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1  | INTRODUC TION

Nonalcoholic fatty liver disease (NAFLD) is an increasing cause of 
liver disease that is associated with significant morbidity and mor-
tality, with a global prevalence of 25%.1 Among those patients with 
NAFLD, the global estimate of nonalcoholic steatohepatitis (NASH), 
a more advanced form of liver disease, is 59% in those who had liver 
biopsies for further evaluation.1 NAFLD is the most common liver 
disease in children, with a prevalence of 13% in one retrospective 
review of histological data from 742 children who had an autopsy 
performed from 1993 to 2003; the highest rate (38%) was seen in 
obese children.2

Despite the significant disease burden of NASH worldwide, 
there are currently no approved pharmacological treatments, 
though multiple drug candidates are in clinical development.3,4 
Current interventions largely focus on lifestyle modification—
healthy eating habits, weight loss and increased physical activ-
ity—to help manage the patient's metabolic syndrome.5-7 Owing to 
the increasing burden of obesity and metabolic disease, cirrhosis 
caused by NASH has become a leading indication for liver trans-
plantation.8-10 This perspective review summarizes the pathogen-
esis of NASH in the context of obesity, type 2 diabetes mellitus 
(T2D), and cardiovascular disease (CVD) and provides a perspective 
into the shared mechanisms, largely driven by insulin resistance 
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Abstract
Nonalcoholic fatty liver disease (NAFLD) is a major cause of chronic liver disease 
and is associated with significant morbidity and mortality worldwide, with a high 
incidence in Western countries and non-Western countries that have adopted a 
Western diet. NAFLD is commonly associated with components of the metabolic 
syndrome, type 2 diabetes mellitus and cardiovascular disease, suggesting a common 
mechanistic basis. An inability to metabolically handle free fatty acid overload–meta-
bolic inflexibility–constitutes a core node for NAFLD pathogenesis, with resulting 
lipotoxicity, mitochondrial dysfunction and cellular stress leading to inflammation, 
apoptosis and fibrogenesis. These responses can lead to the histological phenotype 
of nonalcoholic steatohepatitis (NASH) with varying degrees of fibrosis, which can 
progress to cirrhosis. This perspective review describes the key cellular and molecu-
lar mechanisms of NAFLD and NASH, namely an excessive burden of carbohydrates 
and fatty acids that contribute to lipotoxicity resulting in hepatocellular injury and 
fibrogenesis. Understanding the extrahepatic dysmetabolic contributors to NASH is 
crucial for the development of safe, effective and durable treatment approaches for 
this increasingly common disease.
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and underlying lipotoxic stress, contributing to the cluster of these 
metabolic diseases.

2  | NAFLD AND NA SH

2.1 | Definitions

NAFLD is defined as the accumulation of excess triglyceride drop-
lets in the liver (>5% of hepatocytes with droplets detected histo-
logically or >5% proton density fat fraction by magnetic resonance 
imaging [MRI]) in people who consume little or no alcohol.7,11 The 
same pathophysiology can be present in people who drink exces-
sively; in fact, obesity is a recognized risk factor for more advanced 
alcoholic liver disease. Unfortunately, there are currently no tests to 
reliably identify the relative contributions of alcohol and metabolic 
disturbances to liver disease in patients who drink excessively and 
have metabolic disease comorbidities. NASH is a subset of NAFLD 
characterized by biopsy evidence of hepatocellular injury and death, 
inflammation and varying degrees of fibrosis.12-14 Nonalcoholic fatty 
liver (NAFL) is the term currently used for the subset of NAFLD that 
has minimal or no evidence of inflammation or cellular injury in the 
setting of steatosis.7,11 Not all patients with NAFL progress to NASH, 
and considerable efforts have been undertaken to better under-
stand disease progression and pathogenesis.

2.2 | Pathogenesis

High-calorie diets, excessive consumption of sucrose or fructose and 
sedentary lifestyle have been linked to the development of NAFLD, 
its progression to NASH and the presence or development of other 
components of the metabolic syndrome.15-17 Genetics also plays 
a key role across all aspects of NAFLD pathogenesis, as it does in 
metabolic disease,18,19 with genetic heterogeneity involved in eating 
behaviours, modulating energy balance, regulating lipotoxic stress, 
controlling the inflammatory and regenerative responses to that 
metabolic stress and regulating extracellular matrix production and 
turnover. The major genes that have been identified with NAFLD 
pathogenesis are briefly summarized:

• Patatin-like phospholipase domain-containing protein 3 (PNPLA3, 
also called adiponutrin): an enzyme found in hepatocytes and ad-
ipocytes that plays a role in the remodelling of triglyceride (TG) 
lipid droplets in the liver;20-23 loss of function of PNPLA3 is as-
sociated with higher serum alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) levels and increased liver ste-
atosis and fibrosis.24 Increased expression of the I148M variant of 
PNPLA3 leads to impaired proteasomal degradation of PNPLA3, 
and the accumulated PNPLA3 indirectly impedes lipolysis.23,25

