°C in the Hepatology Clinical research facility based at Imperial 

college London, St Mary’s Hospital. All samples were kept frozen until processing for analysis 

consistently with standard protocols (Sarafian et al., 2015, Gratton et al., 2016, Mullish et al., 2018). 
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2.2.2.2 Nuclear Magnetic Resonance  

 Overall, NMR is an established technique used to quantify the most abundant compounds 

present in a biological fluid. Main advantages of the NMR are the reproducibility of the results and 

the simple pre-analytical preparation of the samples. The main disadvantage of the NMR are the 

cost and the low sensitivity.  

In this study, targeted and untargeted metabolic profiles were obtained from serum, urine 

and faecal extracts (faecal water, FW) using NMR, which was carried out at the MRC-NHR National 

Phenome centre, Imperial College London, UK, adhering to standard operating procedures and 

established protocols (Dona et al., 2014, Beckonert et al., 2007). Briefly, 600 μL of each serum 

sample was centrifuged at 1200g at 4°C for 5 min. Afterwards, 350 μL of the centrifuged serum 

sample was transferred to a 96-well plate and mixed with 300 μL of serum buffer into a SampleJet 

NMR tube (Dona et al., 2014). Serum samples were analysed with a rate of 72 samples within 24 

hours (~19 min per sample). In terms of urines, 600 μL of each sample was centrifuged at 12000g 

for 5 min at 4°C, and 540 μL of the supernatant was then moved into a SampleJet NMR tube together 

with 60 μL of urine Buffer. Urine samples were analysed with a rate of 96 samples withing 24 hours 

(~15 min per sample). Faecal samples were thawed at room temperature (RT) before undergoing 

protein extraction. Glass beads were added to the 150-00 mg neat sample in a safe-lock Eppendorf 

tube, where also double the volume of phosphate-buffered saline (PBS) was previously pipetted. 

Samples were then vortexed and then centrifuged at 20,000 x g for 10 min at 4°C. The resulting 

supernatant was accurately filtered and aliquoted for NMR analysis. Reagents, equipment, NMR 

calibration, optimal parameters settings are described in (Dona et al., 2014). Spectra from serum, 

urine and FW were obtained for all the samples and were adjusted for the small molecule 

enhancement spectroscopy (SMolESY) technique. Briefly, the SMolESY is a computational 

technique which increases the resolution of the spectra directly from H1D-NMR spectrum without 

any modulation of the intensity of the peaks. This allows for a better characterisation and 

quantification of the metabolites captured in the spectra (Takis et al., 2020).  
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Overall, the targeted metabolic profile provided the concentration for 41 metabolites in the 

serum samples, 49 in the urine samples and 19 metabolites in FW. With the untargeted metabolic 

profile, thousands of buckets of signals were generated for each sample. The Statistical total 

correlation spectroscopy analysis was applied to identify metabolites of interests within the samples 

based on their most discriminatory features.  

 

2.2.2.3 UPLC-MS for bile acid profiling and tryptophane assay 

Overall, UPLC-MS represents an innovative bioanalytical technique that integrates the 

resolving power of Liquid Chromatography with the detection specificity of Mass Spectrometry. In 

this study, UPLC-MS was used to characterize the bile acid profile in the serum (Sarafian et al., 

2015), and bile acid and tryptophane profile in stool samples collected from the study population 

(Mullish et al., 2018). UPLC-MS was carried out at the MRC-NHR National Phenome centre, Imperial 

College London, UK.  

 Briefly, stool samples where thawed, lyophilized for 24 hours with a VirTis Benchtop 78 BTP 

8ZL freeze dryer (BPS, UK) and then weighed. A mixture of 2:1:1 water, acetronitrile and 2-

pronanolol was used to extract bile acids in a Biospec bead beater with 1.0 mm Zirconia beads. 

Diluted samples were then centrifuged at 16.000g for 2 minutes, while the supernatant was collected 

and filtered with nylon membranes (Costar, Corning). Serum samples were thawed and a 75 μL 

volume of the thawed serum was added to 225 μL of cold methanol, followed by incubation at -20oC 

for >2 hours. Tubes were centrifuged (9500 x g, 20 minutes) and 120 μL of supernatant loaded into 

vials.  

 After being allocated randomly in the machine, faecal extracts were analysed for bile acid 

using ACQUITY UPLC (Waters Ltd, Elstree, UK) coupled to a Xevo G2 Q-ToF mass spectrometer 

equipped with an electrospray ionization source operating in negative ion mode (ESI-) (Sarafian et 

al., 2015). Quality control (QC) samples were prepared using equal parts of the faecal filtrates and 

used to monitor the performance of the assay (Sangster et al., 2006). QC samples were also spiked 
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with mixtures of bile acid standards (55 bile acid standards including 36 non-conjugated, 12 

conjugated with taurine, seven conjugated with glycine (Steraloids, Newport, RI, USA)) and were run 

with the stool samples to determine the chromatographic retention times of bile acids and to allow 

for a better identification of the metabolites. As per protocol, QCs were injected 10 times at the 

beginning of the run, then every 10 injections and finally at the end of the analysis to assess the 

stability and reproducibility f MS. Waters raw data files were converted to NetCDF format and XCMS 

(v1.50) package with R (v3.1.1) software was used to extract the data. XCMS is open-access 

software which allows for the pre-processing of LC-MS software that can be customised for 

specifications by the user, such as peak width, peak intensity, etc (Smith et al., 2013). Correction of 

dilution effects was performed using a probabilistic quotient normalisation (Veselkov et al., 2011), 

while chromatographic features with coefficient variation larger than 30% in the QC samples were 

excluded from further analysis. Chromatographic features were expressed as relative intensities and 

corrected for the dry weight of the original stool samples. The bile acids were then identified from 

the final database, comparing expected m/z ratios of 79 standards comparing with appropriate 

databases (particularly the Human Metabolome Database). Results were normalised for the 

statistical analysis. 

 

2.2.3 Analysis of the gut microbiome 

2.2.3.1 DNA extraction and quantification 

Deoxyribonucleic acid (DNA) was extracted from approximately 100 mg neat faecal using 

the PowerLyzer PowerSoil DNA Isolation kit and following manufacturer’s instructions. The faecal 

water (FW) was added to a 2 ml microcentrifuge tube containing 0.1 mm glass beads. Sixty μL of 

C1 and 750 µL of bead solution were added and then vortexed. Briefly, solution C1 is a cell lysis 

solution including sodium dodecyl sulphate which lyses cell membrane fatty acids and lipids. Bead 

beating was carried out using the Bullet Blender Storm instrument for 3 min, while tubes were 

therefore centrifuged at 13,000 x g for 1 min. A 400-500 µL volume of the supernatant was 

transferred to a sterile tube where 250 µL of solution C2 was added. Tubes were vortexed, incubated 
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for 5 min at 4˚C and centrifuged for 13,000 x g for 1 min. This step leads to the physical separation 

of the liquid phase (containing the DNA) from the solid phase (pellet). Six hundred µL of supernatant 

was transferred to a sterile collection tube and 200 µL of solution C3 was added. At this stage, tubes 

were vortexed again, incubated for 5 min at 4˚C and centrifuged for 1 minute at 13,000 x g. Adding 

the C3 causes the additional cellular debris to be broken down and proteins to precipitate. Similarly, 

a volume of 750 µL supernatant was transferred to a sterile tube and added to a 1.2 mL of C4 

solution. Six hundred and fifty µL of the supernatant mix was transferred onto a spin filter and 

centrifuged at 10,000 x g for 1 minute with the remaining flow through discarded. This process was 

repeated for several passages until all the supernatants had fully been filtered, so that DNA was 

bound to the membrane. To clean the DNA bound to the filter, 500 µL of solution C5 was added to 

the spin filter and centrifuged for 1 min at 10,000 x g. The flow through was discarded and the spin 

filter centrifuged again for 1 min at 10,000 x g to remove all remaining ethanol. The spin filter was 

transferred to a sterile collection tube and 100 µL of solution C6 was added to elute the DNA, followed 

by centrifuging for 1 min at 10,000 x g. The so-obtained DNA was aliquoted into Eppendorf-tube and 

stored at -80 ˚C, while the spin filter was discarded.  

 

2.2.3.2 DNA concentration 

The Qubit dsDNA BS assay kit was used to analyse the DNA concentration in the research 

samples. This assay is highly selective for double-stranded DNA (dsDNA) and accurate for detecting 

DNA for sample concentrations ranging from 10 pg/µL to 100 ng/µL. Briefly, the Qubit working 

solution was made up by diluting the Qubit dsDNA BS Reagent (1:200) in Qubit dsDNA BS buffer. 

Both the standards and samples were prepared in Qubit working solution to a final volume of 200 µL 

and vortexed for 2-3 sec. All tubes were incubated at RT for 2 mins. The Qubit 2.0 Fluorometer was 

employed to measure the standards and samples, providing with a final reading in ng/µL.  

 

2.2.3.3 Meta-taxonomic analysis 

16s RNA gene sequencing is commonly used for identification, classification and quantitation 

of microbes with complex biological mixtures, such as the gust microbiome (Cox 2013. Sequencing 
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the human microbiome in health and disease). The 16s rRNA gene is a highly conserved component 

of the transcriptional machine of all DNA-based life forms and thus highly suited as a target gene for 

sequencing DNA in samples containing up to thousands of different species. Universal PCR primers 

can be designed to target the conserved regions of 16S rRNA. Also, sequencing the variable regions 

allows discrimination between specific different microorganism. Sample libraries were prepared 

based on the amplification of the V1-V2 region of the 16S rRNA gene employing the primers listed 

in Table 2.3 (previously reported in (Mullish et al., 2018)). Sample libraries were quantified using the 

NEBNext Library Quant Kit for Illumina (New England Biolabs, Hitchin, UK) and as per the 16S 

Metagenomic Sequencing Library Preparation Protocol from Illumina’s. 

Sequencing was carried out on an Illumina MiSeq platform (Illumina Inc., Saffron Walden, 

UK) using the MiSeq Reagent Kit v3 (Illumina) and paired-end 300bp chemistry. The data which 

derive from the sequencing were processed using RStudio, version 1.3.1056 (R Studio Team (2020). 

RStudio: Integrated Development for R. RStudio, PBC, Boston, MA) and according to the DADA2 

v.1.18.0 pipeline as previously described (Callahan et al., 2016). The SILVA Taxonomy Database 

v.132 (https://www.arb-silva.de/) was used to align the sequences. Subsequently, decontam 

package (Davis et al., 2018) was used to identify and remove the possible contaminants present in 

the samples.  

The software STAMP was used to discriminate differences in relative and absolute 

abundance between different groups at all taxonomic levels, from genus to phylum (Xia and Wishart, 

2010). Specifically, differences between two groups were tested using a two-sided White's non-

parametric t test with post-hoc correction (Benjamini-Hochberg correction). Only results where the 

difference in the mean proportion of sequences was greater than 1% were retained. 

A neighbor-joining phylogenetic tree was built based om the R packages DECIPHER (ES 

Wright (2016) "Using DECIPHER v2.0 to Analyze Big Biological Sequence Data in R." The R Journal, 

8(1), 352-359.) and phangorn (Schliep, 2017). The Vegan library was used to calculate the alpha 

diversity indexes (https://cran.r-project.org/web/packages/vegan/index.html) within the R studio. 

 

https://cran.r-project.org/web/packages/vegan/index.html
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Primer name Primer sequence 

28F-YM 

(forward primer) 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGTTTGATYMTGGCTCAG 

28F-Borrelia 

(forward primer) 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAGTTTGATCCTGGCTTAG 

28FChloroflex 

(forward primer) 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAATTTGATCTTGGTTCAG 

28F-Bifido 

(forward primer) 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGTTCGATTCTGGCTCAG 

388R 

(reverse primer) 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGCTGCCTCCCGTAGGAGT 

Table 2.3. Primers used for 16s rRNA gene sequencing on the Illumina MiSeq. The forward primer mix 
was composed of four different forward primers, mixed at a ratio of 4:1:1:1 (28F-YM:28F-Borrelia:28F-
Chloroflex:28F-Bifido). The MiSeq adapter sequences are highlighted in bold. 

 

2.2.4 Image analysis for the quantitation of steatosis, inflammation, ballooning and 

fibrosis in images of liver biopsies 

 Metabolic profile was then compared against liver histology. As liver biopsies from the 

present study were limited in number, a group of serum samples matched with liver biopsies were 

included from the cohort of patients followed-up in the specialist NAFLD liver clinic, based at St 

Mary’s Hospital, Imperial college NHS Trust, London, UK. Metabolic profile was analysed in serum 

samples from this population using NMR, following the same procedures as the main metabolic 

profiling. 

 Liver biopsies were stained in haematoxylin & eosin (H&E) and Sirius Red, scored by 

histopathologist as per NASH CRN scoring system. Liver biopsies were also digitalised and analysed 

for automated quantitation of histological features. Specifically, our group has developed and 

validated a fast-operating, high-throughput automated image analysis method to quantitate 

steatosis, ballooning, inflammation and fibrosis in routine histological images of patients with NAFLD 

(Forlano et al., 2020). Such methodology does not require sophisticated equipment and has shown 
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reliable and reproducible results when compared to semi-quantitative scores (NASH CRN scoring 

system). The software computes the percentages of fat, inflammation and ballooning analysing 

images of liver biopsies stained in H&E (Figure 2.1). Fibrosis is analysed as collagen proportionate 

area (CPA) using images of liver biopsies stained in Sirius Red (Figure 2.2). All percentages are 

expressed as relative percentages against the whole tissue area. 

 

Figure 2.1. Image analysis for quantitation of steatosis, inflammation and ballooning. Figure 2.1A 
illustrated a magnified image of a liver biopsy stained in H&E and scored as Steatosis Grade 3 (moderate, 
≥66%), Lobular Inflammation score 1 (≤2 foci) and Ballooning score 1 (Few ballooned cells) as per NASH CRN 
scoring system. Figure 2.1B illustrates the results of image analysis were Fat% 30.9% (in green), 
Inflammation% 3.4% (in purple) and Ballooning% 10.8% (in blue).  
Abbreviations: NASH CRN scoring system: Non-alcoholic steatohepatitis clinical research network scoring 
system; H&E: haematoxylin and eosin 
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Figure 2.2. Image analysis for quantitation of fibrosis. Figure 2.2A illustrates the image of a liver biopsy 
stained in Sirius Red and scored as Fibrosis stage 4 as per NASH CRN Scoring System. Figure 2.2B illustrates 
the result of image analysis showing a CPA 22.5%. 
Abbreviations: NASH CRN scoring system: Non-alcoholic steatohepatitis clinical research network scoring 
system; CPA: collagen proportionate area. 
 

 

2.2.5 Statistical analysis 

Pre-processing of the data and meta-identification of the untargeted metabolic profile 

obtained by NMR was performed by Dr Takis Panteleimon (Imperial College London, UK). The pre-

processing of the data on the spectra obtained by LC-MS was performed by NPC, Imperial college 

London, UK. The results obtained from the 16s rRNA sequencing were kindly pre-processed by Mr 

Jesus Miguens Blanco (Imperial college London, UK). 

The data table obtained as output from NMR and UPLCMS were introduced to SIMCA v 14.1 

(MKS Umetrics AB), with UPLCMS data were pareto-scaled. A principal component analysis (PCA) 

was performed so that clustering of the samples could be visualised in a unsupervised fashion. 

Afterwards, a supervised analysis, called orthogonal projections to latent structures discriminant 

analysis (OPLS-DA), was carried out to demonstrate the features responsible for the discrimination 

between two groups. OPLS-DA models were validated using cross-validated residuals ANOVA (CV-

ANOVA) (Eriksson et al., 2000), while S-plots were used to visualise the most-influential features 
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discriminating the groups which are typically located at the far ends of the plot (Wiklund et al., 2008). 

Heatmap were produced based on R Pearson coefficient of bile acids against microbial abundances 

and reporting with a false discovery rate 10% threshold. Part of the initial statistical analysis was 

performed by myself with the help of Dr Benjamin H. Mullish (Imperial college London, UK). The data 

table obtained as output from NMR and UPLCMS was also analysed more in depth by Dr Laura 

Martinez Gili (Imperial College London, UK). Such more complex modelling was performed on 

Software R, using linear regression analysis with mixed effect model. Differences between groups 

were adjusted with post-hoc Benjamini test and values were reported with a 10% significance 

threshold. 

 

2.2.6 Regulatory Approval 

 Blood samples from healthy controls and from patients of the NAFLD clinic (and related 

clinical information) were collected under the Imperial Hepatology and Gastroenterology Biobank 

which is fully REC approved by the Oxford Research Ethics Committee under the REC reference 

16/SC/0021. 

 

2.3 Assessment of the gut permeability 

2.3.1 Biological samples collection and storage 

 Serum and stool samples were collected, processed and stored as per the Hepatology and 

Gastroenterology divisional SOP. Samples were handled and stored as described in paragraph 

2.2.2.1. 

 

2.3.2 Preparation of faecal water 

 Faecal samples were thawed at RT before undergoing protein extraction. Glass beads were 

added to the 150-00 mg neat sample in a safe-lock Eppendorf tube, where also double the volume 

of PBS was previously pipetted. Samples were then vortexed to ensure homogeneity and then 
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centrifuged at 20,000 x g for 10 min at 4°C. The resulting supernatant was accurately filtered and 

then exported for the protein extraction. 

 

2.3.3 Protein extraction and quantitation 

 The Bicinchoninic acid assay (BCA) was used to extract the protein content from the sample 

as per the manufacturer’s instructions. Bovine serum albumin (BSA) was used as a reference 

standard. As part of the protocol, diluted BSA standards from 0 µg/mL to 2000 µg/mL were prepared 

from the 2 mg/mL albumin stock provided in the kit. The BCA working reagent (WR) was prepared 

from a 50:1 Reagent A:B mixing. Twenty-five μL of each study sample and 25 μL of each standard 

were pipetted into a 96 well plate and then incubated at 37°C for 30 min. Afterwards, the 96 well 

plate was cooled at RT before being read at 562 nm on a Thermoscientific Multiskan go machine. 

 

2.3.4 Assessment of protease activity 

A Pierce Fluorescent Protease assay kit (Thermo Scientific, UK) was used to measure total 

protease activity. Briefly, this assay employs fluorescein-labelled casein for use as a substrate to 

assess the activity of proteases present in a sample. Fluorescence properties of this protein 

substrate change significantly upon digestion by proteases, resulting into a measurable indication of 

proteolysis. TPCK Trypsin, a modified trypsin, is provided in the kit as a general protease calibrator 

so that the results can be compared to a reference protease. 

As per manufacturer’s instructions, lyophilized TPCK trypsin was dissolved in 1 mL of 

ultrapure water to make a 50 mg/mL stock solution. Fresh aliquots of trypsin stock were thawed to 

prepare standards before any protease measurement. PBS was plated as a control. A preliminary 

96 well plate was preliminarily run so that an appropriate inhibition dilution of FW was established. 

Dilutions of 25 ng/µL and 10 ng/µL were made from 1 mg/mL total protein samples, using TBS as 

the diluent. Equal volumes (100 µL) of each sample dilution and standards (prepared in duplicate) 

were added to a black 96-well plate. One hundred µL of fluorescein thiocyanate (FTC)-casein WR 

was added and then mixed thoroughly. At RT, the plate was left to incubate for 60 min and then was 

measured at 485 – 520 nm on a BMG Labtech FLUOstar OPTIMA. The blank reading was subtracted 
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from each sample and standard measurement to determine the protease activity levels. The change 

in relative fluorescence units of the standards vs. protease concentration were plotted as standard 

curve. Before protease activity assay was run, FW samples were normalised to 1 mg/mL total protein 

using PBS as the diluent. After total protease activity had been measured in the samples, a second 

black 96-well plate was run with the addition of inhibitors. A volume of 100 µL of FTC-casein WR 

was added again to each well and left to incubate at RT for 60 min. The plate was measured at 485 

– 520 nm on a BMG Labtech FLUOstar OPTIMA. Measurements were replicated adding a 

commercial bacterial protease inhibitor cocktail (Protease inhibitor cocktail powder for use with 

bacterial cells extracts, lyophilized powder, Merck Life Science UK Limited, UK) to calculate the 

protease activity in inhibited FW. 

 

2.3.5 In-vitro model of gut-permeability with MDCK cell culture 

2.3.5.1 Thawing of frozen cells 

 Frozen vials of the Madin-Darby Canine cocker spaniel kidney (MDCK, Sigma-Aldrich) were 

purchased and stored in liquid nitrogen. On the day of the experiment, MDCK were thawed in the 

water bath for approximately 2 mins, keeping the cap out of the water so that the risk of contamination 

could be minimised. Once thawed, the vial was removed from the bath, sterilised with 70% ethanol 

and transferred to an aseptic flow hood. The vial was then spun at 125 G for 6 minutes. 

Subsequently, supernatant was discarded, and the pellet resuspended in 1 ml complete media. 

Complete media was previously prepared based on modified Dulbecco’s Modified Eagle Medium 

(DMEM) 500 ml + 1ml Plasmocin + 50ml Fetal bovine serum + 5ml 200mM L-glutamine. One ml of 

resuspension was then added to a T-25 flask and incubated at 37.5°C, 5% CO2 until this reached 

confluence. 

 

2.3.5.2 Cell line maintenance, splitting and seeding procedure 

The following steps were conducted under an aseptic flow hood which had been sprayed 

with ethanol so that the risk of contamination could be minimised. Prior to passaging cells, complete 

media, PBS and 0.25% (w/v) Trypsin 0.53 mM EDTA were warmed for 30 min. Typically after 48-72 
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hours, MDCK cells had reached confluence. Cell media was removed from the culture flask and cells 

were washed with 5 mL of PBS x 2 times. Five mL 0.25% (w/v) Trypsin 0.53 mM EDTA was pipetted 

into the flask and incubated at 37°C for 15 min until the cells had detached. Once cells had 

trypsinised, the flask was gently pipetted to break up cell clumps. A volume of 1 mL of trypsinised 

cells was then transferred to a new T-25 cm2 flask with 5 mL of fresh complete media and incubated 

at 37°C, 5% CO2. Media was changed every 2 or 3 days. Cells were then split upon reaching 

confluence.  

 The density of the cells was assessed using a haemocytometer and Trypan blue staining. 

Briefly, the Trypan blue colours dead cells as blue and highlights those that are still living. The 

following calculation was used: 

(n/4) x dilution factor x 104 = X cells in 1 mL 

where n = the number of cells counted within the 4 grids in the haemocytometer. 

Based on this calculation, aliquots of 1-2 x 105 MDCK cells were cultured in on Millicell 0.4 

µm PTFE Transwell inserts (0.3 cm2 surface area, Merck KGaA, Darmstadt, Germany) in a 24 well 

plate. Cultured cells were maintained at 37°C, 5% CO2, for 72-96 hours to allow for monolayer 

formation, while culture media was changed every day. As some level of variability from different 

passages was previously described (Furuse and Tsukita, 2006), only passages between 17 and 22 

were used for this study. 

 

2.3.5.3 Measurement of Trans-epithelial electric resistance 

 The integrity of individual monolayers was assessed by measuring TEER using a EVOM 

(Figure 2.3). Cell culture plate was left at RT for 1 hour, while FW were prepared and diluted in PBS 

to get a standard protein concentration of 300 ug per 200 μL of PBS+FW solution. Culture media 

was replaced with 1 mL of the Hanks' Balanced Salt Solution (HBSS) in the basolateral and 200 μL 

in the apical compartment, and cells were allowed to equilibrate in medium for at least 30 min at 

37°C. Monolayers were considered intact when TEER measurements were stable after at least 2 
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days from seeding. Monolayers with TEER values < 150 Ωcm2 after 72 hours were not considered 

intact and were excluded from use. 

 At time zero, HBSS from the apical compartment of each well was removed and replaced by 

equal volume of either PBS (as negative control), Enterococcus faecalis (E. faecalis) spent medium 

(as positive control) or FW derived from the faecal samples of patients enrolled in the study. 

Specifically, E.faecalis was chosen as positive control, given its peculiar proteolytic activity through 

the production of specific gelatinases and serine proteases (Nesuta et al., 2017). To prepare E. 

faecalis supernatant, this was grown on an anaerobe plat and left to incubate overnight. After 24 

hours, a sterile loop of colonies was added to a flask of a standard culture broth and then left for 

further 24 hours. FW samples were prepared as per paragraph 2.3.2. Once PBS, E. faecalis spent 

meium and FW were added to the wells (time zero), TEER was then measured at a sequence of 5, 

30, 90, 120 mins and 24 hours. Experiments with FW were repeated in triplicates, i.e. each FW 

sample was incubated in 3 adjacent wells. Moreover, in each well, TEER was measured in triplicates 

at all time points. 

Experiments were replicated with the addition of a commercial bacterial protease inhibitor 

cocktail to differentiate the contribution from host and microbial proteases (Protease inhibitor cocktail 

powder for use with bacterial cells extracts, lyophilized powder, Merck Life Science UK Limited, UK). 

At the end of the experiments, cells from each well were resuspended and stained with Tryptan blue 

to check for cell viability 
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Figure 2.3. Measurement of Trans-epithelial electric resistance. The picture illustrates the in-vitro model 
of gut permeability. Briefly, MDCK were cultured on Transwell insert positioned in each well. The model created 
therefore two separated compartments: the apical (luminal side) and baso-lateral (blood side) compartment. 
FW, E, faecalis spent medium or PBS were added to the apical side of the model (luminal side). The integrity 
of the MDCK monolayer was assessed by TEER from an EVOM. 
Abbreviations: TEER: trans-epithelial electric resistance, EVOM: epithelial volt/ohm meter, MDCK: Madin-
Darby Canine Kidney cells, E. faecalis: Enterococcus Faecalis, PBS: phosphate-buffered saline, FW: faecal 
water.  

 

 

2.3.6 Measurement of serum FABP-2 

 The level of FABP-2 was measured in serum samples from the patients enrolled in the study, 

using a Human FABP2/I-FABP Quantikine Enzyme-Linked immunosorbent Assay (ELISA, R&D, 

USA) Kit, which is essentially a sandwich ELISA. All reagents were brought to RT as per 

manufacturer’s instructions. The wash buffer, substrate solution and Human FABP-2 standard were 

constituted as per protocol.  

 Firstly, 50 μL of Assay diluent RD1-63 were added to each well. Secondly, another 50 μL of 

standard, control or serum sample were added to each well. Sera were prepared using a 5-fold 

dilution and were added to the plate in duplicates, i.e. each sample was aliquot to two consecutive 

wells. The plate was covered with the adhesive strip provided and incubates at RT on a horizontal 

orbital microplate shaker set at 500 ± 50 rpm. After two hours of incubation, each well was washed 

with 400 μL of wash buffer for three times. After the last wash, wash buffer was completely aspirated, 

and the plate was inverted and blotted against clean paper towel so that any remaining of buffer 
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could be removed. At the following step, 200 μL of Human FABP-2 Conjugate was transferred to 

each well. The plate was then covered with a new adhesive strip and incubated at RT on the shaker. 

After 2 hours, another sequence of aspiration and wash was performed. A 200 μL of the Substrate 

solution was aliquoted in each well, while the plate was left for incubation for 30 minutes at RT on 

the benchtop, carefully protected from light. Afterwards, 50 μL of the Stop Solution was also added 

to each well and a change of colour from blue to yellow was noted in the wells. Finally, the 96 well 

plate was read at 570 nm on a Thermoscientific Multiskan go machine. 

