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Abstract: NASH is becoming increasingly common worldwide because of the growing global
prevalence of obesity and consequently NAFLD. Unfortunately, the mechanism of progression
of NAFLD to NASH and then cirrhosis is not completely understood. Several factors, including
insulin resistance, inflammation, oxidative stress, lipotoxicity, and bile acid (BA) toxicity, have been
reported to be associated with NASH progression. The release of fatty acids from dysfunctional
and insulin-resistant adipocytes results in lipotoxicity, which is caused by the ectopic accumulation
of triglyceride-derived toxic metabolites and the subsequent activation of inflammatory pathways,
cellular dysfunction, and lipoapoptosis. Adipose tissue (AT), especially visceral AT, comprises
multiple cell populations that produce adipokines and insulin-like growth factor, plus macrophages
and other immune cells that stimulate the development of lipotoxic liver disease. These biomolecules
have been recently linked with many digestive diseases and gastrointestinal malignancies such as
hepatocellular carcinoma. This made us question what role lipotoxicity has in the natural history
of liver fibrosis. Therefore, this review focuses on the close relationship between AT and NASH. A
good comprehension of the pathways that are related to dysregulated AT, metabolic dysfunction, and
hepatic lipotoxicity will result in the development of prevention strategies and promising therapeutics
for patients with NASH.

Keywords: nonalcoholic steatohepatitis; liver fibrosis; hepatic lipotoxicity

1. Introduction

The incidence of obesity is reaching epidemic proportions. Consequently, the global incidence of
secondary diseases such as metabolic syndrome (MetS), type 2 diabetes mellitus (T2DM), nonalcoholic
fatty liver disease (NAFLD), and nonalcoholic steatohepatitis (NASH) has become very high [1].
NAFLD comprises a wide spectrum of conditions related to over accumulation of lipids in the liver,
which range from steatosis to NASH [2]. NASH is characterized by the accumulation of fat in the liver
in parallel with hepatocyte damage, inflammation, and different degrees of scarring or fibrosis, and
has a high risk of progressing to cirrhosis and hepatocellular carcinoma [3].

Several factors, including lipotoxicity, insulin resistance, inflammation, oxidative stress, and bile
acid (BA) toxicity, have been associated with NASH progression [4]. Nevertheless, the molecular
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mechanisms that promote NASH progression remain poorly understood. This lack of knowledge limits
the development of preventatives and therapeutics for this disease. Previous studies have proposed
several models to explain the molecular events in NAFLD-induced liver injury [5,6].

Lipotoxicity is the harmful effects of lipid accumulation in non-adipose tissue. It is well known
that lipotoxicity is related to insulin resistance, hepatic steatosis, cardiomyopathy, nephropathy, and
endothelial dysfunction [7]. Nowadays, the development and progression of NASH is mainly viewed
as the consequence of liver lipotoxicity. Hepatic lipotoxicity occurs when the liver capacity to utilize,
store, and export free fatty acids (FFAs) as triglycerides (TGs) is overcome by FFAs flux from the
periphery or hepatic de novo lipogenesis [8]. Recent data show that storage of TGs in liver cells is not the
leading determinant of lipotoxicity, and that FFAs act as harmful agents in hepatocytes [9]. This review
discusses the new approaches of molecular mechanisms of lipid-induced hepatocellular damage.

2. The Light and Dark Sides of Adipose Tissue

Adipose tissue (AT) is a connective tissue that is comprised mostly of fat storage cells, but
also contains water, minerals, and proteins [10]. The average volume of AT in adult human life is
approximately 24 L whereas the liver has a volume of 1.5–1.8 L [11]. Obesity increases the volume of
AT, which may surpass 80 L in the morbidly obese [10].

AT is classified as subcutaneous or intra-abdominal depending on its anatomical position [12].
Subcutaneous AT is located under the skin and stores approximately 80% of total body fat.
Intra-abdominal AT includes visceral AT, which is located around the digestive organs, and
retroperitoneal AT, which together account for 20% of total body fat [13]. There are also two types of
AT: white AT (WAT) and brown AT (BAT). The main function of WAT is to store energy, while BAT is
adapted to generate body heat. BAT is practically nonexistent in adults but is very common in fetuses
and newborns [14]. WAT is a secretory organ that both sends and receives signals to modulate energy
expenditure, sensitivity to insulin, appetite, endocrine and reproductive functions, and inflammatory
and immunological processes [15]. A feature of subcutaneous AT is that it is less sensitive to the action
of insulin than is visceral AT [16,17]. Therefore, visceral adiposity is more often related to NAFLD
and MetS. The lipolytic effect of catecholamines is stronger in visceral adipocytes and the antilipolytic
effect of insulin is weaker, which leads to greater mobilization of FFAs for lipolysis in intra-abdominal
AT than in subcutaneous AT [18]. Some studies have observed that visceral AT has a higher impact on
systemic inflammation and an adverse metabolic profile compared with other AT because visceral AT
is more inclined to become inflamed in obese individuals [15,18].

The adipocyte is the functional unit of AT, but comprises only 20–40% of the cellular content
of AT [17]. It is important to note that AT includes other cell types such as the stroma vascular
fraction, which includes blood cells, endothelial cells, pericytes, and adipocyte precursor cells, among
others [18]. The main role of adipocytes is lipid uptake and storage. However, AT is no longer
considered to be a tissue that only stores fat. Recent evidence has shown that AT is a major endocrine
organ because it is responsible for the synthesis and secretion of many hormones and inflammatory
cytokines (adipokines) [19]. Concentrations of these biological substances are higher in visceral AT
compared with subcutaneous AT [20]. This is highly significant because obese individuals have been
suggested to be in a state of low-grade inflammation, which dysregulates AT, causing an alteration of
adipokine production and thereby linking obesity, insulin resistance, inflammation, and NAFLD [20]
(Figure 1).



Int. J. Mol. Sci. 2018, 19, 2034 3 of 21

Int. J. Mol. Sci. 2018, 19, x FOR PEER REVIEW  3 of 21 

 

 
(Chemokines in the pathogenesis of NAFLD and NASH) 

Figure 1. The pathogenesis of nonalcoholic steatohepatitis (NASH) is not completely understood. It 
seems the mechanism leading to NASH is multifactorial. Obesity is a strong contributing factor to 
nonalcoholic fatty liver disease (NAFLD) progression due to liver steatosis is related to lipotoxicity 
and cellular stress, which result in hepatocyte injury. Evidence has shown a strong relationship 
between obesity and gut microbiota configuration in humans [21,22]. Obesity has been related to 
modify the gut microbiota and gut microbiota has demonstrated a modifier role of metabolic and 
end organ complications of obesity such as NAFLD/NASH. The imbalance of gut microbiota 
(dysbiosis) leads to increased pathogen-associated molecular patterns (PAMPs). Moreover, dysbiosis 
is related to an increased exposure to bacterial products coming from the gut such as 
gram-negative-derived lipopolysaccharides (LPS). Molecular pattern molecules (DAMPs) and 
PAMPs act on receptors localized on hepatic cells leading to recruitment of neutrophils, 
macrophages, and other components of the innate immune response. Kupffer cells are sensors of 
liver tissue damage and they become activated through PAMPs, by increased levels of LPS and by 
DAMPs. The activated Kupffer cells release proinflammatory cytokines and chemotactic factors such 
as chemokine C-C motif ligand (CCL). Consequently, hepatic stellate cells are activated. Finally, this 
process causes an immoderate production of extracellular matrix leading to progressive fibrosis. 

