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Summary

Non-alcoh olic fatty liver disease (NAFLD) is a multi- faceted disor- 
der, which ranges from simple steatosis to non-alc oholic steato- 
hepatitis (NASH) with/with out fibrosis. The effects of specific
risk factors, such as obesity and sedentary lifestyle , on predispos- 
ing genetic settings eventuall y lead to the developmen t of NAFLD 
in childre n. The complex interplay between genes and environ- 
ment in NAFLD pathogenesis is sustained by multiple mecha- 
nisms that involve liver crosstalk with other organs and tissues,
especially gut and adipose tissue. Unfortunat ely, natural history 
of paediatric NAFLD is lacking, and the etiopathog enesis is still 
in the process of being defined. Potential early predic tors and 
suitable non-invasi ve diagnostic tools can be discovered based 
on the pathogenet ic mechanisms and histological patterns. This 
will also help design novel treatment s and a comprehen sive 
and successful managemen t strategy for patients.

In this review, we discuss the recent advances made in genet- 
ics, etiopathog enesis, diagnosis, and therapeutic managemen t of 
NAFLD, focusing especially on the obesity-rela ted steatoti c liver 
condition.
� 2013 Europea n Associat ion for the Study of the Liver. Published 
by Elsevier B.V. All rights reserved.
Introducti on 

Non-alcoh olic fatty liver disease (NAFLD) is a major health prob- 
lem that integrates several liver conditions ranging from simple 
fatty liver to non-alcoh olic steatohepatiti s (NASH), which is 
sometimes associated with fibrosis that may evolve into cirrhosis 
and result into hepatoc ellular carcinoma [1,2]. Furthermore, as 
underlined in a recent meta-analy sis, NAFLD is also associat ed 
with increased overall morbidity and mortality for cardiovascu lar 
disease [3–5].
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Key Points

• Analysis of genetic background may help paediatrics
identify children susceptible to NAFLD

• Novel findings about pathogenetic mechanisms 
leading to paediatric NAFLD may improve therapeutic
performance

• Adequate diagnostic and therapeutic management
is crucial to prevent and counteract progression of
paediatric NAFLD

As the prevalenc e of obesity in childre n increases , so does the 
prevalence of paediatric NAFLD [4]. This rise is worrisome 
because of its close association with the develop ment of meta- 
bolic syndrome (MetS) [6–8].

Although etiopathog enesis of paedia tric NAFLD remains 
unknown, it is conceivabl e that, such as in adults, a network of 
interactions among multiple factors is involved in both the devel- 
opment and progres sion of the disease [9,10]. However, as obes- 
ity-related NAFLD in children is rarely influenced by secondar y
causes (e.g., severe weight loss, drug, and alcohol consump tion),
it may be an excellent model to elucidate the factual origins of 
primary NAFLD, including the contribution of susceptib ility genes 
and environmen t [11,12].

NAFLD is suspected mainly by the analysis of anthropome tri- 
cal and bioche mical parameters and/or ultrasoun d liver bright- 
ness [13]. Histological analysis of liver biopsy remains the 
masterful method to differentiat e simple steatosi s from NASH 
and to perform staging and grading of the disease in children 
[14]. However , recentl y, advances have been made in the field
of non-invasi ve evaluation of paediatri c NAFLD [15].

There are no current specific therapeut ic indicatio ns for the 
treatment of paediatric NAFLD. However, as overwei ght/obesity 
is often coupled with NAFLD, weight loss by diet and exercise 
programs is widely accepted as the first line of interventio n in 
children [16]. Poor adheren ce to lifestyle modifications often fails 
to halt or revert the occurrence of liver damage during pathogen- 
esis of paediatri c NASH. Therefore, at this time, developing possi- 
ble multi-target ed therapies to halt disease progres sion, restoring 
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liver cell homeostasi s and repairing the damage are all funda- 
mental objectives in the treatment. In fact, during the last 5 years,
a series of fairly novel pharmacol ogical treatments have been 
tested, and a wide range of newer drugs are now being develop ed 
[17].

Here we provide an extensive overview of NAFLD in children 
while discuss ing the most up-to-da te literature in the field. Par- 
ticularly, we focus on the many interesting breakthro ughs in 
genetics, etiopathogen esis, diagnosis, and therapeuti c manage- 
ment of paedia tric obesity-rela ted liver disease.
Epidemiol ogy 

The epidemics of overweight and obesity in paediatric population 
has reached worldwid e proportion over the last two decades 
[4,13]. As a consequenc e, NAFLD has now become the most com- 
mon cause of chronic liver disease in children and adolesce nts in 
the USA [18], and most probably, in the rest of the industriali zed 
countries. The true prevalenc e of NAFLD, however, remains lar- 
gely elusive. In fact, extrapola tion of correct epidemiol ogical data 
is hampered by the large variability of available non-invasi ve and 
invasive diagnost ic tests. None of these tests are exempt from 
criticisms in terms of misdiagno sis and/or invasiven ess and costs.

Serum alanine aminotra nsferase (ALT) activity is a widely 
accessibl e and cheap test for the screening and initial evaluation 
of NAFLD. The sensitivity of this biochemical marker, however,
remains low because some adult and paediatric patien ts with 
biopsy-pro ven NAFLD may present ALT values in the normal 
range [19]. In an Italian study, 72 obese children presented with 
ultrasonogra phic fatty liver (50% of cases) and/or hypertransam- 
inasemia (25% of cases) [20].