 

2.3.7 Measurement of faecal cytokines 

 The faecal levels of interferon-gamma (IFN-γ), IL-1β, interleukin-2 (IL-2), interleukin-4 (IL-4), 

IL-6, interleukin-8 (IL-8), IL-10, interleukin-12p70 (IL-12p70), interleukin-13 (IL-13), and TNF-α were 

measured in the FW obtained from samples of the patients enrolled in the study, using the V-plex 

Proinflammatory Panel 1 (Meso scale discovery, MSD) - essentially a sandwich immunoassay. As 

per manufacturer’s instructions, all reagents were left at RT. Calibrator dilutions, controls, detection 

antibody solution, wash buffer and read buffer T were constituted as per protocol. The MSD plate 

was washed 3 times with 150 μL of wash buffer to provide greater uniformity of the results of the 

assay. Fifty μL of samples, calibrators and controls were added in each well. Filtered FW samples 

were loaded on the MSD after a 2-fold dilution with Diluent 2. Serial 4-fold dilutions of the standards 

were run to generate a 7-standard concentration set, and the diluent alone was used as a blank. The 

plate was then sealed with an adhesive plate seal and incubated at RT on a shaker for 2 hours. 

Afterwards, the plate was washed again for three times with 150 μL of wash buffer. A volume of 25 

μL of detection antibody solution was transferred to each well. The plate was sealed with an adhesive 

seal and incubates at RO with shaking for 2 hours. Another sequence of three washes with 150 μL 

of wash buffer was done with the MSD plate. As final step, 150 μL of 2 X read buffer T was added 

to each well. The plate was then analysed on an MSD reader (Faculty of Medicine, Imperial College 

London) within 30 minutes. The standard curves for each cytokine were generated using the 

premixed lyophilized standards provided in the kits.  
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2.3.8 Statistical analysis 

The distribution of variables was explored using the Shapiro‐Wilk test. Continuous variables 

were reported as medians and IQR, while categorical variables were expressed as relative 

frequencies and percentages. Univariate analysis was carried out using Mann-Whitney for 

continuous, and chi‐square test for categorical variables respectively. Kruskal-Wallis or ANOVA with 

post-hoc corrections was used for comparison between multiple groups. Spearman correlation and 

logistic regression carried out to explore the relationship between variables.  

 All tests were two‐sided and a P value 0.05 was considered significant. Statistical analysis 

was performed using GraphPad Prism (version 9.1) and SPSS (version 24.0; SPSS Inc Chicago, 

IL). 

 

2.3.9 Regulatory approval 

 Blood samples from healthy controls were collected under the Imperial Hepatology and 

Gastroenterology Biobank which is fully REC approved by the Oxford C Research Ethics Committee 

under the REC reference 16/SC/0021. 

 

2.4 Systemic inflammatory status 

2.4.1 Biological samples collection and storage 

 Serum samples were collected, processed and stored as per the Hepatology and 

Gastroenterology divisional standard operating procedure. Samples were handled and stored as 

described in paragraph 2.2.2.1. 

 

2.4.2 Measurement of serum cytokines level 

 The serum levels of IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-13, and 

TNF-α were measured using the V-plex Proinflammatory Panel 1 (MSD), which is essentially a 

sandwich immunoassay. Preparation and reading of the assay were identical to the protocol used 

for the measurement of faecal cytokines (paragraph 2.3.7). Values of cytokines which were at or 

lower than the lower limit of detection (LLOD) were reported as LLOD for these analytes. Median 
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LLOD were derived from the assay protocol (Table 2.4). Percentage detected was also derived from 

the assay protocol and reported the percentage blood samples from healthy patients with 

concentrations at or above the LLOQ. 

 Median LLOD (pg/ml) % Detected serum 

(N=27) 

IFN-gamma 0.37 96 

IL-1β 0.05 22 

IL-2 0.09 33 

IL-4 0.02 30 

IL-6 0.06 37 

IL-8 0.07 100 

IL-10 0.04 52 

IL-12p70 0.11 11 

IL-13 0.24 11 

TNF-alpha 0.04 70 

Table 2.4. Lower limit of detection and percentage of detected cytokines in healthy serum samples. 

  

 

2.4.3 Measurement of serum PAI-1 

The serum level of PAI-1 was measured using a Human Serpin E1/PAI-1 Quantikine ELISA Assay 

(R&D systems, USA) Kit, which is essentially a sandwich ELISA. All reagents were brought to RT as 

per manufacturer’s instructions. The wash buffer, substrate solution and Human Serpin E1/PAI-1 

standard were constituted as per protocol.  

 Firstly, 50 μL of Assay diluent RD1-57 were added to each well. Secondly, another 50 μL of 

standard, control or serum sample were added to each well and completed within 15 minutes. Sera 

were prepared using a 5-fold dilution and were added to the plate in duplicates, i.e. each sample 

was aliquot to two consecutive wells. The plate was covered with the adhesive strip provided and 

incubates at RT. After two hours of incubation, each well was washed with 400 μL of wash buffer for 

three times. After the last wash, wash buffer was completely aspirated, and the plate was inverted 
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and blotted against clean paper towel so that any remaining of buffer could be removed. At the 

following step, 200 μL of Human Serpin E1/PAI-1 Conjugate was transferred to each well. The plate 

was then covered with a new adhesive strip and incubated at RT. After 2 hours, another sequence 

of aspiration and wash was performed. A 200 μL of the Substrate solution was aliquoted in each 

well, while the plate was left for incubation for 30 minutes at RT on the benchtop, carefully protected 

from light. Afterwards, 50 μL of the Stop Solution was also added to each well and a change of colour 

from blue to yellow was noted in the wells. Finally, the 96 well plate was read at 570 nm on a 

Thermoscientific Multiskan go machine. 

 

2.4.4 Statistical analysis 

The distribution of variables was explored using the Shapiro‐Wilk test. Continuous variables 

were reported as medians and IQR, while categorical variables were expressed as relative 

frequencies and percentages. Univariate analysis was carried out using Mann-Whitney for 

continuous, and chi‐square test for categorical variables respectively. Kruskal-Wallis or ANOVA with 

post-hoc corrections was used for comparison between multiple groups. Spearman correlation and 

logistic regression carried out to explore the relationship between variables.  

 All tests were two‐sided and a P value 0.05 was considered significant. Statistical analysis 

was performed using GraphPad Prism (version 9.1) and SPSS (version 24.0; SPSS Inc Chicago, 

IL). 
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3. POPULATION ANALYSIS AND REFERRAL MANAGEMENT PATHWAY 

3.1 Introduction 

 NAFLD is the most common cause of abnormal LFTs worldwide, with an estimated 

prevalence ranging between 19–46% (Younossi et al., 2019b). Of note, NAFLD is also expected to 

become a leading cause of end-stage liver disease in the next decades(Younossi et al., 2019d). 

Histologically, NAFLD encompasses a spectrum of disorders from steatosis with or without 

hepatocellular injury and/or inflammation (NASH) and a variable degree of fibrosis through to 

cirrhosis(Kleiner and Makhlouf, 2016). In terms of clinical outcomes, fibrosis stage represents the 

strongest clinical predictor in these patients (Ekstedt et al., 2015).  

 Liver biopsy is still considered the gold standard for diagnosing and staging NAFLD (Kleiner 

et al., 2005) but it is invasive, expensive and it is associated with potential complications. As such, 

during the last few years, there has been an explosive development and use of non-invasive markers 

of fibrosis worldwide, as it is unfeasible for each patient with NAFLD to undergo a liver biopsy. 

Overall, FIB-4 (Vallet-Pichard et al., 2007) and NAFLD fibrosis score (Angulo et al., 2007), among 

the non-invasive markers based on blood tests, and TE, among the imaging techniques, have 

become the commonest non-invasive markers of fibrosis used in clinical practice. Specifically, FIB-

4 and NAFLD fibrosis score can be calculated on a large scale, while TE is easy to perform, patient-

friendly and has high accuracy in detecting advanced fibrosis (Boursier et al., 2013).  

 NAFLD and T2DM display a bidirectional association due to their common pathogenic 

mechanism of IR (Tilg, 2017). Nevertheless, the exact prevalence of NAFLD in T2DM is unknown, 

ranging broadly between 43% and 94% based on different diagnostic techniques and selection 

criteria of the screened population (Younossi et al., 2019d). Moreover, the majority of the data 

focusing on NAFLD and T2DM derive from tertiary care populations, whilst evidence from primary 

care is scarce. On a clinical perspective, the presence of T2DM is an independent predictor of 

advanced fibrosis in NAFLD, with a greater prevalence of NASH and cirrhosis in diabetic compared 

to non-diabetic patients, especially in younger patients (Hossain et al., 2009, Pais et al., 2011, 

Harrison et al., 2021). Furthermore, T2DM is highly prevalent among those patients with NAFLD who 

progress from simple steatosis to significant fibrosis (Pais et al., 2011).  
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 Given the high prevalence and severity of NAFLD in the diabetic population, there is a major 

interest in early detection of the disease especially in primary care (European Association for the 

Study of the Liver. Electronic address et al., 2021, Noureddin et al., 2020). On a GP perspective, 

diagnosing NAFLD is perceived as a clinical challenge, with specific concerns on performing a risk-

stratification among patients (Sheridan et al., 2017). Notably, current diabetes management 

guidelines do not advise for NAFLD screening in the general population. The EASL guidelines 

recommend screening NAFLD in high risk-populations (i.e. patients with metabolic syndrome) 

following a 2-tier system. Specifically, patients should be stratified using FIB-4 and/or ELF in primary 

care, followed by TE in a specialist setting (European Association for the Study of the Liver. 

Electronic address et al., 2021). However, such strategy relies heavily of FIB-4, which was derived 

from a tertiary care setting, and whose performance in primary care is still under investigation.  

 Recent evidence suggests that screening in primary care may be cost-effective but only in 

high-risk groups while using optimised algorithms for diagnosing (Noureddin et al., 2020). 

Nevertheless, substantial uncertainties still surround the development of a screening policy for 

NAFLD, such as scarce knowledge on disease progression and long-term outcomes, as well as the 

absence of a licensed treatment). However, as pharmacotherapies for NAFLD not yet available, it is 

of great importance to identify patients with high risk of progressive disease. As a result, there might 

be a subsequent reduction in progression rates to end-stage liver disease and associated healthcare 

burden.  

 

Therefore, the main objectives of this part of the project were: 

 1. To assess the prevalence of clinically significant NAFLD among patients with T2DM in the 

community  

 2. To assess the prevalence of other undiagnosed chronic liver disease among patients with 

T2DM in the community 

 3. To perform a risk-stratification for the development of a NAFLD referral/management 

strategy pathway from primary care 
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3.2 Materials and methods 

3.2.1 Study cohort and screening process 

 This single-centre, cross-sectional study included all consecutive patients with T2DM being 

followed up in primary care. Specifically, all patients were recruited from primary care (Tier 1) and 

community (Tier 2) clinics from the North-West London GP network. Patients were invited to take 

part to the study by their routine care team, such as GPs, dieticians, podiatrists and diabetic nurses. 

All consecutive patients were screened for liver disease and NAFLD using blood tests, full liver 

screen, TE and US.  

 Based on the results of TE performed on the day of the enrolment, the patients were therefore 

stratified according to LSM ≥ 8.1 kPa. The subgroup of patients with elevated LSM were considered 

for further investigations (such as a liver biopsy) and referred to specialist care as for guidelines’ 

recommendation and standard of care. Only liver biopsies performed within 3 months from the 

clinical assessment and TE measurements were included in the study. 

 

3.2.2 External validation 

 Two external centres provided retrospective cohorts of patients with T2DM diagnosed with 

NAFLD as external validation cohorts for clinical findings: the Royal Free Hospital (London, United 

Kingdom) and the Palermo University Hospital (Palermo, Italy). Specifically, the cohort from the 

Royal Free Hospital included consecutive patients with T2DM who were firstly referred from primary 

care through the Camden and Islington pathway. As such, this group included patients selected from 

primary care based on FIB-4>1.3 and/or ELF>9.5 (selected primary care population). The cohort 

from the Palermo Hospital included consecutive patients with T2DM who were followed-up in the 

specialist NAFLD clinic (tertiary care population). 

 

 

3.2.3 Statistical analysis and regulatory approval  

 Statistical analysis was performed using SPSS© (version 24.0; SPSS Inc Chicago, IL). All 

patients’ recruitment was conducted in line with Good Clinical Practice and sample handling 
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according to Human Tissue Act regulations. The main cross-sectional study (derivation cohort) 

obtained full ethical approval from the Research Ethics Committee (REC approval 18/LO/1742, IRAS 

251274), sponsorship from Imperial College London and adoption from Clinical Research Network 

(CRN) Portfolio. The validation cohorts of patients provided by the Royal Free and Palermo were 

retrospective collection of routinely performed investigation and anonymised patient data. As such, 

ethical approval was not required as stated under the UK policy framework for health and social 

care. All activities were performed in accordance with the guidelines of the Helsinki Declaration. 

 

3.3 Results 

3.3.1 Study population 

 Between April 2019 and January 2021, a total of 300 patients with T2DM were enrolled from 

the North-West London GP network. Overall, 287 patients underwent the whole screening 

procedure, while 13 did not complete the screening and were excluded (Figure 3.1).  

 In the study population (n=287), median age was 61 (54-66) years, median BMI 30.4 (26.9-

34.4) kg/m2 and 53% (160/287) were men. In terms of ethnic background, 32% (102/287) of the 

patients are White Caucasian, 28% (74/287) Arab, 17% (47/287) South Asian, 12% (33/287) Black 

African or Caribbean, 8% (24/287) East Asian and 2% (6/287) White Hispanic (Table 3.1). In terms 

of socio-economic status, 51% (149/287) of the patients lived in the most deprived neighbourhoods 

(1st tertile) for income rank, 47% (136/287) for employment rank and 83% (239/287) for living 

environment rank. However, 49% (142/287) lived in the least deprived areas (3rd tertile) for education 

rank and 43% (143/287) for health and disability rank (Table 3.2). 

 As per comorbidities, 67% (191/287) had hypertension, 52% (148/187) dyslipidaemia and 

15% (41/287) a psychiatric disorder. Moreover, 10% (28/287) reported history of acute 

cardiovascular event, while 75% (214/287) were on statin treatment for either primary or secondary 

CV prophylaxis (Table 3.1). In terms of diabetes control, median HbA1c was 60 (49-70) mmol/mol, 

insulin level 24 (8.1-26.5) µU/ml and HOMA index 8 (1.9-8.9). Furthermore, the median time from 

diagnosis of T2DM was 11 (4-16) years, with 16% (45/287) of the patients being diagnosed with at 
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least one known diabetic complication (i.e. diabetic retinopathy, nephropathy, neuropathy). In terms 

of anti-diabetic treatment, 13% (39/287) of the patients were on diet only, 79% (227/287) on oral 

agents. 13% (37/287) on GLP-1RA and 25% (74/287) on insulin treatment (Table 3.1).  
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Figure 3.1. Flowchart showing the patients enrolled in the study. The flowchart of the study illustrates the 
total number (n=300) of patients enrolled in the study and the breakdown of the overall prevalence of NAFLD 
(64%) and other liver disease (9%) in the population. Patients with NAFLD were stratified according to LSM in 
those with elevated LSM (LSM≥8.1 kPa, n=50) and those with normal LSM (LSM < 8 kPa, n=136). 
Abbreviations: T2DM: type-2 diabetes mellitus, NAFLD: non-alcoholic fatty liver disease, HBV: hepatitis B 
virus, BAFLD: both alcoholic and non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 

  

300 patients with 
T2DM screened for 

liver disease and 
NAFLD

13 pts did not 
complete the 

screening - Excluded

287 pts completed 
screening

28/287 (9%) other 
liver diseases (27 
BAFLD and 1 HBV)

186/287 (64%) pts 
with NAFLD

50/186 (26% among 
NAFLD or 17% 
among study 

population) pts with 
elevated LSM

8/186 (5% among 
NAFLD, 3% among 
diabetics) pts with 

cirrhosis

136/186 pts with 
normal LSM

73/287 (25%) pts 
with normal liver
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  Study population 

N=287 

NAFLD 

N=186 

  

Normal liver 

N=73 

  

 

  Median (IQR) Median (IQR) Median (IQR) P value*  

Age, years 59 (59-66) 60 (54-66) 59 (53-65) 0.83 

Waist circum, cm 107 (107-116) 108 (101-118) 98 (92-106) 0.0001 

Hip circum, cm 110 (102-119) 112 (105-122) 103 (98-108) 0.0001 

BMI, kg/m
2
 30.8 (26.9-34.4) 31.4 (28.4-35.8) 26.9 (24.8-30.3) 0.0001 

PLT, x 109/µL 250 (202-290) 245 (212-287) 249 (206-298) 0.88 

ALT, IU/L 35 (22-45) 34 (23-49) 24 (18-28) 0.0001 

AST, IU/L 31 (22-35) 28 (23-37) 24 (19-27) 0.0001 

GGT, IU/L 47 (19-50) 32 (22-52) 19 (17-27) 0.0001 

ALP, IU/L 88 (70-103) 84 (72-105) 85 (63-99) 0.7 

Albumin, g/L 40 (39-42) 41 (39-42) 40 (39-42) 0.83 

Bilirubin, µmol/L 10.6 (6-12) 9 (6-12) 8 (6-14) 0.55 

Total Cholesterol, 

mmol/l 

4.1 (3.5-4.7) 4.1 (3.4-4.7) 4 (3.6-4.5) 0.58 

TRG, mmol/l 2.3 (1.02-2.08) 1.4 (1.07-2.1) 1.2 (0.98-1.5) 0.25 

HDL, mmol/l 1.1 (0.9-1.3) 1.1 (0.9-1.2) 1.16 (1.06-1.39) 0.25 

LDL, mmol/l 2.3 (1.6-2.7) 2.2 (1.6-2.8) 2.1 (1.7-2.6) 0.68 

Ferritin, ng/ml 124 (43-155) 82 (39-140) 70 (28-178) 0.91 

Diabetes characteristics 

 Median (IQR) Median (IQR) Median (IQR) P value*  

Fasting glucose, 

mmol/l 

7.9 (5.5) 7.4 (5.6-10.2) 6.2 (4.8-7.8) 0.001 

HbA1c, mmol/mol 60 (49-70) 60 (50-74) 55 (48-61) 0.0001 

Insulin, µU/ml  24 (8.1-26.5) 15.3 (9.8-28.2) 7.2 (5.8-12.2) 0.028 



100 
 

 
Table 3.1. Characteristics of the study population and differences between patients with and without 
NAFLD. The table shows the differences between patients with (n=186) and without (n=73) NAFLD in the 
whole study population (n=287). Variables are expressed as median and IQR or relative percentages. * p-
value refers to differences between patients with NAFLD and normal liver. 
Abbreviations: IQR: interquartile range, BMI: Body mass index, PLT: platelet, ALT: alanine aminotransferase, 
AST: aspartate aminotransferase, GGT: gamma-glutamyl transferase, ALP: alkaline phosphatase, TRG: 
triglycerides, HDL: high density lipoprotein, LDL: low density lipoprotein, HbA1c: glycated haemoglobin, GLP-
1RA: glucagon like peptide-1 receptor agonist 

Homa index 8 (1.9-8.95) 4.6 (2.2-10.3) 2.1 (1.35-4.8) 0.0001 

Duration DM, years 11 (4-16) 10 (3-16) 13 (7-16) 0.16 

 N (%) N (%) N (%) P value*  

Diet controlled   39 (13) 25 (13) 13 (18) 0.11 

On oral agents 227 (79) 170 (91) 55 (75) 0.16 

On GLP-1RA 37 (13)  31 (16) 6 (8) 0.08 

On insulin 74 (25)  51 (28) 23 (31) 0.18 

Diabetic 

complications 

45 (16) 26 (14) 15 (21) 0.82 

Ethnic background and comorbidities 

 N (%) N (%) N (%) P value*  

Male gender 160 (53) 104 (56) 34 (45) 0.07 

White, Caucasian 102 (32) 64 (34) 15 (20) 0.02 

White, Hispanic 6 (2) 3 (1) 2 (2) 0.43 

Black African, Afro-

Caribbean 

33 (12) 22 (12) 10 (13) 0.41 

Arab 74 (28) 52 (28) 20 (26) 0.52 

South Asian 47 (17) 31 (17) 16 (21) 0.2 

East Asian 24 (8) 14 (7) 10 (13) 0.09 

Hypertension 191 (67) 120 (64) 50 (66) 0.32 

Dyslipidaemia 148 (52) 98 (53) 39 (52) 0.51 

Psychiatric 

disorder 

41 (15) 27 (14) 11 (14) 0.53 

Previous ACE 28 (10) 16 (8) 11 (14) 0.98 

On statin 214 (75) 138 (74) 57 (76) 0.31 
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  Study population 

N=287 

NAFLD 

N=186 

  

Normal liver 

N=73 

  

 

  Median (IQR) Median (IQR) Median (IQR) P value*  

Overall IMD 12090 

(4855-22794) 

10451  

(4311-19881) 

11080 

(6506-23403) 

0.67 

Income rank 9010 

(3543-21051) 

8121 

(2735-18772) 

7859 

(4465-21047 

0.52 

Employment rank 11453 

(4262-25693) 

9654 

(3109-22898) 

10762 

(6120-26319) 

0.41 

Education rank 22924 

(14331-27622) 

22301 

(14025-27522) 

20753 

(14157-26996) 

0.42 

Health and 

disability rank 

19527 

(12063-30517) 

18655 

(10506-27522) 

20218 

(12449-31764) 

0.12 

Crime rank 15996 

(7882-22418) 

15345 

(2848-22453) 

14655 

(7803-21262) 

0.2 

Barriers to housing 

services rank 

11758 

(8643-14719) 

11698 

(8646-14434) 

11580 

(8497-14586) 

0.57 

Living environment 

rank 

5832 

(3228-8143) 

5775 

(3232-8116) 

5338 

(3729-7867) 

0.97 

 N (%) N (%) N (%) P value* 

Overall IMD 

1st tertile 

3rd tertile 

 

119 (41) 

70 (24) 

 

83 (44) 

36 (19) 

 

30 (41) 

19 (26) 

0.23 

Income rank 

1st tertile 

3rd tertile 

 

149 (51) 

66 (23) 

 

100 (53) 

36 (19) 

 

40 (54) 

17 (23) 

0.65 

Employment rank    0.42 
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Table 3.2. Socio-economic status of the study population and differences between patients with and 
without NAFLD. Socio-economic status is expressed as Index of multiple deprivation and relative single 
domains. The table shows the differences between patients with (n=186) and without (n=73) NAFLD in the 
whole study population (n=287). Variables are expressed as median and IQR or relative percentages. * p-
value refers to differences between patients with NAFLD and normal liver. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, IQR: interquartile range, IMD: index of multiple 
deprivation. 

  

1st tertile 

3rd tertile 

136 (47) 

80 (27) 

93 (50) 

46 (24) 

35 (48) 

20 (27) 

Education rank 

1st tertile 

3rd tertile 

 

25 (8) 

142 (49) 

 

19 (10) 

90 (48) 

 

5 (7) 

30 (41) 

0.56 

Health and 

disability rank 

1st tertile 

3rd tertile 

 

 

45 (15) 

124 (43) 

 

 

34 (18) 

76 (41) 

 

 

7 (10) 

29 (39) 

0.76 

Crime rank 

1st tertile 

3rd tertile 

 

88 (31) 

66 (23) 

 

55 (29) 

43 (23) 

 

29 (39) 

12 (16) 

0.81 

Barriers to housing 

services rank 

1st tertile 

3rd tertile 

 

 

84 (29) 

10 (3) 

 

 

53 (28) 

1 (5) 

 

 

27 (37) 

1 (1) 

0.72 

Living environment 

rank 

1st tertile 

3rd tertile 

 

239 (83) 

1 (0) 

 

152 (81) 

1 (5) 

 

61 (83) 

0 (0) 

0.44 
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3.3.2 The prevalence of NAFLD and other liver disease in the diabetic community 

 The overall prevalence of NAFLD, based on ultrasound, was 64% (186/287), while the 

prevalence of other liver diseases was 9% (28/287, 27 BAFLD and 1 with chronic hepatitis B). The 

Number needed to treat/screen (NNT) in this population was 4.56.  

 Among those with NAFLD (n=186), median age was 60 (54-66) years, median BMI 31.4 

(28.4-35.8) kg/m2 and 56% (104/186) were men. In terms of ethnic background, 34% (64/186) of 

the patients are White Caucasian, 28% (52/186) Arab, 17% (31/186) South Asian, 12% (22/186) 

Black African or Caribbean, 7% (14/186) East Asian and 1% (3/186) White Hispanic. As per 

comorbidities, 64% (120/186) had hypertension, 53% (98/186) dyslipidaemia and 14% (27/186) a 

psychiatric disorder. Moreover, 8% (16/186) reported history of ACE, while 74% (138/186) were on 

statin treatment for either primary or secondary CV prophylaxis (Table 3.1).  

 In terms of diabetes control, median HbA1c was 60 (50-74) mmol/mol, insulin level 15.3 (9.8-

28.2) µU/ml and HOMA index 4.6 (2.2-10.3). Furthermore, the median time from diagnosis was 10 

(3-16) years, with 14% (26/186) of the patients having at least one known diabetic complication. In 

terms of anti-diabetic treatment, 6% (13/186) of the patients were on diet only, 72% (134/186) on 

oral agents and/or GLP-1RA and 21% (39/186) on insulin treatment.  

 Compared to those with normal liver (n=73), patients with NAFLD had higher BMI (31.4 vs 

26.9 kg/m2, p=0.0001) and larger waist (108 vs 98 cm, p=0.0001) and hip (112 vs 103 cm, p=0.0001) 

circumferences. Those with NAFLD also presented with higher levels of ALT (34 vs 24 IU/L, 

p=0.0001), AST (28 vs 24 IU/L, p=0.0001) and gamma-glutamyl transferase (GGT, 32 vs 19 IU/L, 

p=0.0001). In terms of diabetes control, patients with NAFLD showed higher median HbA1c (60 vs 

55 mmol/mol, p=0.0001), fasting glucose (7.4 vs 6.2 mmol/l, p=0.001), insulin level (15.3 vs 7.2 

µU/ml, p=0.028) and HOMA index (4.6 vs 2.1, p=0.0001). There was no difference in terms of 

duration of diabetes, anti-diabetic medications or presence of diabetic complications. In terms of 

socio-economic status, there was no difference between the two groups in median IMD (and related 

single domain), as well as in distribution in tertile of IMD (and related single domains) (Table 3.2). 
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3.3.3 The prevalence of significant liver disease secondary to NAFLD in the diabetic 

community 

 The overall prevalence of significant liver disease, as defined by LSM ≥ 8.1 kPa, was 17% 

(50/287) in the whole diabetic population and 26% (50/186) in the NAFLD subgroup. The prevalence 

of newly diagnosed cirrhosis (either histologically or clinically) secondary to NAFLD was 3% (8/287) 

in the whole diabetic population and 5% (8/184) in the NAFLD subgroup. All patients diagnosed with 

liver disease were referred to tertiary care, while the other participants were advised for lifestyle 

changes. 

 Compared to those with normal LSM (n=136), patients with elevated LSM (n=50) presented 

higher BMI (36.8 vs 30.3 kg/m2, p=0.0001), larger hip (123 vs 110 cm, p=0.0001) and waist 

circumferences (120 vs 105 cm, p=0.0001). Those with significant liver disease also presented with 

higher ALT (46 vs 30 IU/L, p=0.0001), AST (37 vs 26 IU/L, p=0.0001) and GGT (62 vs 27 IU/L, 

p=0.0001) levels. Of note, although there was an increase in LFTs across the study groups, up to 

42% patients with LSM between 8 and 12 kPa and up to 38% patients with LSM greater than 12.1 

kPa presented with normal LFTs (Figure 3.2). In terms of metabolic control, patients with NAFLD 

showed higher median HbA1c (71 vs 59 mmol/mol, p=0.0001), fasting glucose (9.4 vs 6.7 mmol/l, 

p=0.001), insulin level (21 vs 12.4 µU/ml, p=0.001) and HOMA index (8.1 vs 3.3, p=0.001). There 

was no difference in terms of duration of diabetes, anti-diabetic medication or presence of diabetic 

complications (Table 3.3). In terms of socio-economic status, those with NAFLD and elevated LSM 

lived in more deprived neighbourhoods according to median education rank (18789 vs 23148, 

p=0.03). However, there was no difference in terms of distribution of the patients within most 

deprived (1st tertile) and least deprived (3rd tertile) areas as per education ranks (Table 3.4).  