It has been recognized that among other processes, AT participates in the regulation of 
nutritional intake, immunity, angiogenesis, fibrinolysis, and control of sensitivity to insulin [20]. 

The correct functioning of adipocytes depends on many factors, such as adipocyte size, number, 
hormonal milieu, and the interplay between AT and other cell types [23]. Adipocytes derive from 
multipotent mesenchymal stem cells, which develop into adipoblasts and subsequently into 
preadipocytes. Preadipocytes can differentiate into mature adipocytes, thus enabling hyperplastic 
expansion of AT when increased storage is needed [24]. The mature adipocytes can elongate to 
adapt to increased storage needs, and in situations of overfeeding, become hypertrophic [25]. Thus, 
adipocyte number and morphology change in response to the energy balance by means of 
biochemical processes implicated in lipid uptake, esterification, lipolysis, and differentiation of 
preadipocytes [26]. 

Adipocyte maturation depends on upregulation of peroxisome proliferator-activated receptor 
gamma (PPAR-γ) together with other transcription factors including sterol regulatory-element 
binding protein (SREBP) 1c, cytosine–cytosine–adenosine–adenosine–thymidine 
(CCAAT)-enhancer-binding proteins, and bone morphogenetic protein [19]. These transcription 
factors are very important because they give adipocytes their plasticity and confer a significant 
ability to adapt to high-fat overfeeding through hypertrophy and hyperplasia. Accordingly, the AT 

Figure 1. The pathogenesis of nonalcoholic steatohepatitis (NASH) is not completely understood. It
seems the mechanism leading to NASH is multifactorial. Obesity is a strong contributing factor to
nonalcoholic fatty liver disease (NAFLD) progression due to liver steatosis is related to lipotoxicity
and cellular stress, which result in hepatocyte injury. Evidence has shown a strong relationship
between obesity and gut microbiota configuration in humans [21,22]. Obesity has been related to
modify the gut microbiota and gut microbiota has demonstrated a modifier role of metabolic and end
organ complications of obesity such as NAFLD/NASH. The imbalance of gut microbiota (dysbiosis)
leads to increased pathogen-associated molecular patterns (PAMPs). Moreover, dysbiosis is related
to an increased exposure to bacterial products coming from the gut such as gram-negative-derived
lipopolysaccharides (LPS). Molecular pattern molecules (DAMPs) and PAMPs act on receptors localized
on hepatic cells leading to recruitment of neutrophils, macrophages, and other components of the innate
immune response. Kupffer cells are sensors of liver tissue damage and they become activated through
PAMPs, by increased levels of LPS and by DAMPs. The activated Kupffer cells release proinflammatory
cytokines and chemotactic factors such as chemokine C-C motif ligand (CCL). Consequently, hepatic
stellate cells are activated. Finally, this process causes an immoderate production of extracellular matrix
leading to progressive fibrosis.

It has been recognized that among other processes, AT participates in the regulation of nutritional
intake, immunity, angiogenesis, fibrinolysis, and control of sensitivity to insulin [20].

The correct functioning of adipocytes depends on many factors, such as adipocyte size, number,
hormonal milieu, and the interplay between AT and other cell types [23]. Adipocytes derive
from multipotent mesenchymal stem cells, which develop into adipoblasts and subsequently into
preadipocytes. Preadipocytes can differentiate into mature adipocytes, thus enabling hyperplastic
expansion of AT when increased storage is needed [24]. The mature adipocytes can elongate to adapt to
increased storage needs, and in situations of overfeeding, become hypertrophic [25]. Thus, adipocyte
number and morphology change in response to the energy balance by means of biochemical processes
implicated in lipid uptake, esterification, lipolysis, and differentiation of preadipocytes [26].

Adipocyte maturation depends on upregulation of peroxisome proliferator-activated receptor
gamma (PPAR-γ) together with other transcription factors including sterol regulatory-element binding
protein (SREBP) 1c, cytosine–cytosine–adenosine–adenosine–thymidine (CCAAT)-enhancer-binding
proteins, and bone morphogenetic protein [19]. These transcription factors are very important because
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they give adipocytes their plasticity and confer a significant ability to adapt to high-fat overfeeding
through hypertrophy and hyperplasia. Accordingly, the AT is a protective tissue that stores and
prevents immoderate exposure of other organs to FFAs [19]. To avoid lipotoxicity from chronic
overnutrition, adipocytes first become hypertrophic then hyperplastic. It has been observed that
hypertrophic adipocytes develop a pattern of gene expression that resembles that of macrophages
and that they produce adipokines [26]. Consequently, protection from chronic overfeeding and from
triglyceride accumulation in tissues such as the liver, muscle, and pancreatic β-cells requires an
extraordinary adaptation by adipocytes that implicates activation of several inflammatory pathways
but comes at the cost of AT insulin resistance [27].

3. Lipids: From Synthesis to Breakdown

The accumulation of fat depends on the balance between fat synthesis (lipogenesis) and fat
breakdown (lipolysis) [28]. Lipogenesis can occur in AT or in the liver. Lipogenesis controls the
synthesis of FFAs and is stimulated by a diet including high levels of carbohydrates conducive to high
postprandial plasma TGs levels, whereas it is inhibited by polyunsaturated FFAs and by fasting [29].
Lipolysis occurs in AT and is responsible for producing energy from energy reserves (TGs), during
which triacylglycerol molecules are hydrolyzed to FFAs and glycerol [30]. During fasting or prolonged
hard exercise, the adipocyte’s TG droplet is degraded to supply FFAs to be used as an energy source by
other tissues [31]. Hormone-sensitive lipase and monoacylglycerol lipase are responsible for catalyzing
the hydrolysis of the TGs ester bonds [31]. Complete hydrolysis of TGs involves the breaking of three
ester bonds to release FFAs and a glycerol moiety [32]. The hormone-sensitive lipase is responsible for
facilitating hydrolysis of the esters at positions 1 and 3 of the triacylglycerol, while 2-monoacylglycerol
lipase catalyzes hydrolysis of the remaining ester to produce a third FFA and glycerol. Insulin inhibits
the hormone-sensitive lipase and the secretion of this hormone is favored by the presence of glucagon
and epinephrine B [33]. Glycerol is transported out of adipocytes via an aquaporin type of transport
molecule and must be shuttled back to the liver for use in oxidation or gluconeogenesis [34]. Outside
the adipocyte, FFAs are instantly bound to albumin and carried in the bloodstream to the liver, muscle,
and other tissues for oxidation. β-oxidation is a catabolic process in which the FFAs resulting from
lipolysis are used as a source of energy [35]. Finally, the FFA molecules are converted into acetyl
coenzyme A (CoA) molecules.

4. Lipotoxicity

Lipotoxicity is characterized by an increased concentration of toxic lipids and lipids
derivatives [28]. Overnutrition with high-carbohydrate and high-fat diets is related to the development
of one of two clinical–histopathological phenotypes of liver fatty accumulation: NAFLD or NASH [36].
Many types of lipid have been demonstrated to mediate liver lipotoxicity [28], including FFAs, TGs,
free cholesterol (FC), lysophosphatidyl cholines (LPCs), ceramides, and BA. We describe the roles of
these biological molecules below.

