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Abstract

Non-alcoholic fatty liver disease (NAFLD) has become the most common liver pathology worldwide due to the 
rising prevalence of obesity. This term includes changes from simple steatosis to steatohepatitis and fibrosis.  
It was previously thought to be a hepatic manifestation of metabolic syndrome, but recent literature describes 
this relation as much more complex and bi-directional. Development of NAFLD is associated with other metabolic 
syndrome components but it can also exacerbate insulin resistance and increase cardiovascular risk. Recently a lot 
of attention is brought to the role of lipids and lipotoxicity in pathogenesis and progression of non-alcoholic fatty 
disease. It seems that some lipid classes can be protective against liver injury while others are harmful in excessive 
amounts. This study presents an overview of the main lipids involved in the pathogenesis of non-alcoholic fatty 
liver disease and summarizes their association with lipotoxicity, insulin resistance, oxidative stress and other 
processes responsible for its progression. 
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Introduction

Following the global epidemic of obesity, the preva-
lence of non-alcoholic fatty liver disease (NAFLD) has 
risen as well, making it a major cause of liver disease 
worldwide [1]. It is estimated to affect 30% of adults 
and up to 10% of children [2]. The term NAFLD en-
compasses a broad spectrum of conditions from sim-
ple fat accumulation to non-alcoholic steatohepatitis 
(NASH), fibrosis, cirrhosis and hepatocellular carcino-
ma (HCC) [3, 4]. NAFLD can be defined as steatosis 
in > 5% of hepatocytes in histological examination or 
proton fat fraction > 5.6% assessed by proton magnetic 
resonance spectroscopy (1HMRS) with the exclusion 
of secondary causes of steatosis and excessive alcohol 
consumption (≥ 30 g for men and ≥ 20 g for women). 
However, it has been proven that NAFLD can coexist 
with other liver pathologies, resulting in more severe 
liver injury [5]. In children diagnostic criteria include 
steatosis in ultrasonography and abnormal liver tests 
[6]. Liver biopsy remains the gold-standard method 
for definitive NAFLD diagnosis, but due to its inva-
siveness and high price it is usually used for subjects 

who are at increased risk of having NASH and/or ad-
vanced fibrosis or their diagnosis is uncertain [7]. 

Non-alcoholic fatty liver disease  
and metabolic syndrome 

The link between NAFLD and metabolic syndrome 
(MetS) is under debate. According to the Internation-
al Diabetes Federation the definition of MetS includes 
central obesity (diagnosed based on increased waist 
circumference) and two of the following: increased tri-
glyceride concentration [≥ 1.7 mmol/l (150 mg/dl), 
reduced high-density lipoprotein (HDL) cholesterol 
concentration (< 1.03 mmol/l (40 mg/dl) in males and 
< 1.29 mmol/l (50 mg/dl) in females) or specific treat-
ment for these lipid abnormalities, increased blood pres-
sure (systolic: ≥ 130 mmHg or diastolic: ≥ 85 mmHg) 
or treatment of previously diagnosed hypertension and 
fasting plasma glucose ≥ 5.6 mmol/l (100 mg/dl) or 
previously diagnosed type 2 diabetes [8]. In children all  
the values should be assessed according to percentile 
charts [9]. There is a strong interlink between NAFLD 
and MetS components – abdominal obesity [10], dys-
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lipidemia [11, 12], hypertension [13] and impaired 
glucose metabolism [14]. The prevalence of MetS 
among NAFLD patients is estimated between 18% 
in nonobese NAFLD and 67% in obese NAFLD pa-
tients [3, 15]. Therefore it was primarily thought that  
NAFLD is the hepatic manifestation and a  conse-
quence of metabolic syndrome [16]. However, it seems 
that the relationship between NAFLD and MetS is com-
plex and bi-directional – on one hand development of  
NAFLD is linked to MetS component, while on the 
other NAFLD can promote type 2 diabetes and hyper-
tension or increase the risk of cardiovascular events 
[17-19]. In the literature, a new term has been men-
tioned – metabolic dysfunction-associated fatty liver 
disease. It is used for hepatic steatosis accompanying 
overweight/obesity, diabetes mellitus or presence of 
metabolic abnormalities (e.g. hypertension, insulin re-
sistance, dyslipidemia) [20].

Dyslipidemia

Dyslipidemia affects almost 70% of patients with 
NAFLD [3]. It is characterized by lipid triad – in-
creased concentration of serum triglycerides, in-
creased small, dense, low-density lipoprotein (sdLDL), 
and low HDL cholesterol [21]. It is suggested that all 
these disturbances are linked and probably initiated by 
very-low-density lipoprotein (VLDL) overproduction 
and impaired lipoprotein catabolism [22].

