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Abstract

Metabolic dysfunction-associated steatotic liver disease (MASLD), previously known as nonalcoholic fatty liver disease
(NAFLD), is the main cause of chronic liver disease in children and adolescents. Indeed, epidemiological studies have shown
that MASLD affects up to 40% of children with obesity. Despite the recent approval of medications that target weight loss in
adolescents that could have benefits on pediatric MASLD, lifestyle interventions, such as diet and exercise, remain the mainstay
of our therapeutic approach. More specifically, studies on diet alone have focused on the possible role of carbohydrate or fat
restriction, albeit without a definite answer on the best approach. Weight loss after dietary intervention in children with obesity
and MASLD has a beneficial effect, regardless of the diet used. In relation to the role of exercise in MASLD reversal, indirect
evidence comes from studies showing that a sedentary lifestyle leading to poor fitness, and low muscle mass is associated with
MASLD. However, research on the direct effect of exercise on MASLD in children is scarce. A combination of diet and
exercise seems to be beneficial with several studies showing improvement in surrogate markers of MASLD, such as serum
alanine aminotransferase and hepatic fat fraction, the latter evaluated with imaging studies. Several dietary supplements, such as
vitamin E, probiotics, and omega-3 fatty acid supplements have also been studied in children and adolescents with MASLD,
but with equivocal results. This review aims to critically present available data on the effects of lifestyle interventions, including
diet, exercise, and dietary supplements, on pediatric MASLD, thus suggesting a frame for future research that could enhance
our knowledge on pediatric MASLD management and optimize clinicians’ approach to this vexing medical condition.
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Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD), formerly known as nonalcoholic fatty liver
disease (NAFLD) [1], is the most common cause of
chronic liver disease in pediatric populations, more fre-
quently diagnosed in male children with obesity [2].
MASLD encompasses conditions with varying severity,
ranging from simple steatosis, which is increased hepatic
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fat accumulation without inflammation, to the so-called
metabolic dysfunction-associated steatohepatitis (MASH),
known as nonalcoholic steatohepatitis (NASH). MASH is
characterized by increased liver fat accompanied by
inflammation and hepatocellular injury, with or without
liver fibrosis. MASH progression is not well characterized
in children, but it may lead to extensive bridging fibrosis,
cirrhosis, and finally, liver failure in early adulthood in a
minority of cases [3].
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MASLD usually coexists with metabolic syndrome
components, such as central adiposity, dyslipidemia,
hyperglycemia, and insulin resistance. In addition, several
studies have shown that increased liver fat content is
associated with an adverse cardiometabolic risk profile
already in childhood, adolescence, and early adulthood
[4—-6]. During the last two decades, the exponential increase
in the prevalence of pediatric obesity led to an increase in
MASLD prevalence as well. Recent studies have shown that
MASLD prevalence is between 5% and 10% in the general
pediatric population [2], and almost 40% among children
with obesity [7]. Even more alarming is the pace at which
both the incidence and the prevalence of the disease have
been increasing during the last decades [8, 9], rendering the
management of children with MASLD a challenging issue.
However, no approved pharmacological therapies exist. The
most recent guidelines by both the European Society for
Pediatric Gastroenterology, Hepatology and Nutrition
(ESPGHAN) [10], and the North American Society of
Pediatric Gastroenterology, Hepatology and Nutrition
(NASPGHAN) [11], advocate the use of lifestyle inter-
ventions, including diet and exercise, as therapeutic mea-
sures for pediatric MASLD. Nevertheless, no detailed
recommendations exist regarding either the ideal diet, or
the type, intensity, and duration of exercise that should
be followed by the patients, probably because relevant data
are scarce. In addition, studies in adults with MASLD have
shown that, among dietary supplements, vitamin E may lead
to the improvement of liver function tests (LFTs), hepatic
steatosis and inflammation [12—15]. Data on dietary sup-
plements in children with MASLD are even more con-
troversial [16-19].

The current review focused on clinical studies that have
examined the efficacy of lifestyle interventions, namely diet
and exercise, alone or in combination, in the management of
MASLD in children and adolescents. Studies on dietary
supplements in children with the disease were also included.
It should be noted that although the terms MASLD and
NAFLD are used interchangeably, the criteria for the two
diagnoses are not entirely the same [1]. Some very recent
studies showed a high concordance between the two diag-
noses in adults (98%) [20], but lower in children (>75%)
[21]. Until more data are available regarding the con-
cordance of the two terms, we maintained NAFLD
nomenclature for earlier studies that used the prior NAFLD
definition, throughout our manuscript.