 On multivariate analysis, waist circumference (crude OR 1.086, 95%CI 1.021-1.154, 

p=0.008), BMI (crude OR 1.17, 95%CI 1.008-1.358, p=0.04), AST (crude OR 1.071, 95%CI 1.07-

1.01, p=0.022) and education rank (crude OR 0.857, 95%CI 0.744-0.987) were independent 

predictors of significant liver disease in the whole diabetic population (Table 3.5). Of these patients 

with elevated LSM (n=50), 11 patients underwent a liver biopsy. As per NASH CRN scoring system, 
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one (9%) patient showed fibrosis 1a, 3 (27%) had fibrosis stage 2, 5 (45%) had bridging fibrosis and 

2 (18%) had cirrhosis. As per NAS score, 9 patients had “probable NASH” (3 < NAS score< 5) while 

2 “definite NASH” (NAS score ≥5). 

  

 

Figure 3.2. Prevalence of abnormal liver function tests in the NAFLD cohort stratified per liver stiffness 
measurement. The bar chart illustrates the percentage of NAFLD patients with normal and abnormal LFTs, 
stratified per LSM cut-off 8.1 kPa (significant fibrosis) and 12.1 kPa (advanced fibrosis). Abnormal LFTs was 
defined using ALT and AST cut-offs applied at Imperial College NHS Trust are also included. 
Abbreviations: LFTs: liver function tests; ALT: alanine aminotransferase; AST: aspartate aminotransferase 
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  NAFLD, elevated 

LSM 

N=50 

  

NAFLD, normal 

LSM 

N=136 

  

 

  Median (IQR) Median (IQR) P value*  

Age, years 60 (51-65) 61 (54-65) 0.49 

Waist circum, cm 120 (112-127) 105 (99-113) 0.0001 

Hip circum, cm 123 (123-132) 110 (103-119) 0.0001 

BMI, kg/m
2
 36.8 (32-39.7) 30.3 (27.6-33.6) 0.0001 

PLT, x 109/uL 231 (198-266) 255 (215-300) 0.3 

ALT, IU/L 46 (25-60) 30 (22-43) 0.0001 

AST, IU/L 37 (28-48) 26 (22-32) 0.0001 

GGT, IU/L 62 (35-96) 27 (19-39) 0.0001 

ALP, IU/L 83 (70-110) 84 (72-101) 0.62 

Albumin, g/L 40 (38-41) 41 (39-42) 0.06 

Bilirubin, µmol/L 10 (7-16) 8 (6-11) 0.55 

Total Cholesterol, 

mmol/l 

3.9 (3.4-4.4) 4.1 (3.5-4.8) 0.14 

TRG, mmol/l 1.3 (1.08-2.2) 1.5 (1.06-2.1) 0.92 

HDL, mmol/l 1.1 (0.9-1.2) 1.08 (0.9-1.3) 0.51 

LDL, mmol/l 1.9 (1.6-2.6) 2.2 (1.6-2.8) 0.42 

Ferritin, ng/ml 108 (48-182) 81 (36-124) 0.31 

Diabetes characteristics 

 Median (IQR) Median (IQR) P value*  

Fasting glucose, 

mmol/l 

9.4 (6.2-13.4) 6.7 (5.2-9.2) 0.001 

HbA1c, mmol/mol 71 (56-84) 59 (49-68) 0.0001 
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Table 3.3. Differences between NAFLD patients stratified per liver stiffness measurement greater than 
8.1 kPa. The table shows the differences between patients with NAFLD with elevated (n=50) and normal 
(n=136) LSM. Variables are expressed as median and IQR or relative percentages. * p-value: differences 
between patients with NAFLD with elevated LSM and normal LSM. 
Abbreviations: IQR: interquartile range, BMI: Body mass index, PLT: platelet, ALT: alanine aminotransferase, 
AST: aspartate aminotransferase, GGT: gamma-glutamyl transferase, ALP: alkaline phosphatase, TRG: 

Insulin, µU/ml  21 (14-37.2) 12.4 (9-25) 0.001 

Homa index 8.1 (4.5-14.1) 3.3 (2.1-8.4) 0.001 

Duration DM, years 10 (4-16) 10 (3-16) 0.46 

 N (%) N (%) P value*  

Diet controlled 1 (2) 24 (17) 0.052 

On oral agents  43 (86)  127 (93) 0.051 

On GLP-1-RA 10 (20) 21 (15) 0.07 

On insulin 15 (30)  36 (26) 0.25 

Diabetic 

complications 

10 (20) 16 (12) 0.82 

Ethnic background and comorbidities 

 N (%) N (%) P value*  

Male gender 29 (58) 75 (55) 0.44 

White, Caucasian 20 (40) 45 (33) 0.22 

White, Hispanic 1 (2) 2 (1) 0.61 

Black African, Afro-

Caribbean 

4 (8) 18 (13) 0.23 

Arab 15 (30) 37 (27) 0.43 

South Asian 8 (16) 22 (16) 0.47 

East Asian 2 (4) 12 (9) 0.21 

Hypertension 33 (66) 87 (63) 0.45 

Dyslipidaemia 27 (54) 71 (52) 0.46 

Psychiatric 

disorder 

9 (18) 19 (13) 0.28 

Previous ACE 3 (6) 13 (9) 0.29 

On statin 39 (78) 99 (76) 0.32 
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triglycerides, HDL: high density lipoprotein, LDL: low density lipoprotein, HbA1c: glycated haemoglobin, GLP-
1RA: glucagon like peptide-1 receptor agonist 

 

  NAFLD, elevated LSM 

N=50 

  

NAFLD, normal LSM 

N=136 

  

 

  Median (IQR) Median (IQR) P value*  

Overall IMD 10043 

(4098-18528) 

11858 

(4851-21254) 

0.1 

Income rank 6767 

(1872-16991) 

8336 

(3218-20084) 

0.19 

Employment rank 8171 

(3109-19674) 

10511 

(3110-24241) 

0.22 

Education rank 18789 

(13721-26362) 

23148 

(14665-28792) 

0.03 

Health and 

disability rank 

16806 

(9800-27198) 

20105 

(12063-29788) 

0.13 

Crime rank 14692 

(7268-20746) 

16118 

(8228-22680) 

0.63 

Barriers to housing 

services rank 

11292 

(8067-13945) 

11728 

(9393-14434) 

0.29 

Living environment 

rank 

5923 

(2769-9394) 

5599 

(3289-8107) 

0.99 

 N (%) N (%) P value* 

Overall IMD 

1st tertile 

3rd tertile 

 

27 (54) 

7 (14) 

 

56 (41) 

29 (21) 

0.2 

Income rank 

1st tertile 

 

27 (54) 

 

73 (53) 

0.06 
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Table 3.4. Differences in socio-economic status between NAFLD patients stratified per liver stiffness 
measurement greater than 8.1 kPa. Socio-economic status is expressed as Index of multiple deprivation and 
relative single domains. The table shows the differences between patients with NAFLD with elevated (n=50) 
and normal (n=136) LSM. Variables are expressed as median and IQR or relative percentages. * p-value: 
differences between patients with NAFLD with elevated LSM and normal LSM. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, IQR: interquartile 
range, IMD: index of multiple deprivation. 

 

3rd tertile 36 (51) 27 (20) 

Employment rank 

1st tertile 

3rd tertile 

 

27 (54) 

9 (16) 

 

66 (48) 

37 (27) 

0.42 

Education rank 

1st tertile 

3rd tertile 

 

6 (12) 

18 (36) 

 

13 (10) 

71 (52) 

0.08 

Health and 

disability rank 

1st tertile 

3rd tertile 

 

 

13 (25) 

15 (30) 

 

 

21 (15) 

61 (44) 

0.54 

Crime rank 

1st tertile 

3rd tertile 

 

17 (34) 

10 (20) 

 

38 (27) 

33 (24) 

0.71 

Barriers to housing 

services rank 

1st tertile 

3rd tertile 

 

 

18 (36) 

0 (0) 

 

 

35 (25) 

1 (0) 

 

0.65 

Living environment 

rank 

1st tertile 

3rd tertile 

 

 

38 (76) 

1 (2) 

 

 

114 (83) 

0 (0) 

0.73 
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Table 3.5. Predictive factors for the presence of significant liver disease in the whole diabetic 
population. The table shows predictive factors for LSM ≥8.1 kPa on multivariate analysis. Education rank is 
derived from the Index of multiple deprivation. 
*Homa-index was calculated only in those not on insulin treatment.  
Abbreviations: OR: odds ratio, 95%CI: 95% confidence interval, BMI: Body Mass Index, ALT: Alanine 
aminotransferase, AST: aspartate aminotransferase, HbA1c: glycated haemoglobin 

 

3.3.4 The derivation of the BIMAST score 

  Overall, the whole study population was split into a derivation (n=194) and a validation 

(n=93) cohort, following a 2:1 random allocation. The derivation and the validation cohorts were 

similar in terms of clinical features (Table 3.6). Moreover, the proportion of patients with significant 

NAFLD (LSM≥8.1 kPa) was also similar between the groups (33/194=17% vs 17/93=18%, p=0.44). 

 The predictive factors for the presence of fibrosis (Table 3.5) were moved forward to 

calculate a dedicate predictive score. The BIMAST score was therefore derived from the the 

derivation cohort, based on BMI and AST. Such score was computed by binary logistic regression 

and for predicting the presence of LSM≥ 8.1 kPa among the diabetics:  

0.17*(BMI, kg/m2) + 0.054*(AST, IU/L) – 8.771 

   Sign. Crude OR  95% C.I. 

   

     Lower Upper 

     

Waist Circumf., cm  0,008 1,086 1,021 1,154 

  

Hip Circumf., cm  0.659 0.992 0.956 1.029  

BMI, kg/m2  0.040 1.170 1.008 1.358 

  

ALT, IU/L   0.693 0.992 0.952 1.033  

AST, IU/L   0.022 1.071 1.010 1.135  

Insulin, µU/ml  0.600 0.986 0.934 1.041  

Glucose, mmol/l  0.796 0.967 0.752 1.244  

Homa- index*  0.442 1.048 0.930 1.181  

HbA1c, mmol/mol  0.095 1.035 0.994 1.079  

Education rank  0.033 0.857 0.744 0.987 
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 Of note, waist circumference and education attainment wwere omitted a priori to increase the 

potential usability of the score. Indeed, waist circumference and education attainment are not 

routinely calculated in clinical practice and would be relatively time consuming for the GPs to assess.  

The Hosmer‐Lemeshow test and Brier score for the BIMAST score were 0.9 and 0.12, 

confirming that the derived model fitted well the derivation cohort and had good calibration. In the 

derivation cohort, the BIMAST score was able to predict the presence of significant fibrosis (LSM≥8.1 

kPa, n=33) accurately, with an AUROC of 0.81 (95%CI: 0.72-0.9, p<0.0001) (Figure 3.3A). A cut-

off of 0.063 gave 94% sensitivity and 44% specificity, with PPV 22% and NPV 97%. Moreover, the 

BIMAST score was able to predict the presence of advanced fibrosis (LSM≥12.1 kPa, n=17) 

accurately, with an AUROC of 0.84 (95%CI: 0.72-0.95, p<0.0001) (Figure 3.3B). A cut-off of 0.102 

carried sensitivity 94%, specificity 50%, PPV 20% and NPV 99%. 
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Table 3.6. Differences between derivation and internal validation cohort. The table shows the differences 
between patients from the derivation (n=194) vs internal validation (n=93) cohort. Variables are expressed as 
median and IQR or relative percentages. * p-value: differences between patients from the derivation vs internal 
validation cohort. 
Abbreviations: IQR: interquartile range, BMI: Body mass index, PLT: platelet, ALT: alanine aminotransferase, 
AST: aspartate aminotransferase, GGT: gamma-glutamyl transferase, ALP: alkaline phosphatase, TRG: 
triglycerides, HDL: high density lipoprotein, LDL: low density lipoprotein, HbA1c: glycated haemoglobin. 

 

  Derivation cohort 

N=194 

  

Internal validation 

cohort 

N=93 

  

 

  Median (IQR) Median (IQR) P value*  

Age, years 60 (54-66) 61 (54-65) 0.46 

Waist circum, cm 106 (98-116) 106 (100-107) 0.38 

Hip circum, cm 109 (102-118) 112 (105-121) 0.16 

BMI, kg/m
2
 30 (26.7-34.4) 31.1 (28.1-34.4) 0.39 

PLT, x 109/uL 254 (212-292) 234 (192-275) 0.055 

ALT, IU/L 28 (20-43) 32 (26-48) 0.07 

AST, IU/L 27 (22-34) 28 (23-39) 0.18 

GGT, IU/L 27 (18-46) 31 (19-59) 0.31 

ALP, IU/L 83 (69-100) 85 (23-39) 0.1 

Total Cholesterol, 

mmol/l 

4.1 (3.5-4.7) 4.1 (3.4-4.8) 0.9 

TRG, mmol/l 1.3 (1-2) 1.4 (1-2) 0.93 

HDL, mmol/l 1.1 (0.9-1.3) 1.1 (0.9-1.3) 0.69 

LDL, mmol/l 2.1 (1.2-2.7) 2.1 (1.5-2.8) 0.77 

Ferritin, ng/ml 81 (40-155) 108 (46-156) 0.37 

LSM, kPa 5.6 (4.4-7.3) 5.5 (4-7.5) 0.56 

CAP score, dB/m 309 (255-292) 308 (260-347) 0.81 

Diabetes characteristics 

 Median (IQR) Median (IQR) P value*  

Fasting glucose, 

mmol/l 

6.8 (5.2-9.4) 6.9 (5.8-9.9) 0.07 

HbA1c, mmol/mol 57 (49-70) 59 (47-71) 0.75 

Insulin, µU/ml  14 (9-27) 12.4 (7.4-22) 0.17 

Homa index 4.1 (2.1-8.4) 3.2 (1.8-9.6) 0.47 

Duration DM, years 10 (4-18) 10 (4-15) 0.055 
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Figure 3.3. Diagnostic performance of the BIMAST score for predicting significant and advanced 
fibrosis in the derivation cohort (diabetes primary care). The figure illustrates the receiver operating 
characteristic curve of the BIMAST score for predicting LSM ≥ 8.1 kPa (Figure 3.3A) and for predicting LSM ≥ 
12.1 kPa (Figure 3.3B) in the derivation cohort (n=194, diabetes primary care). 
Abbreviations: LSM: liver stiffness measurement. 

 

3.3.5 Internal validation of the BIMAST score and performance against established 

screening methods in the whole diabetic primary care population  

 In the validation cohort, the BIMAST score showed a Hosmer‐Lemeshow test and Brier score 

of 0.89 and 0.13, confirming that the derived model fitted well the validation cohort and had good 

calibration. In the validation cohort, the BIMAST score was able to predict the presence of significant 

fibrosis (LSM≥8.1 kPa, n=17) accurately, with an AUROC 0.91 (95%CI: 0.82-0.99, p<0.0001) 

(Figure 3.4A). A cut-off of 0.063 gave 70% sensitivity and 90% specificity, with PPV 63% and NPV 

94%. Similarly, the BIMAST score predicted the presence of advanced fibrosis (LSM≥12.1 kPa, 

n=14) accurately, with an AUROC 0.908 (95%CI: 0.81-0.99, p<0.0001) (Figure 3.4B). A cut-off of 

0.102 carried sensitivity 63%, specificity 95%, PPV 66% and NPV 99%. 

 In the whole population, when compared to established methods for screening liver disease, 

the BIMAST score performed better. Specifically, the AUROC for diagnosing LSM≥8.1 kPa (n=50) 

was 0.86 (95%CI 0.8-0.92, p<0.0001) for the BIMAST score, 0.74 (95%CI 0.65-0.82, p=0.0001) for 

US plus LFTs, 0.72 (95%CI 0.65-0.8, p=0.0001) for NAFLD fibrosis score and 0.62 (95%CI 0.53-

0.7, p=0.001) for FIB-4. The pairwise comparison of AUROC curves, as per the DeLong method, 

confirmed that the BIMAST score was better than US plus LFTs (p=0.01), NAFLD fibrosis score 
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(p=0.009) and FIB-4 (p<0.0001) in diagnosing the significant fibrosis in the community (Figure 3.5A). 

Similarly, the ROC curve for GGT to PLT ratio were 0.68 (95%CI 0.58-0.74, p=0.001) and 0.71 

(95%CI 0.64-0.77, p=0.02) for diagnosing significant and advanced fibrosis respectively. 

 Furthermore, the AUROC for diagnosing LSM≥12.1 kPa (n=31) were 0.9 (95%CI 0.84-0.95, 

p=0.0001) for the BIMAST score, 0.76 (95%CI 0.66-0.85, p=0.0001) for US plus abnormal LFTs, 

0.73 (95%CI 0.64-0.82, p=0.0001) for NAFLD fibrosis score and 0.61 (95%CI 0.51-0.72, p=0.001) 

for FIB-4. The pairwise comparison of AUROC curves, as per the DeLong method, confirmed that 

the BIMAST score performed better than US plus abnormal LFTs (p=0.01), NAFLD fibrosis score 

(p<0.0001) and FIB-4 (p<0.0001) (Figure 3.5B). Specifically, among those with NAFLD, 40% (20/50) 

of the patients with LSM ≥ 8.1 kPa were misclassified as low-risk group by FIB-4 (FIB-4 <1.3). 

Specifically, those who were misclassified by FIB-4 were significantly younger (57 vs 62 years, 

p=0.03) and had lower AST (35 vs 41 IU/L, p=0.034) compared to those correctly classified as low-

risk group. Similarly, up to 66% (91/136) of patients with normal LSM were misclassified as either 

intermediate (1.31<FIB-4<3.24, 89/136) or high-risk group (FIB-4>3.25, 2/136) by FIB-4. In this case, 

those who were misclassified by FIB-4 were significantly older (63 vs 58 years, p<0.0001) and had 

higher AST (30 vs 24 IU/L, p<0.0001) compared to those correctly classified as intermediate-high 

risk group. 
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Figure 3.4. Diagnostic performance of the BIMAST score for predicting significant and advanced 
fibrosis in the internal validation cohort (diabetes primary care). The figure illustrates the receiver 
operating characteristic curve of the BIMAST score for predicting LSM ≥ 8.1 kPa (Figure 3.4A) and for 
predicting LSM ≥ 12.1 kPa (Figure 3.4B) in the internal validation cohort (n=93, diabetes primary care). 
Abbreviations: LSM: liver stiffness measurement. 

 

 

Figure 3.5. BIMAST score vs conventional screening methods for predicting significant and advanced 
fibrosis in the diabetic primary care population (whole study population). The figure illustrates the 
receiver operating characteristic curve of the BIMAST score vs conventional methods for predicting LSM ≥ 8.1 
kPa (Figure 3.5A) and for predicting LSM ≥ 12.1 kPa (Figure 3.5B) in the whole study population (n=287, 
diabetes primary care). 
Abbreviations: LSM: liver stiffness measurement. 
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3.3.6 Identification rates for screening NAFLD in diabetes primary care 

 Overall, the whole population was stratified according to LSM≥8.1 kPa (significant fibrosis) 

and 12 kPa (advanced fibrosis), being those with other liver diseases excluded (N=259). The 

identification rates were calculated for US and abnormal LFTs, FIB-4 and BIMAST score. 

 The number of patients with LSM≥8.1 kPa who were missed by FIB-4 and US plus abnormal 

LFTs strategy (false negative) was 19 (19/50=38%) and 19 (19/50=38%) vs 5 (5/50=10%) by 

BIMAST score. Moreover, the number of patients with LSM≤8 kPa who could potentially undergo 

avoidable investigations (false positive) was 34 (34/209=16%) for US and abnormal LFTs, 78 

(78/209=38%) for FIB-4 and 80 (80/209=38%) for BIMAST score (Figure 3.6, Figure 3.7, and Figure 

3.8). 

 

 

 
Figure 3.6. Identification rates for significant and advanced liver disease due to NAFLD among diabetic 
patients in primary care using US and LFTs. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, TP: true positive, 
TN: true negative, FP: false positive, FN: false negative, US: ultrasound, LFT: liver function test 
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Figure 3.7. Identification rates for significant and advanced liver disease due to NAFLD among diabetic 
patients in primary care using FIB-4. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, TP: true positive, 
TN: true negative, FP: false positive, FN: false negative, FIB-4: fibrosis score-4 
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Figure 3.8. Identification rates for significant and advanced liver disease due to NAFLD among diabetic 
patients in primary care using the BIMAST score. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, TP: true positive, 
TN: true negative, FP: false positive, FN: false negative. 

 

3.3.7 The validation of the BIMAST score: the Royal free cohort 

 Overall, the Royal Free cohort (n=218) presented significantly larger waist circumference 

(111 vs 106 cm, p=0.006) and higher BMI (32.4 vs 30.4 kg/m2, p=0.0001) compared to the derivation 

cohort. Also, the Royal Free cohort had higher ALT (49 vs 30 IU/L, p=0.0001) and AST (34 vs 27 

IU/L, p=0.0001) and lower PLT (230 vs 243 x 109/μL, p=0.0001). Furthermore, the patients from the 

Royal Free cohort had significantly higher LSM (7.9 vs 5.6 kPa, p=0.0001) compared to the 

derivation cohort (Table 3.7). When the patients were stratified per LSM cut-offs, the distribution of 

the Royal Free cohort was shifted towards high LSM ranges compared to the derivation cohort 

(Figure 3.9). 

 The Hosmer‐Lemeshow test and the Brier score for the BIMAST score were 0.67 and 0.31, 

suggesting that the BIMAST score had a moderate goodness-of-fit and calibration in the Royal Free 
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cohort. Specifically, the AUROC of BIMAST score for diagnosing LSM≥ 8.1 kPa (n=105) was 0.7 

(95%CI: 0.63-0.77, p<0.0001) vs 0.68 (95%CI: 0.61-0.75, p<0.0001) of FIB-4 (Figure 3.10A). The 

pairwise comparison between AUROC curves (De Long method) confirmed that the BIMAST score 

and FIB-4 performed similarly well (p=0.69). With a cut-off of 0.063, the BIMAST score predicted the 

presence of LSM ≥ 8.1 kPa with sensitivity 34%, specificity 91%, PPV 76% and NPV 40%.  

 The AUROC of BIMAST score for diagnosing LSM≥ 12.1 kPa (n=66) was 0.72 (95%CI: 0.65-

0.8, p<0.0001) vs 0.68 (95%CI: 0.6-0.76, p<0.0001) of FIB-4 (Figure 3.10B). The pairwise 

comparison between AUROC curves (De Long method) confirmed that the BIMAST score performed 

similarly to the FIB-4 (p=0.41) in this cohort. With a cut-off of 0.102, the BIMAST score predicted the 

presence of LSM ≥ 12.1 kPa with sensitivity 43%, specificity 89%, PPV 62% and NPV 23%.  
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Table 3.7. Differences between the derivation cohort and the validation cohorts. The table shows the 
differences between the primary care cohort (n=287) and cohorts from Royal Free Hospital (n=218) and Sicily 
(n=168). Variables are expressed as median and IQR. * p value for difference between derivation cohort and 
validation cohort from Royal Free. ** p value for difference between derivation cohort and validation cohort 
from Sicily. 
Abbreviations: IQR: interquartile range, BMI: Body Mass Index, PLT: platelet, ALT: Alanine aminotransferase, 
AST: aspartate aminotransferase, LSM: Liver stiffness measurement 

 

  Primary care 

cohort 

N=287 

Validation cohort  

Royal Free 

N=218 

Validation 

cohort 

Sicily 

N=168  

 
 

  Median (IQR) Median (IQR) Median (IQR) P value* P value** 

Age, years 61 (54-66) 61 (53-68) 56 (50-63) 0.58 0.0001 

Waist circum, 

cm 

106 (98-116) 111 (100-120) 109 (100-118) 0.006 0.09 

BMI, kg/m
2
 30.4 (26.9-34.4) 32.4 (28.1-37.7) 31.8 (28.9-35.5) 0.0001 0.004 

PLT, x 109/µL 243 (202-290) 230 (181-276) 229 (178-267) 0.001 0.01 

ALT, IU/L 30 (22-45) 49 (33-68) 56 (37-82) 0.0001 0.0001 

AST, IU/L 27 (22-35) 34 (24-48) 38 (28-51) 0.0001 0.0001 

LSM, kPa 5.6 (4.4-7.3) 7.9 (5.4-14) 11 (7.8-16.8) 0.0001 0.0001 
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Figure 3.9. Primary care and external validation cohorts stratified per LSM ranges. The bar chart 
illustrates the prevalence of patients with different ranges of LSM in the three groups: primary care cohort 
(n=287), Royal free cohort (n=218) and Sicilian cohort (n=168). 
Abbreviations: LSM: liver stiffness measurement. 
 

 

Figure 3.10. BIMAST score vs FIB-4 for predicting significant and advanced fibrosis in the Royal Free 
cohort. The figure shows the receiver operating characteristic curve of BIMAST score vs FIB-4 for predicting 
LSM≥ 8.1 kPa (Figure 3.10A) and LSM ≥12.1 kPa (Figure 3.10B) in the Royal Free cohort (n=218). 
Abbreviations: FIB-4: fibrosis score-4, LSM: liver stiffness measurement. 
 

3.3.8 The validation of the BIMAST score: the Sicilian cohort 

 Overall, the Sicilian cohort (n=168) was significantly younger (56 vs 61 years, p>0.0001) and 

showed higher median BMI (31.8 vs 30.4 kg/m2, p=0.004) compared to the derivation cohort. In 

terms of blood tests, the Sicilian cohort presented significantly higher AST (38 vs 27 IU/L, p>0.0001) 
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and ALT (56 vs 30 IU/L, p<0.0001) and lower PLT (229 vs 243 x 109/uL, p=0.01) levels. Moreover, 

the patients from the Sicilian cohort had significantly higher LSM (11 vs 5.6 kPa, p>0.0001) 

compared to the primary care cohort (Table 3.7). When the patients were stratified per LSM cut-offs, 

the distribution of the Sicilian cohort was shifted towards high LSM ranges compared to the derivation 

cohort (Figure 3.9). 

 The Hosmer‐Lemeshow test and the Brier score for the BIMAST score were 0.6 and 0.38, 

suggesting that the BIMAST score had a moderate goodness-of-fit and calibration in the Sicilian 

cohort. Specifically, the AUROC of BIMAST score for diagnosing LSM≥ 8.1 kPa (n=114) was 0.608 

(95%CI: 0.5-0.71, p=0.037) vs 0.64 (0.54-0.74, p=0.006) FIB-4 (Figure 3.11A). The pairwise 

comparison between AUROC curves (De Long test) confirmed that FIB-4 (p=0.003) performed better 

than the BIMAST score in this cohort. With a cut-off of 0.063, the BIMAST score predicted the 

presence of LSM≥ 8.1 kPa with a sensitivity 27%, specificity 86%, PPV 83% and NPV 30%. 