To add to the difficulties, histology – the gold standard for the 
diagnosis of NASH – may be subject to the higher probabili ty of 
staging sampling error [14]. Furtherm ore, epidemiologic al data 
of a paedia tric population may be influenced by a series of 
crossed risk factors such as peri-pube rtal age, male gender (for
NAFLD, but not for NASH), hispanic ethnicity, non-blac k race 
and individu al genetic predisp osition. NAFLD and/or its progres- 
sion to severe disease have, in fact, been linked to several inher- 
ited variants that will be discussed extensi vely in the next 
paragraph on genetic risk factors [21]. Familial clustering of obes- 
ity, insulin resistance (IR), NAFLD or type 2 diabetes are frequent 
and should raise suspicion of NAFLD in children from such fami- 
lies [22,23].

Obesity and MetS are the major risk factors for paedia tric 
NAFLD. NAFLD prevalence is higher in overweight (gender and 
age specific BMI >85th percentile ) or obese (>95th percentile )
children as compared with normal weight age matched pairs.
Today, it seems clear that waist circumferenc e (i.e., abdominal 
fat or central obesity) plays a pivotal role and correlates with 
NAFLD diagnosis more than BMI alone [24].

Population -based studies conducte d with ALT or ultrasono g- 
raphy in several countries have shown that paediatric NAFLD 
prevalenc e remains in a range of 2.6–7.1% of children [10]. An 
autoptic study in Californ ia, conducte d in children deceased for 
accidents, showed a prevalence of histological NAFLD ranging 
from 0.7% in 2–4 year old to 17.3% in 15–19 year old subjects 
[25]. In cohorts of children of various national ities selected for 
overweigh t or obesity, the prevalenc e of elevated ALT is higher 
and ranges from 8 to 42%, whereas the prevalence of bright liver 
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ranges from 1.7 to 77% [26]. In an autoptic study by Schwimmer 
et al ., prevalenc e of histologi cal NAFLD in obese individu als was 
38% [25].
Genetic risk factors 

In recent years, an exciting step towards the understand ing of the 
pathogenesi s and risk factors in the develop ment and progression 
of paediatric NAFLD has been taken as a result of genetic studies.
It is indeed well known that NAFLD has a major genetic compo- 
nent [23]. Because of the lower numbers of confoun ding factors 
(e.g., the duratio n of disease, presence of obesity , lifestyle habits,
co-morbid ities, and drugs) and the more importan t role of inher- 
ited factors in early-onset disease, this is especially true for chil- 
dren [27].

The major advance has come from the finding, first obtained 
by genome-wid e association studies (GWAS) conducte d in the 
general adult population [28,29], that genetic variants of the pat- 
atin-like phospholip ase domain-co ntaining protein-3 (PNPLA3)
and, in particular, the common rs738409 C>G single nucleoti de 
polymorphi sm (SNP) encoding the I148M variant, are not only 
associated with hepatic fat content and increased serum liver 
enzymes but also increase the risk of NASH and fibrosis progres- 
sion [30–32]. The I148M PNPLA3 variant influenced liver triglyc- 
eride content without apparent ly affecting body mass, serum 
lipid levels and systemic IR [31,33]. PNPLA3 is regulated by the 
lipogenic program [34] and is highly expressed in the liver and 
adipose tissue at the level of the endoplasm ic reticulum and 
the surface of lipid droplets, where it seems to be involved in 
the metabol ism of triglycerid es [35]. Although the mechanism 
and physiologic al substrates remain unclear, the common 
I148M variant disrupts the activity of the enzyme, thereby alter- 
ing lipid catabolism, and it might also acquire new and still 
unknown function s [35]. Indeed, the association of I148M variant 
with progres sive liver disease and hepatocell ular carcinoma is 
independen t of the predispos ition to increased steatosis, thus 
suggesting that it influences the regulation of pro-inflammatory 
lipid mediators [27,30,32].

The associat ion between I148M variant and both liver 
enzymes and steatosis was soon confirmed in obese children of 
different ethnicities [36–39] and in one family study in Italian 
trios [30], indicatin g that it exerts its effect early in life and that 
the magnitud e of the associat ion between I148M PNPLA3 variant
and serum levels of liver enzymes was related to the size of 
abdominal fat [40] and to the high dietary carbohydra te and 
sugar consumption [41]. In addition, an interac tion was reported 
between dietary fatty acids compositio n, PNPLA3 genotype and 
hepatic fat accumu lation. Indeed, the omega-6/om ega-3 poly- 
insaturated fatty acids ratio was correlated with hepati c fat frac- 
tion and ALT levels only in children homozyg ous for 148M 
PNPLA3 variant and at risk of steatosis [42].

Furthermo re, PNPLA3 genotype influenced the histological 
severity of NASH alteration s and fibrosis in obese paediatri c
patients who underwent biopsy because of persisten tly altered 
liver enzymes. Interestingly, the association with fibrosis was 
stronger in children than in adults, in that each 148M allele 
increased the risk of fibrosis by almost twofold [27].

A more recent GWAS, conducte d in a larger population , was 
able to identify a wider set of genetic variants influencing steato- 
sis besides I148M of PNPLA3 [43]. Of these variants, rs2854 116 
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SNP of glucokin ase regulator (GCKR), involved in the regulation of 
uptake of monosacc harides and lipogenesis , was confirmed to 
predispose to fatty liver and dyslipidemia in obese childre n and 
adolescents independ ent of PNPLA3 [44], although the effect on 
histological progression of liver disease remains unknown, espe- 
cially in view of the ameliora ting effect on IR.