Materials and methods

Although this is a narrative review, literature was searched
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [22]. A

literature search was conducted on PubMed/Medline data-
base for studies from peer-reviewed journals, published
between January 1, 1980, and July 31, 2023, using the
following key words: “NAFLD”, “non-alcoholic fatty liver
disease”, “MASLD”, “metabolic dysfunction-associated
steatotic liver disease”, “fatty liver”, “hepatic steatosis”,
“nutrition”, “diet”, “exercise”, “physical activity”, “lifestyle
interventions”, “dietary supplements”. Studies in English
and in pediatric populations were included. Case reports,
reviews, editorials, letters to the editor, case-control and
cross-sectional studies were excluded from the review.
Relevance was initially screened according to title and
abstract. At the stage of eligibility, full-text articles of all
relevant studies were reviewed. Papers that were identified
from the reference lists of the retrieved articles, were also
considered.

Initial literature search yielded 1304 records of which,
692 were excluded by title and 348 by abstract. In addition,
64 records were excluded because they were not written in
English. From the reference list of the retrieved reports, 42
additional records were considered relevant. Among the 242
reports that were retrieved and reviewed in full-text, 199
were excluded for various reasons (Fig. 1). In the end, 43
articles were considered pertinent and were included in the
current review.

Results
Dietary interventions

Five studies were found that evaluated the efficacy of diet
intervention on NAFLD parameters in children and ado-
lescents (Table 1). The earliest of these studies in 2009 by
Vos et al. [23] was a randomized controlled trial (RCT)
comprising 10 children with NAFLD. Seven of these chil-
dren had a liver biopsy demonstrating NASH, while the
other three were diagnosed by LFTs and ultrasonography.
Six children were assigned to a low-fructose diet, while the
other four to a low-fat diet, according to the American Heart
Association recommendations [24]. A significant change in
alanine aminotransferase (ALT) was not demonstrated in
either group. No follow-up biopsy was performed in any of
the participants. Low fructose diet was evaluated in another
study by Jin et al. comprising 24 overweight Hispanic
American adolescents with increased hepatic fat measured
by magnetic resonance spectroscopy (MRS) at baseline
[25]. These adolescents were randomized to calorie matched
fructose-only or glucose-only beverages provided by the
study. No other diet or physical activity modification was
implemented. After four weeks, no measurable improve-
ment in hepatic steatosis was identified, estimated by a
follow-up MRS. However, several factors related to
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cardiovascular disease were improved, such as insulin
sensitivity of adipose tissue, high sensitivity C-reactive
protein (hs-CRP) and oxidized low-density lipoprotein
cholesterol (LDL-C).

A more restrictive low glycemic diet compared to a low-
fat diet was evaluated by Ramon-Krauel et al. [26] in 17
obese children with fatty liver, 8—17 years of age. After six
months of follow-up, liver fat along with ALT levels
decreased substantially in all participants, without any dif-
ference between the two groups. More recently, a study by
Schwimmer et al. [27] comprised 40 adolescent boys aged
11 to 16 years with NAFLD, diagnosed by hepatic steatosis
>10% and ALT level 245 w/L. The authors used magnetic
resonance imaging (MRI) proton density fat fraction (MRI-
PDFF) to measure the effect of a diet low in free sugars
versus a usual diet on hepatic fat content. The study showed
that, after eight weeks, the participants in the low-free sugar
diet had a greater reduction in hepatic steatosis compared to
the control group. In 2020, the effects of a carbohydrate-
restricted vs a fat-restricted diet were evaluated in a study
by Goss et al. [28]. More specifically, thirty-two children or
adolescents (aged 9-17) with obesity and NAFLD were
randomized to a moderately carbohydrate-restricted or fat-
restricted diet for 8 weeks. It was shown that hepatic lipid
content, measured via MRI, decreased significantly only
within the carbohydrate-restricted diet group. In addition,
significantly greater decreases in abdominal and total fat
mass, and insulin resistance, which are all closely associated
with NAFLD, were found in response to the carbohydrate-
restricted vs the fat-restricted diet group.

@ Springer

Physical activity interventions

Exercise is recommended as an important lifestyle mod-
ification measure in the management of obesity and
NAFLD in children and adolescents. Some studies in adults
have shown that exercise alone, even in the absence of
dietary changes or weight loss, can decrease hepatic fat
content and improve its function [29, 30]. Nevertheless,
data on pediatric populations are limited and no studies
have investigated the effect of exercise alone on children
with biopsy-proven NAFLD (Table 1).