4.1. Free Fatty Acids

FFAs can be classified as saturated or unsaturated, depending on the bonds. They are unsaturated
if they contain double bonds, while those without double bonds are called saturated [37]. It is well
known the several roles of FFAs such as energetic substrates, components of membrane lipids, as
ligands of some membrane receptors and as substrates for the synthesis of signaling molecules and
complex lipids [37]. The most plentiful FFAs in the diet and in the steatotic liver are saturated palmitic
acid (PA) and monounsaturated oleic acid (OA). PA is ingested as part of the diet or can be produced
by lipogenesis from excess carbohydrate consumption. OA can be found in animal and vegetable fats
and oils and is the most abundant FFAs in AT [28]. It has been observed in vitro models that OA or PA
can induce steatosis separately as well as in a mixture [38]. Some studies have shown harmful effects
of unsaturated FFAs on hepatocytes via induction of apoptosis [38,39]. Liver cells exposed to elevated
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levels of circulating FFAs raise their uptake to clear the FFAs from the blood [40]. Most of the FFAs
that enter the liver originate from lipolysis of AT and TGs in the fasting state, and constitute 60% of
liver FFAs in people with NAFLD [41]. It has been shown that hepatocytes exposed to PA and OA
display increased expression of fatty acid translocase (also known as CD36) and fatty acid transport
protein-2, leading to accumulation of diacylglycerol (DAG) or ceramides into the cells [39,42].

4.2. Triglycerides

TGs are the main component of dietary lipids and represent the main form of energy storage. TGs
are simple lipids that are composed of a glycerol molecule associated with three FFAs [41]. Human
in vivo studies have shown that excess accumulation of hepatic TGs is the main consequence of
increased delivery of adipose-derived FFAs to the liver and de novo lipid synthesis in the liver [28,41].
On the other hand, liver steatosis is affected by lipid disposal via β-oxidation or export of very low
density lipoproteins or directly by the increment of dietary lipids. High-carbohydrate diets contribute
to liver steatosis by facilitating lipogenesis and lipid storage as TGs [43]. A protective role for TGs
has also been demonstrated: it seems that TGs represent a defense system against the proapoptotic
effects of high loads of FFAs in cells [44]. In this regard, Yamaguchi et al. demonstrated the protective
role of TGs by showing that inhibition of DAG acetyltransferase 2, the final catalyst in hepatocyte TG
synthesis, generated increased necroinflammation and increased peroxidation and oxidative stress [45].

4.3. Lysophosphatidyl Cholines

LPCs are plasma lipid constituents derived from phosphatidylcholine. LPCs have been reported
to be involved in phagocyte chemotaxis and are released after activation of calcium-independent
phospholipase A2 by caspase 3 when cells undergo apoptosis [46]. It has been observed that levels
of LPCs are greater in the hepatic tissue or plasma of both human NASH patients and in animal
models of NASH [47,48]. Moreover, LPCs seem to be a key mediator of FFAs cytotoxicity by causing
an endoplasmic reticulum (ER) stress and inducing apoptotic pathways downstream of the activation
of Jun terminal kinase (JNK) or glycogen synthase kinase 3 and the induction of the transcription factor
CCAAT/enhancer-binding homologous protein [48,49]. These processes lead to an upregulation of
prodeath proteins.

4.4. Ceramides

Ceramides are members of the sphingolipid family of lipids and components of the cell
membranes. Ceramides are involved in several processes such as cell signaling, inhibition of insulin
signaling, apoptosis, induction of oxidative stress and inflammation. High circulating levels of
ceramides were observed in peripheral blood samples of obese patients with NASH [50]. Ceramides
can be produced through three different pathways: de novo synthesis, a sphingomyelinase pathway,
and a salvage pathway. De novo synthesis from palmitoyl CoA and serine subjected to oxidative stress
through the action of serine palmitoyl CoA transferase, which is the rate-limiting enzyme [50,51].
Ceramides can be produced by the action of neutral sphingomyelinase (N-SMase)-mediated hydrolysis
of cell membrane sphingomyelin. Inflammation upregulates activity of N-SMase [52]. Glutathione
can be a negative regulator of N-SMase. Decreased levels of glutathione lead to the activation of
N-SMase [52]. In the salvage pathway, ceramides are recycled by the ceramide synthase catalyzed
reacylation of sphingosine generated from catabolism of complex sphingolipids [50]. Fumanisin B1
is an inhibitor of (dihydro) ceramide synthase that can inhibit both ceramide biosynthesis and the
salvage pathways [50].

Increased levels of pro-inflammatory cytokines such as interleukin (IL)-1 and IL-6 are present
in people with NASH and have a relationship with increased ceramide levels [51,52]. Ceramides are
related to tumor necrosis factor alpha (TNFα) in the liver and promote the release of reactive oxygen
species (ROS) by hepatic mitochondria, resulting in apoptosis, and worse, hepatic inflammation [53].
Increased liver ceramide levels have also been associated with the development of hepatic insulin
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resistance due to ceramides can attenuate insulin signaling in liver and skeletal muscle by reducing
GLUT4 translocation and glucose uptake [54]. The function of ceramides in NAFLD pathogenesis and
lipotoxicity is still not fully understood but seems to be cell-type-specific [55]. Hepatocyte apoptosis
induced by saturated FFAs was found to be ceramide independent, whereas in pancreatic β-cells,
ceramides are important mediators of cellular failure and apoptosis and may function as a second
messenger in cross-talk between the ER and mitochondria [56].

4.5. Free Cholesterol and Bile Acids

Nowadays, it is known that the alteration of liver cholesterol homeostasis and hepatic FC
accumulation are crucial to the pathogenesis of NAFLD/NASH.

In NAFLD, the accumulation of hepatic FC results from alterations in intracellular cholesterol
transport and from unbalanced cellular cholesterol homeostasis characterized by activation of
cholesterol biosynthetic pathways, increased cholesterol de-esterification and decreased cholesterol
export and BA synthesis [57]. High intracellular FC leads to liver damage through the activation of
Kupffer cells and hepatic stellate cells, which mediate inflammation and fibrosis [57]. In addition,
the accumulation of FC in liver mitochondria induces mitochondrial dysfunction, which results in
increasing generation of ROS and in activation of the unfolded protein response in the endoplasmic
reticulum (ER), resulting in ER stress and hepatocyte apoptosis [57]. In the liver, the breakdown of
cholesterol homeostasis contributes to its accumulation in hepatocytes and within organelles [57].
These events contribute to the maintenance of steatosis and promote ongoing hepatocyte death and
liver injury.

SREBP-2 is the main regulatory enzyme of hydroxymethylglutaryl-CoA reductase, which is a key
enzyme in cholesterol synthesis [58]. SREBP-2 levels are increased in NASH patients, correlating
with high levels of FC and steroidogenic acute regulatory protein (a mitochondrial cholesterol
transporter) [59]. In vitro models, it has been demonstrated that diets with high levels of FC cause
accumulation of toxic hepatic oxysterols, which induce to mitochondrial dysfunction and liver
damage [60]. In addition, FC accumulation in liver mitochondria led to apoptosis by a Toll-like receptor
4 (TLR4)-regulated JNK-1 pathway that activated the inflammatory mediator high mobility group
box 1 protein. The relationship between cholesterol and NASH has prompted research into the use of
cholesterol-lowering medications to protect subjects from developing NASH [60]. Hydrophobic Bas,
such as deoxycholic acid, can trigger liver apoptosis and are increased in NASH by JNK1/p53/sirtuin
1 pathway [61]. Farnesoid X receptors (FXRs) are BA receptors that restrain the synthesis of BA so FXR
agonists can protect from steatohepatitis and improve hyperlipidemia and insulin resistance in obese
patients [62].