Besides, additiona l SNPs of genes implicated in NASH patho- 
genesis have been shown to influence liver damage and fibrosis
progression in candidate gene case-contr ol studies including pae- 
diatric patients. These include genetic variants regulating insulin 
receptor activity, namely the ectoenzyme nucleotide pyrophos- 
phate phosphod iesterase 1 (ENPP1) Lys121Gln and the insulin 
receptor substrate-1 (IRS-1) Gly972Ar g function al SNPs [45], thus 
underscoring the causal role of IR in the progress ion of liver dam- 
age in NAFLD. The mangane se superoxide dismuta se (SOD2) C47T 
rs4880 SNP, regulating SOD2 mitochond rial import and antioxi- 
dant activity [46], and the Kruppel-l ike factor 6 (KLF6) IVS1- 
27G>A SNP, regulating alternati ve splicing isoforms of the tran- 
scription factor KLF6, involved in the regulation of metabolism 
in hepatoc ytes and fibrogenesis in hepatic stellate cells, seem to 
be involved as well [47]. In contrast , variants in the hemochro ma- 
tosis gene (HFE), regulating iron metabolism and in the apolipo- 
protein-C3 (APOC3), regulating very low density lipoprotein 
metabolism, were not confirmed to influence susceptibil ity stea- 
tosis and NASH [48,49].

Finally, there is a growing awarene ss that the expressi on of 
some genetic variants may be age-depe ndent, i.e., the phenotype 
may be more (or less) marked or involve differen t traits during 
the developmen tal age. For example, a common variant 
(rs13412852) influencing the expression of lipin-1 (LPIN1),
another lipid phospha tase involved in adipoge nesis and regulat- 
ing the flux of free fatty acids between the adipose tissue and 
the liver, whose expressi on is deregulated during steatosis [50],
was associated with lipid levels, NASH severity, and hepatic fibro-
sis in children with NAFLD, whereas it influenced body mass in 
adults of the same ethnici ty [51]. In Table 1, we have summari zed 
genetic polymo rphisms influencing the suscepti bility to paediat- 
ric NASH.
Table 1. Genetic variants influencing the susceptibility to NAFLD and NASH during t

Gene Function SNP

PNPLA3, patatin-like 
phospholipase domain containing 3

Lipid remodelling, 
lipogenesis

rs738409 C

GCKR, glucokinase regulatory protein Glucose uptake, 
lipogenesis

rs780094 C

SOD2, superoxide dismutase 2, 
mitochondrial

Anti-oxidant response rs4880 C>

ENPP1, ectonucleotide 
pyrophosphatase/phosphodiesterase 1

Insulin signalling rs1044498

IRS1, insulin receptor substrate 1 Insulin signalling rs1801278
KLF6, Kruppel-like factor 6 Fibrogenesis, glucose 

metabolism and lipogenesis
rs3750861

LPIN1, lipin-1 Lipogenesis, adipogenesis rs1341285

SNP, single nucleotide polymorphism; MAF, minor allele frequency, in European health
The number of arrows is related to the strength of both the genetic association and the
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Metabolic risk factors and organ crosstalk for NAFLD 
development

It is widely accepted that genetic susceptib ility, epigenetic mech- 
anisms, physica l inactivity , and excess caloric intake by diet influ-
ence visceral fat accumulati on inducing an obese and 
metabolicall y dysfunctional phenotyp e [52]. This pattern, charac- 
terized by abdom inal obesity, IR, impair ed glucose tolerance,
dyslipidemia, and hypertension , defines a subject with MetS.
NAFLD is generally associat ed with at least one of these MetS fea- 
tures in adults, and emerging evidence confirms the existen ce of 
a similar relation ship in children as well [52,53,12]. An Italian 
study demonstra ted that 65.8% of 120 childre n (age range: 3–
18 years) with biopsy-p roven NAFLD presented with MetS, which 
was also associated with fibrosis grade [54]. Approx imately 26%
of 254 childre n adolesce nts (age range: 6–17 years) enrolled in 
the Non-alc oholic Steatohepa titis Clinical Research Network 
(NASH CRN) met specified criteria for MetS diagnosis [55]. These 
data, as well as other contribut ions [6–8], highlight the potential 
role of NAFLD as co-factor of other obesity-rela ted co-morb idities 
in a paediatric population.

In the last decade, the concept that increased consumptio n of 
obesogenic food may have a role in the pathogenesi s of NAFLD 
has spread. In fact, apart from the impact of the genetic back- 
ground, hypercalori c diets (particularly those enriched in fat 
and fructose/ sucrose) may act by favouring the occurren ce of sys- 
temic IR and, in turn, a danger ous hepatic free fatty acid (FFA)
accumulati on or causing visceral fat deposition and consequen t
hepatic IR, accountable for developmen t of fatty liver [56,57].
According to the ‘multiple hits’ hypothesis, IR and FFA accumula- 
tion may predisp ose the fatty liver to secondary hits, including 
the imbalanc e of product ion/release of hormones derived from 
adipose tissue (adipocytokines), oxidative stress, activation of 
specific nuclear receptors and fibrogenesis [58,59]. In order to 
counteract the IR, the number of pancreatic b cells increases,
resulting in a compens atory hypersecr etion of insulin. This over- 
flow of circulati ng insulin accelera tes liver fat storage leading to 
NAFLD.
he developmental age.

Protein 
variant

Activity MAF Effect on 
steatosis

Effect on 

NASH
>G Ile148Met Increased

lipogenesis ?
0.19 ↑↑ ↑↑

>T Pro446Leu Loss of regulatory 
function

0.45 ↑ ?