• Trans-membrane 6 super family 2 (TM6SF2): involved in very 
low-density lipoprotein (VLDL) production; loss of function 
of TM6SF2 is associated with reduced secretion of TG-rich 

lipoproteins and increased cellular TG concentration and lipid 
droplet content;20 a TM6SF2 variant has been shown to be asso-
ciated with steatosis but not fibrosis.24

• 17-beta hydroxysteroid dehydrogenase-13 (HSD17B13): has retinol 
dehydrogenase activity and regulates retinoic acid signalling with 
its enzymatic activity dependent on lipid droplet targeting and co-
factor binding;26 loss of function polymorphisms in HSD17B13 re-
sult in an unstable and truncated protein with reduced enzymatic 
activity, which was found to lower the risk of alcoholic liver dis-
ease by 53% and of nonalcoholic liver disease by 30%, including a 
reduced risk of NASH associated with the PNPLA3 I148M allele.27

• Membrane bound O-acyltransferase domain-containing 7 (MBOAT7): 
involved in the phospholipid remodelling pathway; loss of function 
of MBOAT7 is associated with a decrease in phosphatidylinosi-
tol-containing arachidonic acid, which increases liver fibrosis.20,24

• Glucokinase regulatory protein (GCKR): controls de novo lipogen-
esis by regulating glucokinase function, which controls the flux 
of glucose into hepatocytes21; loss of function of GCKR protein 
leads to greater TG accumulation in the liver.

2.3 | Disease progression

The hepatocellular inflammation and injury in NASH often promote 
fibrogenesis, and the resulting accumulation of fibrotic tissue can 
evolve to cirrhosis. Patients with NAFLD with advanced fibrosis 
have increased mortality within 8 years compared to those without 
NAFLD (35% vs 5.5%)28 as fibrosis stage is a key predictor of mortal-
ity and time to development of severe liver disease.29-31 Cirrhosis 
associated with NASH is commonly unrecognized clinically and can 
be associated with hepatocellular carcinoma.32 There is increasing 
recognition of hepatocellular carcinoma developing in patients with 
NASH who have not progressed to cirrhosis.33

2.4 | Diagnosis and prognostic markers

Although liver biopsy remains the gold standard for diagnosing 
NASH, liver biopsy is associated with significant risks including 
bleeding, infection, pain and even death. Additionally, sampling dif-
ferences may occur because the biopsy uses a small sliver of tissue 
(at best 1/50 000th of the liver).34 Thus, several noninvasive dis-
ease monitoring techniques are being utilized and possibly quali-
fied in clinical trials with the expectation that one (or more likely, a 
combination) of these may eventually replace liver biopsy. These in-
clude blood markers to assess fibrosis (eg fibrosis-4 [FIB-4], NAFLD 
fibrosis score [NFS], AST to platelet ratio index [APRI], Enhanced 
Liver Fibrosis [ELF] score, ProC3 and composite panels); imaging 
techniques to reliably quantify steatosis and possibly fibroinflam-
mation (MRI-PDFF, MRI-corrected T1 and transient elastography); 
and quantitative functional assessments (methacetin breath test and 
cholate clearance).35 Liver fibrosis is currently considered the strong-
est predictor for liver-related complications and disease-specific 
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mortality,29,36 and thus, assessment of fibrosis has become an im-
portant end-point in treatment trials for NASH. Hepatic venous 
pressure gradient, Model for End-Stage Liver Disease (MELD) score 
and albumin levels independently predict clinical decompensation in 
patients with compensated cirrhosis.37

3  | NAFLD IS PART OF A METABOLIC 
DISE A SE CLUSTER

The metabolic basis of NAFLD is supported by its strong links to 
obesity, T2D, insulin resistance, hyperlipidemia and CVD, all com-
ponents of the “metabolic” cluster.38 A recent analysis found that 
patients with NAFLD have 1.6-2.6 times greater relative risk of de-
veloping first, second and third metabolic comorbidities (eg T2D, hy-
pertension or dyslipidemia).39 Patients with NAFLD have a shorter 
life expectancy than their healthy counterparts (79 vs 83 years for 
men; 82 vs 86 years for women) and a higher risk of developing one 
or more metabolic comorbidities after age 50 (76% vs 55% for men; 
75% vs 53% for women).39

3.1 | NAFLD is a systemic disease with 
heterogenous clinical presentation

NAFLD pathogenesis is heterogeneous; genetic, epigenetic and 
dietary contributions play a role to differing degrees in individual 
patients as they do in patients with other manifestations of meta-
bolic disease.19 NAFLD has been shown to develop in those who are 
not obese,40 with a prevalence ranging from 4.2% to 27.4%.41 Some 
patients with risk factors for NASH have little or no liver disease, 
whereas some patients, such as nonobese patients without T2D, 
present with NASH and progress to cirrhosis. This disparity sug-
gests that patients vary in terms of their susceptibility to develop-
ing NASH, with most patients existing between these two ends of 
the spectrum with respect to the relative roles of the dysmetabolic 
state and the genetic predisposition determining their phenotype 
and rate of progression. Thus, NAFLD development and progression 
involves a complex interplay between metabolic, genetic and other 
disease-modifying (eg iron, gut microbiome) factors that potentially 
act in concert, further highlighting the heterogeneity of the disease 
spectrum (Figure 1).