5. Molecular Mechanisms of Hepatocellular Lipid Metabolism

The incapacity of hepatocytes to dispose of excess FFAs results in lipoapoptosis, an essential
feature of NASH. Apoptosis can occur in hepatocytes via intrinsic or extrinsic pathways [28]. The
intrinsic mechanism is activated by intracellular stresses such as oxidative stress or by organelle
dysfunction including ER stress and mitochondrial permeabilization, while the extrinsic pathway
is initiated by the binding of death ligands, such as Fas or TNF-related apoptosis-inducing ligand
(TRAIL), to their respective receptors [63]. Both intrinsic and extrinsic mechanisms converge on effector
caspases to regulate apoptosis.

The role of oxidative stress in cell injury and death has not been established. Nevertheless, the
absence of therapeutic efficacy data for antioxidants would argue against ROS as a major contributor
to liver injury in NASH patients [64]. Some studies have demonstrated that excessive antioxidants
can contribute to insulin resistance [65,66]. The induction of apoptosis seems to be crucial to the
pathogenesis of lipotoxic injury in the liver and in other tissues, and activation of caspases and JNK
may be major effectors of this process [67].
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A constant excessive availability of saturated fatty acids (SFAs) likely generates lipid intermediates
that will direct normal triacylglyceride formation toward induction of ER stress by accumulation of
unfolded or misfolded proteins in the ER [68]. This perturbation promotes a state of oxidative stress
that is conducive to a conserved adaptive response that activates signaling pathways, resulting in
translational arrest, degradation of proteins, and production of antioxidants, to allow recovery and
cell survival [69]. This adaptive response is activated by at least three ER stress sensors, including
activating transcription factor 6 (ATF6), inositol requiring enzyme 1 (IRE1), and PKR-like ER kinase
(PERK) [68]. Despite translational arrest of protein synthesis via eukaryotic initiation factor 2a, the
failure to upregulate ATF4 and efficiently degrade proteins in response to activating X-box protein 1
may identify NASH patients at risk of progressing to cirrhosis because of incompetent degradation of
unfolded proteins [70].

If the adaptive response machinery fails and the ER stress continues, the alert response is activated
and promotes apoptosis [71]. IRE1, PERK, and ATF6 meet at one point with C/EBP homologous
protein (CHOP), which forms a heteromeric complex with c-Jun to positively regulate p53-upregulated
modulator of apoptosis expression, with subsequent activation of B-cell lymphoma 2-associated X
(Bax) protein [72]. Accordingly mitochondrial membrane channel formation results in the release
of cytochrome C into the cytosol, promoting activation of downstream effectors caspase-3 and 7,
proteases that dismantle the cell and cause cell death by apoptosis. IRE1 can also bind tumor necrosis
factor receptor-associated factor 2 (TRAF2) to activate apoptosis signal-regulating kinase 1 (ASK1) and
downstream JNK to facilitate formation of the c-Jun/CHOP heteromeric complex. CHOP upregulates
death receptors that sensitize hepatocytes to circulating death ligands [72]. Mitochondrial dysfunction
may be increased by stress-induced release of calcium by the ER [70]. TLR4 is a pattern-recognition
receptor that activates a pro-inflammatory signaling pathway in response to SFAs [73]. This pathway
is initiated by recruiting adaptor molecules to Toll/IL-1 receptor domain containing adaptor protein
and myeloid differentiation factor 88, which eventually leads to activation of nuclear factor κB with
production of TNFα [72]. Binding of TNFα to the TNF receptor forms a complex consisting of TNF
receptor associated death domain protein (TRADD), TRAF2, and receptor interacting protein (RIP).
This complex activates a proapoptotic ASK1/JNK pathway that ultimately results in Bim activation
and mitochondrial dysfunction [74]. The TRADD/TRAF2/RIP complex may be internalized, and
after recruiting Fas-associated protein with death domain, the mitochondrial amplification loop is
activated by caspase 8 [74]. The participation of lysosomes in apoptosis has also been described
in patients with NASH. Upon cytosol-to-lysosome translocation of Bax and lysosomal membrane
permeabilization, cathepsin B is released into the cytosol with subsequent increased production of
TNFα through activation of the NF-κB pathway [75]. However, hepatocytes appear to be sensitized in
patients with NASH and hepatic upregulation of the TRAIL receptor DR5 has been reported [76].

6. Lipids that Protect Against Lipotoxicity

Liver lipid metabolism is implicated in several diseases, including obesity, NAFLD, and
T2DM [77]. It has been observed that hepatic accumulation of neutral lipids is a protective mechanism,
while lipoperoxidation is implicated in the development and progression of NASH [78]. The gut
microbiota (GM) has a very important role in liver lipid metabolism because it is involved in a complex
modulation of metabolism [21]. Moreover, it has been observed that the translocation of the GM
contributes to the maintenance of the low-grade inflammation present in MetS [79].

Recent studies have observed that the exposure of human and murine hepatocytes to
monounsaturated fatty acids preserved hepatocyte viability despite lipid accumulation [80,81].
Therefore, monounsaturated FFAs are a safe form of excess lipid storage, and have been demonstrated
to have a protective role against apoptosis in Huh-7 cells and primary hepatocytes [82]. In contrast,
palmitoleic acid has not been shown to have a protective effect against steatosis, but can protect
hepatocytes against the downstream death mediator Bax.
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Two classes of long-chain polyunsaturated fatty acids (essential fatty acids) exist in nature: ω-3
andω-6. They are structurally classified by the number of carbons, double bonds, and proximity of
the first double bond to the methyl (omega) terminal of the fatty acid acyl chain [83]. Fatty acids of the
ω-3 class have a double bond at the third carbon, whereas those of theω-6 class have a double bond at
the sixth carbon. ω-3 polyunsaturated fatty acids (PFAs) can limit triacylglycerol storage in the liver,
whileω-6 PFAs can induce NAFLD [84].

Furthermore, it has been observed that ω-3 PFAs improve the human health by decreasing
the visceral fat and decreasing the adipocyte size. This is because ω-3 PFAs are converted to
anti-inflammatory eicosanoids, whereasω-6 PFAs are converted to pro-inflammatory eicosanoids

In this connection,ω-3 PFAs have recently been suggested as a potential therapy for prevention
and treatment of NASH [85]. A recent systematic review analyzed seven randomized control trials
of ω-3 PFAs supplementation for NAFLD patients. The seven randomized control trials involved
a total of 227 patients in the experimental groups and 215 in the control groups. This systematic
review analyzed the values of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
γ-glutamyl transferase (GGT), total cholesterol (TC), TGs, low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), fasting glucose, homeostatic model assessment insulin
resistance (HOMAIR), adiponectin, liver fat, and fibrosis between both groups. The analysis showed
that supplementation ofω-3 PFAs was efficient in patients with NAFLD in decreasing ALT and TC,
mainly in reducing TGs, and increasing HDL-C. They also showed a tendency forω-3 PFAs to reduce
AST, GGT, and LDL-C. Nevertheless, ω-3 PFAs did not significantly improve liver fibrosis in patients
with NAFLD. With regard to the dosage ofω-3 PFAs, the efficacy of ≥3 g treatment was better than
<3 g, except for HDL-C. It seems thatω-3 PFAs in adults have liver therapeutic benefit but more studies
are necessary to determine dose responsiveness, duration of therapy, safety, and patient tolerance
before clinical recommendations can be made [86].