T Ala16Val Loss of mitochondrial 
import

0.49 none ↑

 A>C Lys121Gln Loss of inhibitory 
function

0.29 none ↑

 G>C Gly972Arg Loss of function 0.05 none ↑
 G>A IVS1-27G>A Altered splicing 0.06 ? ↑

2 C>T Non coding 
SNP

Unknown 0.35 ↑ ↑

fibrosing

y subjects.
 available evidence.
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Fig. 1. Schematic represen tation of the crosstalk amon g differen t organs during NAFLD development .
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In this already complex network of organ crosstalk, a crucial 
role of the gut has been recently considered . In fact, it has been 
suggested that the diet- and/or gut-mic robiota-depe ndent 
increase of gut-deriv ed products , and the consequent release of 
pathogen- or damage-assoc iated molecular patterns (PAMPs or 
DAMPs), may cross a reduced gut permeability barrier, activate 
molecula r mechanisms of innate immune response, and act as 
possible inductor s of necroinflammatory lesions and severe fibro-
sis in the progression of simple fatty liver to NASH [60,61]. Inter- 
estingly, the lipopolys accharide (LPS), one of most studied PAMPs,
in association with plasminog en activator inhibito r-1 (PAI-1), has 
a mild to moderat e correlat ion with steatosis and NAS [62].

All these findings suggest that, although the pathogenesi s of 
NAFLD remains the subject of intense debate, fatty liver develop- 
ment and eventuall y its progression to NASH are the result of a
crosstalk among differen t organs, includin g adipose tissue, pan- 
creas, gut, and liver (Fig. 1).
Cellular and molecula r signatur es in the pathogene sis of NASH 

NASH represents a histological progressive condit ion and a major 
cause of what was previously considered as cryptogeni c cirrhos is 
[63–65]. Progression of simple fatty liver towards a condition of 
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inflammation and fibrosis is characte rized by the contribution 
of multiple mechanisms that differently regulate the physiologi- 
cal liver response, although why this occurs in some patients 
only, remain s unknown [66–69].

The cellular basis of liver fibrosis in NASH 

Fibrogenesi s mainly occurs in extracellula r matrix (ECM) remod- 
elling, which is regulate d by three differen t cell types: (1) endog- 
enous (resident) fibroblast or myofibroblast-like cells, mainly 
represente d by hepatic stellate cells (HSCs) and also by portal 
fibroblasts; (2) fibrocytes recruite d from the bone marrow to 
the liver during the developmen t of chronic hepatic injury; (3)
the potential engraftment and differen tiation of bone marrow- 
derived mesenc hymal stem cells into myofibroblast-like cells 
[70]. In addition to the previous points, another source of colla- 
gen-produci ng cells might be derived from the process of ductu- 
lar reaction and the so-called epithelial-m esenchymal transition 
(EMT), via which epithelia l cells can transdiffere ntiate into mes- 
enchymal cells to acquire the ability of producing collagen 
[70,71]. Although HSCs are considered the main ECM-produ cing 
cells during the developmen t of NASH, detailed studies to dissect 
the real contribution of each fibrogenic phenotype are lacking.
Considering this, the possibilit y that the elements of the ductular 
vol. 58 j 1218–1229 1221 
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reaction might undergo EMT has been recently questioned [71].
However, the element s of the ductular reaction represent the 
hepatic progenitor cell (HPC) compartment of the liver, and it 
has been recentl y shown that the HPC compartment , especially 
in children with NASH, was expanded and independ ently associ- 
ated with the degree of fibrosis [72].

Role of adipocytok ines 

Key players in the progression from simple steatosis to NASH are 
the so-called adipocyt okines includin g adiponec tin, leptin, resi- 
stin, tumour necrosi s factor (TNF)a and interleu kins (ILs)
secreted by adipocytes or the inflammatory cells that infiltrate
the adipose tissue in insulin -resistant conditions.

Leptin downregulat es insulin signallin g in the liver and 
reduces fibrosis in experimen tal models of fibrosis and NASH.
Leptin may activate HSC through the NADPH oxydase system 
[73–77]. In contrast , it has been clearly demonstra ted in a previ- 
ous study that adiponec tin can counteract the IR effect of leptin,
exert anti-inflammatory actions and inhibit HSC prolifera tion,
thus interferi ng with fibrogenesis [78].

Cytokines, particular ly TNF a, IL-6, and IL-1, are involved in the 
recruitment and activation of Kupffer cells and transfor mation of 
HSC into myofibroblasts. Levels of TNF a and IL-6 are often ele- 
vated in the liver and blood of patients with NASH, and inhibition 
of these cytokines has been shown to improve NAFLD in rodents 
[79,80].

Role of oxidative stress and lipotoxici ty 

In a normal liver, antioxidant systems such as superoxid e dismu- 
tase and catalase efficiently remove reactive oxygen species 
(ROS) produ ced during cellular metabol ism and maintain normal 
cell homeostasi s [81]. Oxidati ve stress is increased in patients 
with NASH [82]. Excess of non-esterified fatty acids (NEFA) sup- 
ply to the liver increases mitochondria l and peroxiso mal oxida- 
tion, promote microsomal induction of CYP4A1 and CYP2E1,
and cause elevat ed product ion of ROS [83]. Among ROS produc- 
ing systems, the NADPH oxidase (NADPH) complex plays a major 
role in hepatic fibrogenesis and collagen production. This system 
also plays a crucial role in ROS production in both Kupffer cells 
and HSCs during hepatic fibrogenesis [84,85]. Kupffer cells in 
the liver mainly produce ROS through the phagoc ytic form of 
NADPH, which plays an important role in host defence and 
inflammation [86,87], HSCs express the non-phagoc ytic form that 
plays an importan t role in regulati ng cell signallin g and can be 
stimulated by fibrogenic molecule s such as leptin [88,89].

The pathogenesis of NASH also takes into considerati on the 
concept of lipotoxici ty. The most recent hypothesis for this is that 
excessive intra-hep atic lipid accumulati on triggers a local necro- 
inflammatory response, subsequ ently producing free radicals that 
can result in damage to the cell membran e and DNA [90–92].
Thus, the cytotoxic products of lipid peroxidation induce apopto- 
sis signals in hepatocytes and play a role in liver fibrogenesis by 
modulating HSCs behavio ur in a paracrine manner [93,94].

