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disease (MAFLD).

Defining NAFLD in children

Nonalcoholic fatty liver disease (NAFLD)
is increasing in children worldwide as a
result of the obesity epidemic and has
emerged as an important risk factor for
cardiometabolic disease (1, 2). Although
the complications and burden of pediatric
NAFLD are well recognized, there are crit-
ical barriers to widespread screening and
effective therapies in children. The prev-
alence rates of NAFLD are highly variable
and range from 5% to 10% in the general
primary care setting to approximately 30%
to 50% in specialty obesity clinics (1, 3, 4).
According to the guidelines of the North
American Society for Pediatric Gastroen-
terology, Hepatology and Nutrition and
the European Society for Pediatric Gas-
troenterology, Hepatology and Nutrition,
NAFLD in children is a diagnosis of exclu-
sion defined as chronic hepatic steatosis in
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children (18 years or younger) and exclu-
sion of other causes of hepatic steatosis,
such as genetic or metabolic disorders,
infections, use of steatogenic medications,
alcohol consumption, or malnutrition (5).
NAFLD diagnostic procedures are invasive
(e.g., liver biopsy), expensive, and com-
plex, sometimes requiring sedation in chil-
dren (e.g., magnetic resonant imaging),
or are limited because of low biomarker
sensitivity (e.g., alanine amino transami-
nase). Further, in contrast to established
disease diagnoses, the definition of pedi-
atric NAFLD is exclusionary and does not
consider the roles of insulin resistance and
metabolic dysfunction as important patho-
logical determinants (5).

Metabolic basis of NAFLD

Recent recommendations by expert con-
sensus panels suggest a change in the
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nomenclature of NAFLD to MAFLD (met-
abolic associated fatty liver disease) for
adults and children (6, 7). The criteria for
children are the presence of intrahepatic
fat accumulation (steatosis based on liver
histology, imaging, or blood biomarker)
and one of three metabolic conditions:
excess adiposity, presence of prediabetes
or type 2 diabetes, or evidence of metabol-
ic dysregulation (including dyslipidemia
and hypertension) (6). The purpose of the
revised definition is to align MAFLD diag-
nosis to treatment and prevention based
on studies showing the importance of mit-
igating insulin resistance and metabolic
disease (6). In this issue of the JCI, Cohen
et al. provide timely insight highlighting
the importance of modifiable dietary fac-
tors such as sugars in the pathogenesis of
NAFLD in children (8).

Contemporary data confirm that
NAFLD is a systemic metabolic disease
involving impaired insulin signaling,
overnutrition, and inflammation. Hepat-
ic steatosis results from reductions in
VLDL triglyceride export, accumulation
of intrahepatic fat due to increased rees-
terification of free fatty acids (FFAs), and
increased de novo lipogenesis (DNL) (9).
DNL, the process by which enzymes con-
vert nonlipid precursors into FFA, con-
tributes 10% to 40% of FFA precursors to
intrahepatic triglycerides. Overnutrition
(including consuming excess dietary free
sugars) stimulates DNL by increasing the
availability of carbohydrate precursors
and inducing insulin-mediated upregu-
lation of lipogenic genes (SREBP-Ic, FAS,
ACC, SCDI, and LPINI) and enzymatic
regulation of lipogenic pathways (10). The
concept of selective insulin resistance is
critical for understanding the metabolic
effects of intrahepatic fat accumulation.
Specifically, hyperinsulinemia within the
liver promotes DNL, while peripheral
insulin resistance in adipose tissue pro-
motes lipolysis and the generation of FFAs
that are subsequently transported to and
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reesterified in the liver (11). It is assumed
that the mechanisms for NAFLD are sim-
ilar in adults and children, but the exact
pathological pathways, including the con-
tributions of DNL and FFA reesterification
to intrahepatic fat accumulation, are not
established in children (12-14).