 The AUROC of BIMAST score for diagnosing LSM≥ 12.1 kPa (n=65) was 0.602 (95%CI: 

0.51-0.69, p=0.0001) vs 0.69 (95%CI: 0.609-0.77, p=0.0001) of FIB-4 (Figure 3.11B). The pairwise 

comparison between AUROC curves (De Long method) confirmed that FIB-4 performed better than 

the BIMAST score (p=0.0.01) in this cohort. With a cut-off of 0.102, the BIMAST score predicted the 

presence of LSM ≥ 12.1 kPa with sensitivity 20%, specificity 85%, PPV 48% and NPV 40%. 

 

Figure 3.11. BIMAST score vs FIB-4 for predicting significant and advanced fibrosis in the Sicilian 
cohort. The figure shows the receiver operating characteristic curve of BIMAST score vs FIB-4 for predicting 
LSM≥ 8.1 kPa (Figure 3.11A) and LSM ≥12.1 kPa (Figure 3.11B) in the Sicilian cohort (n=168). 
Abbreviations: LSM: liver stiffness measurement. 
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3.4 Discussion 

 Non-alcoholic fatty liver disease represents the leading cause of chronic liver disease 

worldwide and the commonest cause of abnormal liver function tests in the UK (Williams et al., 2014). 

In patients with NAFLD, T2DM represents an independent predictor of advanced fibrosis/cirrhosis 

and of more progressive disease (Hossain et al., 2009). Notably, in the UK, almost 4.9 million people 

are diagnosed with T2DM, while 13.5 million people are identified as being at increased risk for 

developing T2DM in the near future (source Diabetes UK). As such, a large number of diabetic 

patients is expected to develop significant liver disease in the next years with subsequent burden on 

the healthcare services (Younossi et al., 2019d). 

 Primary care clinicians play an essential role in identifying patients with NAFLD who are at 

risk of significant liver disease and may require further evaluation in a specialist setting. Specifically, 

managing NAFLD is perceived as a challenging task by the GPs in the UK (Sheridan et al., 2017) 

as well as worldwide (Younossi et al., 2021), mainly due to the lack of clarity around screening and 

referral/managing pathways. Moreover, diagnosing NAFLD in primary care currently relies on the 

presence and entity of abnormal LFTs, leaving a considerable proportion of those with significant 

liver disease with normal LFTs undiagnosed in the community (Blais et al., 2015). Interestingly, a 

recent study has shown that up to two/thirds of the new referral to NAFLD liver clinics are discharged 

once received their first assessment, confirming that current risk-stratification requires 

implementation (Elangovan et al., 2020). 

 Screening for significant NAFLD in the general population is still under debate, as there is 

still not enough evidence on cost-effective strategies. Moreover, the treatment options which could 

be offered to the patients are currently limited, as there is still no licensed treatment for the condition. 

A previous study simulating the use of pioglitazone as therapeutical option, concluded that screening 

for NAFLD was not cost-effective, as screening was dominated by the cost of treatment (Corey et 

al., 2016). However, this scenario could easily change in the next future, as new promising, well-

tolerated agents may come to the market. Furthermore, more recent studies have suggested that 
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screening high-risk population with optimised algorithms may be highly cost-effective (Noureddin et 

al., 2020).   

The most updated EASL guidelines recommend screening patients at risk for NAFLD using 

a 2-tiers system. FIB-4 should be tested in the first instance in primary care, followed by further 

assessment with TE in a specialist setting. Of note, the latest EASL guidelines also recommend 

referring patients with LSM≥8.1 kPa to specialist care, as this identifies those who are at moderate-

high risk for significant liver disease (European Association for the Study of the Liver. Electronic 

address et al., 2021).  

 

3.4.1 NAFLD is highly prevalent among diabetics in the community and significant 

fibrosis is associated with visceral obesity, AST and education attainment 

 The study population presented here is a cohort of patients with T2DM who were 

systematically screened for liver disease and NAFLD in the community. Specifically, these patients 

had their T2DM followed up in general practice and community clinics (Tier 1 and Tier 2 of the UK 

Diabetes levels of care(England, June 2018)), reflecting a true primary care without any a priori 

selection. This population also captures a wide range of antidiabetic treatments, comorbidities, 

ranges of glycaemic control and length of disease. Furthermore, this cohort is very diverse in terms 

of ethnic background, as this reflects the general population of a large urban city, such as London 

(Table 3.1).  

 In this cross-sectional study, the overall prevalence of NAFLD based on US was 64%, while 

the prevalence of other liver disease (mainly from BAFLD and HBV) was 9%. Interestingly, those 

with NAFLD had significantly higher BMI (31.4 vs 26.9 kg/m2, p=0.0001) and had greater visceral 

adiposity (waist circumference, 108 vs 98 cm, p=0.0001) compared to diabetics without NAFLD. 

Moreover, patients with NAFLD tend to have higher LFTs and worse glycaemic control (HbA1c 60 

vs 55 mmol/mol, p=0.0001) (Table 3.1). There was no difference in terms other diabetic features, 

such as diabetic complications, antidiabetic treatment and length of disease (Table 3.1). There was 

also no difference in terms of socio-economic status, as expressed as IMD (Table 3.2). 
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 In the whole diabetic population, the prevalence of significant liver disease and cirrhosis 

secondary to NAFLD were 17% and 3% respectively. On a clinical perspective, patients with NAFLD 

and significant liver disease presented with greater visceral obesity (expressed as BMI, waist and 

hip circumferences), higher liver blood tests (ALT, AST and GGT) and worse diabetic control (HbA1c, 

glucose level and HOMA index) compared to those with NAFLD but without significant liver disease 

(normal LSM) (Table 3.3). In terms of socio-economic status, those with NAFLD and significant liver 

disease lived in more deprived neighbourhoods as per education attainment (education rank, 18789 

vs 23148, p=0.03) (Table 3.4). Nevertheless, only waist circumference (crude OR 1.086, 95%CI: 

1.021-1.154, p=0.008), BMI (crude OR 1.17, 95%CI: 1.008-1.358, p=0.04), AST (crude OR 1.071, 

95%CI: 1.01-1.135, p=0.022) and education rank (crude OR 0.857, 95%CI 0.744-0.987) were 

associated with the presence of significant liver disease secondary to NAFLD on multivariate 

analysis (Table 3.5). Of note, glycaemic control did not emerge as a predictor for negative outcome 

in this population.  

 The prevalence of NAFLD reported here (64%) mirrors the results of a recent metanalysis by 

Younossi et al (Younossi et al., 2019b), where the pooled NAFLD prevalence was 68% (95%CI:62.1-

73) among diabetics in the European countries. Interestingly, the prevalence of liver disease 

secondary to NAFLD described in current study population (17%) is higher compared to the one 

reported in the same metanalysis (4.8%, 95%CI: 0.00-17.46). It should be noted that a significant 

proportion of the studies included in (Younossi et al., 2019b) were derived from tertiary care. As 

such, the findings from the present work raise the concern on the potential large number of clinically 

relevant NAFLD cases which remain undetected in the community.  

 Another interesting finding from this cross-sectional study was that visceral obesity, rather 

than HbA1c, was strongly associated with significant liver disease due to NAFLD in the diabetes 

community. Notably, several studies have pointed out that being overweight/obese is a strong 

predictor for sub-optimal glycaemic control per se (Bae et al., 2016). As such, in these patients, 

visceral obesity may reflect an overall adverse “metabolic status” which includes the glycaemic 
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control. Moreover, it has been described that visceral adipose tissue plays a central role in promoting 

liver inflammation and fibrosis development (Du Plessis et al., 2013).  

 Another interesting finding was the correlation of education attainment, as defined by 

education rank from IMD, with significant liver disease in patients with diabetes (Table 3.5). Previous 

studies have demonstrated how education and health are entangled towards socio-economic status, 

health awareness and health behaviours/lifestyle (Chandola et al., 2006, Lleras-Muney, 2005). 

Specifically, inequalities in education have been strongly associated with poorer diet (Rippin et al., 

2020) and obesity (Bernard et al., 2019). Furthermore, educational gradients were found to influence 

self-care activities, monitoring and glycaemic control in patients with T2DM in primary care (Silva-

Tinoco et al., 2020). However, when interpreting these results, it should be noted that the IMD 

education rank is an area-specific rather than patient-specific measurement. As such, this parameter 

provides an overall snapshot of the average educational level from the area where the patient lives. 

These results, although preliminary, suggest that the average socio-cultural environment may be 

contributing to the severity of NAFLD in the general diabetic population. Educational status may be 

particularly relevant in a metabolic disorder which is strictly influenced by lifestyle pattern.  

 

3.4.2 The BIMAST score predicts accurately the presence of significant and advanced 

fibrosis secondary to NAFLD, outperforming traditional screening strategies 

 The BIMAST score combines BMI and AST to predict the presence of significant and 

advanced fibrosis. In the derivation cohort (primary care), the BIMAST score predicted the presence 

of significant liver disease (LSM≥8.1 kPa) accurately, with an AUROC of 0.81 (95%CI 0.72-0.9, 

p>0.0001) and had excellent calibration and goodness-of-fit (Brier score and Hosmer-Lemeshow 

test) (Figure 3.3A). Moreover, with a cut-off of 0.063, the BIMAST score showed NPV 97%, making 

it a good test at ruling out the presence of liver disease. Furthermore, the BIMAST score predicted 

advanced fibrosis (LSM≥ 12.1 kPa) excellently, with an AUROC of 0.84 (95%CI 0.72-0.95, p=0.0001) 

(Figure 3.3B). The BIMAST score was then validated internally and predicted the presence of 

significant fibrosis and advanced fibrosis accurately, confirming a high NPV (Figure 3.4A and 3.4B). 

Moreover, in the whole diabetic population, the BIMAST score predicted significant and advanced 
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fibrosis better than other screening methods, such as US plus abnormal LFTs, FIB-4 and NAFLD 

fibrosis score (De Long method) (Figure 3.5A and 3.5B). Notably, when applying the BIMAST score, 

the percentage of patients with significant fibrosis missed at screening was lower compared to the 

other screening strategies, such as FIB-4 and ultrasound plus LFTs (10 vs 38%).  

 

3.4.3 The BIMAST score is validated externally, although the diagnostic performance 

is impacted by the spectrum effect 

 Ideally, new screening tests should be derived from a cohort which mirrors the target 

population for the test, so that spectrum biases could be minimised (Usher-Smith et al., 2016). From 

an epidemiological perspective, the spectrum effect describes the variation in the diagnostic 

performance of predictive tests when applied to populations with different disease prevalence. To 

current knowledge, the BIMAST score represents the first screening test which has been designed 

from a diabetic primary care population (low-prevalence disease). Conversely, the FIB-4 and NAFLD 

fibrosis score were previously derived from a tertiary care cohort (high-prevalence disease).  

 The BIMAST score was then tested and validated in two external cohorts of diabetic patients 

with NAFLD. Specifically, the Royal Free cohort was an intermediate care cohort of patients triaged 

from primary care based on either FIB-4>1.3 or ELF, while the Sicilian cohort was from a pure tertiary 

care setting. As such, these patients’ phenotype was typical of those referred to specialist care, i.e. 

characterised by higher liver function tests and higher LSM values compared to the derivation cohort 

(Table 3.7). When tested in the Royal Free cohort, the BIMAST score’s performance was lower but 

still acceptable (AUROC > 0.7) and performed similarly to the FIB-4 (Figure 3.10). Moreover, the 

BIMAST score showed a good calibration (Brier score) and a moderate goodness-of-fit (Hosmer-

Lemeshow test) in this cohort. Conversely, the BMAST score performed poorly in the cohort from 

Sicily and was outperformed by FIB-4 (Figure 3.11). Secondary to the spectrum effect, there was 

also a typical decrease in the sensitivity and increase in the specificity, when the BIMAST score was 

applied to the external testing sets, with a switch from high NPV to high PPV (Usher-Smith et al., 

2016). Nevertheless, calibration and goodness-of-fit tests, rather than AUROC curves alone, may 

provide more useful information when comparing different populations, as these tests reflect the 
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relationship between the predictive model and the population independently from the disease 

prevalence (Crossan et al., 2015). Notably, the BIMAST score showed a good calibration (Brier 

score) and a moderate goodness-of-fit as (Hosmer-Lemeshow test) in both the validation cohorts. 

 Overall, these results suggest that the BIMAST score and the FIB-4 are both victims of 

spectrum effect but in an opposite way. Specifically, the BIMAST score outperformed FIB-4 and the 

other screening methods in the primary care cohort (Figure 3.5), while the FIB-4 performed 

significantly better than the BIMAST score in the validation cohorts (Figure 3.10 and 3.11). 

According to the results of this study, applying FIB-4 with a cut-off of 1.3 in this population would 

miss up to 38% of the patients with significant liver disease. Specifically, age and LFTs level were 

the main factors behind the patients being misclassified as either low-risk or intermediate-high risk 

by FIB-4. These findings raise a specific concern that young patients with normal LFTs may be 

missed at screening with current screening pathways for NAFLD. 

 Engaging with primary care is crucial, as GPs are at the forefront for identifying patients with 

NAFLD in need for further evaluation. Of note, several studies have highlighted the importance of 

increasing the awareness for diagnosing and managing NAFLD among the primary care providers 

(Sheridan et al., 2017, Younossi et al., 2021). There is need for a simple, pragmatical 

referral/management pathway which performs well in primary care and that could be easily 

implemented by the GPs. In this sense, the BIMAST score represents an accurate, easy-to-use 

option that could be calculated by the clinicians without any additional test, and therefore cost, to 

standard of care.  

 

3.5 Strengths and limitations 

 This part of the study has many strengths. Firstly, I describe a population of consecutive, well 

phenotyped patients from diabetes primary care without any a priori selection. All patients underwent 

systematic screening for NAFLD and other liver disease, allowing for an accurate estimation of the 

prevalence of NAFLD and clinically significant fibrosis. Secondly, this population is diverse in terms 

of ethnicity and characteristics of diabetes mirroring the diversity of the population in North-West 
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London, making the results potentially significant on a larger scale. Furthermore, the here-presented 

BIMAST score is so far the first score developed directly from primary care based on the risk factors 

associated with NAFLD with significant fibrosis. The BIMAST score is accurate, easy-to-use and 

does not carry any additional cost or test from a GP perspective.  

 The current study presents some limitations. Firstly, the number of liver biopsies obtained 

from this cohort was low, whereas histology is considered the gold standard for staging NAFLD and 

for validating non-invasive markers. Unfortunately, the number of elective procedures carried out in 

the study had been significantly impacted by the restrictions put in place as a response to the COVID-

19 pandemic. Nevertheless, we chose LSM ≥ 8.1 kPa and 12.1 kPa secondary to NAFLD as the 

main endpoints of the study, as these identify significant and advanced fibrosis respectively and a 

reason for referral to specialist care. Secondly, it might be argued that elevated BMI and AST may 

falsely increase LSM. However, BMI is also a well-known factor associated with liver disease severity 

and this cannot be easily disentangled from the analysis. In terms of liver function tests, the majority 

of patients from the derivation cohort had AST well below 100 IU/L, as such a flare in transaminases 

was unlikely associated with false positives on LSM in this cohort. Finally, another limitation of the 

BIMAST score may be that AST is currently not part of the standard LFTs panel in many areas of 

the UK. 

 

3.6 Future work 

 Future work is required to validate the BIMAST in an external cohort of diabetic patients in 

primary care. It would be also of interest to test the BIMAST score in a non-diabetic population, as 

this could increase the applicability of the score on a GP perspective. Finally, further research should 

focus on comparing the cost-effectiveness of applying BIMAST score vs conventional screening 

techniques in the diabetes community.  

 

3.7 Conclusions 

 To summarise, in this study, the prevalence of NAFLD was 64%, while the prevalence of 

significant liver disease secondary to NAFLD was 17% in a cohort of diabetics from primary care. 
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The BIMAST score is the first score which has been developed in primary care and has been 

validated both internally and externally. Such score is accurate and easy-to-use from a GP 

perspective. Moreover, the BIMAST score outperformed conventional screening methods, such as 

FIB-4 and NAFLD fibrosis score, in the community and demonstrated a reduction in false negatives, 

which could be missed at screening to date. Furthermore, these results suggest that a risk-

stratification based on FIB-4 may leave liver disease undetected in young patients with normal LFTs. 

Further work is required to validate the BIMAST score in an external primary care cohort and to 

establish the cost-effectiveness to support its use in clinical practice. 
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4. ANALYSIS OF METABOLIC PROFILE AND GUT MICROBIOTA IN DIABETIC PATIENTS 

SCREENED FOR NAFLD 

 

4.1 Introduction 

 Considerable advances have been made in understanding the role of metabolomics and gut 

microbiota in the pathogenesis of NAFLD (Younes and Bugianesi, 2019). Despite the increasing 

incidence of NAFLD worldwide and the endeavours made in drug development, there is still no 

licensed treatment at present. In this sense, the analysis of metabolomics and gut microbiome may 

provide new potential therapeutical targets for treating the disease, along with new insights into the 

pathogenesis of the disease.  

 The term “gut-liver axis” refers to the bidirectional relationship between the gut and the liver, 

resulting from the interactions between diet, microbiome, genetic and environmental factors (Albillos 

et al., 2020). Several studies have shown how gut microbiome could modulate the body response to 

diet and calories intake, as well as regulate the availability of nutrients. Specifically, the intestinal 

microbiome could influence the host metabolism through the release of specific substances, such 

as SCFA, LPS and peptides, as well as thought the modulation of the pool of BAs (Arslan, 2014). 

There is growing evidence suggesting that a reduced microbiome diversity as well as a increased 

Firmicutes to Bacteroides ratio is associated with the presence of hepatic steatosis and NASH 

(Grabherr et al., 2019). Moreover, results from preliminary studies involving administration of 

probiotics or FMT have proved effective in improving hepatic fat content as well as metabolic profile 

in patients with NAFLD. 

 Moreover, metabolomic techniques have been widely employed to elucidate the role of small 

metabolites and metabolic products in the development and progression of NAFLD (Dumas et al., 

2014). It is well known that the metabolism of AA is strictly linked to hepatic synthetic function but it 

is also known that metabolic disturbances may occur with IR and metabolic syndrome. Of note, a 

number of studies published in the field have focused on differences between NASH and simple 

steatosis. However, it would be clinically important to explore the presence of specific gut microbiota 
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changes and metabolic profiles with regards to liver fibrosis, as this represents the main prognostic 

factor in these patients. 

 

Therefore, the main objectives of this part of the project were: 

- to compare the metabolic profile and gut microbiome between diabetics with normal liver vs 

diabetics with NAFLD and different liver disease severity, all confounders included 

- to compare the metabolic profile and gut microbiome between diabetics with normal liver vs 

diabetics with NAFLD and different liver disease severity, correcting for metabolic risk factors 

- to compare the metabolic profile and gut microbiome between diabetics with and without NAFLD, 

correcting for metabolic risk factors 

 

4.2 Materials and methods 

 

4.2.1 Study population and sample collection 

 Serum and urine samples were collected on the same day the clinical assessment and after 

3 hours of fasting. Stool samples were collected within one week from the clinical assessment and 

delivered within 3 hours from being produced. There was no specific dietary restriction or 

recommendation before collecting the faecal samples, while stool from patients who had received 

antibiotic treatment for the previous 2 weeks were excluded from the analysis. Samples were 

collected, processed and stored as per SOP. 

 

4.2.2 Metabolic profiling and gut microbiota analysis 

In this study, targeted and untargeted metabolic profile was carried out in serum, urine and 

faecal extracts using NMR (Gratton et al., 2016, Beckonert et al., 2007), while bile acid profile was 

obtained from serum and faecal extracts using UPLC-MS (Sarafian et al., 2015, Mullish et al., 2018). 

NMR and UPLCS were performed at the MRC-NHR National Phenome centre, Imperial College 

London, UK. Gut microbiome was analysed in stool samples by 16s rRNA gene sequencing.  
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The full list of metabolites detected by NMR in the biological samples for this study is provided 

in Table 4.1., while the full list of bile acids detected by UPLC-MS in the biological samples of this 

study is provided in Table 4.2. 
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NMR 

Serum Urine Faecal water 

2-Aminobutyric acid 1-Methylhistidine Acetic acid 

2-Hydroxybutyric acid 1-Methylnicotineamide Alanine 

2-Oxoglutaric acid 2-Methylsuccinic acid Butyric acid 

3-Hydroxybutyric acid 2-Oxoglutaric acid Ethanol 

Acetic acid 3-Hydroxybutiric acid Formic acid 

Acetoacetic acid 4-Aminobutyric acid Fumaric acid 

Acetone Acetic acid Glutamic acid 

Alanine Acetoacetic acid Glycine 

Asparagine Acetone Isoleucine 

Ca-EDTA Adenosin Leucine 

Choline Alanine N-Methylamine 

Citric acid Allantoin N-Trimethylamine (TMA) 

Creatine Allopurinol Nicotinic acid 

Creatinine Arginine Phenylacetate 

D-Galactose Benzoic acid Propionic acid 

Dimethylsulfone Betaine Succinic acid 

Ethanol Caffeine Tyrosine 

Formic acid Citric acid Uracil 

Glucose Creatine Valine 

Glutamic acid Creatinine Valeric acid 

Glutamine D-Galactose  

Glycerol D-Glucose  

Glycine D-Lactose  

Histidine D-Mandelic acid  

Isoleucine D-Mannitol  

K-EDTA D-Mannose  

Lactic acid Dimethylamine  

Leucine Formic acid  

Lysine Fumaric acid  

Methionine Guanidinoacetic acid  

N, N-Dimethylglycine Glycine  

Ornithine Hippuric acid  

Phenylalanine Imidazole  

Proline Inosine  

Pyruvic acid Lactic acid  

Sarcosine Methionine  

Succinic acid Myo-Inositol  

Threonine N, N-Dimethylglycine  

Trimethylamine-N-oxide Oxaloacetic acid  

Tyrosine Proline betaine  

Valine Pyruvic acid  

 Sarcosine  

 Succinic acid  

 Tartaric acid  

 Taurine  

 Trigonellin  

 Trimethylamine  

 Valine  

 

Table 4.1 Metabolites detected using Nuclear Magnetic Resonance in the biological samples from 
current study. 

  



135 
 

 

Liquid chromatography - Mass spectrometry 

  

Serum Stool 

3-Ketocholanic Acid 23-Norcholic Acid Glycocholic Acid 

3-alpha-Hydroxy-7 
Ketolithocholic Acid 

3-Ketocholanic Acid Glycodeoxycholic Acid 

5-beta-Cholanic Acid-3-beta, 
12-alpha-diol 

3-alpha-Hydroxy-7 
Ketolithocholic Acid 

Glycodeoxycholic Acid-3-
Sulfate 

5-beta-Cholanic Acid 12-alpha-
ol-3-one 

3-alpha-Hydroxy-7,12-
Diketocholanic Acid 

Glycolithocholic Acid 

5-Cholenic Acid-3-beta-ol 3-alpha-Hydroxy-12 
Ketolithocholic Acid 

Glycolithocholic Acid-3-Sulfate 

12-Dehydrocholic Acid|7-
Dehydrocholic Acid 

3-alpha,12-alpha, 23-
Nordeoxycholic Acid 

Glycoursodeoxycholic Acid 

Chenodeoxycholic Acid 3-Dehydrocholic Acid Glycoursodeoxycholic Acid-3-
Sulfate 

Cholic acid|Ursocholic acid 3,6-Diketocholanic Acid| 3,12-
Diketocholanic Acid 

Hyocholic acid 

Deoxycholic Acid 5-alpha-Cholanic Acid-3-one Hyodeoxycholic Acid 

Deoxycholic Acid-3-Sulfate 5-alpha-Cholanic Acid-3-alpha-
ol-6-one 

Isolithocholic Acid 

Glycochenodeoxycholic Acid 5-beta-Cholanic Acid-3-alpha, 
6-alpha-diol-7-one 

Isoallolithocholic Acid 

Glycochenodeoxycholic Acid-
3-Sulfate 

5-beta-Cholanic Acid-3-beta, 
12-alpha-diol 

Lithocholic Acid 

Glycocholic Acid 5-beta-Cholanic Acid 12-alpha-
ol-3-one 

Lithocholic Acid 3-Sulfate 

Glycodeoxycholic Acid 5-Cholenic Acid-3-beta-ol Murocholic Acid 

Glycodeoxycholic Acid-3-
Sulfate 

5-beta-Cholenic Acid-7-alpha-
ol-3-one 

Taurocholic Acid 

Glycolithocholic Acid 6-Oxolithocholic Acid Taurolithocholic Acid 

Glycolithocholic Acid-3-Sulfate 7-Dehydrocholic Acid Taurochenodeoxycholic Acid 

Glycoursodeoxycholic Acid 8(14),(5-beta)-Cholenic Acid-3-
alpha, 12-alpha-diol 

Taurochenodeoxycholic Acid-
3-Sulfate 

Glycoursodeoxycholic Acid-3-
Sulfate 

9(11), (5-beta)-Cholenic Acid-
3-alpha-ol-12-one 

Taurodeoxycholic Acid 

Isolithocholic Acid Alpha Muricholic Acid Taurodeoxycholic Acid-3-
Sulfate 

Lithocholic Acid Beta Muricholic Acid Taurohyocholic Acid 

Lithocholic Acid 3-Sulfate Chenodeoxycholic Acid Taurocholic Acid-3-Sulfate 

Murocholic Acid Chenodeoxycholic Acid-3-
Sulfate 

Tauro omega-Muricholic Acid 

Taurocholic Acid Cholic Acid-3-Sulfate Tauroursodeoxycholic Acid 

Taurolithocholic Acid Cholic Acid 7-Sulfate Ursodeoxycholic Acid 

Taurochenodeoxycholic Acid Cholic acid|Ursocholic acid Ursodeoxycholic Acid-3-Sulfate 

Taurodeoxycholic Acid Deoxycholic Acid  

Tauro omega-Muricholic Acid Deoxycholic Acid-3-Sulfate  

Ursodeoxycholic Acid Glycochenodeoxycholic Acid  

 

Table 4.2 Bile acids detected with UP-LCMS in the biological samples from current study. 
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4.2.3 Histological assessment and image analysis 

 Metabolic profile was then compared against liver histology. As liver biopsies from the 

present study were limited in number, a group of serum samples matched with liver biopsies were 

included from the cohort of patients followed-up in the specialist NAFLD clinic, based at St Mary’s 

Hospital, Imperial college NHS Trust, London, UK. Metabolic profile was analysed in serum samples 

from this population using NMR, while liver histology was assessed using NASH CRN scoring 

system and automated quantitation of histological features (Forlano et al., 2020). 

 

4.2.4 Statistical analysis and regulatory approval 

The data table obtained as output from NMR and UPLCMS were introduced to SIMCA v 14.1 

(MKS Umetrics AB), with UPLCMS data were pareto-scaled. A principal component analysis (PCA) 

was performed so that clustering of the samples could be visualised in a unsupervised fashion. 

Afterwards, a supervised analysis, called orthogonal projections to latent structures discriminant 

analysis (OPLS-DA), was carried out to demonstrate the features responsible for the discrimination 

between two groups. OPLS-DA models were validated using cross-validated residuals ANOVA (CV-

ANOVA) (Eriksson et al., 2000), while S-plots were used to visualise the most-influential features 

discriminating the groups which are typically located at the far ends of the plot (Wiklund et al., 2008). 

Heatmap were produced based on R Pearson coefficient of bile acids against microbial abundances 

and reporting with a false discovery rate 10% threshold. More complex modelling was performed on 

Software R, using linear regression analysis with mixed effect model. Differences between groups 

were adjusted with post-hoc Benjamini test and values were reported with a 10% significance 

threshold.  

 

4.3 Results 

 

4.3.1 Patient samples 

 From a total of the 300 patients enrolled in the study, 254 serum samples, 254 urine samples 

and 98 stool samples were collected. Among the serum and urine samples, 67 (26%) were obtained 
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from patients with normal liver, 124 (48%) from those with NAFLD and normal LSM, while 37 (14%) 

from those with NAFLD and elevated LSM. The 26 (10%) samples from patients with other liver 

diseases (BAFLD or HBV) were excluded from this analysis.  