Role of nuclear receptors in the pathogenesi s of NASH 

Nuclear recept ors (NRs) are ligand-act ivated transcript ion factors 
that regulate the expression of specific genes controlling a broad 
range of cellular and metabol ic functions [95,96].
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Among NRs, the peroxisome proliferator- activated receptors 
(PPARs) have been studied the most because of the presence of 
pharmacolog ical ligands [96]. PPARs are involved in the activa- 
tion of HSCs [97,98]. In addition to PPARs, other NRs, such as 
the farnesoid X recepto r (FXR), xenobiot ic sensors (CAR and 
PXR), liver X receptor (LXR), and hepatocyte nuclear factor 4
(HNF4), have also been implicated in the pathogenesi s of NAFLD,
but their role in the develop ment of NASH remains to be estab- 
lished [99].
Diagnostic tools 

Considering the lack of specific symptoms and/or signs of NAFLD,
early detection of NAFLD in childre n may be effective to identify 
subjects with potential silent progress ive fatty liver [5]. In addi- 
tion, the screening for NAFLD should be recommend ed to over- 
weight and obese childre n [100–102].

In the first assessmen t of children with suspicion of fatty liver,
clinicians should take an accurate clinical history with particular 
attention to informa tion regarding the nutritional habits and pos- 
sible drug consumptio n.

Routine laboratory tests 

ALT elevation is common in boys and girls with fatty liver 
[103,104]. In epidemiol ogical studies, elevat ed ALT seems to be 
associated with MetS in children and adolescents [105,106]. In 
a tertiary centre setting, NAFLD associat ed hypertran saminas- 
emia was responsib le for about 20% of all cases [107].

Recently, the American Academy of Paediatrics recommend ed 
screening with liver function tests (ALT, AST) in children aged 
10 years in case of BMI P95th percent ile or between 85th and 
94th percentile with risk factors. The biochemistry test panel 
should also include lipid profiling and fasting glucose determina- 
tion [14,108 ].

Some considerati ons concerning the significance of liver 
enzymes are mandatory. Serum aminotra nsferases that are 
influenced by dietary habits and hyperalime ntation, may reflect,
in some case the presence of steatosis [109]. However, as the 
serum levels of aminotra nsferases may be reduced even in the 
presence of NASH and fibrosis, liver function test cannot repre- 
sent the severity of NAFLD [110]. Anothe r major issue with ami- 
notransferases lies in the variability among centres and the need 
of ‘biology-base d thresholds’ to increase sensitivity, as recentl y
underlined in the SAFETY study [111]. In this study, the thresh- 
olds of 25.8 U/L in boys and 22.1 U/L in girls have been pro- 
posed as a reliable index for suspicion of a chronic liver 
disease. Obese children who become hepatopat ic should defi-
nitely be tested for causes of liver diseases other than NAFLD,
particularly for those condition s that are rapidly progres sive if 
not adequate ly treated (e.g., autoimm une hepatitis and Wilson 
disease). The so-called NASH trash bin should also be carefully 
taken into considerati on, especially in early-onset NAFLD among 
young children [14].

US and radiology 

Liver ultrasoun d (US) can detect fatty liver when steatosis 
involves >30% of hepatocytes [112]. US has several advantag es 
for use as a screening tool: relative low cost, large diffusion in 
vol. 58 j 1218–1229 
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medical communit y and feasibility. Recently, a large prospective 
paediatric cohort showed a good correlation between ultrasono- 
graphic steatosis score and the severity of steatosis on liver 
biopsy [113]. Moreover, US has been used to assess the outcome 
of efficacy in paediatric trials with good compliance between the 
outcomes of children and parents [114].

Computed tomograp hy (CT) scan is not recommen dable in 
paediatric setting because of the unjustified radiation exposur e
involved in the process. In contrast , magneti c resonance imaging 
(MRI) has been demon strated to have good sensitivity in quanti- 
fication of fat in the liver [115,116].
Progressi on indexes 

The main challenge for paediatric hepatolo gists is the identifica- 
tion of children with higher probabili ty of progres sion to a more 
severe form of liver disease.

Ultrasound- guided or assisted needle liver biopsy remains the 
gold standard method for defining diagnosis, severity, and rate of 
progression of NASH to its clinical sequelae. Because it is an inva- 
sive tool for monitori ng therapeuti c responses and disease evolu- 
tion, researc h on clinical parameters or serum markers that can 
identify subjects with steatohepatit is and who are prone to fur- 
ther progression has been undertaken .

Several studies have aimed at identifying clinical parameters 
that can predict the progress ion of a liver disease. The presenc e
of necro-inflammation at liver biopsy is associated with a possi- 
ble rapid progression of fibrosis [54]. Results of clinical studies 
have indicated BMI, lipid profile, IR, and fasting glucose as predic- 
tors of NAFLD in children [14]. Moreover, waist circumferenc e
alone seems to be correlated with liver fibrosis in the paediatric 
setting [117]. In conclusion, simple clinical parameters such as 
age (expression of length of disease), IR surrogate clinical marker 
acanthosis nigricans, anthropome trical data (BMI, waist), lipid,
and glucose profile can allow a clinician to recognise children 
with potential severe NAFLD. The Paediatric NAFLD Fibrosis Index 
(PNFI) algorithm was developed on the basis of waist circumfer- 
ence, triglycerid es, and age [118].