There is also substantial heterogeneity in the metabolic phe-
notype of patients with NAFLD as demonstrated by body com-
position data from the UK Biobank (UKBB).42 Whole-body MRI 
data from nearly 10 000 individuals in the UKBB were analysed 
for body composition, showing that in both patients with T2D and 
those with CVD, liver fat was increased (defined in the UKBB pop-
ulation as proton density fat fraction >5%). However, body compo-
sition profiles were distinct from each other in that patients with 
T2D tended to have greater propensity for liver fat accumulation, 
whereas patients with CVD had more propensity for visceral fat 
accumulation.42

As shown in Figure 1, there is a complex relationship among 
the manifestations of metabolic stress in various organs and tis-
sues, which can potentially amplify or dampen the response to the 
stress in other organs. The liver secretes multiple signalling factors 
in response to metabolic stress, as does adipose tissue.43-46 Lipid 
accumulation in the form of TG is thought to be a sensitive index 
or measure of a tissue's exposure to fatty acids; this exposure to 
fatty acids and their non-TG derivatives leads to cellular dysfunc-
tion and cell death in multiple tissues.47 Accumulation of fat in the 
liver is a sensitive marker of whole-body metabolic stress and may 
appear before abnormalities are identified in other organs.48,49 
The temporal sequence of the liver being affected first has been 
sometimes interpreted to imply that fat in the liver is then the 
cause of the other abnormalities, but the temporal sequence does 
not prove causality.50

3.2 | Relationship between NAFLD and insulin 
resistance, T2D and metabolic syndrome

3.2.1 | NAFLD and insulin resistance

NAFLD is associated with insulin resistance in liver, muscle and 
adipose tissue, with hyperinsulinemia demonstrated even in non-
obese individuals with normal glucose tolerance.51-53 Therefore, 
it is not surprising that the homeostasis model of insulin resist-
ance index (HOMA-IR) has been shown to be independently cor-
related with steatosis, ballooning and advanced fibrosis in patients 
with NAFLD.54 In a study of 154 obese patients divided into four 
groups (control with no T2D or NAFLD; T2D without NAFLD; T2D 
with isolated steatosis; and T2D with NASH), insulin secretion and 
resistance were measured via an oral glucose tolerance test and 
euglycaemic-hyperinsulinaemic clamp with glucose turnover meas-
urements, respectively. Only those individuals with NAFLD or NASH 
(despite underlying T2D) had both hepatic and adipose tissue insu-
lin resistance (increased endogenous glucose production and free 
fatty acid [FFA] release, respectively) even during hyperinsulinaemic 
conditions.55

3.2.2 | NAFLD and T2D

A recent meta-analysis estimated that the global prevalence of 
NAFLD among patients with T2D is 55.5%, and the prevalence of 
NASH among patients with T2D is 37.3%.56 Regardless of the non-
invasive technique used to diagnose NAFLD (plasma ALT, 1H-MRS, 
computed tomography, ultrasonography and controlled attenuation 
parameter) or fibrosis (FibroTest, NFS and vibration controlled tran-
sient elastography), the prevalence of NAFLD and advanced fibrosis 
has been found to be consistently higher in those with T2D com-
pared with the general population.57,58

The link between diabetes and liver-related complications is 
complex and multifaceted. Here, we briefly mention a few of the 
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pathophysiological mechanisms. Firstly, insulin resistance is pro-
posed to be a mechanism for liver damage in NAFLD.59 A study of 
nondiabetic patients with NAFLD found that increased peripheral 
insulin resistance was strongly associated with liver fibrosis (but 
not steatosis or obesity), suggesting that insulin resistance is the 
key mechanism, over and above its phenotypic expression (diabe-
tes).59 Secondly, increased adiposity observed in T2D is associated 
with adipocyte insulin resistance and dysfunction. The resulting 
effect is an increase in FFAs and thereby excess lipid uptake by 
the liver, eventually leading to progression to NASH and cirrho-
sis.60 Glucotoxicity, which refers to alterations caused by chron-
ically elevated glucose concentrations present in T2D, is closely 
linked to lipotoxicity and therefore plays a role in NASH disease 
progression.60 Finally, it is well established that amino acids play 
an important role in NASH pathogenesis and that these are im-
pacted in T2D.61 For example, it has been observed that branched 
chain amino acid (BCAA) metabolism is reduced in patients with 
NAFLD.61 BCAAs are important regulators of mTOR signalling and 
may promote insulin resistance and glucose dysregulation through 
activation of this pathway.62,63