Lee et al. conducted two separate studies, one in boys
[31] and another in girls [32], investigating the aerobic and
resistance exercise effect on children with obesity and,
possibly, NAFLD. In the first study [31], forty-five ado-
lescent boys with obesity were randomly assigned to aero-
bic exercise, resistance exercise, or no exercise group and
were followed for three months, without any caloric intake
restriction. Intrahepatic lipid was assessed by MRS. A
significant reduction in intrahepatic lipid was observed in
both exercise groups, compared to controls. Furthermore,
the authors observed that the resistance exercise but not the
aerobic exercise group, had a significant improvement in
insulin sensitivity. Similarly, in the second study [32], forty
four adolescent girls with obesity were randomized into an
aerobic or a resistance exercise group, and a third group of
no exercise. Aerobic, but not resistance exercise, was
effective in reducing liver fat in adolescent girls with obe-
sity, independent of weight loss or calorie restriction.
Though, a major limitation of both studies was that, at
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Table 1 (continued)

Results

Completion

rate

Duration of

Type of intervention

Study population

Study

intervention

Both groups had reduction in intrahepatic
triglyceride content by 2—-3% with no
intergroup difference (p > 0.05)

80.7% (42/52)

Randomly assigned to either a dietitian-led 52 weeks

lifestyle modification program (n = 26) or a

52 adolescents (1418 years) with

Chan et al. [44]

intrahepatic triglyceride content >5%

conventional pediatrician-led consultation

group (n =26)

38.7% (79/204) Fibrosis regressed in all patients with

12 months

Followed caloric restriction, physical
activity, education, and psychosocial

support

204 patients (14 £2.3 years) with obesity

(BMI z-score>+2) and NAFLD on
ultrasound (in 71.1%) and fibrosis stage (F)

Lefere et al. [49]

baseline fibrosis at least one stage. ALT

decreased from 39 (25-66) to 16 (13-25)

IU/L

>2 on transient elastography (in 32.8%)

ALT alanine aminotransferase, NAFLD Non-alcoholic fatty liver disease

baseline, very few children had sufficient liver fat to be
characterized as having NAFLD, since only 12 boys and
five girls had hepatic fat fraction >5.0 %.

Another group of investigators, Van Der Heijden et al.
also performed two separate studies on children, not based
on sex of the participants, but on the type of exercise,
namely aerobic [33] or resistance [34] exercise. In the first
study evaluating aerobic exercise [33], fifteen children with
obesity were compared to 14 children with normal weight.
Both groups were provided a 30-minute aerobic exercise
program twice a week for 12 weeks, which did not lead to
weight loss. It was found that children in the obese group
had a decrease in the hepatic fat accumulation from 9% to
6%, measured by MRS. However, no significant change in
ALT was observed. In addition, no significant changes were
observed in any parameter in lean participants. In the sec-
ond study on resistance training, twelve Hispanic adoles-
cents with obesity performed a 1-h session exercising all
major muscle groups, twice a week, for 12 weeks. Despite
improvement in several metabolic parameters, such as
hepatic insulin sensitivity and glucose production rate, no
changes were observed in hepatic fat content. The authors
provided no data on ALT levels.

In a RCT by de Piano et al. [35] the effects of aerobic
training with aerobic plus resistance training in adolescents
with obesity and fatty liver diagnosed by ultrasound, were
compared. After one year of follow-up, it was observed that
the aerobic plus resistance training was more effective in
improving ALT levels along with other noninvasive bio-
markers of metabolic derangement, such as insulin, home-
ostasis model assessment-insulin resistance (HOMA-IR),
adiponectin, and agouti-related peptide. Nonetheless, no
follow-up ultrasound was performed.

A more recent nonrandomized study was conducted by
Labayen et al. [36]. A total of 116 children with overweight
or obesity (10.6 £ 1.1 years) and hepatic steatosis on MRI
were recruited. For 22 weeks, participants followed a life-
style and psycho-education program alone, or in combina-
tion with a supervised exercise intervention consisting of
90-min high-intensity aerobic workouts, three times a week.
At the end of the intervention, the hepatic fat was re-
evaluated by MRI and was found to be reduced only in the
exercise group, regardless of baseline value and any change
in total body adiposity.