The need of a simple and reliable tool for the assessment and 
monitorin g of liver fibrosis has booste d the research of ‘non-inva- 
sive’ markers. Unfortunatel y, limited sample size, lack of ade- 
quate informa tion regarding the control groups and quality of 
liver specime n, and lack of validation in large and independ ent 
cohorts have togethe r reduced the application of this tool in clin- 
ical practice [119].

Several molecule s are involved in ECM remodelling during 
fibrogenesis: the matrix metallopro teinases (MMPs) that partici- 
pate in ECM degradati on; their specific tissue inhibitors, the tis- 
sue inhibitor of metalloprote inases-1 (TIMPs), and various 
cytokine s that stimulate HSC conversio n into myofibroblast-like 
cells that synthesiz e hyaluro nic acid (HA), which has been found 
as a reliable marker of fibrosis deposition in children [120].

However , a recent paper suggests that the more reliable 
serum marker of steatohe patitis is cytokerati n-18 (CK18) frag- 
ment levels, which are increased in the bloodstre am accordin g
to the presence and severity of NASH [121].

Recently, the enhanced liver fibrosis (ELF) panel of serum 
markers (tissue inhibit or of matrix metallopr oteinase 1, HA, and 
aminoter minal peptide of pro-coll agen III) was tested in a
paediatric cohort to show the capability of predicti on of fibrosis
[122].
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In a recent study, the combin ation of ELF and PNFI showed 
good accuracy in predictin g fibrosis in childre n with histologi- 
cally confirmed NAFLD [123].

Transient elastography appears to be a more promising tool 
for non-invasi ve assessment of fibrosis, and its role in paediatric 
NAFLD has been recently reviewed elsewhe re, unfortunatel y the 
lack of capability to discriminate between intermedia te degrees 
of fibrosis represents the major limitation to avoid liver biopsy 
for the diagnosis of fibrosis in NASH [124].
Treatments

The aim of this section is to evaluate establi shed and other pos- 
sible novel NAFLD treatment options in the paediatric age group 
by providing recent evidence from the literature . Fig. 2 illustrates
a synop tic summary of most pathogeneti c mechanism-ba sed 
treatments .

Diet and lifestyle changes 

The goal of lifestyle intervent ions is a gradua l and controll ed 
weight loss achieved by diet and physica l exercise. Unfortunatel y,
this aim is difficult to achieve and the results are disappoint ing,
with an extremely low percentage of individual s who are able 
to steadily lose weight and exercise regularly [16]. Weight loss 
in NAFLD patients on diet improves hepatic insulin sensitivit y
by reducing hepatic FFA supply, improves extra- hepatic insulin 
sensitivity through better glucose utilization and reduces ROS 
generation and adipose tissue inflammation. Exercise and out- 
door activities are also promoted because they may improve sub- 
strate utilization in muscles and contribute to obtaining better 
insulin sensitivit y, irrespecti ve of weight loss [125].

Weight loss (approximately 5–10% of the basal weight) should 
be gradua l, since extreme slimming diets may lead to the onset of 
severe metabol ic disorders and promote liver damage. Indeed,
some studies in childre n confirmed an improvem ent in serum 
aminotran sferase levels and several metabolic parameters 
including lipids, fasting glucose, insulin, and insulin sensitivit y
indices [126–128]. Interestin gly, Nobili et al . showed that a
repeated biopsy at 24 months displa yed significant improvemen t
of liver histology with reductio n of the grade of steatosis, hepatic 
lobular inflammation, hepatocyte ballooning, and NAFLD activity 
score [129].

Currently , there are no precise evidence -based guidelines 
establishing the optimal dietary interventio ns. Reduct ion in 
sugar/sucrose and in soft drinks rich in fructose, most probably 
not only acts through a reductio n in IR and lipogene sis but also 
counteracts the recentl y evidence d hepatic pro-inflammatory/ 
fibrogenetic role of fructose [130].

Diet in childhood must be balanced to allow a healthy and 
harmonic growth, includin g wellness of bone structure s. Reduced 
dietary intake of saturated/ trans fat, increased intake of polyun- 
saturated fat (omega-3) [131], and increased fibres intake [132]
have been proposed as other valuab le measure s. Diets rich in 
fibres, however, should be approache d with caution because poor 
information is available on the possible side effects of fibres when 
used in large amounts in children. Unfortunatel y, lifestyle inter- 
vention has only a very moderate effect on weight loss, with 
<10% success rate 2 years after the onset of intervent ion. A reduc- 
tion of >0.5 SDS-BMI (indicating stable weight over 1 year in 
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growing children) is associated with an improvem ent of cardio- 
vascular risk factors, while improvem ents in quality of life seem 
independen t of the degree of weight loss. Younger children and 
less overweight children particular ly profit from lifestyle inter- 
ventions as compared with extremely obese adolesce nts [133].

Durable weight loss can be achieved with bariatric surgery ,
especially in adolesce nts; however, the guidelines for eligibili ty 
remain to be standardize d. In adults, this therapeut ic option 
improves liver damage [134]. Howeve r, there are very scarce data 
on the NAFLD adolesce nt population , and a comparison with 
untreated natural history data is required [135,136].
Pharmacolo gical interventio ns for NAFLD 

The pharm acological approach, in NAFLD children poorly adher- 
ent to or being unresponsi ve/partiall y responsi ve to lifestyle 
changes, is aimed at acting upon specific targets involved in eti- 
opathogene sis (Fig. 2). The follow ing drugs have been more 
extensively used and include antioxida nts, insulin sensitizers,
and cytoprotect ive agents.