The availability of ω-3 long-chain PFAs to the liver is decisive for fat elimination from
hepatocytes [87]. The beneficial effects ofω-3 PFAs were identified when significant decreases ofω-3
PFA, such as eicosapentaenoic and docosahexaenoic acids (fatty acids that may suppress progression
of hepatic steatosis to NASH), were found in NASH patients [88,89].

7. Clinical Implications of Lipotoxicity

Elevated plasma levels of FFAs impair insulin signaling and produce skeletal muscle insulin
resistance in healthy subjects [90]. Furthermore, the excess of FFAs leads to an increase in
intramyocellular lipids [91].

It has been observed that skeletal muscle insulin resistance is closely related to a diversity of
lipid-derived toxic metabolites from incomplete oxidation of FFAs, including acylcarnitines and
long-chain fatty acyl CoAs, DAG, and/or ceramides [27] (Figure 2).

The clinical implication of these data is that even a mild increment in FFA levels in AT and plasma
may produce muscle lipotoxicity. Consequently, it is not surprising that obese patients with NAFLD as
well as non-obese individuals with NASH combined with AT insulin resistance have muscle insulin
resistance [92]. The metabolic behavior of obese individuals who do not have AT insulin resistance is
similar to that of lean individuals, with near-normal muscle insulin sensitivity; hence this group of
obese individuals usually does not develop NAFLD [93].

Several studies have reported that increased plasma FFA levels are related closely to T2DM [94,95].
Although the underlying mechanisms are poorly understood, diabetes is associated with more severe
liver disease. It has been observed that T2DM is associated with a two- to four-fold increase in serious
liver disease, such as cirrhosis and hepatocellular carcinoma [96,97]. In this connection, T2DM in
NAFLD patients is associated with more severe hepatic and AT insulin resistance as well as higher
values of NAFLD activity score, and thus advanced liver fibrosis [98,99]. It is important to mention
that the high levels of FFAs not only induce hepatic insulin resistance but also impair insulin clearance,
leading to hyperinsulinemia in insulin-resistant states and in patients with NAFLD [100].
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Figure 2. The increment in dietary energy availability and sedentary lifestyles leads to obesity. 
Obesity causes an excessive accumulation of lipids in the adipose tissue and in non-adipose tissue. Figure 2. The increment in dietary energy availability and sedentary lifestyles leads to obesity. Obesity
causes an excessive accumulation of lipids in the adipose tissue and in non-adipose tissue. Adipocytes
provide a place to load and store energy in the form of triglycerides, protecting non-adipose tissues from
immoderate accumulation of lipids because they have a restricted capacity to store triglycerides. This
protection needs the permissive action of leptin, a hormone that decreases lipogenesis and increases
oxidation in non-adipose tissue during acute overnutrition, dissipating the unnecessary energy of FFAs.
The immoderate accumulation of FFAs exceeds the oxidative capacity of non-adipose tissues, thus
potentiating the metabolic flux of fatty to other noxious non-oxidative pathways producing specially
ceramides. The increment in FFAs increases tumor necrosis factor (TNF)-α, which promotes insulin
resistance, and ROS, which trigger hepatocyte apoptosis. Also, SFAs induce endoplasmic reticulum
stress, which leads to the upregulation of the pro-apoptotic BH3-only proteins (BIM and PUMA),
resulting in inactivation of the antiapoptotic Bcl-2 family members (Mcl-1 and Bcl-xL). SFAs: saturated
fatty acids, ROS: reactive oxygen species, FA-CoA: Fatty-acyl-CoA synthase, FFAs: free fatty acids.

Many studies have reported a strong correlation between NAFLD and a high risk of developing
cardiovascular disease (CVD). This association is currently not well understood [100–104]. It is
well-known that NAFLD patients have abnormal endothelial function [105]. Several studies
have reported that subjects with increased plasma aminotransferase concentrations have a higher
Framingham risk score and/or number of cardiovascular events compared with those with normal
levels [106–108]. The current data may not be reliable because study designs led to substantive
biases including incomplete diagnosis of NAFLD, inadequate adjustment for confounders, and only
short-term follow-up. Thus, long-term prospective studies are necessary to establish and confirm
this relationship.

8. Treatment of Lipotoxic Liver Injury

8.1. Lifestyle Modification

Lifestyle interventions can result in weight loss, decrease CVD, improve fibrosis, and delay the
progress of T2DM [109–112]. Weight loss enhances the levels of aminotransferases and hepatic steatosis,
as measured either by ultrasonography or magnetic resonance spectroscopy in proportion to the total
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quantity of weight lost [113]. It has been reported that NASH patients require a weight reduction of
>10% to induce near-universal resolution of NASH or to reduce fibrosis by at least one stage [114].

Regular physical activity of moderate intensity for at least six to 12 weeks without dietary
modification has been shown to decrease hepatic steatosis in NAFLD patients [115]. Moreover, lifestyle
modification therapy has beneficial effects in treating MetS because it reduces the risk of coronary
heart disease and the development of T2DM in patients with NAFLD [116].

8.2. Pharmacologic Interventions in NASH

There are no currently approved pharmacologic therapies for NASH, but vitamin E and
pioglitazone hold promise for the treatment of NASH patients [117].

8.2.1. Vitamin E

The mechanism of action of vitamin E is probably related to amelioration of intracellular
oxidative stress in NASH patients [118]. Some studies have demonstrated that vitamin E 800 IU/day
improves liver histology in NASH patients, including reduction of liver steatosis and lobular
inflammation [119,120]. Although the use of vitamin E (800 IU/day) is currently recommended only
for patients with biopsy-proven NASH and without diabetes, some studies have shown histological
improvement with vitamin E treatment regardless of diabetes status [121–123]. Nowadays, vitamin E
has demonstrated safety at dosages of less than 1500 IU/day [124,125]. Nevertheless, long-term or
high-dose vitamin E treatment may be related to an increase in all-cause mortality, prostate cancer, and
hemorrhagic stroke [126–128].

8.2.2. Pioglitazone

Pioglitazone is a drug of the thiazolidinedione (TZD) class. The main molecular target of TZDs is
the PPAR-γ in AT [129,130]. This translates into several metabolic and anti-inflammatory effects.

Pioglitazone treatment has been shown to lead to improvement in advanced fibrosis and in fibrosis
of any stage in NASH patients, even in those without diabetes. This drug can reduce subclinical
inflammation, improve AT and hepatic insulin signaling, and enhance insulin action [131,132].
Moreover, pioglitazone improves the metabolic profile of non-diabetic patients with NAFLD, and
may reduce the risk of progression from prediabetes to T2DM [133]. Several studies suggest that
pioglitazone confers protection against cardiovascular events because it has been observed that this
drug improves dyslipidemia and reduces vascular inflammation. Unfortunately, pioglitazone has been
shown to have secondary effects related to weight gain [133,134].