The presence of NAFLD is also associated with the subsequent 
development of new-onset T2D. A study in 13,218 South Korean 
nondiabetic individuals who were followed over 5 years as a 

function of their liver fat status (as measured by ultrasound) showed 
the following: (a) development of new fatty liver was associated with 
a 2.5-fold increased risk of incident diabetes; (b) in those individuals 
in whom severity of fatty liver worsened from mild to moderate/se-
vere over 5 years, there was a 6-fold increase in new-onset diabetes; 
and (c) improvement or resolution of NAFLD was associated with 
a reduction in T2D incidence similar to that in individuals without 
steatosis.64 The latter finding was also replicated in a separate co-
hort.65 Although it is tempting to conclude that NAFLD contributes 
mechanistically to the development of T2D via altered hepatokines 
and cytokines or other signalling mechanisms, it is more likely that 
fat accumulation in the liver is a sensitive barometer of the metabolic 
abnormalities that also lead to T2D.49,66,67

3.2.3 | NAFLD, obesity and dyslipidemia

NAFLD prevalence was estimated at 80%-90% in obese adults and 
up to 90% in patients with hyperlipidemia.68 The role of central adi-
posity seems crucial in NAFLD as visceral fat is an important source 
of TGs leading to steatosis.38,69,70 Among patients with T2D and 
NAFLD, body mass index (BMI), anthropometric measures (waist 
circumference, waist-to-hip ratio) and insulin were common factors 

F I G U R E  1   NAFLD is part of a systemic disease with strong associations with components of the metabolic syndrome. Multifactorial 
metabolic stress has direct effects on multiple tissues and cell types, which then release cytokines, adipokines, hepatokines and pro-
inflammatory extracellular vesicles. These circulating mediators can amplify or reduce the pathologic changes in various target tissues to 
create a feed-forward mechanism of disease progression in the case of amplification. NAFLD, nonalcoholic fatty liver disease
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in the model for predicting both NASH and advanced fibrosis.71 
Moreover, in patients with NASH, weight loss induced by lifestyle 
changes72 or bariatric surgery73 is associated with histological im-
provements in NAFLD activity score, NASH resolution and regres-
sion of fibrosis.

Taken together, the emerging high-quality evidence suggests 
that the interaction between metabolic syndrome components and 
NAFLD is complex and that both NAFLD and T2D/insulin resistance 
could be effect modifiers of each other. These findings strongly sup-
port the notion that patients with T2D, particularly those with obe-
sity and insulin resistance, should be routinely screened for NAFLD/
NASH, which currently remains largely undiagnosed.57

3.3 | Relationship between NAFLD and CVD

A growing body of evidence suggests that the presence of NAFLD is 
associated with a greater risk of CVD and that the presence of CVD 
dictates outcomes in patients with NAFLD more frequently and to a 
greater extent than does the progression of liver disease.74 NAFLD 
is characterized by markers of subclinical CVD,75 higher odds of fatal 
and/or nonfatal CVD events,76 atherogenic dyslipidemia including 
elevation of TG-enriched VLDLs, increased small-dense LDL and 
low/dysfunctional HDL.77 The association of NAFLD with subclinical 
atherosclerosis and CVD events is independent of other risk factors 
such as obesity and metabolic syndrome.39,78

Taken together, the findings from multiple studies suggest that 
on the one hand, individuals with fatty livers are at greater risk of 
incident hypertension and T2D. On the other hand, individuals with 
hypertension, hypertriglyceridemia, impaired fasting glucose or T2D 
have a greater risk of incident fatty liver compared with individu-
als without those conditions. Thus, T2D, metabolic syndrome, CVD 
and NAFLD might impact the course of each disease independently, 
squarely placing NAFLD as a metabolic disease, suggesting a com-
plex disease continuum with common mechanistic underpinnings 
(Figure 1). Consequently, a better understanding of the pathophys-
iological links between NAFLD, T2D and CVD could provide insight 
into the most effective interventional nodes to manage these in-
ter-related diseases.

4  | METABOLIC INFLE XIBILIT Y—A 
POTENTIAL CONTRIBUTOR TO 
NAFLD PATHOGENESIS AND DISE A SE 
PROGRESSION

Faced with an excess of metabolic energy substrates, the body must 
decide where and how to metabolize or store these substrates. 
Energy homeostasis is achieved when there is a balance between 
energy input (calories consumed), energy output (calories burned) 
and energy stored (primarily in adipose tissue). Maintaining this bal-
ance requires the body to have the ability to adequately handle fuels 
and use appropriate substrates at the appropriate times (eg oxidize 

fat during periods of starvation), a concept often referred to as met-
abolic flexibility (Figure 2A).79 When the system is unable to handle 
fuels and substrates appropriately, the balance tips towards excess 
fuel storage with or without excess intake, referred to as metabolic 
inflexibility (Figure 2B), eventually leading to systemic lipotoxic cell 
stress (see below).