 Among the stool samples, 17 (17%) were from patients with normal liver, 54 (55%) from those 

with NAFLD and normal LSM, while 17 (17%) from those with NAFLD and elevated LSM. There 

were also 9 (9%) samples from patients with other liver diseases (BAFLD and HBV), which were 

also excluded from this analysis. 

 

4.3.2 Statistical models 

4.3.2.1 Analysis of the metabolic profile and gut microbiome in the whole cohort 

 This analysis was carried out in the whole study population, with no correction applied, so 

that all possible (metabolic and non-metabolic) confounders could be included. The main study 

groups were normal liver, NAFLD with normal LSM and NAFLD with elevated LSM. 

 

4.3.2.2 Analysis of the metabolic profile and gut microbiome in matched sub-

populations 

 In a sub-analysis, patients with NAFLD were matched for metabolic factors, such as BMI, 

glucose, insulin, HbA1c and HOMA index. The purpose of this analysis was to identify differences 

between patients with NAFLD and elevated LSM (n=10) vs those with normal liver (n=20). The 

resulting differences would be independent of metabolic risk factors and, therefore, highly specific 

for the presence of significant liver fibrosis (elevated LSM). 

In a subsequent sub-analysis, patients were matched for metabolic factors, such as BMI, 

total cholesterol, LDL, HDL, HOMA, insulin level, HbA1c, and for severity of liver disease, as 

expressed as LSM. The purpose of this analysis was to identify differences between patients with 

NAFLD (n=12) vs those with normal liver (n=18). The resulting differences would be independent of 

metabolic risk factors and LSM and, therefore, specific for the presence of NAFLD. 
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 4.3.3 Serum metabolic profile 

In the whole population, those with NAFLD and elevated LSM (n=37) had significantly higher 

levels of serum 3-hydroxybutyric acid, acetone, citric acid, phenylalanine, pyruvic acid, lactic acid, 

glutamic acid and glucose, and significantly lower levels of glycine and glutamine compared to those 

with normal liver (n=67) (Figure 4.1). On OPLS-DA model (supervised, multivariate analysis), low 

levels of glycine and glutamine with increased glucose and glutamate could separate those with 

NAFLD (n=158) vs those with normal liver (n=67) accurately (CV-ANOVA, p=0.002) (Figure 4.2). 

Decreased glutamine and elevated glutamate were able to separate those with NAFLD and elevated 

LSM vs those with NAFLD and normal LSM accurately (CV-ANOVA, p<0.0001) (Figure 4.4). 

Similarly, reduced glutamine and increased glutamate could distinguish those with NAFLD and 

elevated LSM vs those with normal liver accurately (CV-ANOVA, p<0.0001) (Figure 4.3). When 

patients with NAFLD (n=158) were stratified according to cut-offs of LSM of 8.1 kPa (significant 

fibrosis) and 12.1 kPa (advanced fibrosis), there was a significant decrease in serum glycine and an 

increase in glutamate/glutamine across the groups (Figure 4.5). Moreover, the AUROC of 

glutamate/glutamine for predicting LSM >8.1 kPa (significant fibrosis) was 0.74 (95%CI: 0.65-0.82, 

p=0.002), while the AUROC for predicting LSM >12.1 kPa was 0.78 (95%CI: 0.68-0.88, p=0.004) in 

the whole population (Figure 4.6).  

When metabolites were analysed against clinical features, glycine was not associated with 

metabolic factors, such as waist circumference (p=0.48), BMI (p=0.22), HbA1c (p=0.78) or HOMA 

index (p=0.26). However, glycine showed significant inverse correlation with liver markers, such as 

CAP score (Rho= -0.15 p=0.23), AST (Rho= -0.24, p=0.001) and ALT (Rho= -0.12, p=0.05). 

Conversely, glutamate/glutamine showed a significant positive correlation with metabolic factors, 

such as waist circumference (Rho=0.14, p=0.014), BMI (Rho=0.18, p=0.), HOMA (Rho=0.38, 

p=0.0001) and HbA1c (Rho=0.19, p=0.003). There was also a significant association between 

glutamate/glutamine ratio with AST (Rho=0.19, p=0.003), ALT (Rho=0.16, p=0.013) and CAP score 

(Rho=0.27, p=0.0001). 
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Figure 4.1. Differences in serum metabolites between those with NAFLD and elevated LSM vs normal 
liver in the whole population. This coefficient plot shows coefficient values of linear regression analysis for 
single metabolites and their distribution in the two comparison groups: NAFLD with elevated LSM (n=37) vs 
normal liver (n=67). Coefficients located to the right of the reference line (line 0.0) are positive, while 
coefficients locate to the left of the reference line are negative. Coefficients for the group NAFLD with elevated 
LSM are highlighted in red, while those for the group normal liver are highlighted in blue. The size of the 
coefficient refers to the -log10 (adjusted p-value). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 
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Figure 4.2.  Multivariate model (OPLS-DA) showing differences in serum metabolites between those 
with NAFLD vs those with normal liver in the whole population. Figure 2A shows a scatter plot of the 
derived OPLS-DA model between NAFLD (n=161) vs normal liver (n=67). There is small overlap between 
those with NAFLD (green) vs those with normal liver (dark blue), meaning that the model was good at 
separating the groups. Figure 2B shows a S-plot which highlights the distribution of the metabolites compared 
to the group normal liver. Metabolites increased in the group normal liver are located at the top end (glycine 
and glutamine), while those decreased in the group normal liver are located at the bottom end (glucose and 
glutamic acid).  
Abbreviations: OPLS-DA: Orthogonal Projections to Latent Structures Discriminant Analysis, NAFLD: non-
alcoholic fatty liver disease, LSM: liver stiffness measurement. 
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Figure 4.3.  Multivariate model (OPLS-DA) showing differences in serum metabolites between NAFLD 
and elevated LSM vs normal liver in the whole population. Figure 3A shows a scatter plot of the derived 
OPLS-DA model between NAFLD and elevated LSM (n=37) vs normal liver (n=67). There is small overlap 
between those with NAFLD and elevated LSM (red) vs those with normal liver (dark blue), meaning that the 
model was good at separating the groups. Figure 3B shows a S-plot which highlights the distribution of the 
metabolites compared to the group normal liver. Metabolites increased in the group normal liver are located at 
the top right (glutamine and glycine), while those decreased in the group normal liver are located at the bottom 
left (glucose and glutamic acid).  
Abbreviations: OPLS-DA: Orthogonal Projections to Latent Structures Discriminant Analysis, NAFLD: non-
alcoholic fatty liver disease, LSM: liver stiffness measurement. 
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Figure 4.4.  Multivariate model (OPLS-DA) showing differences in serum metabolites between NAFLD 
and elevated LSM vs NAFLD and normal LSM in the whole population. Figure 4A shows a scatter plot of 
the derived OPLS-DA model between NAFLD and elevated LSM (n=37) vs NAFLD and normal LSM (n=124). 
There is small overlap between those with NAFLD and elevated LSM (red) vs those with NAFLD and normal 
LSM (green), meaning that the model was good at separating the groups. Figure 4B shows a S-plot which 
highlights the distribution of the metabolites compared to the group NAFLD with normal LSM. Metabolites 
increased in the groups NAFLD with normal LSM are located at the top end (lysine and glutamine), while those 
decreased in the group NAFLD with normal LSM are located at the bottom end (glucose and glutamic acid).  
Abbreviations: OPLS-DA: Orthogonal Projections to Latent Structures Discriminant Analysis, NAFLD: non-
alcoholic fatty liver disease, LSM: liver stiffness measurement. 
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Figure 4.5.  Serum glycine and glutamate to glutamine ratio in patients with NAFLD stratified per liver 
stiffness measurements. Figure 5A is a bar chart illustrating levels of serum glycine expressed as median 
with 95%CI. Figure 5A is a bar chart illustrating levels of serum glutamate to glutamine ratio expressed as 
median with 95%CI. 
Abbreviations: LSM: liver stiffness measurement, 95%CI: 95% confidence interval. 

 

 

Figure 4.6.  ROC curves of glutamate to glycine ratio for predicting the presence of significant and 
advanced fibrosis from NAFLD in the whole population. Figure 4.6A shows the AUROC for 
glutamate/glutamine for predicting LSM ≥8.1 kPa (significant fibrosis), while Figure 4.6B shows the AUROC 
for glutamate/glutamine for predicting LSM ≥12.1 kPa (advanced fibrosis) in the whole population (n=254). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease. ROC: Receiver operating characteristic curve, LSM: 
liver stiffness measurement. 

 

 When patients were matched for metabolic factors, those with NAFLD and elevated LSM 

showed significantly higher levels of serum lysine compared to those with normal liver (Figure 4.7). 

In this sub-analysis, there was no difference in terms of glycine, glutamine and glutamate between 

the groups.  
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 Finally, when patients were matched for metabolic factors and LSM, there was no difference 

in terms of serum metabolites between those with NAFLD and normal liver. In this sub-analysis, 

there was no difference in glycine, glutamine and glutamate levels between the groups.  

 

 

Figure 4.7. Differences in serum lysine between those with NAFLD and elevated LDM vs those with 
normal liver, matched for metabolic risk factors. This coefficient plot shows coefficient values of regression 
analysis for lysine and distribution within two groups: NAFLD with elevated LSM (n=10) vs normal liver (n=20). 
Coefficients located to the right of the reference line (line 0.0) are positive, while coefficients locate to the left 
of the reference line are negative. Coefficients for the group NAFLD and normal LSM are highlighted in blue, 
while those for the group normal liver are highlighted in red. The size of the coefficient refers to the -log10 

(adjusted p-value). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 

 

4.3.4 Serum and faecal bile acid profile 

In the whole population, those with NAFLD and elevated LSM showed significantly higher 

levels of taurocholic acid, glycoursodeoxycholic acid-3-sulfate and glychochenodeoxycholic acid-3-

sulfate (GCDA-3S) compared to those with normal liver (Figure 4.8 and Figure 4.9).  

When patients were matched for metabolic risk factors, only GCDA-3S remained significantly 

higher in those with NAFLD and elevated LSM compared to those with normal liver (Figure 4.10).  

Finally, when patients were matched for metabolic factors and LSM, those with NAFLD 

presented significantly higher levels of glycolithocholic acid, isolithocholic acid, taurolithocholic acid, 

3-ketocholanic acid, 3-alpha-hydroxy-12 ketolithocholic acid and lithocholic acid compared to those 

with normal liver. Moreover, those with NAFLD had significantly lower levels of GCDA-3S, murcholic 

acid, glycoursodeoxycholic acid and glycoursodeoxycholic acid-3-sulfate (Figure 4.11 and 4.12). 

There was no significant difference in terms of faecal bile acids profile across study groups 

in all the analyses. 
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Figure 4.8. Differences in serum bile acid profile between those with NAFLD and elevated LDM vs those 
with normal liver, in the whole population. This coefficient plot shows coefficient values of linear regression 
for metabolites and their distribution within two groups: NAFLD with elevated LSM (n=37) vs normal liver 
(n=67). Coefficients located to the right of the reference line (line 0.0) are positive, while coefficients locate to 
the left of the reference line are negative. Coefficients for the group NAFLD with elevated LSM are highlighted 
in red, while those for the group normal liver are highlighted in blue. The size of the coefficient refers to the -
log10 (adjusted p-value). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 
 

 

 

Figure 4.9.  Differences between study groups for serum bile acid profile in the whole population. This 
box plot shows individual values with relative median and 95%CI for glycochenodeoxycholic acid-3 sulfate, 
glycoursodeoxucholic acid 3-sulfate and taurocholic acid in three study groups: those with NAFLD and 
elevated LSM (n=37), NAFLD and normal LSM (n=124) and normal liver (n=67). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 

 

 

 

Figure 4.10. Differences in serum bile acid between those with NAFLD and elevated LSM vs those with 
normal liver, matched for metabolic risk factors. This coefficient plot shows coefficiens values of linear 
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regression for glycoursodeoxycholic acid-3 sulfate and its distribution in two groups: NAFLD with elevated LSM 
(n=10) vs normal liver (n=20). Coefficients located to the right of the reference line (line 0.0) are positive, while 
coefficients locate to the left of the reference line are negative. Coefficients for the group NAFLD and elevated 
LSM are highlighted in red. The size of the coefficient refers to the -log10 (adjusted p-value) 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 

 

 

Figure 4.11. Differences in serum bile acid between those with NAFLD vs those with normal liver, 
matched for metabolic risk factors and LSM. This coefficient plot shows coefficients values of linear 
regression for bile acids and their distribution within two groups: NAFLD (n=12) vs normal liver (n=18). 
Coefficients located to the right of the reference line (line 0.0) are positive, while coefficients locate to the left 
of the reference line are negative. Coefficients for the group NAFLD are highlighted in red. The size of the 
coefficient refers to the -log10 (adjusted p-value) 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 
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Figure 4.12. Distribution of serum bile acid in those with NAFLD vs those with normal liver, matched 
for metabolic risk factors and LSM. This box plot shows individual values with relative median and 95%CI 
of serum bile acids in those with NAFLD (n=12) vs normal liver (n=18). The variable lithocholic all includes all 
lithocholic derived bile acids. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 95%CI: 95% 
confidence interval. 

 

4.3.5 Urinary metabolic profile 

 In the whole population, patients with NAFLD and elevated LSM presented significantly 

higher levels of alanine, valine, citric acid and creatinine compared to those with normal liver (Figure 

4.13). No valid OPLS-DA model based on urinary metabolites could separate those with normal liver 

vs NAFLD (CV-ANOVA, p=0.23), NAFLD with elevated LSM vs normal liver (CV-ANOVA, p=0.72) 

and NAFLD with elevated LSM vs NAFLD and normal LSM (CV-ANOVA, p=0.45).  

When urinary metabolites were analysed against clinical features, urinary alanine and valine 

levels were significantly associated with HOMA index (Rho= 0.24, p=0.001 and Rho=0.17, p=0.021) 

and HbA1c (Rho=0.15, p=0.02 and Rho=0.16, p=0.015). Similarly, citric acid and creatinine were 

significantly associated with HbA1c (Rho=0.203, p=0.002 and Rho=0.12, p=0.05) but not with HOMA 
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(p=0.82 and p=0.43). There was no association between urinary alanine, valine, citric acid and 

creatinine with liver markers (AST, ALT, LSM and CAP score). 

 On a similar note, when patients were matched for metabolic factors, there was no difference 

in urinary metabolic profile between NAFLD and elevated LDM vs normal liver. Similarly, there was 

no difference in urinary metabolic profile between NAFLD and normal liver when patients were 

matched for metabolic factors and LSM. 

 

 

Figure 4.13. Differences in urinary metabolites between those with NAFLD and elevated LDM vs those 
with normal liver, in the whole population. This coefficient plot shows coefficients values of linear regression 
for metabolites in two groups: NAFLD with elevated LSM (n=37) vs normal liver (n=67). Coefficients located 
to the right of the reference line (line 0.0) are positive, while coefficients locate to the left of the reference line 
are negative. Coefficients for the group normal liver are highlighted in blue, while those for the group NAFLD 
with elevated LSM are highlighted in red. The size of the coefficient refers to the -log10 (adjusted p-value) 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 

 

4.3.6 Faecal metabolic profile 

 In the whole population, there was no significant difference between the groups in terms of 

faecal metabolic profile. Specifically, there was no difference in terms of tryptophane metabolites 

(Figure 4.14) and SCFA. When patients were matched for metabolic factors, those with NAFLD and 

elevated LSM showed significantly lower faecal glycine compared to those with normal liver (Figure 

4.15). Finally, when patients were matched for metabolic factors and LSM, there was no difference 

between those with NAFLD vs normal liver. 
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Figure 4.14. Differences in faecal tryptophan metabolites between study groups. This figure includes 
scatter dots showing single values of metabolites, together with associated median and 95%CI. P-values refer 
to differences between the study groups: NAFLD and elevated LSM (n=17), NAFLD and normal LSM (n=54) 
and normal liver (n=17). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 95%CI: 95% 
confidence interval. 
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Figure 4.15. Difference in faecal glycine between NAFLD with elevated LSM vs normal liver, matched 
for metabolic factors. This box plot shows individual values with relative median and 95%CI for faecal glycine 
comparing those with NAFLD and elevated LSM (n=10) vs normal liver (n=20). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 95%CI: 95% 
confidence interval. 

 

4.3.7 Microbiome profiling 

 In the whole population, on a phylum level, Proteobacteria and Firmicutes were relatively 

more abundant, while Bacteroidetes (Bacteroidota) less abundant in those with NAFLD and elevated 

LSM compared to those with normal liver (Figure 4.16A). On a lower level (order level), 

Anaeroplasma and Escherichia/Shigella were significantly less abundant in those with NAFLD and 

elevated LSM compared to those with normal liver (Figure 4.16B).  

 When patients were matched for metabolic factors, on a phylum level, Bacteroidetes were 

less abundant in those with NAFD and elevated LSM compared to those with normal liver. On a 

lower level (order level), Monoglobus was significantly less abundant in those with NAFLD and 

elevated LSM compared to those with NAFLD and normal LSM (Figure 4.17).  

 Finally, when patients were matched for metabolic factors and LSM, Verrucomicrobiales were 

more abundant in those with NAFLD compared to those without (phylum level). On a lower level 

(order level) Faecalibacterium genus, Veillonella genus, Subdoligranulum genus, Rikenella genus 

and Coprobacter genus were significantly more abundant in those with NAFLD compared to those 

with normal liver. Conversely, Bacteroides genus, Escherichia/Shigella genus and Prevotella genus 

were significantly more abundant in those with normal liver compared to those with NAFLD (Figure 

4.18). 
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Figure 4.16. Differences in gut microbiome between different study groups in the whole population. 
Figure 4.16A) This coefficient plot shows coefficients values of linear regression for relative abundance 
(phylum level) between two groups: NAFLD with elevated LSM (n=17) vs normal liver (n=17). Coefficients 
located to the right of the reference line (line 0.0) are positive, while coefficients locate to the left of the 
reference line are negative. Coefficients for the group NAFLD with elevated LSM are highlighted in red, while 
those for the group normal liver are highlighted in blue. The size of the coefficient refers to the -log10 (adjusted 
p-value) Figure 4.16B) This box plot shows individual values with relative median and 95%CI for Anaeroplasma 
genus (ASV113) and Escherichia/Shigella genus (ASV18) (order level). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 95%CI: 95% 
confidence interval. 

 

 

Figure 4.17. Difference in relative abundance of Monoglobus genus between NAFLD with elevated LSM 
vs normal liver, matched for metabolic factors. This box plot shows individual values with relative median 
and 95%CI for Monoglobus genus (ASV164) and difference between NAFLD with elevated LSM (n=17) and 
normal liver (n=17). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 95%CI: 95% 
confidence interval. 
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Figure 4.18. Difference in relative abundance of genus between patients with NAFLD vs those with 
normal liver, matched for metabolic factors and LSM. This coefficient plot shows coefficients of linear 
regression for specific genus and their relative abundance compared to the reference group (NAFLD with 
elevated LSM). Coefficient located to the right of the reference line are more abundant in the reference group, 
while those located to the left are less abundant in the reference group. The size of the coefficient refers to the 
-log10 (adjusted p-value). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 

 

4.3.8 Faecal bile acids and gut microbiota composition  

 In the whole population, the association between faecal BA and the composition of 

microbiome was analysed on different taxonomic levels, from ASV to family level. Of note, although 

there was no difference in terms of levels of faecal BA across study groups (paragraph 4.3.6), some 

BA were significantly influenced by microbiome composition.  

 Overall, glycine-conjugated BA were relatively lower in stool of patients with higher 

abundance of Firmicutes (Tuzerella) and Verrucomicrobiales (Akkermansiacee). Moreover, 

sulphated BAs (cholic acid-7-sulfate, cholic acid-3-sulfate, deoxycholic acid-3-sulfate, 

chenodeoxycholic acid-3-sulfate) and lithocolic acid-3-sulfate were elevated in stool samples of 

patients enriched with Firmicutes (Figure 4.19). 
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Figure 4.19. Faecal bile acids against microbiome composition. This figure shows a correlation heatmap 
based on the R Pearson coefficients between faecal bile acids concentration and relative microbial 
abundances, analysed from ASV to family level. A positive effect is highlighted in red, while a negative effect 
in blue.  
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4.3.9 Serum metabolic profile of patients from NAFLD clinic  

 In this study, 59 serum samples from patients followed up in liver clinic (tertiary care), based 

at St Mary’s Hospital, were included in the analysis in an attempt to analyse metabolic profile against 

histology. Overall, this population had a median age of 48 (38-57) years, BMI 29.8 (28-32.4) kg/m2, 

AST (36-61) IU/L and ALT 75 (48-106) IU/L. Of note, 28 (47%) patients had T2DM, while median 

HbA1c was 43 (36-53) mmol/mol (Table 4.3). Histology, expressed as NASH CRN scoring system 

as well as automated quantitation, is displayed in Table 4.4. Overall, 25 (41%) patients had 

advanced fibrosis (F≥3), while 18 (31%) had definite NASH (NAS≥5). 

 When metabolic profile was analysed against quantitative features, glycine showed an 

inverse, linear relationship with fat% (R2=0.35, p=0.006) and steatosis grade (R2=0.25, p=0.05) 

(Figure 4.20). However, there was no association between glycine and inflammation%, ballooning% 

or collagen. Interestingly, there was no significant association between glutamate/glutamine and 

histological features, specifically with regards to fibrosis stage and collagen (Figure 4.21). Finally, 

serum lysine showed a significant, inverse association with collagen (R2=0.37, p=0.008) but not with 

fibrosis stage, as per NASH CRN scoring system (R2=0.15, p=0.18) (Figure 4.22). There was no 

association between lysine and steatosis, inflammation or ballooning. 
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Table 4.3 Clinical characteristics of the population from the NAFLD liver clinic. The table shows the 
clinical characteristics of the patients from the NAFLD liver clinic. Variables are expressed as median and IQR 
or relative percentages. 
Abbreviations: IQR: interquartile range, BMI: Body mass index, ALT: alanine aminotransferase, AST: aspartate 
aminotransferase, GGT: gamma-glutamyl transferase, TRG: triglycerides, HDL: high density lipoprotein, LDL: 
low density lipoprotein, HbA1c: glycated haemoglobin, T2DM: type-2 diabetes mellitus. 
  

  

NAFLD liver clinic  

(N=59)  

  Median (IQR)  N (%)  

Age, years 48 (38-57) Male gender 42 (71)  

BMI, kg/m
2
 29.8 (28-32.4) White, Caucasian  19 (32)  

ALT, IU/L 75 (48-106) White, Hispanic 6 (10)  

AST, IU/L 46 (36-61) Black African, Afro-

Caribbean 

3 (5)  

GGT, IU/L 54 (35-97) Arab 4 (7)  

Total Cholesterol, 

mmol/l 

4.7 (4-5.3) South Asian 19 (33)  

TRG, mmol/l 1.7 (1.2-2.8) Unknown ethnicity 8 (14)  

HDL, mmol/l 1.01 (0.8-1.2) T2DM 28 (47)  

LDL, mmol/l 2.8 (1.9-3.6) Hypertension 17 (29)  

Ferritin, ng/ml 206 (87-307) Dyslipidaemia 21 (36)  

HbA1c, mmol/mol 43 (36-53)    

LSM, kPa 9.4 (6.7-13.5)    

CAP score, dB/m 334 (299-367)    
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Table 4.4 Histological characteristics of the population from the NAFLD liver clinic. The table shows the 
histological characteristics of the patients from the NAFLD liver clinic. The table also shows correspondent 
median fat%, inflammation%, ballooning% and CPA to NASH CRN scores. Stage 1 of the NASH CRN scoring 
system includes 1a, 1b and 1c. Variables are expressed as median and IQR or relative percentages. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, IQR: interquartile range, CPA: collagen proportionate 
area. 

  

   

NAFLD liver clinic  

(N=59)  

  N (%) Median fat% 

(IQR) 

 N (%) Median CPA 

(IQR) 

Steatosis grade   Fibrosis stage   

Mild 16 (27) 7 (3-15) Stage 1 15 (25) 2.7 (1.6-3.6) 

Moderate 30 (51) 15 (7-10) Stage 2 19 (32) 2.9 (1.7-4.3) 

Severe 13 (22) 22 (12-25) Stage 3 21 (35) 5.2 (4.3-6.9) 

   Stage 4 4 (6) 16.1 (13-19.4) 

Lobular 

Inflammation 

N (%) Median 

inflammation% 

(IQR) 

   

Absent 3 (5) 0.5 (0.5-1.8)    

In < 2 foci 51 (86) 1.2 (0.49-2.2)    

2-4 foci 5 (8) 1.5 (0.73.1)    

3- 4 foci 0 (0) -    

Hepatocellular 

ballooning 

N (%) Median 

ballooning% 

(IQR) 

   

Absent 9 (15) 8.9 (6.2-9.6)    

Few cells 36 (61) 29.2 (16-40.7)    

Many cells 14 (28) 34.2 (16.9-39.3)    
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Figure 4.20. Distribution of serum glycine against steatosis grade and fat% categories. This box plot 
illustrates median values of serum glycine and relative 95%CI. Steatosis grade was assigned as per NASH 
CRN scoring system, while Fat% was measured using image analysis on images of liver biopsies stained in 
H&E (n=59). 
Abbreviations: 95%CI: 95% confidence interval, NASH CRN scoring system: NASH clinical research network 
scoring system, H&E: Haematoxylin and eosin. 

 

 

 

Figure 4.21. Distribution of serum glutamate to glutamine ratio across fibrosis stage and CPA 
categories. This box plot illustrates median values of glutamate/glutamine and relative 95%CI. Fibrosis stage 
was assigned as per NASH CRN scoring system, while CPA was measured using image analysis on images 
of liver biopsies stained in Sirius Red (n=59). Fibrosis 1 includes fibrosis stage 1a, 1b and 1c. 
Abbreviations: 95%CI: 95% confidence interval, NASH CRN scoring system: NASH clinical research network 
scoring system, CPA: collagen proportionate area. 
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Figure 4.22. Distribution of serum lysine across fibrosis stage and CPA categories. This box plot 
illustrates median values of lysine and relative 95%CI. Fibrosis stage was assigned as per NASH CRN scoring 
system, while CPA was measured using image analysis on images of liver biopsies stained in Sirius Red 
(n=59). Fibrosis 1 includes fibrosis stage 1a, 1b and 1c. 
Abbreviations: 95%CI: 95% confidence interval, NASH CRN scoring system: NASH clinical research network 
scoring system, CPA: collagen proportionate area. 

 

4.4 Discussion 

 

4.4.1 Glycine deficiency is associated with hepatic steatosis but not severity of liver 

disease in diabetic patients with NAFLD 

 Glycine is a nonessential amino acid, mainly synthesized in the liver, whose deficiency has 

been repeatedly described in NAFLD and metabolic disorders. Specifically, few studies have 

demonstrated that glycine deficiency may be associated with oxidative stress related damage in 

beta-pancreatic cells (Chen et al., 2018) as well with insulin-resistance systemically (El-Hafidi et al., 

2018). Supporting these findings, glycine-based treatment was able to restore fatty acid oxidation, 

glutathione synthesis and gut microbiome in a mouse model (Rom et al., 2018).  