8.3. Bariatric Surgery

Several studies have suggested that bariatric surgery reduces weight, insulin resistance, alterations
in glucose metabolism, hypertension, transaminase levels, and histological changes related to simple
steatosis, NASH, and fibrosis [135]. Bariatric surgery is not currently recommended as a first-line
treatment for NAFLD and NASH. Those patients with a BMI >40 kg/m2 or with BMI >35 kg/m2 and
associated comorbidities can benefit from bariatric surgery because this procedure has been shown to
lead to improvements in metabolism and reduce cardiovascular and general mortality [136]. There are
studies reporting the beneficial effects of bariatric surgery in subjects with a lower BMI in the presence
of associated comorbidities, specifically T2DM [137]. Unfortunately, the safety and efficacy of bariatric
surgery in eligible obese individuals with NAFLD-related cirrhosis have not been established.

Endoscopic Weight Loss

Endoscopic options for induction of weight loss are becoming very popular, which is why there is
a growing literature of endoscopic procedures for weight loss in the treatment of NAFLD patients [138].
The most studied endoscopic procedure is the endoscopic gastric balloon, a restrictive endoscopic
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modality [139]. This endoscopic technique has shown a significant effect on parameters of NAFLD,
such as AST and ALT. In this connection, Lee et al. have performed a prospective study to evaluate
the effects of an intragastric balloon on the NASH histology in obese patients [140]. They observed a
significant improvement in liver steatosis and NAFLD activity score after six months in the treatment
group. Nevertheless, their results are inconclusive due to their sample being small and the follow-up
time very short. Further studies are needed to establish the long-term safety and efficacy of endoscopic
weight loss techniques in the treatment of NAFLD.

8.4. Dietary Supplements

8.4.1. Milk Thistle

Silybum marianum or milk thistle (MT) is a member of the Asteraceae/Compositae family. It has
been used in the treatment of liver diseases for millennia due to its anti-inflammatory properties that
may be beneficial in NAFLD [141]. The active complex of MT is composed of isomer flavonolignans
(silibinin, isosilibin, silidianin, and silichristine), collectively known as silymarin. Silibinin is the main
isomer and the most active component and represents about 60–70% of MT [141]. Silymarin can
decrease lipid peroxidation and free radical production. Moreover, Silymarin can induce the apoptosis
of hepatic stellate cells or the degradation of collagen deposits [142,143]. Nevertheless, silibinin has a
low bioavailability but it can be enhanced by complexation with phosphatidylcholine or β-cyclodextrin.
Several studies have demonstrated that silymarin and silibinin have hepatoprotective properties such
as action on insulin resistance, lipid peroxidation, and restoration of glutathione levels that lead to
improvements in liver esteatosis and fibrosis regression [144–149]. Unfortunately, the standardization
of silymarin in its several formulations and effective doses is still lacking.

8.4.2. Coffee

The consumption of coffee is related to a decreased risk of cirrhosis, hepatocellular carcinoma,
and mortality [150]. Several studies have observed that regular coffee intake is significantly associated
with reduced hepatic fibrosis of NAFLD [151,152]. Currently studies have suggested a beneficial
effect of coffee on the liver to reduce liver enzymes [153–155]. Although there is growing research
in this area, the exact role caffeine plays in NAFLD progression remains unknown and there is no
clear consensus on what amount of coffee confers the greatest decreased risk of liver fibrosis [151].
Finally, animal studies showed the importance of coffee, independently of the caffeine content, in
preventing the progression of NASH [156]. In this study, it was observed that NAFLD rats that were
given decaffeinated coffee had lower levels of liver fat and collagen, decreased liver oxidative stress
through glutathione metabolism, and lower liver inflammation compared to control rats that did not
consume coffee.

8.4.3. Gut Microbiota

GM is implicated in obesity and the development of MetS. It has been observed that disturbed
gut-liver barrier integrity contributes in the pathogenesis of NAFLD and NASH because bacteria and
their products can escape into the circulation, producing a massive inflammatory response [22]. To
date, there are some drugs that have an effect on GM.

IMM-124e is an IgG-enhanced bovine-derived colostrum that has been developed to target LPS
in the gut in order to prevent the translocation of bacteria and their products (LPS) into the portal
circulation [157]. Although this is an experimental drug, it has demonstrated significant reduction of
serum LPS levels.

Orlistat is an FDA-approved lipase inhibitor to treat obesity. This drug has a direct effect in the
gut to reduce dietary fat absorption. Orlistat seems to improve liver enzyme levels and liver content,
but its effectiveness in NASH has not yet been evaluated [158].
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9. Emerging Therapies

In recent years, new drugs for NASH treatment have been created [159]. These substances include
peroxisome proliferator-activated receptors agonists (Elafibranor), FXR agonists (obethicolic acid), dual
FXR/G protein-coupled receptor 5 agonists (6α-ethyl-3α,7α-dihydroxy-24-nor-5β-cholan-23-sulfate:
INT-767) and bile acids sequestrants (colesevelam and cholestyramine) [160]. Currently, the most
promising new drugs are FXR agonists that have shown an increase in insulin sensitivity and decreased
markers of hepatic inflammation and fibrosis in NAFLD patients with T2D [161].

10. Conclusions

Lipotoxicity implicates very complex cellular mechanisms in which the hepatic accumulation of
FFA results in hepatocyte dysfunction or hepatocyte cell death. However, the pathogenesis of liver
fibrosis progression in NASH is not yet completely understood. Therefore, knowledge of the molecular
mechanisms behind hepatocellular injury is crucial to reduce or avoid liver fibrosis. Further studies are
necessary to understand the crosstalk between the liver and AT on a molecular level and how it affects
the progression from liver fibrosis to cirrhosis and to hepatocellular carcinoma. Future therapeutic
concepts for NAFLD and NASH will have to take into account novel concepts of lipotoxic liver injury.
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Abbreviations

ASK1 Apoptosis signal-regulating kinase 1
ALT Alanine aminotransferase
AST Aspartate aminotransferase
AT Adipose tissue
ATF Activating transcription factor
BA Bile acid
BAT Brown adipose tissue
Bax B-cell lymphoma associated X
CCAAT Cytosine–cytosine–adenosine–adenosine–thymidine
CHOP C/EBP homologous protein
CoA Coenzyme A
CVD Cardiovascular disease
DAG Diacylglycerol
ER Endoplasmic reticulum
FC Free cholesterol
FFAs Free fatty acid
FXR Farnesoid X receptor
GM Gut microbiota
IL Interleukin
IRE1 Inositol requiring enzyme 1
JNK Jun terminal kinase
LPC lysophosphatidyl choline
MT Milk thistle
MetS Metabolic syndrome
NAFLD Nonalcoholic fatty liver disease
NASH Nonalcoholic steatohepatitis
N-SMase Neutral sphingomyelinase
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OA Oleic acid
PA Palmitic acid
PFA Polyunsaturated fatty acid
PERK PKR-like ER kinase
PPAR-γ Peroxisome proliferator-activated receptor gamma
RIP receptor interacting protein
ROS Reactive oxygen species
SFA Saturated fatty acid
SREBP Sterol regulatory-element binding protein
T2DM Type 2 diabetes mellitus
TC Total cholesterol
TGs Triglycerides
TLR4 Toll-like receptor 4
TNFα Tumor necrosis factor alpha
TRADD TNF receptor associated death domain protein
TRAF2 Tumor necrosis factor receptor-associated factor 2
TRAIL TNF-related apoptosis-inducing ligand
WAT White adipose tissue