Lipotoxicity

The pathogenesis of NAFLD has not been fully es-
tablished yet. The two-hit hypothesis was based on the 
assumption that sedentary lifestyle, high fat diet and 
obesity resulting in hepatic lipid accumulation acts 
as a  first hit, making the liver prone to other factors 
acting as a second hit [23]. This theory has now been 
replaced by more complex, multiple-hit hypothesis. It 
states that not only diet and lifestyle but also genetic 
factors lead to dyslipidemia, insulin resistance, and ad-
ipocyte dysfunction, resulting in endoplasmic reticu-
lum stress, oxidative stress, release of proinflammatory 
cytokines and mitochondrial dysfunction, thus pro-
moting inflammation and fibrosis [24]. Lipotoxicity is 
one of the most investigated mechanisms in the patho-
genesis of NAFLD. The term was originally used to de-
scribe a process of lipid-induced cell injury observed 
in B-cells in type 2 diabetes and muscles in MetS [25]. 
As both mentioned diseases are strongly linked to  
NAFLD, lipotoxicity turned out to have a  significant 
role in pathogenesis of liver steatosis, inflammation 
and fibrosis. It transpired that it is not only the quanti-

ty of accumulated lipids but also the type of lipid mol-
ecule is of importance in the process of liver cell injury 
[26]. The role of certain lipid species in the pathogene-
sis of NAFLD is described below.

Triglycerides

Triglycerides (TG) represent a  major form of in-
trahepatic lipids accumulated in NAFLD. Increased 
intake of dietary TG and transport of fatty acids (FA) 
released from insulin-resistant adipose tissue as well 
as intensive de novo lipogenesis in the liver are im-
portant pathways leading to intrahepatic triglyceride 
accumulation. Dietary TG are hydrolyzed into mono-
acylglycerols and FA by pancreatic lipase in the duo-
denum. Products of this process are then emulsified 
by bile salts and transported to enterocytes to form 
triglycerides. TG combine with cholesterol, phos-
pholipids and proteins to form chylomicrons that are 
transported to muscles and adipose tissue as a source 
of energy. Remaining TG are transported to the liver 
to release non-esterified FA in a  process of lipolysis. 
In the fed state the main source of energy in the liv-
er is glucose rather than lipids. Therefore excessive FA 
instead of being B-oxidized are incorporated into TG 
that are stored as lipid droplets or secreted in VLDL 
[27]. Although TG are responsible for liver steatosis, 
it seems that they play a  protective role against liver 
damage in the process of lipotoxicity. A study by Yama-
guchi et al. demonstrated that inhibiting diacylglycerol 
acyltransferase 2 (an enzyme catalyzing the final step 
of triglyceride synthesis in the liver) in obese mice pro-
motes conversion of simple steatosis into NASH and fi-
brosis. Therefore it seems that TG accumulation helps 
protect hepatocytes by incorporation of hepatotoxic 
FA [28]. Similar observations were made by Liu et al. – 
obese mice fed with high fat diet (HFD) together with 
an inhibitor of triglyceride lipase had significantly low-
er levels of FA and less severe histological changes in 
the liver than mice fed with HFD without addition of 
this drug. It would confirm the hypothesis about the 
protective role of TG accumulation against lipotoxicity 
[29, 30]. 

Fatty acids

Non-esterified fatty acids are among most common 
molecules suspected for lipotoxicity. Hepatic FAs derive 
from the plasma pool (adipose tissue lipolysis), are syn-
thetized in the liver (de novo lipogenesis), or are released 
from lysosomes after autophagy. Their plasma concentra-
tion depends on the feeding state – it rises during fast-
ing as they serve as the main substrate for various tissues’ 
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metabolism. Postprandial levels of FA decrease as a result 
of insulin release and its anti-lipolytic action. However, 
it is known that NAFLD is strongly linked to insulin re-
sistance (IR) [31]. In this state, circulating FA levels are 
high despite increased insulin concentration due to tis-
sue resistance to its action [32]. Therefore their hepatic 
uptake is increased. Hepatic FAs are transformed into 
acyl-CoA molecules and can either undergo B-oxidation 
or be incorporated into triglycerides or other lipids. Ac-
cumulation of FA as complex lipids promote steatosis but 
it seems that it plays a protective role against liver injury. 
Excess FAs that are not incorporated into more complex 
forms are lipotoxic to hepatocytes – they lead to endo-
plasmic reticulum stress, mitochondrial dysfunction 
and oxidative stress followed by reactive oxygen species 
(ROS) formation. These processes activate proinflamma-
tory and profibrotic pathways, promoting progression of 
the disease towards NASH [24, 27, 33]. A lot of attention 
has been brought to the influence of FAs on metabolic 
syndrome according to their saturation and length of the 
chain. Saturated fatty acids (SFA) are thought to increase 
production of proinflammatory M2 macrophages and in-
flammatory cytokines, thus promoting insulin resistance. 
Monounsaturated fatty acids (MUFA) and polyunsaturat-