NAFLD/NASH is typically associated with higher plasma TGs, 
FFAs and insulin, reflecting the inability to adequately handle fuel 
substrates. Thus, it has emerged that NAFLD/NASH is typically as-
sociated with dysregulation of energy homeostasis, likely as a result 
of metabolic inflexibility. A consequence of metabolic inflexibility is 
dysregulated glucose and lipid metabolism resulting in insulin resis-
tance and dyslipidemia, which are the hallmarks of T2D and met-
abolic syndrome. Insulin resistance and dyslipidemia, in turn, may 
contribute to systemic lipotoxicity and mitochondrial dysfunction.80 
Mitochondrial perturbations form a core mechanistic node that can 
lead to inflammation and fibrosis via endoplasmic reticulum (ER) 
stress and, together with potential underlying genetic and other dis-
ease-modifying factors, eventually contribute to the development 
and progression of NAFL to NASH. These mechanisms are further 
described below.

4.1 | Hepatic substrate load and mechanisms of fat 
accumulation in liver

NAFLD is a systemic disease as illustrated by the fact that multiple 
organ systems (eg adipose, skeletal muscles, gut, liver) are involved 
in its pathogenesis (Figure 1). In healthy individuals consuming a 
healthy balanced diet, postprandial glycemia triggers insulin release 
by the pancreas, which results in increased glucose oxidation in 
muscles and storage of glucose as muscle glycogen (glucose clear-
ance), whereas FFAs are esterified into TGs and primarily stored in 
adipose tissue (Figure 3). In times of caloric need, such as between 
meals and during exercise, TGs in lipid droplets are hydrolysed back 
to FFAs, which are used in various tissues for energy (via fatty acid 
β-oxidation in the mitochondria), and glycogen is broken down 
into glucose or glucose is generated in the liver via gluconeogen-
esis, which is used by muscles and the brain (glucose oxidation) as a 
source of energy to generate adenosine triphosphate.

4.1.1 | Insulin resistance

Chronically high sugar and fat intake in the context of obesity and 
insulin resistance results in: (a) the inability to store FFAs in the adi-
pose tissue combined with an increase in lipolysis of stored TGs into 
FFAs; (b) a reduction in fat oxidation by the muscle (leading to ac-
cumulation of fat, myosteatosis) and decreased muscle glucose oxi-
dation; and (c) lipotoxic stress induced by increased delivery of FFA 
to the liver combined with increased conversion of carbohydrates 
into fat (de novo lipogenesis) (Figure 3). Peripheral mobilization of 
FFAs from adipocytes and their esterification to TG (“old” fat) within 
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hepatocytes inhibits peroxisome proliferator-activated receptor-α 
(PPARα) signalling81 perpetuating the increased intrahepatic FFA 
abundance. Other key signalling pathways mediated by JNK,82 
TLR483 and novel protein kinase C isoform PKCε84 exacerbate he-
patic insulin resistance, increase FFA, leading to more TG accumu-
lation and formation of toxic lipid species such as diacylglycerols, 
lysophospholipids and ceramides85-87 to cause cellular stress (see 
below).

Cumulatively, these processes contribute to high circulating in-
sulin levels and FFA and ectopic fat deposition (ie outside the ad-
ipose tissue such as in liver and muscle). The high insulin, FFA and 
lipotoxic stress serve as central triggers for the development of 
NAFLD. These factors of insulin resistance and lipotoxicity are fur-
ther accentuated in the context of T2D, metabolic syndrome and 
other contributing factors (dysbiosis, epigenetic and genetic). One 
consequence of chronic insulin resistance and lipotoxicity is an im-
paired repair response of the liver, further contributing to progres-
sive scarring.87-89

4.1.2 | Lipotoxicity

Circulating FFAs are mostly derived from adipocyte TG lipolysis and 
are transported to the liver where they typically have three major 

fates: (a) oxidation for energy production or ketone body synthesis 
in the mitochondria, (b) esterification to TGs and combination of the 
TGs with apolipoprotein B for secretion as very low-density lipopro-
tein particles or (c) esterification to TGs for storage in lipid droplets. 
The last point suggests that liver steatosis observed in NAFLD could 
be considered an epiphenomenon of an excessive supply of FFA at-
tributed to the liver's attempt to store FFA in a less toxic form, that 
is, in TG lipid droplets.47,90,91 Accumulation of liver fat is strongly 
associated with adipose tissue insulin resistance, further support-
ing the concept of adipose tissue-derived fatty acids as a driver of 
hepatic lipotoxicity with the accumulation of TG serving as a marker 
for these processes.48,49