Dietary plus physical activity interventions

Most of the studies carried out to evaluate lifestyle changes
in children and adolescents with NAFLD included both diet
and physical activity programs (Table 1). As early as in
1994, Vajro et al. [37] first observed that, in children with
obesity, persistent ALT increase, and a “bright” liver on
ultrasound, a combined program of nutrition and exercise
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leading to weight loss could be beneficial. Another early
study by Tazawa et al. [38] comprised 73 children aged
6—14 years with obesity and elevated ALT. The authors did
not apply a strict dietary program, but they adjusted parti-
cipants’ diet according to each one’s food preferences and
advised that they reduce their daily caloric intake by 20%.
In addition, increased physical activity was recommended
but without a detailed structured exercise program, for three
months. The authors observed weight loss in 36/73 children
and ALT normalization in 20/73. This ALT reduction was
observed mostly in children with weight reduction (17/20),
but, unexpectedly, also in some participants with weight
gain (3/20).

Ten years later, in 2006, Nobili et al. [39] published the
only study so far comprising children with biopsy-proven
NAFLD. In this uncontrolled study, 84 children with
overweight/obesity, elevated aminotransferases and
NAFLD were enrolled. Increased liver fibrosis was identi-
fied in 49 (58.3%) patients at baseline, with obesity and age
being independent risk factors of fibrosis. All children fol-
lowed a 12-month program of lifestyle intervention con-
sisting of one-hour nutritional counseling sessions, the
prescription of a balanced diet adjusted to individual pre-
ferences, and an exercise program. More specifically, a low
calorie diet (25-30 Kcal/kg/d) comprised by 50-60% car-
bohydrate, 25-30% fat, and 15-20% protein was pre-
scribed. In addition, all participants followed a three-time
per week aerobic exercise program with 30-45 min-
sessions. Children that completed the 12-month program
(57/84) showed a significant decrease in body weight (from
mean 60.9 to mean 56 kg), along with a significant ALT
reduction (from mean 62 to mean 33 IU/L). Among these 57
patients, 52 had body mass index (BMI) > 85th percentile
for age and sex at baseline, of whom, most had an improved
ultrasound at the end of the study. More specifically, liver
echogenicity on ultrasound completely resolved in 5/52
patients, improved in 41/52 patients, and showed no change
in 6/52 patients. Nonetheless, post treatment liver biopsy
was not performed in any of the participants.

Three more recent trials comprised patients that were
diagnosed with NAFLD by liver MRI or MRS. The first by
Pozzato et al. [40] comprised 25 children with obesity, nine
of whom (36%) were diagnosed with hepatic steatosis by
MRI. Mean ALT levels at baseline were 31 IU/L, which
were not very increased, albeit above the upper limit of
normal. The latter is 22 IU/L for adolescent girls, and 26 TU/
L for adolescent boys according to the National Health and
Nutrition Examination Survey for adolescents [41] and
more recent studies [42]. Participants followed a 1-year
nutrition-behavior intervention based on balanced diet and
physical exercise. After the intervention, prevalence of
hepatic steatosis dropped down to 7.7% from 34.6% at
baseline, while no significant decrease in ALT levels was

@ Springer

observed. Regarding body weight, at the end of the study
participants had a mean decrease in BMI z-score of 0.26
(0.11-0.41). Importantly, this change was accompanied by
a decrease in central adiposity with a waist circumference
reduction of 1.46 (0.34-2.60) cm. The other study by Koot
et al. [43] evaluated children with NAFLD by MRS. In this
study, 55 children (8-18 years) with severe obesity and
hepatic steatosis were non-randomly assigned to three
intervention groups, namely the inpatient treatment group,
the ambulatory treatment group, and the usual care group.
After six months, 43, 29 and 22% of children, respectively,
had no signs of hepatic steatosis. The respective percentages
for serum ALT normalization were 41, 33 and 6%. At the
end of the six-month period, the BMI z-score change was
greater in the inpatient group (—0.37 [-0.5 to — 0.2])
compared both to the ambulatory (— 0.16 [—0.3 to — 0.04])
and the control group (0.06 [-0.01 to 0.13]). Treatment
effects were sustained at 1.5 years follow-up in the first two
groups. The authors concluded that the intensity of the
intervention (inpatient vs ambulatory) does not significantly
increase the treatment success rate. The third study, by
Chan et al. [44] also used MRS to identify children with
intrahepatic triglyceride content >5%. Fifty-two children
were randomly assigned to either a dietitian-led lifestyle
modification program group or a conventional pediatrician-
led consultation group. After 52 weeks of follow-up, a
reduction of the intra-hepatic triglyceride content to 2-3%
was observed in both groups. Regarding body weight, both
groups showed a reduction in BMI z-score at 16 weeks of
intervention, but this reduction persisted only for the
pediatrician-led group at the end of the study. The authors
observed that the more the parents and pediatricians were
involved, the longer the results of the intervention were
sustained.