References

1. Almeda-Valdes, P.; Aguilar-Olivos, N.; Uribe, M.; Méndez-Sánchez, N. Common features of the metabolic
syndrome and nonalcoholic fatty liver disease. Rev. Recent Clin. Trials 2014, 3, 148–158. [CrossRef]

2. Benedict, M.; Zhang, X. Non-alcoholic fatty liver disease: An expanded review. World J. Hepatol. 2017, 16,
715–732. [CrossRef] [PubMed]

3. Brunt, E.M. Nonalcoholic steatohepatitis: Definition and pathology. Semin. Liver Dis. 2001, 1, 3–16. [CrossRef]
4. Chiang, J.Y.L. Targeting bile acids and lipotoxicity for NASH treatment. Hepatol. Commun. 2017, 10,

1002–1004. [CrossRef] [PubMed]
5. Browning, J.D.; Horton, J.D. Molecular mediators of hepatic steatosis and liver injury. J. Clin. Investig. 2004,

2, 147–152. [CrossRef]
6. Caligiuri, A.; Gentilini, A.; Marra, F. Molecular pathogenesis of NASH. Int. J. Mol. Sci. 2016, 17, E1575.

[CrossRef] [PubMed]
7. Engin, A.B. What Is Lipotoxicity? Adv. Exp. Med. Biol. 2017, 960, 197–220. [CrossRef] [PubMed]
8. Trauner, M.; Arrese, M.; Wagner, M. Fatty liver and lipotoxicity. Biochim. Biophys. Acta 2010, 1801, 299–310.

[CrossRef] [PubMed]
9. Alkhouri, N.; Dixon, L.J.; Feldstein, A.E. Lipotoxicity in nonalcoholic fatty liver disease: Not all lipids are

created equal. Expert Rev. Gastroenterol. Hepatol. 2009, 3, 445–451. [CrossRef] [PubMed]
10. Shen, W.; Wang, Z.; Punyanita, M.; Lei, J.; Sinav, A.; Kral, J.G.; Imielinska, C.; Ross, R.; Heymsfield, S.B.

Adipose tissue quantification by imaging methods: A proposed classification. Obes. Res. 2003, 11, 5–16.
[CrossRef] [PubMed]

11. Heinemann, A.; Wischhusen, F.; Püschel, K.; Rogiers, X. Standard liver volume in the Caucasian population.
Liver Transplant. Surg. 1999, 5, 366–368. [CrossRef] [PubMed]

12. Hübers, M.; Geisler, C.; Bosy-Westphal, A.; Braun, W.; Pourhassan, M.; Sørensen, T.I.A.; Müller, M.J.
Association between fat mass, adipose tissue, fat fraction per adipose tissue, and metabolic risks: A
cross-sectional study in normal, overweight, and obese adults. Eur. J. Clin. Nutr. 2018. [CrossRef] [PubMed]

13. Neamat-Allah, J.; Wald, D.; Hüsing, A.; Teucher, B.; Wendt, A.; Delorme, S.; Dinkel, J.; Vigl, M.;
Bergmann, M.M.; Feller, S.; et al. Validation of anthropometric indices of adiposity against whole-body
magnetic resonance imaging—A study within the German European Prospective Investigation into Cancer
and Nutrition (EPIC) cohorts. PLoS ONE 2014, 9, e91586. [CrossRef] [PubMed]

14. Lombardo, G.E.; Lepore, S.M.; Morittu, V.M.; Arcidiacono, B.; Colica, C.; Procopio, A.; Maggisano, V.;
Bulotta, S.; Costa, N.; Mignogna, C.; et al. Effects of oleacein on high-fat diet-dependent steatosis, weight
gain, and insulin resistance in mice. Front. Endocrinol. (Lausanne) 2018, 9, 116. [CrossRef] [PubMed]

http://dx.doi.org/10.2174/1574887109666141216103908
http://dx.doi.org/10.4254/wjh.v9.i16.715
http://www.ncbi.nlm.nih.gov/pubmed/28652891
http://dx.doi.org/10.1055/s-2001-12925
http://dx.doi.org/10.1002/hep4.1127
http://www.ncbi.nlm.nih.gov/pubmed/29404437
http://dx.doi.org/10.1172/JCI200422422
http://dx.doi.org/10.3390/ijms17091575
http://www.ncbi.nlm.nih.gov/pubmed/27657051
http://dx.doi.org/10.1007/978-3-319-48382-5_8
http://www.ncbi.nlm.nih.gov/pubmed/28585200
http://dx.doi.org/10.1016/j.bbalip.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19857603
http://dx.doi.org/10.1586/egh.09.32
http://www.ncbi.nlm.nih.gov/pubmed/19673631
http://dx.doi.org/10.1038/oby.2003.3
http://www.ncbi.nlm.nih.gov/pubmed/12529479
http://dx.doi.org/10.1002/lt.500050516
http://www.ncbi.nlm.nih.gov/pubmed/10477836
http://dx.doi.org/10.1038/s41430-018-0150-x
http://www.ncbi.nlm.nih.gov/pubmed/29670259
http://dx.doi.org/10.1371/journal.pone.0091586
http://www.ncbi.nlm.nih.gov/pubmed/24626110
http://dx.doi.org/10.3389/fendo.2018.00116
http://www.ncbi.nlm.nih.gov/pubmed/29615982


Int. J. Mol. Sci. 2018, 19, 2034 14 of 21

15. Parekh, S.; Anania, F.A. Abnormal lipid and glucose metabolism in obesity: Implications for nonalcoholic
fatty liver disease. Gastroenterology 2007, 132, 2191–2207. [CrossRef] [PubMed]

16. Fox, C.S.; Massaro, J.M.; Hoffmann, U.; Pou, K.M.; Maurovich-Horvat, P.; Liu, C.Y.; Vasan, R.S.;
Murabito, J.M.; Meigs, J.B.; Cupples, L.A.; et al. Abdominal visceral and subcutaneous adipose tissue
compartments: Association with metabolic risk factors in the Framingham Heart Study. Circulation 2007,
116, 39–48. [CrossRef] [PubMed]

17. Roberts, E.A. Pediatric nonalcoholic fatty liver disease (NAFLD): A growing problem? J. Hepatol. 2007, 46,
1133–1142. [CrossRef] [PubMed]

18. Festi, D.; Colecchia, A.; Sacco, T.; Bondi, M.; Roda, E.; Marchesini, G. Hepatic steatosis in obese patients:
Clinical aspects and prognostic significance. Obes. Rev. 2004, 5, 27–42. [CrossRef] [PubMed]

19. Shoelson, S.E.; Herrero, L.; Naaz, A. Obesity, inflammation, and insulin resistance. Gastroenterology 2007, 132,
2169–2180. [CrossRef] [PubMed]

20. Lenz, A.; Diamond, F.B., Jr. Obesity: The hormonal milieu. Curr. Opin. Endocrinol. Diabetes Obes. 2008, 15,
9–20. [CrossRef] [PubMed]

21. Ramírez-Pérez, O.; Cruz-Ramón, V.; Chinchilla-López, P.; Méndez-Sánchez, N. The role of the gut microbiota
in bile acid metabolism. Ann. Hepatol. 2017, 16 (Suppl. 1), s15–s20. [CrossRef] [PubMed]

