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—We can not always build the future for our youth, but we can build our youth for
the future.

Franklin D. Roosevelt

Non-alcoholic fatty liver disease (NAFLD), first recognized 30 years ago as a significant
cause of liver-related morbidity and mortality, is now the most common cause of liver
disease (1,2). The prevalence of hepatic steatosis in the pediatric population is estimated to
be 10% and may be as high as 38% among obese children (2). Two-thirds of children with
NAFLD and elevated aminotransferase levels have evidence of steatohepatitis (NASH) on
liver biopsy and are at risk for progressive liver disease and cirrhosis (3). Longitudinal
studies of NAFLD suggest that the disease may progress more rapidly in children than in
adults (4).

Given the possible increase in morbidity associated with NAFLD in the pediatric population,
it is important to identify those children with hepatic steatosis who are at greatest risk for
developing progressive liver disease. Definitive diagnosis of NASH requires a liver biopsy,
which is currently reserved for children with hepatic steatosis who have persistently elevated
serum aminotransferase levels. Elevated transaminases are a relatively insensitive indicator
of NASH in adults with hepatic steatosis (5). Given the obesity epidemic and the high
prevalence of fatty liver disease in children, the current practice of performing a liver biopsy
only in those children with aminotransferase elevations may lead to under-diagnosis of
NASH and under-estimation of the number of children who are at risk of developing end-
stage liver disease.

Could genetic testing permit better risk stratification of children with NAFLD? Recently a
nonsynonymous sequence variation (rs738409) that substitutes methionine for isoleucine at
codon 148 (I148M) in the gene encoding patatin-like phospholipase domain-containing 3
(PNPLA3) was found to be associated reproducibly with both hepatic steatosis and
circulating levels of aminotransferases (6,7). PNPLA3-I148M carriers also have a greater
prevalence of pathological features of NASH on liver biopsy (ballooning degeneration, zone
3 persinusoidal fibrosis, Mallory bodies, etc.) (8). The risk allele is not associated with the
two major predisposing factors for hepatic steatosis, obesity and insulin resistance (6). In
this issue of HEPATOLOGY, Valenti et al. (9) and Santoro et al. (10) have extended these
studies to characterize the role of PNPLA3-I148M in pediatric NAFLD.
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Valenti et al. (9) examined the association between PNPLA3 genotype and histological
features of NASH in 149 children (ages 6–13 years) who had persistently elevated liver
function tests. Liver sections were analyzed using the NASH Clinical Research Network
(NASH-CRN) scoring system; the risk allele (PNPLA3-I148M) was strongly associated
with hepatic steatosis (odds ratio for moderate or severe steatosis: 18.9). The risk implied by
this finding is far greater than that reported by NASH-CRN, where the odds ratios in adult
carriers were 1.13 for moderate steatosis and 1.26 for severe steatosis (11). The disparate
results of these two studies may be due to differences in selection criteria for enrollment. It
is also possible that the PNPLA3-I148M variant has a greater impact on triglyceride
accumulation in a young, rapidly growing liver.

The authors of this study also observed that children with severe steatosis were much more
likely to have NASH (9), a finding consistent with that reported in adults in the NASH-CRN
(12). PNPLA3 genotypes showed a step-wise relationship with disease activity
(PNPLA3-148II<IM<MM). Features of NASH were rare in children who did not carry the
risk variant (PNPLA3-148II) (3%), but were common in heterozygotes (PNPLA3-148IM)
(75%) and universal in homozygotes (PNPLA3-148MM) (100%) (9).

Taken together, the data of Valenti et al. (9) suggest that PNPLA3 genotyping may assist in
risk stratification of children with steatosis. Individuals who were homozygous for the
common variant (PNPLA3-148II) had a very low risk of having liver injury, as measured by
histologic grade and stage, despite persistently elevated liver enzymes (ALT > 40 U/L for at
least 6 months). Conversely, almost all children who were homozyogous for the risk allele
(PNPLA3-148MM) had severe NASH. However, a new study of both adults and children
did not support the clinical utility of PNPLA3 genotyping for risk stratification (13). Rotman
et al. (13) reported that the risk allele was associated with earlier onset of disease, but not
with histological severity in 223 children enrolled in the NASH-CRN. Thus, it is essential
that the finding of Valenti et al. (9) be confirmed in independent study populations before
being considered for clinical implementation. Moreover, the study conclusions only pertain
to children with both steatosis and elevated liver enzymes. Further studies will be required to
determine the prognosis of children with severe steatosis who are homozygous for the risk
allele and yet do not have elevated liver enzymes.

In the same issue, Santoro et al. (10) examined the effects of the PNPLA3-I148M variant on
fuel homeostasis and adipocyte size in an ethnically diverse, obese pediatric population.
Although the study by Santoro et al. (10) was smaller (n=85), the association between
hepatic triglyceride content and the PNPLA3-I148M variant was detected in their
population. Since liver biopsies were performed in just 6 subjects, the relationship between
the risk allele and hepatic pathology could not be examined. Consistent with the original
reports (6,14), no association was found between the variant and metabolic indicators of
insulin resistance. Specifically, no differences in hepatic glucose production rate or
peripheral glucose disposal were detected by hyperinsulinemic euglycemic clamp studies.
This finding confirms and further strengthens the mechanistic dissociation between hepatic
triglyceride content and insulin resistance. Although hepatic triglyceride content is strongly
associated with insulin resistance, the insulin resistance is not a direct consequence of the
increase in hepatic triglyceride content.