ed fatty acids (PUFA) have a positive influence on glucose 
metabolism, decreasing insulin resistance; they seem to 
reduce hepatic steatosis and promote anti-inflammatory 
cytokines. Therefore it seems that unsaturated FA play 
a protective role against liver injury [34]. Moreover, data 
suggest that a low SFA diet decreases liver fat content and 
improves insulin sensitivity. Similar observations were 
made with a diet rich in PUFA and MUFA – they im-
prove liver steatosis and are beneficial for insulin sensi-
tivity [35]. Among MUFAs, oleic acid is the best known 
for its positive role – it was observed that it promotes SFA 
incorporation into triglyceride, therefore protecting cells 
from SFA-mediated lipotoxicity [36]. The biological ef-
fect of PUFA seems to depend on the localization of the 
double bond. There are two main classes of PUFA – n-3 
PUFA (including eicosapentaenoic acid (EPA) and do-
cosahexaenoic acid (DHA)) and n-6 PUFA (including 
arachidonic acid (AA)). A lot of research has been done 
on the beneficial role of n-3 PUFA in liver function, mod-
ulation of oxidative stress, endothelial function, and their 
anti-inflammatory properties [37]. Their positive role has 
been described in atherosclerosis, cardiovascular disease, 
diabetes, metabolic syndrome and many other diseases 
[38-40]. Importantly, anti-inflammatory and anti-oxida-

Fig. 1. Lipid classes and their role in development of non-alcoholic fatty liver disease and lipotoxicity. Obesity leads to insulin resistance, which is strongly linked to 
non-alcoholic fatty liver disease (NAFLD). In the insulin resistant state, circulating fatty acids are high, because of impaired anti-lipolytic action of insulin. Hepatic 
fatty acids (FA) derive from plasma, de novo lipogenesis or are released from lysosomes. An excessive amount of FA can be either incorporated into triglycerides 
or take part in a process of lipotoxicity. It seems that despite being responsible for liver steatosis, triglycerides play a protective role against liver injury. Ceramides 
can derive from FA, converted from sphingomyelin or sphingoid bases in lysosomes. Conversion from sphingomyelin is stimulated by inflammatory cytokines 
(TNF-α, IL-6). Both ceramides and FA are lipotoxic – they cause endoplasmic reticulum stress, mitochondrial dysfunction, and oxidative stress, and lead to 
increased synthesis of reactive oxygen species that take part in oxLDL synthesis. These processes increase inflammation, leading to non-alcoholic steatohepatitis, 
and promote fibrosis. FA – fatty acids, TNF-α – tumor necrosis factor α, IL-6 – interleukin 6, SM – sphingomyelin, NAFLD – non-alcoholic fatty liver disease, 
ROS – reactive oxygen species, TG – triglycerides, VLDL – very-low-density lipoprotein, LDL – low-density lipoprotein, oxLDL – oxidized low-density lipoprotein, 
NASH – non-alcoholic steatohepatitis
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tive properties of n-3 PUFA were observed to ameliorate 
liver damage in NAFLD, making them a potential thera-
peutic target in this disease [41-43]. On the other hand, 
n-6 PUFA are considered to be proinflammatory and 
prothrombotic [37]. However, accumulating evidence 
suggests that the n-6/n-3 PUFA ratio is more important 
considering inflammation than concentrations of n-6 
and n-3 PUFA. It was observed that an increased n-6/n-3 
ratio is associated with an increased risk of obesity and 
NAFLD [44-46]. Therefore it would justify dietary sup-
plementation of n-3 PUFA as potential treatment of  
NAFLD [42, 47, 48].