Several studies have systematically profiled patients across the 
NAFLD spectrum and have revealed distinct lipidomic signatures in 
the blood.92-96 Compared with control participants, patients with 
NAFLD/NASH show more TG-rich species and accumulate lipid me-
tabolites (eg diacylglycerol and ceramides, sphingomyelin), which 
constitute a highly toxic mixture to hepatocytes and, consequently, 
are responsible for inflammation (see below) and hepatocellular 
damage.87,97-99 Comprehensive lipidomic analysis on human biopsy 
samples from healthy, NAFL and NASH livers revealed decreased 
activity of fatty acid desaturase-1 as a key bottleneck resulting in the 
accumulation of toxic lipids during NASH progression.93 Differences 
in the lipidomic profile appear to be dependent on the patient's BMI, 

F I G U R E  2   Metabolic flexibility 
requires the body to have the ability 
to adequately handle fuels and use 
appropriate substrates at the appropriate 
times (A). Inability to maintain 
homeostatic control to handle fuel needs 
and appropriately use substrates tips 
the energy balance scale towards higher 
intake and storage, ultimately leading to 
lipotoxic cell stress (B)

(A) Metabolic Flexibility: Optimal Fuel and Substrate Utilization

Energy storage: adipose tissue

(B) Metabolic Inflexibility: Dysregulated Fuel and Substrate Utilization
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other organs
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suggesting that the NAFLD pathogenesis mechanism may be differ-
ent depending on an individual's level of obesity.92

Taken together, these findings underscore the notion that the 
consequences of a dysregulated lipid metabolism and resultant li-
potoxicity, not the amount of fat in the liver, lead to inflammation 
and subsequent fibrosis.100 Thus, it follows that interventional ap-
proaches to treat NASH should account for the significant complex-
ity of the lipotoxic milieu and the consequent fibroinflammatory 
changes, rather than acting only to lower liver fat.101

4.2 | Consequences of metabolic overload on 
mitochondrial function

Emerging evidence indicates that the pathogenesis and progres-
sion of NAFLD is multifactorial and involves the effects of several 
fundamental biochemical and immunomodulatory processes, a 
perspective which differs from the commonly ascribed sequential 
two-hit hypothesis.87,88,101,102 Insulin resistance and lipotoxicity 
in critical organs such as the liver, cardiac myocytes and skeletal 
muscle develop when the adaptive mechanisms that mitigate the 
deleterious effects of excess FFA are overwhelmed, which initiates 

a cascade of lipotoxicity, ER stress, oxidative stress, autophagy and 
mitochondrial dysfunction.103 In the liver, these processes trigger 
necrotic and apoptotic cell death pathways, immune-mediated 
hepatocellular injury and stellate cell activation and fibrogenesis, 
initially as an adaptive repair response to the injury and eventu-
ally leading to extracellular matrix deposition that exceeds turno-
ver (fibrosis) (Figure 4).98 One potential unifying mechanism that 
may integrate the multifactorial etiopathogenesis of NAFLD and 
its progression to NASH in some patients could be mitochondrial 
dysfunction.104,105

4.2.1 | Disruption of the TCA cycle

Mitochondrial dysfunction has been noted as the earliest mani-
festation of the NAFL to NASH transition. While mitochondria in 
NAFL patients maintain a normal morphology of well-defined cris-
tae, mitochondria in NASH patients are swollen and rounded, with 
a loss of cristae and presence of multilamellar membranes.52 Early 
structural changes within the mitochondria have been associated 
with functional defects as well. A core pathway impacted within 
mitochondria is the tricarboxylic acid (TCA) cycle, which is at the 

F I G U R E  3   Metabolic inflexibility contributes to dysregulated glucose and lipid metabolism in nonalcoholic fatty liver disease. Chronically 
high sugar and fat intake in the context of obesity and insulin resistance results in a multiorgan dysregulation, resulting in an inability to 
appropriately dispose of those fuels. Lipolysis is increased in adipose, fat and glucose oxidation is reduced in muscle, and de novo lipogenesis 
is increased with a concomitant decrease in fat oxidation in the liver. These disruptions ultimately culminate in multiorgan metabolic stress 
and inflexibility to adapt to a nutrient overload state. Such a state can subsequently impair signalling through canonical fuel-sensing master 
regulators such as PPARα and several others. FFA, free fatty acid; PPARα, peroxisome proliferator-activated receptor α

Substrate overload from high fat and sugar intake

High insulin 

PPARα
β-oxidation
De novo lipogenesis

Myosteatosis

Glucose oxidation
Glucose clearance

Fat oxidation

Fat
Dietary intake

Sugar

Lipotoxic
load

Lipid droplets 
(triglycerides)