Antioxidan ts, by reducing oxidative stress, protect susceptib le 
component s of biologic al membranes from lipid peroxidat ion,
and may therefore be able to prevent the progression of simple 
steatosis to NASH. The most studied antioxida nt in children with 
NAFLD is alpha-tocop herol (vitamin E). The first open-label pae- 
diatric trial with vitamin E (400–1.200 IU/day), involving 11 chil- 
dren with NAFLD, showed a decrease of serum aminotran sferase 
levels not associated with a reducti on in BMI values and bright 
liver at ultrasonogra phy [137]. Other studies comparing the effect 
of vitamin E vs. that of single weight loss, did not find a higher 
efficacy of antioxidant treatment as compared with exclusive life- 
style changes [138,139]. Nobili et al . demons trated that adding 
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ascorbic acid to vitamin E was still not better than lifestyle inter- 
vention alone [129].

Lavine et al . [140], in a more recent large, multicenter, ran- 
domised double-blin d placebo-c ontrolled trial (TONIC study),
evaluated the effect of a 96-week antioxida nt therapy with vita- 
min E (400 IU twice daily), insulin sensitiz er metformi n (500 mg 
twice daily) or placebo in children with NAFLD. A total of 173 
patients (aged 8–17 years) with biopsy-co nfirmed NAFLD and 
persistently elevated levels of ALT, without diabet es or cirrhosis,
were randomly assigned to 1 of 3 groups. At 96 weeks, vitamin E
treatment was not better or worse than the placebo treatmen t in 
reducing ALT and was only able to improve histological hepato- 
cellular ballooning in NAFLD and NASH. Other antioxidan ts, par- 
ticularly betaine and silymarin, are possible promising 
therapeutic tools for NAFLD [141], but more data are required 
for the paediatric age.

For its pathogeneti c role, IR is a rational therapeut ic target.
Metformin is the only insulin-sens itizing agent evaluated in chil- 
dren. A single-arm, open-label , pilot study on metformi n (500 mg 
twice daily for 24 weeks), conduc ted in 10 non-di abetic childre n
with biopsy-proven NASH and elevated ALT levels, showed 
reduction of hepatic steatosis, as evaluate d with Magnetic Reso- 
nance Spectroscop y (MRS), and low serum ALT levels [142]. On 
the other hand, a subsequ ent study in the paediatric age by com- 
paring metformi n with lifestyle interventio ns did not confirm the 
advantages of using this drug [143], whereas another study [144]
demonstrate d a noteworthy improvem ent in fatty liver preva- 
lence and severity in a selected cohort of 50 obese and insulin- 
resistant adolesce nts and in fasting insulin in metformi n com- 
pared with placebo patients. Finally, the most recent TONIC study 
showed that metformi n, like vitamin E, was no better or worse 
than placebo in reducing ALT and was able to improve histologi- 
cal hepatocellu lar ballooning only in NAFLD [140]. As compared 
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to placebo, both vitamin E and metformi n significantly improved 
ballooning, but neither of them led to a significant improvem ent 
in other histological features.

There are still insufficient data about the possibility of use of 
the glitazones, drugs believed to have a role in the treatmen t of 
adult NAFLD [145], in NAFLD-aff ected children.

UDCA (ursodeoxycholic acid) is a hydrophilic bile acid that 
normally constitu tes 3% of the human biliary pool [146]. UDCA 
might theoretica lly interfere with the progres sion of NAFLD/ 
NASH through the following different pathways : (1) protectin g
hepatocyt es from mitochondr ial membrane injury mediated by 
bile salts, (2) playing an immunomo dulatory function , and (3)
activating anti-apo ptotic signalling pathway s. A pilot randomised 
controlled trial involving 31 NAFLD-af fected children [147]
showed that conventiona l dosage of UDCA is not effective on 
ALT levels and ultrasonogr aphic bright liver improvemen t.

Data from NAFLD animal model studies suggests that gut mic- 
robiota manipula tion with probioti cs reduces liver inflammation 
and improves gut epithelial barrier function, thus representing a
novel advantag eous therapeuti c approach in NAFLD patients 
[148–150].

In human NAFLD, Loguercio et al . evaluated the effects of 
chronic therapy with a probiotic (VSL#3) in patients affected by 
several types of chronic hepatop aties, includi ng NAFLD. Results 
of the study suggested that probioti cs warrant considerat ion as 
an additiona l beneficial therapy in some types of chronic liver 
disease, such as NAFLD [151]. In obese children with persistin g
hypertran saminasemi a and ultrasono graphic bright liver, a dou- 
ble-blind , placebo-c ontrolled, short-term pilot study showed that 
after 8 weeks of treatment , patients receiving probiotics therapy 
vs. placebo attained a significant improvem ent of serum ALT and 
antipeptid oglycan-poly saccharide antibodies levels, a surrogat e
test for gut microbiota dysbiosis evaluation , independ ently of 
weight, waist, and abdominal fat changes [152]. Overall, these 
results, in association with their excellent tolerability, suggest 
the use of probiotics as a promising therapeuti c tool in paedia tric 
NAFLD.

Polyuns aturated fatty acids (PUFAs) are fatty acids that con- 
tain more than one double bond in their backbon e. This class 
includes many importan t compoun ds, such as essential fatty 
Table 2. Novel potential NAFLD treatment targets still partially explored in 
adults and/or children.