Many of the studies involving both diet and exercise
interventions comprised children that were diagnosed with
NAFLD based on high ALT levels and/or abnormal ultra-
sound findings. Wang et al. [45] performed an RCT with 76
children/adolescents with obesity, high ALT levels and
steatosis on ultrasound that were randomized to a control
group without any intervention (Group 1), to a group of
children with hypocaloric diet and aerobic exercise (Group
2), or to a group receiving vitamin E supplement of 100 IU/
day (Group 3). After one month, aspartate aminotransferase
(AST), ALT, HOMA-IR and BMI improved in Groups 2
and 3, but not in Group 1. Between Groups 2 and 3, a
greater reduction was observed in the camp group compared
to the vitamin E group. Another study by Grgnbazk et al.
[46] comprised 117 children with obesity, 43% of whom
had liver steatosis on ultrasound, and 58% increased LFTs.
A 10-week weight loss camp program was implemented,
and data were collected from the children at the end of the
10-week period, and 12 months later. A 10% weight loss
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was observed overall, with hepatic steatosis dropping to
30% along with a decrease in ALT levels in all children. In
an uncontrolled study by Campos et al. [47] 18 post-
pubertal adolescents with obesity and NAFLD on ultra-
sound, followed nutritional counseling once a week and 1 h
of combined aerobic and resistance training, three times a
week. After one year, the mean weight loss observed was
11 +7.2 kg. Mean ALT levels decreased from 37.2 +22.1 at
baseline to 27.5+15.0IU/L at the end of the study
(p =0.05). In addition, the prevalence of NAFLD diag-
nosed by ultrasound, dropped from 100% to 33%. Devore
et al. [48] recruited 83 children with chronic ALT elevation,
who were followed up for one year in a gastroenterology
clinic with 30-min consultation on nutrition and exercise
every three months. Only 39/83 patients (47%) completed
the program, showing statistically significant decrease in
mean BMI z-score, as well as in both ALT and AST. These
results, however, should be interpreted with caution,
because of the low percentage of completion rate.

One of the largest studies to date was conducted in a
tertiary center for children with severe obesity [49]. Lefere
et al. recruited 204 patients (median age, 14 years) with
severe obesity (mean BMI z-score, +2.8). NAFLD was
diagnosed by ultrasonography in 71.1% of these patients,
while 32.8% had presumable fibrosis stage (F) 22 in tran-
sient elastography. All participants were enrolled in an
intensive lifestyle therapy with caloric restriction, physical
activity program, education regarding healthy lifestyle, and
psychosocial support. After six months, liver fibrosis
improved in 75% of patients with baseline fibrosis. After
one year, these changes persisted, and in 35 patients,
fibrosis resolved completely. Serum ALT levels decreased
significantly but changes in ALT were not greater in those
with fibrosis regression. More specifically, ALT change in
those with resolution of fibrosis was —13 IU/L (41 to —28)
vs —28 TU/L (—7 to —72) in those without resolution of
fibrosis (p =0.100). One of the major drawbacks of the
study is the low percentage of completion rate, thus its
results should also be cautiously interpreted.

Two other studies with combined diet and exercise
interventions in children and adolescents, focused mainly
on changes in vascular structure and function. However,
since they present hepatic outcomes as well, they were also
included in this review. The first, by Pacifico et al. [50]
enrolled 135 children with obesity and NAFLD based on
ultrasound. In addition, 52 children underwent hepatic MRI
for steatosis estimation. Fifteen subjects were lost to follow-
up. The other 120 followed a 1-year intervention program
with a hypocaloric diet and a 60-min physical exercise, five
days a week. At the end of the study period, a significant
decrease in the BMlI-standard deviation score (SDS) was
observed (mean —0.34, —0.30 to —0.40), along with a
decrease in mean ALT levels from 54 to 37 IU/L, and a

significant decrease in hepatic fat content measured by
hepatic MRI. The second study by Sanches et al. [51]
comprised 131 adolescents with obesity, out of whom, 33
were diagnosed with NAFLD determined by ultrasound. All
subjects followed a one-year interdisciplinary therapy of
diet, exercise, and psychological support. At the end of the
study, a decrease in BMI was observed, from 39.5 to
34.6kg/m?, together with a decrease in the mean ALT
levels from 27 to 21 IU/L. However, no follow-up ultra-
sound was performed.