Peripheral
mobilization of
FFAs into liver

Triglycerides

FFAs Glucose

FFAs

FFAs

Liver

Adipose tissue
Skeletal muscle

Lipolysis



8 of 13  |     CHAKRAVARTHY And nEUSCHWAndER-TETRI

crossroads of substrate oxidation, respiration and free radical gen-
eration. A 50% increase in mitochondrial anaplerosis (the nonoxi-
dative flux of intermediates into the TCA cycle) was observed in 
those with high intrahepatic TG (defined as liver fat content >6%) 
compared	with	the	 low	(≤6%)	 liver	fat	group,	 indicating	 increased	
TCA cycle flux through the combined pathways of mitochondrial 
pyruvate carboxylase and phosphoenolpyruvate carboxykinase 
(ie increased rate of gluconeogenesis) in patients with NAFLD.106 
Interestingly, although oxidative metabolism in the mitochondrial 
TCA cycle was not impaired, ketone production assessed by tracer 
dilution of β-hydroxybutyrate failed to correspondingly increase 
in patients with NAFLD, indicating that excess acetyl coenzyme 
A was selectively partitioned to oxidation in the TCA cycle rather 
than ketogenesis.106

4.2.2 | Ketogenic insufficiency leads to abnormal 
hepatic glucose and lipid metabolism

In the setting of high-fat feeding, knocking out the rate-limiting 
enzyme of ketogenesis, 3-hydroxy-3-methylglutaryl-coenzyme A 
synthase, resulted in extensive hepatocyte injury and inflamma-
tion, dysglycemia, deranged concentration of hepatic TCA cycle 
intermediates and impaired hepatic gluconeogenesis due to se-
questration of free coenzyme A in mice.107 Hyperinsulinemia it-
self due to underlying insulin resistance and impaired insulin 
clearance further suppresses hepatic ketogenesis, impairing he-
patic TCA cycle flux and increasing hepatic gluconeogenesis and 

lipogenesis.107,108 PPARα deficiency was also shown to decrease 
HMG-coenzyme A synthase with an inability to augment ketone 
body synthesis in the face of prolonged fasting in mice.109 Thus, 
hepatic maladaptation to ketogenic insufficiency may be a key 
mechanism underlying NAFLD pathogenesis as ketogenesis plays a 
significant role in disposing as much as two-thirds of the fat enter-
ing the liver.110

Impairment of ketogenesis and consequently the dysregulated 
TCA cycle appears to be mediated by BCAA metabolism. BCAAs 
are essential to mediate efficient channelling of carbon substrates 
for oxidation through the mitochondrial TCA cycle. In patients 
with NAFLD undergoing a hyperinsulinaemic-euglycaemic clamp, 
high levels of BCAAs and, in particular, a strong positive correla-
tion of insulin-stimulated levels of plasma leucine and plasma 
isovaleryl carnitine were observed.111 As isovaleryl carnitine is a 
degradation product of leucine, this positive correlation suggests 
that attenuation of complete oxidative BCAA catabolism is a po-
tential mechanism that contributes to elevated plasma BCAA in 
patients with NAFLD. Further dissection of the biochemical path-
ways revealed a co-ordinated inability to dampen TCA cycle flux, 
induce long-chain acylcarnitines (which are fuels for mitochondrial 
fat oxidation and the TCA cycle) and upregulate ketogenesis in re-
sponse to an acute 4-hour BCAA challenge in a diet-induced (high 
fructose, high trans-fat) mouse model of NAFLD.111 Together, 
these data indicate inflexibility within the core bioenergetic nodes 
impairs the molecular cross-talk between BCAA and the hepatic 
TCA cycle, consequently contributing to the mitochondrial dys-
function in NAFLD.

F I G U R E  4   Insulin resistance and lipotoxicity within the liver are associated with mitochondrial dysfunction, oxidative stress/reactive 
oxygen species production and ER stress in multiple tissues. These processes contribute to hepatocellular injury, release of inflammatory 
cytokines, apoptosis and liver fibrogenesis that can progress to cirrhosis. ER, endoplasmic reticulum; FFA, free fatty acid; IL-1β, interleukin-1 
β; MCP-1, monocyte chemoattractant protein-1; TCA, tricarboxylic acid; TNFα, tumour necrosis factor α
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4.3 | Consequences of metabolic overload on 
cellular stress and NASH progression

4.3.1 | Effects of mitochondrial dysfunction on 
oxidative stress

Mitochondrial dysfunction decreases the production of adi-
ponectin by adipocytes.112 Because adiponectin can induce he-
patic β-oxidation, reduced adiponectin secretion contributes to 
the impaired FFA disposal within hepatocytes, worsening lipo-
toxicity, exacerbating insulin resistance and inducing oxidative 
stress.113,114 TCA cycle dysregulation also leads to the activation 
of cytochrome P450 2E1 that induces lipid peroxidation, leading 
to the production of reactive oxygen species (ROS) and creating an 
environment of oxidative stress.115,116 Disease-modifying factors, 
such as hepatic iron content, can also exacerbate hepatic oxidative 
stress.117 Oxidative stress results in oxidation of various biomole-
cules thereby creating a cycle that further degrades mitochondrial 

structure and function, promotes hepatocellular damage and in-
sulin resistance and triggers inflammation. Mitochondrial dam-
age and dysfunction results in a reduction in respiratory chain 
efficiency, decrease in adenosine triphosphate production and 
accumulation of protein oxidation products.118 These processes, 
combined with excess cholesterol, contribute to the ER stress in 
hepatocytes (Figure 4).