Drug class Target/mechanism 
of action

References

Probiotics Gut-liver axis Vajro et al., 2011
Omega-3 DHA 
(docosahexaenoic acid)

Dyslipidemia/insulin 
resistance

Nobili et al., 2011

Pentoxifylline and 
anti-TNF-α

TNF-α pathway Li et al., 2011

Incretins and dipeptidyl 
dipeptidase (DPP)-4 
inhibitors

Insulin resistance Nguyen et al., 2012
Shirakawa et al., 
2011

Agonist of the farnesoid 
X receptor (FXR)

FXRs pathway Fuchs et al., 2012

Toll like receptors 
in Kuppfer cells and 
natural killer T cells

Miura et al., 2010

Bariatric surgery Obesity Pardee et al., 2009
Weiner et al., 2010

Pro-inflammatory pathway
(TLRs) modifiers
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acids, like omega-3 and omega -6 acids. The term ‘essen tial fatty 
acid’ refers to fatty acids that the body needs, but cannot produce.
Essential fatty acids serve multiple functions; in each of them, the 
balance between dietary x-3 and x-6 strongly affects function.
PUFAs can be found in several natural foods. PUFAs have a variety 
of health benefits when they are consumed in moderation and as 
a part of a diet high in fibre [153].

Recent pharmacol ogical studies in NAFLD animal models and 
in human adults, focusing on the effect of oral treatmen t with 
omega-3 fatty acids, showed both anti-inflammatory and insu- 
lin-sensitiz ing propert ies, suggesting a role of this lipid in the 
treatment of NAFLD [153]. In NAFLD children, a recent double- 
blind RCT [131] investig ated the effect of x3-docosah exaenoic 
acid (DHA) supplemen tation on the decrease of liver fat content,
evaluated by ultrasonogra phic bright liver after 6 months of 
treatment. DHA taken orally for 6 months improves bright liver 
and insulin sensitivity, without significant differen ces between 
doses of 250 and 500 mg/day. Because x3 fatty acids are well tol- 
erated by the paediatric population, therapy with DHA warrants 
considerati on in the management of paediatri c patient with 
NAFLD. Random ised placebo-c ontrolled trials are therefore 
needed.

Promising novel therapeu tic approache s

Here, we discuss other interesting approache s that have hitherto 
been explored only in NAFLD animal models or in adults (Table 2),
and which will perhaps become the object of study in the paedi- 
atric population in future.

Incretin mimet ics and DPP-4 inhibitors increase insulin secre- 
tion through different pharm acological mecha nisms. Exenatide 
and liragluti de are glucagon -like peptide (GLP)-1 receptor ago- 
nists, resistant to DPP-4 degradation [141]. Sitaglip tin is a selec- 
tive DPP-4 inhibitor that enhances GLP-1 and glucose-depen dent 
insulinotro pic peptide (GIP) serum levels. An extra- pancreatic 
protective role of sitaglipti n in diet-induc ed adipose tissue 
inflammation and hepatic steatosis has also been shown in dia- 
betic mice [154].

FXRs are NRs seemin gly involved in the NAFLD pathogenesi s
[155]. Bile acids act as endogen ous ligands for these receptors,
mediating a variety of functions as follow s: (1) control of lipids 
homeostasi s with a beneficial effect on dyslipid emia; (2) glucose 
metabolism regulation (mechanism is still unknown, but FXR 
ablation in mice led to glucose intolerance); (3) reduction of 
hepatic inflammation and fibrogenesis through different mecha- 
nisms. Therefore, FXR agonist might have a role in the pharmaco- 
logical therapy of NAFLD/NASH . However, future studies are 
expected, especially in adults, due to their narrow therapeuti c
range or poor safety profile [156].

Cysteamine bitartrate is a potent antioxida nt that readily tra- 
verses cellular membran es and can increase the levels of all 
adiponectin multimers [157]. In a recent pilot study, enteric- 
coated cysteamine was shown to be of potential benefit in 
NAFLD-affect ed childre n [158].

Some studies in NASH- affected adults showed a role of pen- 
toxifylline, a phosphod iesterase inhibitor that exerts its immuno- 
modulatory functions antagoniz ing the pathway of TNF- a, in 
reduction of serum ALT levels and in histological features such 
as steatosis, lobular inflammation, and fibrosis stage [159]. More 
research is needed, especially in paedia tric patients, where the 
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treatment seems interesting especially in view of the good toler- 
ability reported in NASH–affected adults [160].

TLRs are a group of recepto rs that recognise PAMPs and 
DAMPs. TLR2, TLR4, and TLR9 seem to be involved in NAFLD path- 
ogenesis [61,161]. TLRs stimulati on results in activatio n of the 
transcript ional factor NF- jB, crucial for the inflammatory 
response and implicated in the progre ssion of NAFLD to NASH.
Upon stimulatio n, hepatic immun e cells produce various media- 
tors (cytokines and chemoki nes) that alter lipid metabol ism,
insulin signalling, cell survival, and fibrogenesis. For their ability 
to antagonize TLRs pathway in Kupffer cells and natural killer T
cells, antagonist s of TLRs may represent a novel tool in NAFLD 
therapy [10,161].
Conclusions

NAFLD in childre n is a new global challenge for liver disease 
researchers and an importan t burden for healthy systems.

Paediatric NAFLD has a cause-and -effect complex relations hip 
with several metabol ic abnormaliti es that increases the risk of 
MetS and cardiovascu lar diseases. Therefore, fundament al 
research studies are urgently required to investig ate the mecha- 
nisms by which these inherite d or acquired traits influence
NAFLD. These advances may have a high clinical translationa lity 
in diagnosis as well as in therapy. In fact, although diagnosis of 
NAFLD in childre n is currently based upon invasive and non-inva- 
sive approache s, concom itant efforts should be directed in the 
identification of novel tools for large-scale screening of paediatric 
populations at risk. Finally, as no exact guidelin e exists on NAFLD 
optimal therapy, in case of poor complian ce to diet and lifestyle 
changes and/or in case of partial or no response, integrated 
multi-discip linary programs for prevention and multi-target ed 
treatment in childre n are required to comba t the escalation and 
progression of this disease.
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