 In line with previous studies, lower levels of serum glycine were strongly associated with the 

presence of hepatic steatosis due to NAFLD in the whole diabetic population (Figure 4.2). Moreover, 

glycine was inversely associated with CAP score and LFTs and was significantly decreased in those 

with NAFLD and advanced fibrosis (LSM ≥12.1 kPa) compared to those without fibrosis (LSM < 8 

kPa). Nevertheless, when the levels of glycine were compared to liver histology, glycine levels 

decreased along with hepatic fat content but not with disease activity (inflammation and ballooning) 

or disease severity (fibrosis) (Figure 4.20). 
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 Several studies have suggested that a significant proportion of the total body glycine derives 

from a combination of endogenous synthesis from serine and hepatic de-novo glycine synthesis. In 

this sense, glycine de-novo synthesis seems to be downregulated by high glucagon levels, which 

may be particularly relevant in patients with insulin resistance and T2DM. Moreover, dietary patterns 

(i.e. vegetarian or vegan vs meat- or fish-eaters) rather than specific dietary glycine content have 

been shown to influence glycine availability and uptake (Alves et al., 2019). Moreover, the 

bioavailability of dietary glycine has been shown to be strictly modulated by the gut microbiome, as 

approximately 30% of dietary glycine is used or degraded in the small intestine by the intestinal flora. 

Specifically, few studies have shown how gut microbiota from patients with T2DM may be particularly 

enriched in genes involved in glycine degradation. On a similar note, an interesting study showed 

that urinary glycine excretion could be modulated by changes in gut microbiome. In this study, those 

with NAFLD had lower levels of faecal glycine, but there was no difference in urinary glycine 

metabolites (i.e. hippurate), compared to their counterpart without NAFLD. Of note, lower faecal 

levels of glycine were associated with NAFLD per se, independently of metabolic risk factors and 

liver disease severity (Figure 4.15). As such, these findings suggest that changes in dietary intake 

and/or intestinal availability of glycine (i.e. through changes in the microbiome) represent the main 

contributing factors to glycine deficiency in this population. 

 Taken together, these findings suggest that glycine deficiency is associated with the 

presence of hepatic steatosis but not with the severity of liver disease in diabetic patients screened 

for NAFLD. Moreover, these results suggest that altered glycine intake and/or availability, rather than 

increased urinary excretion, may contribute to the lower levels of the metabolite in this population.  
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4.4.2 Increased glutaminolysis predicts the presence of liver fibrosis in diabetic 

patients, but this reflects the host metabolic status rather than the severity of liver 

disease 

Glutamate is a non-essential amino acid, derived endogenously via the direct or indirect 

catabolism of glutamine (glutaminolysis) in the liver (Cynober, 2018). Of note, increased glutamine 

catabolism (glutaminolysis) is a key metabolic characteristic of rapidly proliferating cells and is 

controlled primarily by the enzymes glutaminase (for glutamine catabolism) and glutamine 

synthetase (for glutamine anabolism). Interestingly, a recent study from Du et al has demonstrated 

that the liver isoform of glutaminase may be upregulated by the hepatic stellate cells, as they require 

glutaminolysis to satisfy their energetic demand (Du et al., 2020). 

 In this study, patients with significant liver disease due to NAFLD presented increased 

glutamate and reduced glutamine level compared to those with NAFLD and normal LSM, as well as 

compared to those with normal liver (Figure 4.3 and 4.4). Moreover, when the NAFLD patients were 

stratified for liver disease severity, those with even more advanced fibrosis (LSM ≥12.1 kPa) had 

significantly higher levels of glutamate/glutamine compared to those with normal LSM (LSM< 8.1 

kPa) (Figure 4.5). Moreover, glutamate/glutamine ratio was a good predictor for the presence of 

significant and advanced fibrosis in the whole population (Figure 4.6). Interestingly, 

glutamate/glutamine ratio was also strongly associated with BMI, waist circumference, glycaemic 

status and severity of insulin resistance. When patients were matched for metabolic factors, there 

was no difference in terms of glutamate/glutamine level between those with elevated LSM and those 

with normal liver. On a similar note, there was no actual association between glutamate/glutamine 

and histological features in the NAFLD liver clinic population (Figure 4.21).  

 Taken together, these results suggest that glutamate to glutamine ratio predicts the presence 

of significant and advanced liver disease in diabetic patients screened for NAFLD. However, this 

metabolic alteration reflects a more general worse “metabolic status” rather than histological damage 

per se. 
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4.4.3 Lysine deficiency is associated with liver fibrosis from NAFLD in diabetics, 

independently of the host metabolic risk factors 

 Lysine is an essential amino acid which is mainly catabolised in the liver. Interestingly, lysine 

represents a key component of fatty acid metabolism, proteinogenesis and connective tissue 

deposition/remodelling. On this note, previous studies have associated lower lysine levels with 

collagen disturbances, as a result of over-expression of the enzyme lysil oxidases (Ortiz et al., 2021). 

Under physiological condition, lysil oxidases deaminates lysine residues for maintaining the 

structural integrity of the extra-cellular matrix. In pathological condition such as fibrogenesis, such 

enzyme is overexpressed and promotes collagen cross-linking and stabilization against proteolytic 

degradation, maintaining hepatic stellate cells in an activated state (Kagan and Li, 2003). Moreover, 

higher levels of pipecolic acid, one of lysine’s catabolites, were previously described in patients with 

chronic liver disease and cirrhosis (Kawasaki et al., 1988).  

 In this study, when patients were matched for metabolic factors, those with NAFLD and 

increased LSM had significantly lower level of serum lysine compared to those with normal liver 

(Figure 4.7). Moreover, when compared to liver biopsies from the tertiary care cohort, lysine levels 

decreased along with augmented hepatic collagen content in liver biopsies (Figure 4.22). However, 

there was no difference of levels of serum lysine between study groups in the whole population. 

These results suggest a limited role in the use of lysine levels as fibrosis marker in large groups of 

the patients.  

 Collectedly, these findings suggest that low lysine levels are strongly associated with the 

presence of fibrosis in diabetic patients with NAFLD, and this is independent of the overall metabolic 

status of the patient. However, the use of lower lysine level as biomarker could be explored in tertiary 

care rather than primary care setting. 
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4.4.4 Urinary metabolic profile reflects glycosuria and insulin resistance in diabetic 

patients with NAFLD 

 Previous works have explored the effects of insulin on the regulation of aminoacids and 

protein kinetics in diabetic patients, with particular focus on the relationship between circulating 

insulin concentrations and protein turnover. Specifically, the metabolism of valine, among other 

branched chain aminoacids, has been reported as impaired in a cohort of patients with NAFLD, 

associated with lipotoxicity and oxidative stress in the liver (Masoodi et al., 2021). Moreover, the 

extent of glycosuria has been associated with increased levels of metabolites (i.e. citric acid and 

creatinine) in urine samples from patients treated with dapagliflozin, suggesting a possible disruption 

in the tubular reabsorption and/or metabolism in those patients secondary to increased urinary 

glucose loss (Bletsa et al., 2021, Ferslew et al., 2015). 

 In this study, patients with significant fibrosis from NAFLD had higher levels of urinary valine, 

alanine, creatinine and citric acid compared to those without NAFLD (Figure 4.13). Interestingly, 

when analysed against clinical features, these metabolites were strongly associated with glycaemic 

control rather than with liver markers. On a similar note, when patients were matched for metabolic 

status, there was no difference in terms of urinary profile between those with NAFLD and elevated 

LSM vs those with normal liver. 

 Taken together, these results suggest that increased levels of urinary aminoacids reflect 

worse glycaemic control (and glycosuria), and proteolysis related to insulin resistance in diabetic 

patients screened for NAFLD. 

 

4.4.5 Specific bile acid profile is associated with significant fibrosis and changes in 

gut microbiome in diabetic patients with NAFLD 

 Recent work revealed that patients with NASH have higher fasting and post-prandial 

exposure to bile acids. These changes are mainly driven by increase in both taurine and glycine-

conjugates primary and secondary bile acid (Ferslew et al., 2015) and possibly reflective of increased 

faecal bile acids losses with stools (Mouzaki et al., 2016). It has been hypothesized that specific bile 
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acids may exert not only a toxic effect directly on the liver parenchyma, but they may also influence 

the hepatic lipid oxidation and the gut permeability (Arab et al., 2017).  

 In this study, patients with NAFLD had higher levels of serum conjugated and unconjugated 

litocholic acid (LCA) compared to those with normal liver (Figure 4.11 and Figure 4.12). Of note, 

recent studies have suggested that LCA may exert a hepatotoxic effect (Staudinger et al., 2001) but 

also that its serum concentration may be modulated by specific changes in the gut microbiome, such 

as a reduction in Bacteroitedes spp (Mouzaki et al., 2016). Interestingly, those with NAFLD also had 

a higher Firmicutes and lower Bacteroides, even though faecal LCA did not directly correlate with 

microbiome composition. Moreover, stools from patients with higher abundance of Firmicutes (i.e. 

Tuzerella and Akkermansiaceae) had lower level of glycine derived BAs, possibly as a result of a 

relatively lower Bacteroides’ glycine deconjugation activity (Figure 4.19). Finally, higher abundance 

of Firmicutes was proportionally associated with sulphated BAs in the stool, where also patients with 

NAFLD and those with NAFLD and liver disease had elevated sulphate BAs in the serum. Of note, 

sulfation of BAs increases their solubility, decreases their intestinal absorption, and leads to 

increased faecal loss. 

 Among other bile acids, higher levels of serum GDCA-3S were highly specific for significant 

fibrosis due to NAFLD, and this finding was controlled for glycaemic control and obesity (Figure 

4.10). From previous works, very little is known about GDCA-3S and its role in health as well as in 

pathological status. In this, there was no difference in GDCA-3S in stool samples across groups and 

there was no association with microbial abundances in stools. As such, GDCA-3S does not seem to 

be influenced by gut microbiota or gut environment overall. It would be interesting to explore whether 

the increase in serum levels may be driven by impaired hepatic metabolism and/or hepatic 

inflammation. 

 Taken together, these results suggest that diabetic patients with NAFLD tend to have a 

specific serum bile acid profile associated with NAFLD, favouring conjugated and unconjugated LCA 

and reducing glycine-conjugated bile acid. Moreover, these patients have higher levels of serum 
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sulphated bile acids. Faecal levels of LCA, glycine-conjugated and sulphated bile acids are 

influenced by the composition of the intestinal microbiome.  

 

4.4.6 Lower abundance of pectin-dependent species in the gut is associated with the 

presence and severity of NAFLD in diabetics 

 Pectins are mainly indigestible by human enzymes, however, they can be easily digested by 

gut microbes with production of SCFA and other active metabolites. Among other beneficial effects 

of pectins, delayed gastric emptying and improved glucose tolerance have been described (Schwartz 

et al., 1988). Moreover, pectins have shown to modulate the composition of gut microbiome and 

improve the integrity of intestinal barrier (Fukunaga et al., 2003). 

 In this study, the genus Anaeroplasma and Monoglobus were less abundant in those with 

liver fibrosis due to NAFLD compared to those with a normal liver (Figure 4.16 and figure 4.17). 

Interestingly, Anaeroplasma is a newly discovered bacterial genus, with a putative probiotic and anti-

inflammatory effect on gut epithelium (Beller et al., 2018). Similarly, Monoglobus is another recently 

identified genus with marked pectin-degrading activity in the human colon (Kim et al., 2019). On a 

similar trend, when compared to those with normal liver, patients with NAFLD presented lower 

abundance of other well-known pectin-degrading species, such as Bacteroides and Prevotella 

(Bacteroitedes phylum). Conversely, in those with NAFLD, there was higher abundance of Rikenella 

spp and Coprobacter spp, which were previously associated with high-fat and high-proteins diet 

(Daniel et al., 2014) and increased response to dietary carbohydrates (Korem et al., 2017) (Figure 

4.18). Few studies have proved that diet in general, and pectin levels specifically, per se may 

modulate the proliferation of pectin-degrading species, suggesting a bidirectional influence between 

pectin-intake and microbiome composition (Onumpai et al., 2011, Aguirre et al., 2014).  

 On a higher level, patients with NAFLD and fibrosis showed a relatively higher abundance of 

Firmicutes, while lower Bacteroidetes, in line with previously published data (Stojanov et al., 2020, 

Crovesy et al., 2020). Moreover, specific changes in the Bacteroides and Firmicutes were associated 
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with different BA profile in the stools, such as reduced Bacteroidetes being associated with increased 

levels of LCA as observed in this population and in the literature. 

 Taken together, lower abundance of Bacteroides and pectin-degrading species with 

increased abundance of Firmicutes were associated with the presence of NAFLD and severity of 

liver disease in diabetic patients screened for NAFLD. On a more specific level, Monoglobus was 

associated with clinically significant NAFLD, independent of metabolic factors.  

 

4.5 Strengths and limitations 

 This part of the project presents several strengths. Firstly, the population included in this 

study has been well-phenotyped. Specifically, the metabolomics analysis was comprehensive and 

carried out on several biological levels, and the results from such analysis were also matched with 

accurate gut microbiome profiling. Thirdly, a detailed statistical analysis allowed for the identification 

of factors associated with NAFLD and severity of liver disease in the whole population, with all 

confounders included as well as on an independent level (matched subsets, controlled for metabolic 

confounders). 

 This part of the work has also several limitations. Firstly, the sub-analysis of matched subjects 

included only small number of patients compared to the whole population. Secondly, limited 

information was available on dietary patterns from these patients, as such analysis against diet could 

not be included. Finally, liver disease severity was defined based on LSM and not histology.  

 

4.6 Future work 

 Future research should be considered to explore more in depth the role of serum lysine as 

biomarker for liver fibrosis in specific NAFLD populations, for example in tertiary care. Future work 

could also focus on elucidating the biological effect of GCDA-3S in liver diseases and NAFLD, 

starting from in-vitro models of fibroblasts and/or other cell-lines. Finally, specific changes in diet 

and/or gut microbiota towards pectin-degrading species may be explored as possible therapeutical 

option to treat the disease. Specifically, targeting specific bacteria, such as Monoglobus, may offer 
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a therapeutical approach as its lower abundance was associated with significant fibrosis, 

independently of metabolic risk factors.  

 

4.7 Conclusions 

 In this study, glycine deficiency was associated with hepatic steatosis, but not with the 

severity of liver disease in diabetics screened for NAFLD. Serum glutamate to glutamine ratio, 

despite being a good predictor for clinically significant NAFLD, reflects metabolic status rather than 

histological changes per se. Nevertheless, levels of lysine in sera may be explored as possible 

biomarker for liver fibrosis in NAFLD as this was strongly associated with collagen content, 

independently of metabolic status. In terms of bile acid profile, higher levels of conjugated and 

unconjugated LCA were characteristic of patients with NALD, while serum GDCA-3S was highly 

specific for significant fibrosis but was not influenced by intestinal microbial composition. Finally, 

specific changes in pectin-degrading species and Firmicutes characterise those with clinically 

significant NAFLD among diabetics, supporting the role of diet and microbiome modulation as 

potential therapeutic targets for the disease. 
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5. ASSESSMENT OF GUT PERMEABILITY IN DIABETIC PATIENTS SCREENED FOR NAFLD 

 

5.1 Introduction 

 The GI mucosa is a semi-permeable barrier with multiple properties, such as the absorption 

of nutrients and immune sensing. The gut barrier also plays an important role in limiting the passage 

of potentially pathological molecules and microorganisms into the systemic circulation. Among 

others, tight junctions represent the main structures forming the complex for cell-to-cell adhesion 

that polarizes the intestinal epithelium, as they regulate the passage of ions and, therefore, create a 

potential difference at either side of the tissue. Of note, products may cross the epithelium from the 

lumen using different pathways, based on their chemical properties, such as size and hydrophobicity. 

Various mediators may influence TJ structure and, therefore, paracellular permeability, such as 

cytokines, microbiota, diet and bacterial or host-produced proteases (Van Spaendonk et al., 2017). 

 Several techniques have been employed to measure the intestinal permeability both in-vitro 

and in-vivo. Commonly, permeability has been assessed as Trans-epithelial electric resistance 

(TEER) measured across monolayers of specific cell lines or biopsies from GI mucosa. The TEER 

is usually measured in ohms and it is a quantitative measure of the gut barrier integrity. Other 

techniques for measuring the permeability across cell monolayer use probe molecules, such as 

dextran 4 or 40, exploiting a similar concept. In vivo, intestinal permeability may be measured as the 

urinary excretion of indigested probes (Camilleri and Vella, 2021) as well as serum levels of 

occluding. In the field of liver disease, individuals with CHB and CHC have shown higher plasma 

levels of FABP-2 compared to controls, suggesting some degree of enterocytes death (Sandler et 

al., 2011). 

The presence of T2DM is known to be associated with low-grade inflammation as well as 

with alterations in the intestinal barrier function. When compared to non-diabetics, patients with 

T2DM show significantly higher levels of LPS (Gomes et al., 2017). Moreover, LPS levels were also 

predictive of developing T2DM within 10 years follow-up, in the FINRISK97 cohort (Pussinen et al., 

2011). Changes in the composition of the gut microbiota have also been described as contributing 
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to an impaired mucosal barrier (Dabke et al., 2019). Moreover, in patients with T2DM, decreased 

levels of GLP-2 have also been associated with disruption of zonulin-1, occluding and claudin-1, 

resulting in abnormalities in the TJ barrier (Yu et al., 2016). Of note, hyperglycaemia can damage 

the intestinal epithelial cells directly by altering TJ integrity, via a mechanism which is GLUT2-

dependant (Thaiss et al., 2018).  

 Evidence has also revealed that plasma endotoxin concentrations are increased in the early 

stages of liver disease from NAFLD in a paediatric population, suggesting the presence of some 

degree of increased gut permeability in the initial phases of the disease (Nier et al., 2017). Not only 

excessive food intake but also specific dietary patterns have proved to be strongly associated with 

alterations in the intestinal barrier (Alvarez-Mercado et al., 2019). Intestinal dysbiosis may also 

impact upon the expression of TJ, increasing gut permeability and translocation of bacterial products 

(Yoshida et al., 2018). The composition of gut microbiota may also modulate the abundance of 

SCFA, which in turn may have protective effect on the intestinal epithelium, as they promote 

epithelial cell proliferation and adhesion as well as anti-inflammatory effect (Mailing et al., 2019). 

Overall, small intestinal permeability increases with the degree of hepatic steatosis, while there is no 

clear association with severity of liver disease (such as hepatic inflammation, ballooning or fibrosis) 

(De Munck et al., 2020, Miele et al., 2009).  

 To conclude, there is evidence suggesting that patients with NAFLD may have increased gut 

permeability. A combination of diet, changes in gut microbiota, hyperglycaemia and hormonal status 

may be responsible of such changes in the intestinal epithelium in diabetic patients with NAFLD. 

However, a clear association between gut permeability and severity of liver disease in NAFLD has 

not been demonstrated so far. 

 

Therefore, the main objectives of this part of the project were 

 1. To explore gut permeability in diabetic patients with and without NAFLD and with different 

stages of liver disease severity using an in-vitro model 
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 2. To explore the factors associated with increased gut permeability in diabetic patients 

screened for NAFLD 

 

5.2 Materials and methods 

 

5.2.1 Biological samples 

 Serum and stool samples were collected, processed and stored as per the Hepatology and 

Gastroenterology divisional standard operating procedure. Faecal water was obtained from the 

faecal samples from patients enrolled in the study, while protein concentration and quantification 

were performed using a BCA assay. A Pierce Fluorescent Protease assay kit (Thermo Scientific, 

UK) was used to measure total protease activity with and without the addition of commercial bacterial 

protease inhibitor cocktail (Protease inhibitor cocktail powder for use with bacterial cells extracts, 

lyophilized powder, Merck Life Science UK Limited, UK). Clinical data and metabolic profile were 

matched with correspondent FW samples. 

 

5.2.2 In-vitro model of gut-permeability with MDCK cell culture 

 Aliquots of 1-2 x 105 MDCK cells were cultured on Transwell inserts in a 24 well plate at 37°C, 

5% CO2, for 72-96 hours to allow for monolayer formation. The integrity of individual monolayers 

was assessed by measuring TEER using an EVOM (Figure 2.3). Monolayers were considered intact 

when TEER measurements were stable after at least 2 days from seeding. Monolayers with TEER 

values < 150 Ωcm2 after 72 hours were not considered intact and were excluded. At time zero, HBSS 

from the apical compartment of each well was removed and replaced by equal volume of either PBS 

(as negative control), Enterococcus faecalis (E. faecalis) spent medium (as positive control) or faecal 

water (FW) derived from the faecal samples of patients enrolled in the study. Specifically, E.faecalis 

was chosen as positive control, given its peculiar proteolytic activity through the production of specific 

gelatinases and serine proteases (Nesuta et al., 2017). Once PBS, E. faecalis and FW were added 

to the wells (time zero), TEER was then measured at a sequence of 5, 30, 90, 120 mins and 24 
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hours. Experiments were replicated with the addition of a commercial bacterial protease inhibitor 

cocktail to differentiate the contribution from host and microbial proteases.  

 

5.2.3 Measurement of serum FABP-2 and faecal cytokines 

 The serum level of FABP-2 was measured in serum samples from the patients enrolled in 

the study, using a Human FABP2/I-FABP Quantikine ELISA Kit, which is essentially a sandwich 

ELISA. The faecal levels of IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNF were 

measured in the FW obtained from samples of the patients enrolled in the study, using the V-plex 

Proinflammatory Panel 1 (MSD) - essentially a sandwich immunoassay.  

 

5.2.4 Statistical analysis and regulatory approval 

The distribution of variables was explored using the Shapiro‐Wilk test. Continuous variables 

were reported as medians and IQR, while categorical variables were expressed as relative 

frequencies and percentages. Univariate analysis was carried out using Mann-Whitney for 

continuous, and chi‐square test for categorical variables respectively. Kruskal-Wallis or ANOVA with 

post-hoc corrections was used for comparison between multiple groups. Spearman correlation and 

logistic regression carried out to explore the relationship between variables. All tests were two‐sided 

and a P value 0.05 was considered significant. Statistical analysis was performed by GraphPad 

Prism (version 9.1) and SPSS (version 24.0; SPSS Inc Chicago, IL). 

 . 
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5.3 Results 

 

5.3.1 In-vitro model of gut-permeability 

5.3.1.1 Patient samples 

 For this experiment, FW was obtained from the stool samples of 12 patients enrolled in the 

study. Specifically, 5 patients had normal liver, 3 patients were diagnosed with NAFLD and normal 

LSM and 4 patients with NAFLD and elevated LSM. The clinical characteristics of the patients whose 

samples were used in the model are shown in Table 5.1. 
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Table 5.1. Characteristics of patients whose samples were used in the in-vitro model of gut 
permeability. Variables are expressed as median and IQR or relative percentages. * p-value refers to 
differences between patients with NAFLD and normal liver. 
Abbreviations: IQR: interquartile range, BMI: Body mass index, PLT: platelet, ALT: alanine aminotransferase, 
AST: aspartate aminotransferase, GGT: gamma-glutamyl transferase, ALP: alkaline phosphatase, TRG: 
triglycerides, HDL: high density lipoprotein, LDL: low density lipoprotein, CAP score: controlled attenuation 
parameter score, LSM: liver stiffness measurement, HbA1c: glycated haemoglobin 

 

  

  Normal liver 

N=5 

NAFLD, normal LSM 

N=3 

  

NAFLD, elevated LSM 

N=4 

  

  Median (IQR) Median (IQR) Median (IQR) 

Age, years 59 (52-61) 61 (54-65) 62 (60-67) 

Waist circum, cm 96 (73-103) 105 (99-13) 121 (113-128) 

BMI, kg/m
2
 26.7 (19.4-30.6) 30.3 (27.6-33.6) 40.3 (38.2-44) 

PLT, x 109/µL 225 (186-266) 255 (215-300) 255 (197-328) 

ALT, IU/L 18 (15-41) 30 (22-43) 22 (19-51) 

AST, IU/L 22 (22-28) 26 (22-32) 29 (23-45) 

GGT, IU/L 17 (15-56) 27 (19-39) 32 (19-78) 

Total Cholesterol, 

mmol/l 

3.8 (3.6-4) 4.1 (3.5-4.8) 4 (3.6-5.3) 

Ferritin, ng/ml 62 (24-76) 82 (36-124) 129 (54-139) 

CAP score, dB/m 208 (175-244) 324 (300-394) 356 (332-391) 

LSM, kPa 4.4 (4.1-6.3) 5.4 (4.5-6.4) 18.2 (11-22.2) 

Diabetes characteristics 

 Median (IQR) Median (IQR) Median (IQR) 

Fasting glucose, 

mmol/l 

4.4 (4.3-8.4) 6.7 (5.2-9.2) 5.9 (5.1-8.1) 

HbA1c, mmol/mol 57 (55-61) 59 (49-68) 67 (44-74) 

Homa index 3.7 (0.5-3.8) 3.3 (2.1-8.4) 2.3 (0.4-8.8) 
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5.3.1.2 MDCK cultivation and maintenance of a monolayer 

 TEER values were determined for all MDCK monolayers to ensure the cells had formed a 

monolayer. Following at least 48 hours in culture, TEER values were typically in the range of 250-

300 Ωcm2 when confluence was reached. The successful cultivation of the monolayer, from seeding 

to confluence, is shown in Figure 5.1.   

 

Figure 5.1. TEER values during the formation of the monolayer of MDCK cell line. Each point (expressed 
as Ωcm2) represents the median value of triplicate readings for each well at determinate time point. 
Abbreviations: TEER: transepithelial electric resistance, MDCK: Madin-Darby canine kidney cell. 

 

5.3.1.3 Effect of faecal water on MDCK monolayers 

 The effect that FW, PBS (negative control) and E. faecalis (positive control) exerted on MDCK 

monolayers was monitored at 5, 30, 90, 120 mins and 24 hours from incubation (time zero). Overall, 

the samples from patients with NAFLD and elevated LSM caused the greatest change in the TEER 

compared to those with normal liver. Specifically, when comparing monolayers incubated with 

samples from patients with NAFLD and elevated LSM vs samples from those with normal liver, TEER 

was 185 vs 258 Ωcm2 (p=0.04) at five minutes, 132 vs 247 Ωcm2 (p=0.032) at 30 mins, 172 vs 250 

Ωcm2 (p=0.037) at 90 mins, 175 vs 245 Ωcm2 (p=0.026) at 120 mins and 164 vs 252 Ωcm2 (p=0.002) 
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at 24 hours (Figure 5.2 and Table 5.2). Furthermore, the TEER across the monolayer of MDCK 

incubated with faecal samples from patients with NAFLD and normal LSM, was significantly lower 

compared to those incubated with faecal water from those with normal liver at 24 hours (162 vs 252 

Ωcm2, p=0.03) (Figure 5.2 and Table 5.2). 

 To explore whether bacterial proteases were associated with the decrease in the monolayer 

resistance, a commercial cocktail of bacterial protease inhibitors was added to FW (inhibited FW), 

and the TEER experiments were replicated under the same conditions. Of note, inhibited FW caused 

a significant lower decrease in TEER compared to uninhibited FW in those with NAFLD and normal 

LSM, and in those with NAFLD and elevated LSM. Interestingly, there was no significant change in 

TEER when using inhibited or uninhibited FW from patients with normal liver (Figure 5.3 and Table 

5.3). 
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Figure 5.2. Effect of uninhibited faecal water, positive and negative controls on TEER of MDCK 
monolayers. The box plot illustrates median values of triplicate measurements of TEER and corresponding 
95%CI and difference between study groups: normal liver (n=5), NAFLD with normal LSM (n=3) and NAFLD 
with elevated LSM (n=4). 
Abbreviations: 95%CI: 95% confidence interval, TEER: trans-epithelium electric resistance. 
 