4.3.2 | Effects of ER stress on apoptosis, 
inflammation and fibrogenesis

In hepatocytes, the ER constitutes a pivotal node controlling inflam-
mation, cell death and lipid metabolism. Excess cholesterol from die-
tary intake and hepatic cholesterol synthesis can trigger ER stress not 
only in hepatocytes, but also in macrophages and adipocytes.119,120 
Consequences of systemic chronic ER stress include the following: 
(a) disruption of hepatic lipid and cholesterol synthesis perpetuating 

F I G U R E  5   Metabolic inflexibility may constitute a core node for NAFLD pathogenesis and its sequelae. Inability to handle fuel 
substrates results in insulin resistance and an increased flux of FFA and other toxic lipids that lead to lipotoxicity. Consequences of systemic 
lipotoxicity include dysregulation of fundamental biological pathways including mitochondrial dysfunction, ER stress, inflammation and 
apoptosis, leading to a cluster of related metabolic diseases. NAFLD has been associated with increased incident T2D by increasing hepatic 
gluconeogenesis and exacerbating lipid metabolism and release of pro-inflammatory cytokines with diabetogenic properties. Similarly, T2D 
may exacerbate progression of NAFLD from NAFL to NASH and cirrhosis. CVD remains the most common cause of death for both NAFLD 
and T2D. CVD, cardiovascular disease; ER, endoplasmic reticulum; FFA, free fatty acid; NAFL, nonalcoholic fatty liver; NAFLD, nonalcoholic 
fatty liver disease; NASH, nonalcoholic steatohepatitis; T2D, type 2 diabetes mellitus
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a cycle that further aggravates mitochondrial dysfunction and ER 
homeostasis121; (b) induction of insulin resistance that drives the cell 
death response to lipotoxic stress believed to be a major contribu-
tor for NASH progression122-124; and (c) release of pro-inflammatory 
cytokines and chemokines, including tumour necrosis factor α, in-
terleukin (IL)-1β, IL-6, IL-8 and monocyte chemoattractant protein-1 
(Figure 4).125 Together, these processes contribute to hepatocellular 
injury and death, promoting liver fibrogenesis and proliferation of 
hepatocyte progenitors to compensate for hepatocyte loss. The lat-
ter is considered a hallmark of the progression from NAFL to NASH 
and is also believed to contribute to the development of cirrhosis 
and hepatocellular carcinoma.88,126

ER stress induces apoptosis in hepatocytes, another character-
istic feature of NASH progression.127-129 Apoptosis induced by ER 
stress within the arterial wall (smooth muscle cells, endothelial cells, 
macrophages), combined with hypercholesterolaemia, induces ath-
erosclerosis progression and CVD,120 the most common cause of 
death in patients with NASH.

5  | CONCLUSION

NAFLD is a systemic and heterogenous disease with variable presen-
tations and disease courses and is integrally linked to T2D and CVD. 
Progressive disease is determined by the complex interplay of a num-
ber of factors including environmental (diet, exercise), microbiome and 
epigenetic and genetic factors transposed upon multiple pathways 
that drive metabolic, inflammatory and fibrotic changes. Heterogenous 
disease presentation provides an opportunity to identify patient sub-
sets via body composition profiling, other methods of phenotyping 
and genotyping. The identification of patient subsets should allow for 
greater understanding of disease processes, opening the possibility to 
tailor therapies for specific patient and/or disease drivers.

The inability to biochemically handle FFA overload–metabolic 
inflexibility–constitutes a core node for NAFLD pathogenesis and 
its sequelae (Figure 5). The resulting lipotoxicity, mitochondrial dys-
function and cellular stress in multiple organs and tissues lead to 
inflammation, apoptosis, fibrogenesis and, ultimately, progression 
from NAFL to NASH. Interventions to re-establish or reprogramme 
metabolic flexibility may be a beneficial treatment approach to 
NAFLD, as well as T2D and CVD.

Thus, effective and durable treatments will likely require ad-
dressing the core metabolic drivers of NAFLD (insulin resistance, 
inability to process excess FFAs, mitochondrial dysfunction) and 
the ensuing lipotoxic stress and oxidative damage, while simultane-
ously addressing other more downstream features such as cell in-
jury and fibrosis, to restore the adaptive repair responses to chronic 
lipotoxicity.3,88,130
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