Dietary supplements: antioxidants

Vitamin E has been known to have antioxidant, anti-
inflammatory, and anti-apoptotic properties. Therefore, it
has been studied as a supplement in adult patients with
NAFLD and NASH and has been shown to be effective in
some studies [15, 52-55], while others showed no
improvement, especially regarding the level of fibrosis
[14, 56, 57]. However, it should be highlighted that the
duration of all relevant studies was possibly short to show
improvement in a hard endpoint like hepatic fibrosis [58].
On the other hand, concerns have been raised due to pos-
sible adverse effects of the long-term administration of
high-dose vitamin E in adults [59]. Therefore, current adult
guidelines recommend that vitamin E supplementation may
be used in selected patients with NASH and F > 2 for up to 2
years [60].

In pediatric populations with NAFLD, several studies
have been conducted to identify the possible effect of vita-
min E supplementation (Table 2). A study by Wang et al.
[45] compared three groups of children with obesity and
NAFLD, aged 10-17, for one month. Group 1 was the
control group, group 2 comprised children in a summer
camp that followed a strict lifestyle intervention and children
in group 3 received oral vitamin E at a dose of 100 mg/d.
The study showed that vitamin E supplementation decreased
ALT in Group 2 and 3 compared to the control group;
however, the reduction in ALT was greater in the children of
the lifestyle intervention group than vitamin E group
(88.58 £39.99 vs 63.69 +27.05, p = 0.040, respectively). In
a large study by Nobili et al. [61] with a longer follow-up
period of 24 months, the addition of alpha-tocopherol
(a vitamin E form) 600 [U/day plus ascorbic acid (vitamin C)
500 mg/day to lifestyle intervention was investigated in
children with biopsy-proven NAFLD. Importantly, the
effects of the intervention were evaluated by liver biopsy,
looking for the grade of steatosis, hepatocyte ballooning, and
lobular inflammation in liver histology at 24 months. Sec-
ondary end points included changes in LFTs, body weight,
and indices of insulin sensitivity on an oral glucose tolerance
test. The study showed that the efficacy of the combination
of vitamin E and vitamin C was similar to the efficacy of
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lifestyle intervention alone, since primary and secondary end
points were similar for both groups at the end of the inter-
vention period. A noteworthy finding was that ALT nor-
malized in more children in the placebo compared to the
antioxidant group (22/28 vs 13/25, respectively, p <0.05).
Another study showed that vitamin E led to significant
reduction in ALT (>50 percent from baseline or even nor-
malization) in 38% of children with NASH in a "real world"
setting [62]. Furthermore, the combined administration of
vitamin E and the antioxidant hydroxytyrosol improved
steatosis grade in 40 adolescents with NAFLD compared to
the placebo group [63]. In another RCT (TONIC trial) [64],
vitamin E supplementation was compared to metformin.
More specifically, 173 children and adolescents (aged 8—17
years) with biopsy-confirmed NAFLD, were randomized to
daily dosing of 800 IU of vitamin E, 1000 mg of metformin,
or placebo for 96 weeks. The study showed that neither
vitamin E, nor metformin were superior to placebo regarding
the primary outcome, which was a reduction by >50% of the
baseline ALT level or an ALT level <40 IU/L, at every 12-
week visit from 48 to 96 weeks of treatment. More speci-
fically, only 15/58 (26%) of the vitamin E group, and 9/57
(16%) of the metformin group met the primary outcome at
96 weeks, compared to 10/58 (17%) of the placebo group
(p=0.26 and p =0.83, respectively). Similarly, no statis-
tical significance was identified among the three groups
regarding hepatocellular ballooning, NAFLD activity score,
and other histological features on follow-up liver biopsy.
What is interesting though, is the fact that, among children
with NASH, NASH resolved at 96 weeks in more children
in the vitamin E group (58%) compared to the placebo
(28%; p = 0.006) or to the metformin group (41%). Akcam
et al. [65] also compared a 6-month metformin or vitamin E
supplement in addition to exercise, and nutritional counsel-
ing in adolescents with obesity and NAFLD. Metformin
treatment was superior to vitamin E in improving metabolic
syndrome components. However, no change was observed
in ALT levels in any group. Of note, no follow-up ultra-
sound was performed in this study. Another small study by
Vajro et al. [13] allocated 28 children with obesity, NAFLD
and high LFTs either to placebo, or to vitamin E supple-
mentation. The interesting finding was that vitamin E sup-
plementation was effective in ALT normalization in those
children with minimal adherence to dietary and physical
activity recommendations. Indeed, there was a poor com-
pliance to lifestyle interventions (13/28 participants, 46%),
compared to the 100% compliance to vitamin E supple-
mentation. The authors suggested that vitamin E could be
considered as an effective approach in such patients. Even
earlier was a study by Lavine et al. [66] who showed that 4
to 10 months of daily oral vitamin E administration to 11
children with obesity and NASH led to normalization of
their AST and ALT levels.