 PBS  

(N=4) 

 

NORMAL 

LIVER 

(N=5) 

NAFLD WITH 

NORMAL 

LSM 

(N=3) 

NAFLD WITH 

ELEVATED 

LSM 

(N=4) 

E. FAECALIS 

(N=4) 

 Median (IQR) 

TEER 5 MIN (ΩCM2) 296 

(167-327) 

258 

(210-273) 

191 

(185-203) 

185 

(181-189) 

209 

(186-238) 

TEER 30 MIN (ΩCM2) 240  

(222-255) 

247 

(215-255) 

135 

(130-145) 

132 

(128-137) 

167 

(160-179) 

TEER 90 MIN (ΩCM2) 238 

(225-254) 

250 

(216-261) 

174 

(166-191) 

172 

(155-189) 

195 

(172-214) 

TEER 120 MIN (ΩCM2) 243 

(232-253) 

245 

(215-263) 

183 

(176-197) 

175  

(158-190) 

193 

(172-213) 

TEER 24 HOURS 

(ΩCM2) 

251 

(232-273) 

252 

(209-258) 

161 

(159-165) 

164 

(152-178) 

174 

(155-195) 

 
Table 5.2. Effect of uninhibited faecal water, positive and negative controls on TEER of MDCK 
monolayers. The experiments for each FW were repeated in triplicates, i.e. incubating three adjacent wells 
with the same FW. Moreover, in each well, TEER was measured in triplicates at all time points. The table 
shows median values of TEER and correspondent IQR. 
Abbreviations: PBS: Phosphate buffer saline, LSM: liver stiffness measurement, IQR: interquartile range, 
NAFLD: non-alcoholic fatty liver disease, TEER: trans-epithelium electric resistance. 
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Figure 5.3. Effect of uninhibited and inhibited faecal water on TEER of MDCK monolayer. The box plot 
illustrates median values of triplicate measurements of TEER and corresponding 95%CI among study groups: 
normal liver (n=5), NAFLD with normal LSM (n=3) and NAFLD with elevated LSM (n=4). TEER measurement 
in presence of uninhibited faecal water are represented in black, while TEER measurement in presence of 
inhibited faecal water are represented in red. 
Abbreviations: 95%CI: 95% confidence interval, TEER: trans-epithelium electric resistance, T2DM: type-2 
diabetes, NAFLD: non-alcoholic fatty liver disease. 
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NORMAL LIVER 

(N=5) 

 NAFLD WITH NORMAL 

LSM 

(N=3) 

 NAFLD WITH ELEVATED 

LSM 

(N=4) 

 

Median (IQR) 

 Uninhibited  

FW 

Inhibited 

FW 

p-value Uninhibited  

FW 

Inhibited 

FW 

p-value Uninhibited  

FW 

Inhibited 

FW 

p-value 

TEER 5 MIN 

(ΩCM2) 

258 

(210-273) 

278 

(264-281) 

0.65 191 

(185-203) 

277 

(255-290) 

0.12 185 

(181-189) 

277 

(255-290) 

0.007 

TEER 30 MIN 

(ΩCM2) 

247 

(215-255) 

270 

(269-275) 

0.15 135 

(130-145) 

276 

(274-279) 

0.006 132 

(128-137) 

244 

(242-244) 

0.017 

TEER 120 

MIN (ΩCM2) 

245 

(215-263) 

272 

(270-276) 

0.22 183 

(176-197) 

285 

(284-287) 

0.007 175  

(158-190) 

232 

(230-236) 

0.002 

TEER 24 

HOURS 

(ΩCM2) 

252 

(209-258) 

270 

(269-273) 

0.35 161 

(159-165) 

248 

(231-251) 

0.005 164 

(152-178) 

248 

(231-251) 

0.001 

 

Table 5.3. Differences in the effect of uninhibited and inhibited faecal water on TEER of MDCK cell line. 
The table shows median values of triplicate measurements of TEER and corresponding IQR. * p-value 
differences in TEER between uninhibited and inhibited faecal water. 
Abbreviations: FW: faecal water, IQR: interquartile range, TEER: trans-epithelium electric resistance, NAFLD: 
non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 

 

5.3.1.4 Analysis of TEER against clinical features 

 An overall median TEER was calculated for each well as the median of the TEER 

measurements from 5 minutes to 24 hours. With regards to the association between TEER and 

clinical features, clinical data and metabolic profile were matched with the samples used for the in-

vitro model. There was a strong, inverse linear relationship between the overall TEER and BMI (Rho= 

-0.78, p=0.01 and R2=0.43, p=0.029) and between overall TEER and waist circumference (Rho= -

0.69, p=0.026 and R2=0.51, p=0.019) (Figure 5.4A and 5.4B). Moreover, there was a strong, inverse 

linear relationship between overall TEER and AST (Rho= -0.65, p=0.03 and R2=0.402, p=0.036) and 
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between overall TEER and LSM (Rho= -0.88, p=0.0001 and R2=0.55, p=0.009) (Figure 5.4C and 

5.4D). Nevertheless, there was no relationship between overall TEER and HbA1c (p=0.069), 

between TEER and HOMA index (p=0.88) or between TEER and ALT (p=0.07).  

 In terms of faecal metabolites, TEER showed a strong, negative association with valerate 

levels (Rho= -0.65, p=0.029). Specifically, faecal valerate was significantly lower in NAFLD with 

elevated LSM vs normal liver (0.28 vs 0.47, p=0.007) (Figure 5.5). 
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Figure 5.4. Correlation between overall TEER and clinical features of the study patients. The scatter dot 
plots illustrate single dots corresponding to single cases of patients whose FW was used for the TEER 
measurements (n=12). Figure 5.4A) illustrates the correlation between overall TEER and BMI. Figure 5.4B) 
illustrates the correlation between overall TEER and waist circumference. Figure 5.4C) illustrates the 
correlation between overall TEER and AST. Figure 5.4D) illustrates the correlation between overall TEER and 
LSM. 
Abbreviations: 95%CI: 95% confidence interval, TEER: trans-epithelium electric resistance. AST: aspartate 
aminotransferase, LSM: liver stiffness measurement. 
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Figure 5.5. Association between overall TEER and faecal valerate. Figure 5.5A) The scatter dot plot 
illustrates single cases of patients whose FW was used for the TEER measurements (n=12) and correlation 
with valerate. Figure 5.5B) this box plot illustrates median values and corresponding 95%CI for valerate among 
samples used for TEER experiment. 
Abbreviations: 95%CI: 95% confidence interval, TEER: trans-epithelium electric resistance. NAFLD: non-
alcoholic fatty liver disease, LSM: liver stiffness measurement. 
 

5.3.2 Assessment of ex-vivo protease activity 

5.3.2.1 Patient samples 

 For this experiment, FW water was obtained from the stool samples of 24 patients enrolled 

in the study. Specifically, 8 patients had normal liver, 7 patients NAFLD and normal LSM and 9 

patients NAFLD and elevated LSM. Of note, 12 out of the 24 samples used for this experiment, were 

the same samples used for the in-vitro gut-permeability model. The protease activity within the FW 

was measured with (inhibited FW) and without (uninhibited FW) the addition of a commercial cocktail 

of bacterial proteases inhibitor. 

 

5.3.2.2 Assessment of protease activity 

 Overall, the protease concentration in the uninhibited FW tended to increase from normal 

liver to NAFLD and elevated LSM, although the difference was not statistically significant (Figure 

5.6A). Similarly, when the protease concentration was measured in inhibited FW, the difference 

across the groups was not statistically significant (Figure 5.6B). Finally, delta protease concentration 

was calculated as (protease concentration in uninhibited FW – protease concentration in inhibited 
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FW) / protease concentration in uninhibited FW) *100 and expressed as percentage. There was no 

difference in terms of delta protease concentration across the groups (Figure 5.6C).  

 

Figure 5.6. Assessment of protease concentration in uninhibited and inhibited FW. The scatter dot plot 
illustrates single dots corresponding to single cases of protease concentration and median with 95%CI. Figure 
5.6A) illustrates the protease concentration in uninhibited FW. Figure 5.6B) illustrates the protease 
concentration in inhibited FW. Figure 5.6C) illustrates the delta protease concentration between uninhibited 
and inhibited FW. Differences are shown among study groups: normal liver (n=8), NAFLD with normal LSM 
(n=7) and NAFLD with elevated LSM (n=9). 
Abbreviations: FW: faecal water, 95%CI: 95% confidence interval, TEER: trans-epithelium electric resistance, 
NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement. 
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5.3.3 Fatty acid binding protein 2 

5.3.3.1 Patients samples 

 A total of 49 serum samples were analysed for FABP-2. Specifically, 17 (34%) patients had 

normal liver, 22 (45%) patients had NAFLD and normal LSM, while 10 (20%) patients NAFLD and 

elevated LSM. Fifteen serum samples from healthy controls were also included as a comparator for 

the analysis.  

 

5.3.3.2 Serum levels of FABP-2 

 Median serum concentration for FABP-2 was 2662.8 (1342.2-3595.3) pg/ml in those with 

normal liver, 1608.5 (992.4-2782.7) pg/ml in those with NAFLD and normal LSM, 3112.2 (1987.5-

3900.3) pg/ml in those with NAFLD and elevated LSM. Overall, there was no difference in terms of 

levels of serum FABP-2 across study groups (Figure 5.7). There was also no difference against 

healthy controls. Moreover, there was no direct association between FABP and metabolic factors, 

such as BMI (p=0.9), waist circumference (p=0.87), HOMA index (p=0.72) and HbA1c (p=0.65). 

 When patients were matched for metabolic factors, FABP-2 levels were not significantly 

different between significant liver disease due to NAFLD vs those with normal liver (p=0.33). 

Moreover, when patients were matched for metabolic factors and LSM, there was no difference in 

terms of FABP-2 levels between NAFLD vs normal liver (p=0.059).  
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Figure 5.7. Fatty acid binding protein-2 measurement in serum samples and difference between study 
groups. The box plot illustrates median values of FABP-2 in serum samples and corresponding 95%CI. 
Differences are shown among study groups: normal liver (n=17), NAFLD with normal LSM (n=22) and NAFLD 
with elevated LSM (n=10). 
Abbreviations: 95%CI: 95% confidence interval, NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness 
measurement, FAPB-2: fatty acid binding protein-2. 
 

5.3.4 Faecal cytokines 

5.3.4.1 Patient samples 

 A total of 76 FW samples were tested for faecal cytokines using the V-plex proinflammatory 

panel 1. Specifically, 18 (23%) patients had normal liver, 38 (50%) patients had NAFLD and normal 

LSM, while 20 (26%) patients NAFLD and elevated LSM.  

 

5.3.4.2 Levels of faecal cytokines 

 Overall, those with NAFLD and elevated LSM showed significantly lower levels of faecal IFN-

γ compared to those with normal liver (0.45 vs 0.79 pg/ml, p=0.02) and compared to normal liver 

(0.45 vs 0.79 pg/ml, p=0.01) (Figure 5.8). However, there was no difference in terms of levels of 

faecal IL-1β, IL-2, IL-4, IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-13, and TNF-α across study groups 

(Figure 5.9 and Figure 5.10). Median values of faecal cytokines are displayed in Table 5.4. Results 

were normalised per protein content of each FW sample.  
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Figure 5.8. Levels of IFN-γ in FW samples and comparison between study groups. The scatter plot graph 
illustrates single values of faecal IFN-γ and differences across study groups: normal liver (n=18), NAFLD with 
normal LSM (n=38) and NAFLD with elevated LSM (n=20). 
Abbreviations: FW: faecal water, NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 
IFN-γ: interferon-gamma. 
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Figure 5.9. Levels of IL-1β, IL-2, IL-4 and IL-6 in FW samples and comparison between study groups. 
The scatter plot graph illustrates single values of faecal IL-1β, IL-2, IL-4 and IL-6 and differences across study 
groups: normal liver (n=18), NAFLD with normal LSM (n=38) and NAFLD with elevated LSM (n=20). 

Abbreviations: FW: faecal water, NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 
IL-1β: interleukin-1 beta, IL-2: interleukin-2, IL-4: interleukin-4, IL-6: interleukin-6. 
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Figure 5.10. Levels of IL-8, IL-10, IL-12p70 and TNF-α in FW samples and comparison between study 
groups. The scatter plot graph illustrates single values of faecal IL-8, IL-10, IL-12p70 and TNF-α and 
differences across study groups: normal liver (n=18), NAFLD with normal LSM (n=38) and NAFLD with 
elevated LSM (n=20). 
Abbreviations: FW: faecal water, NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, 
IL-8: interleukin-8, IL-10: interleukin-10, IL-12p70: interleukin-12p70, TNFα: tumour necrosis factor alpha. 
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 Normal liver 

(N=18) 

NAFLD,  

normal LSM 

(N=38) 

NAFLD, 

elevated LSM 

(N=20) 

 MEDIAN (IQR) 

IFN-Γ, pg/ml 0.79 (0.64-0.93) 0.87 (0.65-

1.2) 

0.45 (0.3-0.8) 

IL-1β, pg/ml 0.34 (0.12-0.69) 0.23 (0.09-

0.81) 

0.2 (0.09-0.87) 

IL-2, pg/ml 0.18 (0.1-0.29) 0.29 (0.18-

0.39) 

0.22 (0.12-0.35) 

IL-4, pg/ml 0.02 (0.01-0.03) 0.02 (0.01-

0.04) 

0.01 (0.01-0.02) 

IL-6, pg/ml 0.07 (0.04-0.16) 0.1 (0.06-

0.25) 

0.07 (004-0.14) 

IL-8, pg/ml 0.18 (0.1-0.4) 0.19 (0.11-

0.86) 

0.29 (0.11-0.5) 

IL-10, pg/ml 0.08 (0.04-0.14) 0.14 (0.09-

0.23) 

0.1 (0.06-0.21) 

IL-12p70, 

pg/ml 

0.09 (0.05-0.17) 0.13 (0.09-

0.23) 

0.06 (0.04-0.15) 

IL-13, pg/ml 0.36 (0.25-0.54) 0.5 (0.32-

0.66) 

0.36 (0.24-0.44) 

TNF-α, pg/ml 0.08 (0.04-0.12) 0.11 (0.06-

0.16) 

0.07 (0.04-0.13) 

 

Table 5.4 Concentrations of faecal cytokines in the study groups. This table shows median values and 
related IQR of faecal cytokines in the study groups. 
Abbreviations: IQR: interquartile range, IFN-γ: interferon gamma, IL-1β: interleukin-1beta, IL-2: interleukin-2, 
IL-interleukin, IL-4: interleukin-4, IL-6: interleukin-6, IL-8: interleukin-8, IL-10:interleukin-10, IL-12p70: 
interleukin-12p70, IL-13: interleukin-13, TNF-α: tumour necrosis factor alpha. 
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5.4 Discussion 

5.4.1 Gut permeability is increased and associated with liver disease severity in 

diabetic patients with NAFLD 

 A certain degree of increased gut permeability has been previously demonstrated in the small 

intestine of patients with NAFLD (De Munck et al., 2020). According to a recent metanalysis, those 

with NAFLD have an increased risk of leaky gut compared to healthy controls. Also, those with NASH 

have a greater risk of leaky gut compared to those with simple steatosis (Luther et al., 2015). Of 

note, the majority of the studies now available in the field have been carried out with experiments in 

vivo (De Munck et al., 2020), using either the lactulose:mannitol test or the measurement of serum 

zonulin levels, showing an improvement in gut permeability after FMT (Craven et al., 2020). It has 

not been elucidated whether or not gut permeability may be worsening with liver disease severity, 

as most of the studies have focused on differences between steatosis grades and/or NASH rather 

than fibrosis stage and mainly in paediatric setting (Pacifico et al., 2014, Nobili et al., 2015).  

 In this study, an in-vitro model was set up to replicate the gut barrier based on monolayers 

of MDCK cells. MDCK cells have been extensively used to evaluate epithelial permeability, intestinal 

absorption and to assess active transport of molecules. When compared to Caco-2 cells, MDCK 

demonstrate similar performances as barrier models (Volpe, 2011), although MDCK is not a GI-

derived cell line. Moreover, MDCK cells have the advantage of having faster replication rates, 

reaching confluence in 48-72 hours compared to 1-2 weeks for Caco-2. Here, the integrity of the 

epithelial layer was estimated using TEER, a widely accepted technique for assessing the integrity 

of cell barriers. Monolayers were cultured on Transwell so that the model could mirror the intestinal 

compartmentalisation into an apical and a baso-lateral compartment (Figure 2.3). 

 In this model, TEER was measured at different timepoints to detect changes in permeability 

when faecal samples were added to the apical (luminal) compartment of the model. Interestingly, 

the samples from patients with NAFLD and elevated LSM caused the greatest change in the TEER 

compared to those with normal liver. Of note, the drop in TEER was significant after 5 mins from 

incubation and was observed until 24 hours (Figure 5.2). After 24 hours, TEER was also significantly 

lower in samples with NAFLD and normal LSM compared to normal liver. When TEER was analysed 
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against clinical features, TEER per se had a strong, negative linear relationship with liver fibrosis, 

defined by liver stiffness (Figure 5.4D). Furthermore, TEER had a strong, negative relationship with 

AST values (Figure 5.4C).  

 Collectedly, these findings suggest that patients with liver disease due to NAFLD have 

increased gut permeability. Moreover, the extent of permeability seems to be inversely associated 

with the severity of liver fibrosis, as expressed by liver stiffness. Despite previous works focusing 

mainly on steatosis and NASH, these results show evidence that gut permeability correlates with 

fibrosis, which is the main clinical predictor in these patients (Estes et al., 2018).  

 

5.4.2 Increased gut permeability is associated with visceral obesity, not glycaemic 

control in diabetic patients with NAFLD 

Previous studies suggested that increased gut permeability may be associated with obesity 

and metabolic risk factors. One of the most accepted theories suggests that a leaky gut is both cause 

and consequence of obesity, glycaemic control and hypercholesterolaemia, with subsequent 

bacterial translocation and systemic pro-inflammatory status secondary to LPS (Boulange et al., 

2016, Ding and Lund, 2011). In this study, there was a strong, inverse correlation between TEER 

and BMI (Figure 5.4A) as well as an inverse correlation between TEER and waist circumference 

(Figure 5.4B), suggesting a strong relationship between intestinal permeability and visceral obesity. 

In this sense, it has been previously described that Western diet may be responsible for changes in 

the gut microbiome towards a more efficient intestinal absorption of calories and increased lipid 

deposition, which may influence body weight (Bruel et al., 2011). Moreover, obese adults appear to 

have increased levels of zonulin, which are dependent on insulin resistance and are mediated by 

obesity-related IL-6, a cytokine which modulates the expression of zonulin in TJs (Moreno-Navarrete 

et al., 2012). Moreover, previous evidence suggested a link between gut permeability and host 

glucose levels (Gerard and Vidal, 2019). In this study, the presence and entity of gut permeability 

was not influenced by glycaemic control, as expressed by HbA1c. 
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Altogether, these results suggest a strong association between increased gut permeability 

and visceral adiposity. Interestingly, glycaemic control per se did not emerge as contributing factor 

in this population. 

 

5.4.3 Increased gut permeability may be associated with bacterial proteases in diabetic 

patients with NAFLD 

 Various mediators may influence TJ structure and, therefore, paracellular permeability, such 

as growth factors, cytokines, intestinal bacteria, diet and proteases (Van Spaendonk et al., 2017). 

Specifically, proteases may exert a direct proteolytic effect on TJ proteins. Interestingly, different 

microorganism and/or cellular sub-types, such as bacteria, epithelial cells, inflammatory infiltrates, 

may contribute to the pool of proteases present within the gut. 

 In this in-vitro model of gut permeability, the effect of FW on membrane potential was 

significantly attenuated when inhibitors of bacterial proteases were added to FW from study patients, 

in particularly in those with NAFLD and elevated LSM (Figure 5.3). These results suggested that 

bacterial proteases were - to some extent - responsible of the suppressive effect that FW had on 

TEER. However, when the actual activity of protease was measured in uninhibited and inhibited FW, 

there was no difference across the groups in terms of absolute value and in terms of change (delta 

protease) (Figure 5.6). Of note, when interpreting such results, it should be considered that the 

profile of proteases detected by the protease assay kit does not necessarily overlap with the profile 

of proteases which are inhibited by the commercial cocktail used in this study. For instance, the 

protease assay detects activity from chymotrypsin, elastase, plasminogen, subtilisin, thermolysin 

and trypsin. Nevertheless, the cocktail of protease inhibitors targets a wider range of proteases, 

including aminopeptidase, cysteine and acid-protease. As such, it might be argued that some 

bacterial proteases among those which were not detected by the assay, could still be relevant to the 

model. 

 Taken together, these results suggest that bacterial proteases may play a role in modulating 

the gut permeability in diabetic patients with NAFLD and different disease severity. A more targeted 

approach should be used to identify the main bacterial proteases influencing the model.  
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5.4.4 Increased gut permeability is associated with lower faecal valerate and IFN-γ in 

diabetic patients with NAFLD 

 Overall, intestinal permeability has also been associated with specific faecal metabolites, 

such as glutamine, glycine and tryptophane. SCFA are also known to modulate intestinal 

permeability through a direct effect on TJ (Li and Neu, 2009). Moreover, experimental studies have 

demonstrated that SCFA can modulate regulatory cell expansion and enhance neutrophil 

chemotaxis in mice models (Vinolo et al., 2009, Vinolo et al., 2011).  

 In the whole study population, there was no difference in terms of faecal SCFA as well as in 

terms of metabolites of tryptophane across study groups. However, when the analysis was narrowed 

to the only samples used for the in-vitro model, the levels of valerate were significantly lower in those 

with significant fibrosis due to NAFLD compared to normal liver (Figure 5.5). Interestingly, specific 

changes in gut microbiome, such as lower abundance of Bacteroides and increased Firmicutes spp, 

have been previously associated with disturbances in the SCFA production, with a similar profile 

being observed in this population (paragraph 4.4.6). It might be argued that changes in gut 

microbiome may also contribute to the gut permeability in this model, via disturbances of specific 

SCFA, i.e. valerate. Interestingly, it is known from a previous study that SCFA and valerate in 

particular may modulate inflammation as it is a potent inhibitor of the histone deacetylases, a 

transcriptor factor for pro-inflammatory genes (Yuille et al., 2018).  

 A pro-inflammatory gut environment may also lead to an increased intestinal permeability 

(Fava and Danese, 2011) and susceptibility to invasive pathogens (Thiennimitr et al., 2011). 

However, it is currently unclear whether intestinal inflammation is at the dispensing/receiving or at 

both ends of gut microbiome shifts culminating in increased bacterial translocation (Riva et al., 2020). 

Here, the levels of IFN-γ in the stool samples of patients with significant fibrosis were significantly 

lower compared to those with normal liver (Figure 5.8). Of note, IFN-γ has emerged as a crucial 

modulator of the intestinal homeostasis as it limits the recruitment of inflammatory cells (Beaurepaire 

et al., 2009, Ost and Round, 2017) . Moreover, IFN-γ is known to regulate the MLC and therefore 

may enhance the paracellular permeability to molecules up to 10 kDa (Watson et al., 2005). As such, 

altered levels of IFN-γ may results in further accentuation in the increased gut permeability in diabetic 
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patients with liver disease from NAFLD. Finally, in this study, FABP-2 levels did not differ among 

groups, suggesting the presence of an intact intestinal epithelium in the study groups (Figure 5.7). 

Nevertheless, compared to other studies, the patients from the current study might have milder liver 

disease to be able to detect changes in serum FABP-2 (Graupera et al., 2017). 

Collectedly, these findings suggest that increased gut permeability is associated with lower 

levels of valerate, which may be driven by specific changes in gut microbiome. Moreover, patients 

with significant fibrosis due to NAFLD show lower intestinal IFN-γ levels, which may potentially 

contribute to impair the intestinal barrier even further. 

 

5.5 Strengths and limitations 

 This part of the project has several strengths. Firstly, the in-vitro model presented here is 

based on an established assessment to study epithelial permeability. Secondly, this project provides 

a comprehensive analysis of many factors which could be potentially associated with gut 

permeability, such as bacterial proteases activity, faecal metabolites and SCFA, intestinal 

intraluminal inflammation and integrity of the intestinal epithelium.  

This study has also several limitations. Firstly, TEER is designed to measure the flow of small 

ions and water, as such it is suitable for the assessment of TJ but not the passage of 

macromolecules. Secondly, it should be noted that cell monolayers represent an established, yet 

simplistic model of the GI tract, as they do not include other important structures, such as Goblet 

cells, Paneth or neuroendocrine cells. Thirdly, ex-vivo LPS and zonulin levels were not measured in 

this study, due to reduced availability of samples.  

 

5.6 Future work 

 Future work should focus on further characterising the determinants of this in-vitro model. 

Specifically, monolayers of MDCK could be stained for specific TJ proteins, such as zonulin, so that 

the actual differences in their expression could be assessed when exposed to FW from patients of 

different study groups. Moreover, repeating the experiments with TEER targeting specific bacterial 

protease may provide further insight. Further research should also investigate gut permeability in-
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vivo in patients with NAFLD and different disease severity with regards to fibrosis and matched with 

gut microbiome and metabolic profiling. 

 

5.7 Conclusions 

 The results from this in-vitro model of gut barrier suggest that diabetic patients with significant 

fibrosis duet NAFLD have an increased gut permeability. Moreover, the degree of permeability 

mirrors the severity of liver disease, as defined by liver stiffness. An increased gut permeability in 

these patients may result from a combination of factors, such as the effect of specific bacterial 

proteases as well as altered level of specific SCFA and intestinal inflammation. 
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6. SYSTEMIC INFLAMMATORY STATUS IN DIABETIC PATIENTS WITH NAFLD 

 

6.1 Introduction  

 The term “metabolic inflammation” (or meta-inflammation) identifies the activation of pro-

inflammatory signalling pathways and cytokine production in metabolic tissue, i.e. adipose tissue, in 

presence of IR and obesity. The gut-liver axis is one of the main contributors to the meta-

inflammation in NAFLD. Not only a gut dysbiosis is associated with intestinal inflammation, but also 

with systemic inflammatory response via the translocation of bacterial products (Grabherr et al., 

2019). A large number of gut metabolites have been proved to elicit a chronic inflammatory status, 

including ethanol production, changes in SCFA, secondary bile acids, BCAA and PAMPs (Zmora et 

al., 2017).  

 Adipose tissue also plays an important role in the development of IR and NAFLD. The rapid 

expansion of the adipose tissue leads to adipocyte cell death, which results into further production 

of inflammatory cytokines and activation of ATMs. In addition to an increase in the numbers of ATM, 

obesity is also associated with a change in their phenotype towards a pro-inflammatory M1 state 

(Lumeng et al., 2008). Moreover, it has been shown that the severity of ATM correlated with the 

degree of hepatic steatosis, inflammation and fibrosis in the liver (Kolak et al., 2007, Tordjman et al., 

2009). Interestingly, adipose tissue may also contribute to an increased gut permeability directly, 

producing TNF-α, IL-1β and IL-6 and perpetuating bacterial translocation. 

 Hepatic inflammation results from the complex interaction of different cells populations (Luci 

et al., 2020, Cai et al., 2019). Briefly, the hepatocytes and the Kupffer cells interact with portal and 

systemic metabolites and initiate a cascade of inflammatory events and metabolic dysfunction, 

whereby the liver transitions from an immune-tolerant to an immune-active state (Cai et al., 2019, 

Hammoutene and Rautou, 2019). Overall, an altered balance between pro-inflammatory and anti-

inflammatory macrophages seems to play a crucial role in the development and progression of 

NAFLD (Wan et al., 2014). In this sense, bacterial products, toxic lipids and adipokines may shift the 
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balance towards a pro-inflammatory polarization and the recruitment of further immune cells, which 

is the hallmark characteristic of NASH and fibrogenesis (Krawczyk et al., 2018).  