22. Compare, D.; Coccoli, P.; Rocco, A.; Nardone, O.M.; De Maria, S.; Cartenì, M.; Nardone, G. Gut liver axis:
The impact of gut microbiota on nonalcoholic fatty liver disease. Nutr. Metab. Cardiovasc. Dis. 2012, 22,
471–476. [CrossRef] [PubMed]

23. Trujillo, M.E.; Scherer, P.E. Adipose tissue-derived factors: Impact on health and disease. Endocr. Rev. 2006,
27, 762–778. [CrossRef] [PubMed]

24. Bunnell, B.A.; Flaat, M.; Gagliardi, C.; Patel, B.; Ripoll, C. Adipose-derived stem cells: Isolation, expansion
and differentiation. Methods 2008, 45, 115–120. [CrossRef] [PubMed]

25. Alkhouli, N.; Mansfield, J.; Green, E.; Bell, J.; Knight, B.; Liversedge, N.; Tham, J.C.; Welbourn, R.; Shore, A.C.;
Kos, K.; et al. The mechanical properties of human adipose tissues and their relationships to the structure
and composition of the extracellular matrix. Am. J. Physiol. Endocrinol. Metab. 2013, 305, E1427–E1435.
[CrossRef] [PubMed]

26. Gray, S.L.; Vidal-Puig, A.J. Adipose tissue expandability in the maintenance of metabolic homeostasis.
Nutr. Rev. 2007, 65 Pt 2, S7–S12. [CrossRef] [PubMed]

27. Cusi, K. Role of obesity and lipotoxicity in the development of nonalcoholic steatohepatitis: Pathophysiology
and clinical implications. Gastroenterology 2012, 142, 711–725. [CrossRef] [PubMed]

28. Mota, M.; Banini, B.A.; Cazanave, S.C.; Sanyal, A.J. Molecular mechanisms of lipotoxicity and glucotoxicity
in nonalcoholic fatty liver disease. Metabolism 2016, 65, 1049–1061. [CrossRef] [PubMed]

29. Saponaro, C.; Gaggini, M.; Carli, F.; Gastaldelli, A. The subtle balance between lipolysis and lipogenesis: A
critical point in metabolic homeostasis. Nutrients 2015, 7, 9453–9474. [CrossRef] [PubMed]

30. Duncan, R.E.; Ahmadian, M.; Jaworski, K.; Sarkadi-Nagy, E.; Sul, H.S. Regulation of lipolysis in adipocytes.
Annu. Rev. Nutr. 2007, 27, 79–101. [CrossRef] [PubMed]

31. Ahmadian, M.; Duncan, R.E.; Jaworski, K.; Sarkadi-Nagy, E.; Sul, H.S. Triacylglycerol metabolism in adipose
tissue. Future Lipidol. 2007, 2, 229–237. [CrossRef] [PubMed]

32. Czech, M.P.; Tencerova, M.; Pedersen, D.J.; Aouadi, M. Insulin signalling mechanisms for triacylglycerol
storage. Diabetologia 2013, 56, 949–964. [CrossRef] [PubMed]

33. Claus, T.H.; Lowe, D.B.; Liang, Y.; Salhanick, A.I.; Lubeski, C.K.; Yang, L.; Lemoine, L.; Zhu, J.; Clairmont, K.B.
Specific inhibition of hormone-sensitive lipase improves lipid profile while reducing plasma glucose.
J. Pharmacol. Exp. Ther. 2005, 315, 1396–1402. [CrossRef] [PubMed]

34. Laforenza, U.; Scaffino, M.F.; Gastaldi, G. Aquaporin-10 represents an alternative pathway for glycerol efflux
from human adipocytes. PLoS ONE 2013, 8, e54474. [CrossRef] [PubMed]

35. Calderon-Dominguez, M.; Mir, J.F.; Fucho, R.; Weber, M.; Serra, D.; Herrero, L. Fatty acid metabolism and
the basis of brown adipose tissue function. Adipocyte 2016, 5, 98–118. [CrossRef] [PubMed]

36. Brumbaugh, D.E.; Friedman, J.E. Developmental origins of nonalcoholic fatty liver disease. Pediatr. Res. 2014,
75, 140–147. [CrossRef] [PubMed]

37. Di Pasquale, M.G. The essentials of essential fatty acids. J. Diet. Suppl. 2009, 6, 143–161. [CrossRef] [PubMed]

http://dx.doi.org/10.1053/j.gastro.2007.03.055
http://www.ncbi.nlm.nih.gov/pubmed/17498512
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.675355
http://www.ncbi.nlm.nih.gov/pubmed/17576866
http://dx.doi.org/10.1016/j.jhep.2007.03.003
http://www.ncbi.nlm.nih.gov/pubmed/17445934
http://dx.doi.org/10.1111/j.1467-789X.2004.00126.x
http://www.ncbi.nlm.nih.gov/pubmed/14969505
http://dx.doi.org/10.1053/j.gastro.2007.03.059
http://www.ncbi.nlm.nih.gov/pubmed/17498510
http://dx.doi.org/10.1097/MED.0b013e3282f43a5b
http://www.ncbi.nlm.nih.gov/pubmed/18185058
http://dx.doi.org/10.5604/01.3001.0010.5494
http://www.ncbi.nlm.nih.gov/pubmed/29080339
http://dx.doi.org/10.1016/j.numecd.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22546554
http://dx.doi.org/10.1210/er.2006-0033
http://www.ncbi.nlm.nih.gov/pubmed/17056740
http://dx.doi.org/10.1016/j.ymeth.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18593609
http://dx.doi.org/10.1152/ajpendo.00111.2013
http://www.ncbi.nlm.nih.gov/pubmed/24105412
http://dx.doi.org/10.1301/nr.2007.jun.S7-S12
http://www.ncbi.nlm.nih.gov/pubmed/17605308
http://dx.doi.org/10.1053/j.gastro.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22326434
http://dx.doi.org/10.1016/j.metabol.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26997538
http://dx.doi.org/10.3390/nu7115475
http://www.ncbi.nlm.nih.gov/pubmed/26580649
http://dx.doi.org/10.1146/annurev.nutr.27.061406.093734
http://www.ncbi.nlm.nih.gov/pubmed/17313320
http://dx.doi.org/10.2217/17460875.2.2.229
http://www.ncbi.nlm.nih.gov/pubmed/19194515
http://dx.doi.org/10.1007/s00125-013-2869-1
http://www.ncbi.nlm.nih.gov/pubmed/23443243
http://dx.doi.org/10.1124/jpet.105.086926
http://www.ncbi.nlm.nih.gov/pubmed/16162821
http://dx.doi.org/10.1371/journal.pone.0054474
http://www.ncbi.nlm.nih.gov/pubmed/23382902
http://dx.doi.org/10.1080/21623945.2015.1122857
http://www.ncbi.nlm.nih.gov/pubmed/27386151
http://dx.doi.org/10.1038/pr.2013.193
http://www.ncbi.nlm.nih.gov/pubmed/24192698
http://dx.doi.org/10.1080/19390210902861841
http://www.ncbi.nlm.nih.gov/pubmed/22435414


Int. J. Mol. Sci. 2018, 19, 2034 15 of 21
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