Another antioxidant with anti-inflammatory properties
that has been investigated in children with NAFLD is gin-
ger. Indeed, Kamari et al. [67] examined the effect of
adding ginger to an anti-inflammatory diet low in processed
food in 160 children (8—11 years of age) with obesity and
NAFLD. They found that both BMI and ALT levels
improved in the ginger and ginger-with-anti-inflammatory-
diet groups compared to controls (for BMI p = 0.04 in both
cases, and for ALT p=0.004 and <0.001, respectively).
Similarly, a significant reduction in liver fat accumulation
was identified for both intervention groups. This reduction
was greater in the ginger-with-anti-inflammatory-diet group
(one-degree reduction of steatosis in 82.5% of participants,
and two-degree reduction of steatosis in 17.5%).

Among the nutraceutical compounds, curcumin, the most
frequently used polyphenol with anti-inflammatory and
antifibrotic properties, has been shown to be of value in the
context of NAFLD, both in basic and clinical studies
[68, 69]. All relevant clinical studies, though, comprised
adult patients. There is only one randomized placebo-
controlled clinical study with children by Ismail et al [70],
which showed that the daily administration of 500 mg
curcumin to obese children for 4 weeks, lead to a decrease
in their insulin resistance.

Dietary supplements: probiotics

There is evidence suggesting that gut microbiota may play
crucial role in NAFLD development. Indeed, since the liver
receives almost 70% of its blood supply from the intestines
via the portal circulation, bacteria products, such as lipo-
polysaccharides and endotoxins can increase hepatic
inflammation and oxidative stress [71].

It is, therefore, rational that studies with probiotics and
gut microbiota modifiers have been conducted both in adult
and pediatric populations with NAFLD (Table 2) [72, 73].
Vajro et al. [74] demonstrated that children with obesity,
persisting hypertransaminasemia and ultrasonographic
NAFLD that were treated for 8 weeks with the probiotic
Lactobacillus rhamnosus strain GG had lower ALT levels
compared to placebo treated children. Alisi et al. [75]
showed that children with biopsy-proven NAFLD that were
supplemented with a mixture of eight strains of bacteria had
improved liver ultrasound findings after 8 weeks. In another
study by Famouri et al. [76] children with obesity and
NAFLD that were treated with a daily mixture of four
probiotics (Lactobacillus acidophilus, Lactobacillus rham-
nosus, Bifidobacterium lactis, and Bifidobacterium bifi-
dum), were more likely to decrease ALT levels and
normalize ultrasound findings compared to the placebo
group. Unfortunately, the small number of the relevant
RCTs [74, 75], their small sample sizes, the differences in
the probiotic strains used, the short follow-up and the lack
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of paired liver biopsies render the results insecure. Espe-
cially regarding follow-up, it is known that discontinuation
of probiotic supplementation is usually followed by a rapid
rebound to baseline microbiota composition, rendering
studies with longer follow-up necessary [77].