 To conclude, NAFLD is characterised by a systemic low-grade inflammatory status which 

translates into disease progression. Both the gut and the adipose tissue contribute to the 

maintenance of such pro-inflammatory status, and therefore to liver injury. However, the complex 

interplay between gut, adipose tissue and liver has not been fully elucidated. 

 

Therefore, the main objectives of this part of the project were 

1. To analyse the inflammatory status of diabetic patients screened for NAFLD 

2. To explore the clinical and metabolic factors associated with the inflammatory status in diabetic 

patients screened for NAFLD 

 

6.2 Materials and methods 

6.2.1 Biological samples 

 Serum samples were collected, processed and stored as per the Hepatology and 

Gastroenterology divisional standard operating procedure.  

 

6.2.2 Measurement of serum cytokines and PAI-1 level 

 The serum levels of IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-13, and 

TNF-α were measured using the V-plex Proinflammatory Panel 1 (MSD), which is essentially a 

sandwich immunoassay. The serum level of PAI-1 was measured using a Human Serpin E1/PAI-1 

Quantikine ELISA Assay (R&D systems, USA) Kit, which is essentially a sandwich ELISA.  

 

6.2.3 Statistical analysis and regulatory approval 

The distribution of variables was explored using the Shapiro‐Wilk test. Continuous variables 

were reported as medians and IQR, while categorical variables were expressed as relative 
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frequencies and percentages. Univariate analysis was carried out using Mann-Whitney for 

continuous, and chi‐square test for categorical variables respectively. Kruskal-Wallis or ANOVA with 

post-hoc corrections was used for comparison between multiple groups. Spearman correlation and 

logistic regression carried out to explore the relationship between variables. All tests were two‐sided 

and a P value 0.05 was considered significant. Statistical analysis was performed by GraphPad 

Prism (version 9.1) and SPSS (version 24.0; SPSS Inc Chicago, IL). 

   

 

6.3 Results 

 

6.3.1 Serum cytokines 

6.3.1.1 Patient samples 

 A total of 139 serum samples were tested for cytokines level using the V-plex 

proinflammatory panel 1. Specifically, 42 (30%) patients had normal liver, 57 (41%) patients NAFLD 

and normal LSM, while 40 (28%) patients NAFLD and elevated LSM.  

 

6.3.1.2 Measurement of cytokines in serum samples 

 Overall, those with NAFLD and elevated LSM showed significantly higher levels of serum 

IFN-γ compared to those with NAFLD and normal LSM (7.09 vs 3.5 pg/ml, p=0.02) and compared 

to normal liver (7.09 vs 4.2 pg/m, p=0.003) (Figure 6.1). Moreover, patients with significant fibrosis 

showed significantly higher serum levels of IL-2 (p=0.02), IL-4 (p=0.04) and IL-6 (1.6 vs 0.77 pg/ml, 

p<0.0001) (Figure 6.1). Similarly, serum levels of IL-8 (18.7 vs 14.7 pg/ml, p=0.0001), IL-10 (0.07 

vs 0.0 pg/ml, p=0.001) and TNF-α (0.4 vs 0.9 pg/ml, p=0.004) were also significantly higher in those 

with NAFLD and elevated LSM compared to normal liver (Figure 6.2). However, there was no 

difference in terms of levels of serum IL-1β, IL-12p70 and IL-13 across study groups. Median values 

of serum cytokines are displayed in Table 6.1.  
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 When patients were matched for metabolic factors (i.e HbA1c, HOMA index, BMI), only IFN-

γ (p=0.04), IL-6 (p=0.009), IL-8 (p=0.009) and TNF-α (p=0.05) were still significantly higher in those 

with significant liver disease due to NAFLD compared to those with normal liver. Overall, IL-2 and 

IL-4 correlated with HOMA index (Rho=0.21, p=0.013 and Rho=0.23, p=0.003), while IL-10 was 

associated with waist circumference (Rho=0.26, p=0.002), BMI (Rho=0.21, p=0.012) and HOMA 

index (Rho=0.22, p<0.0001). In terms of LFTs, IL-6 and TNF-alpha correlated with AST (Rho=0.24, 

p=0.004 and Rho=0.22, p=0.009) but not ALT. 

 On multivariate analysis, only IL-6 was able to predict the presence of significant (LSM≥8.1 

kPa) and advanced (LSM≥12.1 kPa) fibrosis with crude OR 1.97 (95%CI 1.24-3.14, p=0.04) and OR 

1.86 (95%CI 1.18-2.94, p=0.007) respectively (Table 6.2).  
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Figure 6.1. Levels of IFN-γ, IL-2, IL-4 and IL-6 in serum samples and comparison between study groups. 
The scatter plot graph illustrates single values of serum IFN-γ, IL-2, IL-4 and IL-6 and differences among study 
groups: normal liver (n=42), NAFLD with normal LSM (n=57) and NAFLD with elevated LSM (n=401). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, IFN-γ: interferon 
gamma, IL-2: interleukin-2, IL-4: interleukin-4, IL-6: interleukin-6. 

 



201 
 

norm
al

 li
ve

r

N
A
FLD

, n
orm

al
 L

S
M

N
A
FLD

, e
le

va
te

d L
S
M

0

50

100

150

200

250
IL

-8
 (

p
g

/m
l)

ns

✱✱

✱✱

norm
al

 li
ve

r

N
A
FLD

, n
orm

al
 L

S
M

N
A
FLD

, e
le

va
te

d L
S
M

0.0

0.5

1.0

1.5

2.0

2.5

IL
-1

0
 (

p
g

/m
l)

ns

✱✱✱

✱✱✱

norm
al

 li
ve

r

N
A
FLD

, n
orm

al
 L

S
M

N
A
FLD

, e
le

va
te

d L
S
M

0

1

2

3

4

5

T
N

F
-a

lp
h

a
 (

p
g

/m
l)

ns

✱✱

✱✱

 

Figure 6.2. Levels of IL-8, IL-10 and TNF-α in serum samples and comparison between study groups. 
The scatter plot graph illustrates single values of faecal IL-8, IL-10 and TNF-α: normal liver (n=42), NAFLD 
with normal LSM (n=57) and NAFLD with elevated LSM (n=401). 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, IL-8: interleukin-8, 
IL-10: interleukin-10, TNFα-tumour necrosis factor-alpha. 
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 Normal liver 

(N=42) 

NAFLD,  

normal LSM 

(N=57) 

NAFLD, 

elevated LSM 

(N=40) 

 MEDIAN (IQR) 

IFN-Γ, pg/ml 4.2 (1.5-6.2) 3.5 (1.5-5.9) 7.09 (2.9-10.8) 

IL-1β, pg/ml 0.05 (0.05-

0.05) 

0.05 (0.05-

0.05) 

0.05 (0.05-0.05) 

IL-2, pg/ml 0.09 (0.09-

0.09) 

0.09 (0.09-

0.09) 

0.09 (0.09-0.09) 

IL-4, pg/ml 0.02 (0.02-

0.02) 

0.02 (0.02-

0.02) 

0.02 (0.02-0.02) 

IL-6, pg/ml 0.7 (0.3-1.6) 0.9 (0.6-1.5) 1.6 (1.1-2.3) 

IL-8, pg/ml 14.7 (10.2-

17.4) 

16.5 (12.4-

24.3) 

18.7 (12.2-32.9) 

IL-10, pg/ml 0.04 (0.04-

0.06) 

0.04 (0.04-

0.07) 

0.07 (0.04-0.2) 

IL-12p70, pg/ml 0.11 (0.11-

0.11) 

0.11 (0.11-

0.11) 

0.11 (0.11-0.11) 

IL-13, pg/ml 0.24 (0.24-

0.24) 

0.24 (0.24-

0.24) 

0.24 (0.24-0.24) 

TNF-α, pg/ml 0.4 (0.32-

0.78) 

0.61 (0.45-

0.84) 

0.9 (0.67-1.2) 

 

Table 6.1 Concentrations of serum cytokines. This table shows median values and related IQR of levels of 
serum cytokines in the study groups. 
Abbreviations: IQR: interquartile range, IFN-γ: interferon gamma, IL-1β: interleukin-1beta, IL-2: interleukin-2, 
IL-4: interleukin-4, IL-6: interleukin-6, IL-8: interleukin-8, IL-10:interleukin-10, IL-12p70: interleukin-12p70, IL-
13: interleukin-13, TNF-α: tumor necrosis factor alpha. 
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MULTIVARIATE ANALYSIS 

 LSM≥8.1 kPa LSM≥12.1 kPa 

 OR (95%CI) p-value OR (95%CI) p-value 

IFN-Γ, pg/ml 0.98 (1-0.96) NS 1.007 (0.97-

1.04) 

NS 

IL-6, pg/ml 1.97 (1.24-

3.14) 

0.04 1.86 (1.18-2.93) 0.007 

IL-10, pg/ml 8.9 (0.8-32.8) NS 1.31 (0.35-4.7) NS 

TNF-α, pg/ml 1.2 (0.8-1.89) NS 1-12 (0.65-1.92) NS 

 
Table 6.2 Multivariate analysis showing serum cytokines associated with significant or advanced 
fibrosis. This table shows OR for multivariate analysis to predict the presence of significant (LSM≥8.1 kPa) 
and advanced (LSM≥12.1 kPa) fibrosis in the diabetic population (n=139). 
Abbreviations: OR: odds ratio, LSM: liver stiffness measurement, IFN-γ: interferon gamma, IL-6: interleukin-6, 
IL-10: interleukin-10, TNF-α: tumour necrosis factor alpha.  

 

 

6.3.1.3 Systemic inflammatory status and metabolic profile 

 Serum metabolites and cytokines from the same study samples were matched and analysed. 

Overall, TNF-α was positively associated with glutamate/glutamine (Rho=0.14, p=0.04), mainly 

driven by association with glutamate (Rho= 0.21, p=0.01) rather than glutamine (Rho= -0.15, p=0.07) 

(Figure 6.3). Of note, IL-6 (Rho= -0.27, p=0.001) and TNF-α (Rho= -0.21, p=0.014) were inversely 

associated with serum lysine levels (Figure 6.4). 
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Figure 6.3. Association between serum TNF-α and glutaminolysis. This scatter dot graph illustrates values 
for single samples. Figure 6.3A) illustrates TNF-α vs glutamate to glutamine ratio, while Figure 6.3B) illustrates 
TNF-α vs glutamate.  
Abbreviations: TNF-α: tumour necrosis factor-alpha. 

 

 

Figure 6.4. Association between serum cytokines and lysine. This scatter dot graph illustrates values for 
single samples. Figure 6.4A) illustrates TNF-α vs lysine, while Figure 6.4B) illustrates IL-6 vs lysine.  
Abbreviations: TNF-α: tumour necrosis factor-alpha, IL-6: interleukin-6. 

 

6.3.2 Plasminogen activator inhibitor-1 

6.3.2.1 Patient samples 

 A total of 92 serum samples were tested for PAI-1. Specifically, 30 (32%) patients were 

diagnosed with normal liver, 33 (36%) patients with NAFLD and normal LSM, while 33 (36%) patients 

with NAFLD and elevated LSM. Fifteen serum samples from healthy controls were also included as 

a comparator for the analysis.  
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6.3.2.2 Measurement of PAI-1 in serum samples 

 Median serum concentration for PAI-1 was 6.4 (2.7-12.8) ng/ml in those with normal liver, 

9.5 (2.5-14.3) ng/ml in those with NAFLD and normal LSM, 8.2 (1.2-13.7) ng/ml in those with NAFLD 

and elevated LSM. Overall, there was no difference in terms of levels of serum PAI-1 across study 

groups (Figure 6.5). However, healthy controls showed significantly higher PAI-1 levels compared 

to all study groups.  

 When patients were matched for metabolic factors, PAI-1 levels were not significantly 

different between those with significant liver disease due to NAFLD vs those with normal liver 

(p=0.81). Moreover, when patients were matched for metabolic factors and LSM, there was no 

difference in terms of PAI-1 levels between NAFLD vs normal liver (p=0.18). In terms of other clinical 

features, PAI per se only correlated with CAP score (Rho=0.27, p=0.022), HOMA index (Rho=0.36, 

p=0.002) and HbA1c (Rho=0.023, p=0.05). 
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Figure 6.5. Plasminogen activator inhibitor-1 measurement in serum samples and difference between 
study groups. The box plot illustrates median values of PAI-1 in serum samples and corresponding 95%CI 
with differences among study groups: normal liver (n=30), NAFLD with normal LSM (n=33) and NAFLD with 
elevated LSM (n=33). 
Abbreviations: 95%CI: 95% confidence interval, NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness 
measurement, PAI-1: plasminogen activator inhibitor-1 
 
 

6.4 Discussion 

 

6.4.1 Serum cytokine profile suggests an underlying macrophages activation in 

diabetic patients with NAFLD and liver fibrosis  

 In a status of normal BMI, the ATM are located throughout the adipose tissue and show 

predominant M2-like phenotype (Lumeng et al., 2008). Conversely, models of diet-induced obesity 

demonstrated that fat remodelling is associated with changes towards the M1 phenotype activation 

and proliferation (Lumeng et al., 2008). In humans, visceral adipose tissue has been shown to be 

enriched by clusters of macrophages producing IL-6 and TNF-alpha. In obese patients with NAFLD, 

crown-like structures of macrophages from the subcutaneous adipose tissue correlated with liver 
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fibrosis scores (Tordjman et al., 2009). Moreover, portal inflammation, a hepatic histological feature 

previously associated with disease progression in human patients, is mainly constituted of 

macrophages (Wan et al., 2014). Interestingly, sCD163, a marker of liver macrophages activation, 

was increased proportionally with severity of liver disease and improved along with metabolic profile 

in patients undergoing bariatric procedures and weight loss (Kazankov et al., 2015). 

 In this study, patients with significant fibrosis due to NAFLD showed a cytokine profile 

suggestive of a M1 macrophage activation, with higher IFN-γ, TNF-α, IL-4, IL-6 and IL-8. 

Furthermore, the inflammatory status was associated with specific metabolites in the serum. 

Specifically, TNF-α correlated with increased glutamate to glutamine ratio, while TNF-α and IL-6 had 

an inverse relationship with serum lysine. In terms of glutaminolysis, a combination of metabolic risk 

factors as well as an increased macrophage activation may be driving the increase glutamate to 

glutamine ratio in those with significant fibrosis, although this does not necessarily reflect an 

increased hepatic fibrosis. Interestingly, both TNF-α and IL-6 were associated with lower levels of 

serum lysine, which has previously been identified as the only metabolite associated with fibrosis in 

this population, independently of metabolic risk factors. 

 As metabolic syndrome per se carries a certain degree of low-grade chronic inflammation, it 

is difficult to disentangle the independent association between liver fibrosis due to NAFLD and the 

inflammatory status. As an attempt to overcome this issue, patients were matched for metabolic risk 

factors so that a specific cytokine profile associated with liver fibrosis could be identified. In this sub-

analysis, only IFN-γ, IL-6, IL-10 and TNF-α remained still significantly enhanced in those with 

significant liver disease due to NAFLD. Of note, TNF-α has been shown to increase gut permeability, 

via a disturbance of TJs which may increase bacterial products translocation and therefore 

perpetuate the inflammatory crosstalk between gut and the liver (Wigg et al., 2001). 

 Collectedly, these results suggest that patients with more severe liver disease have an overall 

M1 macrophage activation. Not only such inflammatory milieu may influence metabolic status but 

may also sustain a dysfunctional gut-liver crosstalk via modulating the gut permeability. 
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6.4.2 Levels of serum IL-6 are strongly associated with liver fibrosis in diabetic 

patients with NAFLD 

 IL-6 plays a crucial role in modulating the relationship between adipose tissue and the liver. 

Of note, IL-6 represents the major inducer of the hepatic acute phase proteins in the liver. It also 

plays a crucial role in liver regeneration. Previous studies demonstrated that both subcutaneous and 

visceral adipose tissue represent the major sources of IL-6 in humans (Bastard et al., 2002), while 

the liver represents the main target (Moschen et al., 2010).  Specifically, IL-6 signalling seems to be 

directly involved in modulating hepatic metabolism and insulin resistance, mainly via the activation 

of insulin associated pathways, such as JNK1 and SOC3.  

 In this population of patients with T2DM, IL-6 levels increased proportionally with BMI and 

HOMA index, suggesting a direct association with worsening metabolic syndrome. Interestingly, 

previous studies showed that adipose tissue, rather than the liver is the main producer of circulating 

IL-6 (Moschen et al., 2010). Among all serum cytokines, IL-6 was the only one associated with 

significant and advanced fibrosis in NAFLD, with an OR of 1.97 (95%CI 1.24-3.14, p=0.04) and 1.86 

(95%CI 1.18-2.93, p=0.007) respectively. Interestingly, IL-6 also correlated with AST but not ALT 

levels, suggesting a link between pro-inflammatory status and abnormal liver function tests. It was 

previously shown that drastic weight loss may result into decreased IL-6 production and into an 

increase in adiponectin levels in the liver (Moschen et al., 2010) . In a clinical perspective, decreased 

IL-6 levels may explain the improvement in AST which is usually observed in patient with NAFLD 

who report weight loss. Moreover, similarly to TNF-α, IL-6 may also induce disturbances in TJs in 

the intestinal epithelium, perpetuating an increased gut permeability even further (Suzuki et al., 

2011). 

 Taken together, these results suggest that higher levels of serum IL-6 are independently 

associated with fibrosis in diabetic patients screened for NAFLD. In these patients, IL-6 is involved 

at the crosstalk between gut-liver axis and adipose-tissue liver axis.  
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6.5 Strengths and limitations 

 This part of the project presents some limitations. Overall, the inflammatory status was 

analysed as serum cytokine levels only, while there were no functional studies or 

immunohistochemistry experiments. However, studying the inflammatory status per se was not 

among the primary objectives of the study. Conversely, a general overview of the cytokine levels 

was included to allow for a more comprehensive interpretation of the clinical as well as the metabolic 

profile of the patients – which is therefore a strength of the study. Future works are required to 

explore more in details the effect of inflammation in modulating adipose tissue-liver axis as well as 

the gut-liver axis. 

 

6.6 Conclusions 

 In this population of diabetics from primary care, patients with liver fibrosis from NAFLD have 

a cytokine profile in keeping with macrophage activation. Among other cytokines, IL-6 is the main 

predictor of advanced liver disease in these patients.   
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7. SUMMARY AND CONCLUSIONS 

 

 This thesis aimed to explore the prevalence of clinically significant NAFLD in patients with 

type 2 diabetes mellitus in primary care and to elaborate a risk-stratification for NAFLD in this 

population. Moreover, this work aimed to explore the metabolic profiles and potential abnormalities 

of the gut-liver axis which identify patients with more severe liver disease and/or reveal pathogenetic 

mechanism. 

 The work in chapter 3 reported a high prevalence of NAFLD and clinically significant liver 

disease in patients with diabetes in primary care. This work reports the results of a comprehensive 

screening of diabetic patients from primary care. In this population, visceral adiposity (as expressed 

with BMI and waist circumference), AST and education attainment (as expressed by education rank 

from the Index of Multiple Deprivation) were found to correlate with the presence of liver fibrosis in 

this population. A new score (the BIMAST score) could accurately identify those with significant and 

advanced fibrosis. The score was validated both internally and in two external cohorts. When 

compared to established screening methods, the BIMAST score performed better and improved 

false negative scores, translated to patients with liver disease who could have been missed by 

screening.  

 Chapter 4, 5 and 6 explored the metabolic profile and the alterations of the gut-liver axis 

against severity of liver disease in this population. In chapter 4, a wide range of metabolites was 

analysed in an attempt to identify possible biomarkers for the disease. Overall, glycine deficiency 

was characteristically associated with the presence of steatosis but did not correlate with severity of 

liver disease. Despite being a strong predictor of liver fibrosis, an increased hepatic glutaminolysis, 

and glutamate to glutamine ratio, were mainly reflective of worse metabolic risk factors (glycaemic 

control, visceral adiposity, insulin resistance) rather than hepatic collagen content per se. 

Conversely, lysine deficiency did mirror the extent of hepatic fibrosis and this was independent from 

the presence of other metabolic risk factors. However, these significant findings emerged only in a 

matched-group analysis, suggesting that measuring serum lysine may be of limited use as biomarker 
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in a large, unselected primary care population. Finally, urinary metabolites were probably more 

reflective of glycaemic control and, possibly, glycosuria, rather than of liver disease severity. 

 The work in chapter 5 focused on investigating factors associated with gut permeability using 

an in-vitro model as well as ex-vivo analyses of samples obtained from the patients enrolled in the 

study. Overall, there was evidence suggesting that gut permeability increases with the severity of 

liver disease, defined by liver stiffness measurement. Interestingly, a leakier gut was associated with 

worsening visceral obesity, a mechanism which could potentially be mediated by higher levels of 

circulating IL-6 and TNF-alpha and their effect on intestinal TJs. Moreover, an intestinal milieu with 

lower level of specific short chain fatty acid (valerate) and impaired cytokine levels (IFN-gamma) 

might favour the development of a leakier gut in these patients. Finally, these data also suggested 

that an augmented activity of bacterial proteases on the luminal side may contribute to a reduced 

epithelial integrity. Specific changes in the gut microbiota, i.e. lower abundance of pectin-degraders 

and higher abundance of Firmicutes may translate into altered production of short chain fatty acids 

and release of intraluminal cytokines. Furthermore, microbial changes in the gut were also 

associated with shifts in bile acid profile in the stools, while conjugated lithocholic acid was increased 

in the serum samples of patients with more severe liver disease.  

 Finally, chapter 6 reported the analysis of systemic inflammatory status in patients with 

different disease severity. Overall, cytokine profile suggested a macrophage activation, which was 

independent of the presence of metabolic risk factors. Moreover, IL-6 was the main cytokine 

associated with severity of liver disease and this may be an important player in the gut-liver-adipose 

tissue axis. 
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7.1 Is it possible to improve the risk-stratification in patients with T2DM with regards to 

screening for NAFLD in primary care? 

 The results from this study confirm that clinically significant NAFLD is highly prevalent in the 

diabetic community. With 4.95 million people expected to have T2DM by 2030 in the UK, almost 3.16 

million will have NAFLD, including 841.000 with significant liver disease and 14.800 with cirrhosis. 

There is a strong need for diagnosing liver disease early in the community, with GPs being at the 

forefront for identifying these cases. Current EASL guidelines suggest using non-invasive markers 

of fibrosis for screening such as FIB-4 in diabetic patients and refer those with FIB-4>1.3 to 

secondary/tertiary care for a fibroscan; if liver stiffness is greater than 8.1 kPa they should be seen 

by hepatologists. According to the results of this study, applying FIB-4 with a cut-off of 1.3 in this 

population would miss up to 38% of the patients with significant liver disease. Of note, those 

misclassified by FIB-4 were on average younger and had lower, within-normal-limit AST compared 

to those who were classified by FIB-4 correctly. These observations highlight a limitation of the FIB-

4, as this was developed in tertiary care population and, therefore, performs well in identifying 

patients with abnormal LFTs and in their middle age. This is the first study demonstrating such 

limitation in a well phenotyped population with type 2 diabetes patients screened in primary care. 

The first step was to develop a tailored, primary-care derived score, the BIMAST score. Of note, the 

BIMAST score has been shaped based on a diabetic population from a large and multi-ethnic urban 

area, which also represents different lengths of disease, diabetic complications and glycaemic 

status. Overall, the BIMAST score outperformed other screening methods for identifying both 

significant and advanced fibrosis. Moreover, applying the BIMAST score would reduce the 

percentage of patients missed at screening from 38% to 10% compared to current risk-stratification 

and management pathway (Figure 7.1).  

 To conclude, the BIMAST score could potentially improve the risk-stratification for NAFLD in 

patients with T2DM in the community. A cost-effectiveness analysis will be required to further support 

the use of the score in clinical practice. Further validation in other primary care populations is also 

warranted. 
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Figure 7.1. Prevalence of clinically significant NAFLD and screening pathway for diabetics in primary 
care. Around 4.32 million adults have T2DM in the UK. In this study, the prevalence of NAFLD, based on US, 
was 64%. The prevalence of significant liver disease (defined as LSM≥8.1 kPa) and cirrhosis (either clinically 
diagnosed or histology proven) was 3%. In this population, predictors of significant liver disease were BMI, 
waist circumference, AST levels and education attainment (expressed as IMD education rank). Current 
screening strategies include performing FIB-4 or US plus LFTs, according to different guidelines. Both 
strategies show a 38% rate of false negative who are missed at screening. Using the BIMAST score, a score 
derived from this population, the rate of false negatives reduces to 10%. 
Abbreviations: NAFLD: non-alcoholic fatty liver disease, LSM: liver stiffness measurement, T2DM: type-2 
diabetes mellitus, IMD: index of multiple deprivation, US: ultrasound, LFTs: liver function tests, FN: false 
negative. 

 

7.2 Clinical translation and therapeutical targets 

 The results from this study confirm that the gut-liver axis plays an important role in the 

pathogenesis of NAFLD. It also represents an important therapeutical target for treatment. One of 

the key findings of this study was that intestinal permeability increased proportionally with severity 

of liver disease, defined by liver stiffness measurement. On a pathophysiological point of view, an 

increased intestinal permeability leads to an augmented translocation of bacterial products and, 

therefore, increased systemic inflammatory response and intrahepatic inflammation and 

fibrogenesis.  

 Unfortunately, there are no therapeutic targets available at present, aiming at gut barrier. 

One could, however, manipulate the factors associated with increased gut permeability, as they 

could have an impact on progression of liver disease in these patients. In terms of microbiome 
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composition, interventions aimed at increasing the abundance of pectin-degrading species should 

be explored, such as administration of rich in fibres dietary products, faecal transplantation or 

probiotics. Moreover, changing the microbiome towards a lower Firmicutes/Bacteroidetes ratio may 

restore the production of short chain fatty acids (i.e. valerate or its precursor, propionate) and 

intestinal cytokines (i.e IFN-gamma) which are crucial for the preservation of the intestinal barrier 

integrity. Future studies should aim on identifying specific bacterial proteases that could impact gut 

permeability. Inhibiting specific proteases may be another therapeutical target to restore the 

intestinal barrier in these patients (Figure 7.2).  

Finally, measuring the gut permeability in-vivo may become part of the clinical work-up in 

patients with NAFLD, as this could identify patients with liver disease who may benefit the most from 

intestinal barrier interventions. 

 
 
Figure 7.2. Clinical translation and therapeutic targets. This figure illustrates the main findings arising from 
this study with regards to metabolic profile and the alterations of the gut-liver axis in diabetic patients screened 
for NAFLD in primary care. Glycine deficiency in serum was associated with greater hepatic fat content and 
likely resulted from reduced glycine availability. Lysine deficiency in serum was associated with increased 
hepatic collagen content and likely associated with consumption of lysine during fibrogenesis. Specific 
dysbiosis as higher Firmicutes to Bacteroitedes ratio as well as lower abundance of pectin-dependant species 
were observed in those with more severe liver disease. Moreover, intestinal permeability was increased in 
those with more severe liver disease, as a result of impaired intraluminal inflammation (IFN-γ), SCFA level 
(valerate), bacterial proteases and visceral adiposity (mediated via IL-6 and TNF-α). Dysbiosis translates into 
changes in bile acid profile (increased serum LTCA and sulphated Bas) as well as hypothesized increased 
release of DAMPs and PAMPs. Overall, there was a M1 macrophage activation and meta-inflammation, as 
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assessed by systemic cytokine levels. Possible clinical translation and therapeutical targets are highlighted in 
green.  
Abbreviations: LTCA: litocholic acid, DAMP: damage-associated molecular pattern, PAMP: pathogen-
associated molecular pattern, IFN-γ: interferon-gamma, SCFA: short chain fatty acid, IL-6: interleukin-6, TNF-
α: tumour necrosis factor-alpha. 
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