Ceramides

Ceramides are sphingolipid (SPL) metabolites that 
seem to be associated with hepatic injury in a mecha-
nism of lipotoxicity as well. There are three main sourc-
es of ceramides – de novo synthesis in endoplasmic re-
ticulum from circulating FAs, conversion from another 
SPL, sphingomyelin (SM), or conversion from long-
chain sphingoid bases in endosomes and lysosomes. As 
mentioned above, in a state of insulin resistance, adipose 
tissue lipolysis is not inhibited by insulin, and therefore 
levels of circulating FA are high. Synthesis of ceramide 
depend mostly on availability of saturated FA – the ex-
cessive amount that cannot be incorporated into more 
complex lipids (TG) is used as a substrate in ceramide 
production [49]. It is commonly known that obesity is 
a state of chronic, low grade inflammation, associated 
with increased release of inflammatory cytokines from 
adipose tissue – tumor necrosis factor α (TNF-α), in-
terleukin 6 (IL-6) and others [50]. These inflammatory 
signals were reported to trigger sphingomyelinases that 
are responsible for the other way of ceramide genera-
tion – conversion from SM [51]. Increased levels of ce-
ramides were associated with obesity, insulin resistance 
and other metabolic disturbances [52, 53]. Moreover, 
a growing body of literature has described their role in 
pathogenesis of non-alcoholic liver disease and pro-
gression to NASH in both adult and pediatric popula-
tions [54-56]. It seems that ceramides containing long 
side chains – palmitic or stearic – are more lipotoxic 
than other ceramides by promoting weight gain and 
worsening insulin sensitivity [53, 57]. A high concen-
tration of ceramides was observed to increase hepatic 
insulin resistance, activate inflammatory pathways and 
cytokine release and promote mitochondrial ROS pro-
duction [58, 59]. All of these processes contribute to 
increased hepatocyte apoptosis and fibrosis [60]. Inhib-
iting ceramide synthesis was found to ameliorate liver 
steatosis and fibrosis in rats; therefore it may represent 
another potential therapeutic strategy [61]. 

Oxidized low-density lipoprotein

Oxidized low-density lipoprotein (oxLDL) is an-
other component suspected for hepatic lipotoxicity. 
Production of this lipid peroxide is a result of an im-
balance between ROS formation and the capacity of 
the antioxidative system. In a state of FA overload, ex-
cessive FA are B-oxidized in adipose tissue mitochon-
dria and peroxisomes and contribute to ROS forma-
tion [62]. OxLDL is well known for its key pathogenic 
role in formation and progression of atherosclerotic 
plaque by promoting infiltration of macrophages fol-
lowed by their activation and inflammatory cytokine 
release [63]. Moreover, oxLDL was found to be linked 
to cardiovascular disease [64], obesity [65], diabetes 
mellitus [66] and metabolic syndrome [67]. In the pe-
diatric population oxLDL was found to correlate with 
waist-hip ratio (WHR) and its concentration was sig-
nificantly higher in obese/overweight children in com-
parison to lean patients [68]. Similarly, Matusik et al. 
reported significantly higher levels of oxLDL in obese 
children when compared to lean, sport trained chil-
dren [69]. Kelly et al. performed a study on levels of 
oxLDL in obese children and observed its positive cor-
relation with BMI and waist circumference and signif-
icant association with insulin resistance [70]. It seems 
that oxidative stress plays a crucial role in NAFLD pro-
gression towards NASH [62, 71]. Nobili et al. reported 
high prevalence of oxidative stress in pediatric NAFLD 
and its correlation with steatohepatitis severity [72]. 
OxLDL was found to promote development of NASH 
and fibrosis. This process can be mediated by various 
mechanisms in different hepatic cells. The most im-
portant one is oxLDL incorporation into Kupffer cells, 
their activation and promotion of the inflammatory 
pathway. Moreover, oxLDL may be internalized by he-
patocytes, activating the inflammasome and promot-
ing their apoptosis. OxLDL may also activate hepatic 
stellate cells, promoting the pro-fibrotic pathway, and 
liver sinusoidal endothelial cells, causing endothelial 
damage [73, 74]. Interestingly Ho et al. reported that 
oxLDL contributes to atherosclerosis in the portal 
vein, causing vascular damage, portal venous inflam-
mation and fibrosis [75]. These observations suggest 
an important role of oxidative stress in pathogenesis of 
MS components as well as development and progres-
sion of NAFLD. 

Conclusions

Together these results provide important insights 
into the role of various lipid classes in development 
and progression of NAFLD and NASH. An important 
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role of insulin resistance, oxidative stress, and activa-
tion of inflammatory pathways resulting in cytokine 
release has been underlined, therefore identifying po-
tential therapeutic targets. It would seem that future 
work should be concerned more about changing the 
lipid profile of the liver than reducing the total amount 
of lipids.
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