This study also probed the effect of the variant on indices of adipose tissue metabolism. No
genotype-dependent differences were found in body fat content or distribution, or in the rate
of lipolysis, as assessed by glycerol turnover. The size of adipocytes measured in 18 subjects
revealed a small reduction in median adipocyte size in carriers (~92 vs. ~80 μm: P=0.05).
Given the small number of subjects analyzed (just 11 carriers and 7 controls), this finding
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must be interpreted with caution, especially since the PNPLA3 genotype is not associated
with adiposity or body fat distribution.

The physiological function of PNPLA3 is enigmatic, and the mechanistic link between the
I148M variant and liver disease remains unclear. PNPLA3 is associated with the
endoplasmic reticulum and with lipid droplet in hepatoctyes (Figure 1) (15). The enzyme
exhibits both triglyceride hydrolase and transacylation activity in vitro (16) so can promote
either triglyceride catabolism or anabolism. The substitution of methionine for isoleucine at
residue 148 disrupts triglyceride hydrolysis by the enzyme (15), suggesting that PNPLA3-
I148M may be is a loss-of-function mutation (Figure 1A). However, ablation of PNPLA3 in
two different strains of mice (C57BL/6J and Lepob/ob) yielded no significant increase in
hepatic lipid content or serum aminotransferase levels under a variety of dietary conditions
(17). Conversely, hepatic overexpression of PNPLA3-I148M in rodents leads to an increase
in hepatic triglyceride content, a finding more consistent with a gain-of-function mutation
(15). Currently, the full complement of lipase(s) contributing to triglyceride hydolysis in the
liver is not known. The mutant protein may interfere with the action of another triglyceride
hydrolase, possibly PNPLA2 (adipocyte triglyceride lipase)(18) (Figure 1B). Alternatively,
it may sequester a co-factor required for maintenance of triglyceride homeostasis in the liver
(Figure 1C). Expression of the mutant enzyme may generate a new signaling molecule that
either inhibits lipolysis or promotes deposition of triglycerides (Figure 1D). Finally, the
mutant protein may promote formation of triglyceride (Figure 1E) or of a toxic lipid that
promotes both steatosis and injury.

Elucidating the mechanisms by which the I148M variant confers susceptibility to NAFLD is
likely to provide new insights into the pathogenesis and progression of this disorder, from
the accumulation of triglyceride in lipid droplets to the development of cirrhosis. A recent
study suggests that PNPLA3 may play a role in the development of advanced liver disease,
irrespective of the cause. Among alcoholics, the odds ratio of developing cirrhosis is 1.8 and
3.6 for individuals heterozygous and homozygous for the risk variant compared with those
who do not carry the risk allele (19). Inasmuch as hepatic steatosis is associated with other
forms of liver disease (e.g., hepatitis C, hemochromatosis, drug-induced, etc.), it is likely
that this variant contributes to the pathogenesis of these diseases as well. Defining the
molecular mechanism by which PNPLA3 confers susceptibility to liver injury will require
the identification of the physiological substrate(s) and product(s) of the enzyme, and
determination of the effect of the risk allele on its activity.

Finally, the I148M variant is common in Hispanics, a population that also has a high
prevalence of hepatic steatosis and cryptogenic cirrhosis (1,20). Is the high frequency of the
PNPLA3-I148M variant in Hispanics simply a result of genetic drift? Or could this variant
confer some advantage, perhaps as a component of the so-called “thrifty genome,” by
providing a readily utilizable energy source in the liver during periods of food scarcity.
Genotyping additional populations from around the world for this sequence variant may
answer this question, and provide new insights into a persistent mystery: why do some
individuals exposed to liver toxins or insults develop hepatic injury and fibrosis, whereas
others do not?
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Abbreviations

PNPLA3 patatin-like phospholipase domain-containing 3
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Figure 1.
Potential mechanistic links between PNPLA3-I148M and NAFLD. PNPLA3 is associated
with both the endoplasmic reticulum (ER) and lipid droplets in hepatocytes and exhibits
triglyceride hydrolase and transacylation activity in vitro (top left) (13, (16). In the fed state,
the protein may serve to liberate free fatty acids (FFA) from triglyceride (TG) contained
within lipid droplets. Alternatively, PNPLA3 could be involved in the conversion of
acylglycerols to triglycerides, thereby promoting TG deposition. Substitution of methionine
for isoleucine at residue 148 (PNPLA3-I148M) abolishes TG hydrolase activity (15),
suggesting that PNPLA3-I148M is a loss-of-function mutation (A). However,
overexpression of PNPLA3-I148M in the liver of mice results in steatosis (15). These
findings are more consistent with the variant having a gain-of-function. The mutant protein
may interfere with the action of another lipase (B), or sequester a necessary co-factor
required for maintenance of triglyceride homeostasis in liver (C). Alternatively, expression
of the mutant enzyme may generate a new signaling molecule that inhibits lipolysis (D) or
promotes triglyceride formation (E).
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