DNL in pediatric NAFLD

The study by Cohen et al. (8) confirms the
pathological link between dietary free-sug-
ar intake, DNL, and intrahepatic fat accu-
mulation. A subgroup of 29 adolescent
boys (ages 11 to 16 years old), out of a total
of 40 boys, with biopsy-proven NAFLD
were enrolled in an 8-week randomized
controlled trial of dietary sugar restriction
with less than 3% of calories from free sug-
ar. Free sugar was defined as sugars add-
ed to foods and beverages as well as the
sugar in fruit juice. Liver fat was measured
using magnetic resonance imaging-pro-
ton density fat fraction (MRI-PDFF). The
fractional contribution of hepatic DNL
to triglycerides in palmitate was mea-
sured using deuterium-labeled water and
mass isotopomer distribution analysis.
Free-sugar restriction resulted in greater
differences in free-sugar intake (9.9% to
1.1%) compared with the usual-diet group
(13.1% t0 11.8%), a 10% reduction in DNL,
an approximately 7% decrease in hepatic
fat, and improvements in several metabol-
ic parameters, including fasting insulin,
glucose, triglycerides, LDL-C, and liver
enzymes. These findings extend a previous
short-term (9-day) study in youths demon-
strating that dietary fructose restriction
reduced DNL and liver fat (12). Together,
these studies show that DNL is an import-
ant modifiable disease mechanism in
NAFLD pathogenesis amenable to dietary
free-sugar restriction strategies in children
and adults. Using detailed and precise sta-
ble isotope methodology to quantify frac-
tional DNL, the study (8) showed that a
reduction in dietary free-sugar intake was
associated with reductions in both DNL
and percentage hepatic fat. However, the
change in DNL correlated with changes
in insulin and body weight, but not with
change in hepatic fat. These findings indi-
cate that while DNL is an important con-
tributor to excess intrahepatic triglyceride
accumulation, there is widespread met-
abolic dysregulation of intrahepatic fat
accumulation that involves multiple pro-

cesses, including defects in insulin signal-
ing and overnutrition.

Limitations and future
directions
Some important study limitations are wor-
thy of consideration. Residual deuterium
labeling during the 8-week period could
result in overestimation of fractional DNL
after the study intervention. To adjust for
this residual labeling, a correction factor
was derived. This empirical correction fac-
tor has not been validated and the effect
size of dietary sugar restriction should be
interpreted with caution. In addition, the
imputation of DNL in 2 out of 13 (15%) of
the youths in the control group at 8 weeks
could introduce bias by underestimating
the change in DNL in this group. Of note,
this study was limited to pubertal boys,
mainly of Hispanic ethnicity; hence, fur-
ther studies are needed to evaluate the
intervention in larger multiethnic popula-
tions. Conducting prospective investiga-
tions, such as that by Cohen et al. (8), in
multiethnic adolescent cohorts is critical
because youths have unique age-related
factors that could influence disease pro-
cesses and interpretation. Adolescence is a
time of physiological insulin resistance (15)
and given the central role of insulin resis-
tance in NAFLD development, it is import-
ant to assess whether the DNL and lip-
olysis/FFA release is amenable to dietary
intervention. Further, hepatic fat accu-
mulation and the contributions of DNL
to this process vary widely among racial/
ethnic groups (16) and may be mediated
by diet-gene interactions in key enzymes
controlling DNL (e.g., stearoyl-CoA desat-
urases) (17). While reducing DNL may be
an important component of treating fatty
liver disease in boys of Hispanic ethnicity,
DNL may not be the primary contributor to
NAFLD development in youths of African
ancestry. Holistic interventions that target
the entire metabolic pathways of hepatic
steatosis (DNL, FFA reesterification, and
insulin resistance) are recommended. This
latter point provides additional justifica-
tion that a shift in terminology is warrant-
ed to foster research and clinical collabora-
tion focusing on disease pathogenesis and
treatment across the lifespan.
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