Dietary supplements: polyunsaturated fatty acids

NASH severity and modified gene expression have been
shown to be associated with decreased polyunsaturated fatty
acids (PUFAs) hepatocyte content [78]. In addition, epide-
miological studies show an inverse relationship between
PUFAs intake and the risk of NAFLD and NASH devel-
opment [79]. Therefore, dietary 3 PUFA supplements,
such as docosahexaenoic (DHA) and eicosapentaenoic acid
(EPA), have been investigated for the management of
NAFLD in adults. Some clinical trials and meta-analyses
support a possible beneficial role of PUFA supplementation
in improving LFTs [56, 79-81]. However, other studies did
not provide favorable results of PUFAs on hepatic histology
of patients with NAFLD [82]. Thus, PUFAs do not seem to
be beneficial in adult patients with NAFLD [83].
Regarding studies in pediatric populations, seven trials
have been conducted so far (Table 2). Nobili et al. [84]
compared the effect of DHA supplementation on liver fat
content, in children with biopsy-proven NAFLD. More
specifically, 250 or 500 mg DHA were administered to 60
children with NAFLD for 6-24 months and were compared
to the placebo group. Children in both DHA groups
demonstrated a decrease in liver fat content as detected by
ultrasonography after 6 months of treatment. ALT did not
significantly change after treatment. In a 24-month exten-
sion of this study [85], the difference between DHA and
placebo groups persisted. In addition, ALT levels were
lower in the DHA 250 mg than placebo group, after the 12th
month onwards. However, no follow-up biopsy was per-
formed. Three subsequent RCTs were published on the
topic, albeit with conflicting results. More specifically,
Janczyk et al. [86] examined 76 children with overweight/
obesity and NAFLD that were randomized to receive either
omega-3 fatty acids (DHA and EPA, 450—1300 mg/day) or
placebo (omega-6 sunflower oil). After six months, no
difference was found in ALT levels or the liver steatosis on
ultrasound between the two groups. However, AST and
gamma-glutamyl transferase (GGT) levels were lower in the
intervention compared to the placebo group. Boyraz et al.
[87] examined 108 children with obesity and NAFLD,
randomized into two groups, one receiving 1000 mg EPA/
DHA supplementation daily and the other placebo. Both
groups underwent a lifestyle intervention. At the end of the
12-month observation period, both groups showed
improvement, but the EPA/DHA group had significantly
greater rate of ALT decrease compared to the placebo group
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(39.2% to 14.2% vs 384% to 28.8%, respectively,
p=0.01). In addition, the rates of children with steatosis
decreased more significantly in the EPA/DHA group (56
patients before to 18 patients after intervention) compared
to the control group (52 to 31, respectively). In another
study, by Pacifico et al. [88] it was shown that hepatic fat
measured by MRI decreased after 6 months of DHA sup-
plementation to children with obesity and biopsy-proven
NAFLD compared to the placebo group, despite similar
reduction in ALT. Zohrer et al. [89] also compared placebo
vs a mixture of PUFAs with additional antioxidant mole-
cules (namely, DHA with choline and vitamin E) along with
lifestyle modification in an RCT with 43 children with
biopsy-proven NASH. A significant decrease in severe
steatosis in the treatment group (50% to 5%, p = 0.001) was
observed on ultrasound. Importantly, a follow-up biopsy
only in the intervention group showed significant
improvement in steatosis, ballooning, and NASH. Finally,
Spahis et al. [90] demonstrated that 6 months of 2 g daily
n-3 PUFA supplementation in 20 male children/adolescents
with NAFLD resulted in decreased Fatty Liver Index, a
non-invasive index of steatosis, ALT levels and ALT/AST
ratio, indicating beneficial effect on liver steatosis.

Based on the existing studies, definite conclusion on the
effect of PUFAs administration in children and adolescents
with NAFLD cannot be drawn. Longer-term studies with
paired liver biopsies and hard endpoints, i.e., resolution of
NASH and/or improvement of hepatic fibrosis are necessary
to clarify any effect of PUFA in children/adolescent
NAFLD.

Discussion

The current critical review included all trials that have
evaluated the efficacy of lifestyle interventions in children
and/or adolescents with MASLD. Such interventions
include dietary changes, programs of resistance and/or
aerobic exercise, or a combination of both. In addition,
studies on dietary supplements, such as vitamin E, probio-
tics, and PUFAs, were also included. Overall, studies on
diet alone have shown some improvement in pediatric
MASLD, especially when it is accompanied by weight loss.
However, no definite conclusion as to which is the best
dietary approach, can be drawn. Data on exercise alone are
scarce but suggest some improvement in liver steatosis in
children affected by obesity. Most studies have examined
the combination of diet and exercise, suggesting a beneficial
effect on laboratory or imaging surrogate markers of
childhood MASLD. Studies on dietary supplements have
shown contradictory results, which are further characterized
by high heterogeneity in their endpoints and lack of paired
liver biopsies in most of them.
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Regarding studies on dietary modifications alone for the
management of pediatric MASLD, five trials have been
included in this review. All focused on carbohydrate or fat
intake reduction, either compared to each other, or com-
pared to a usual diet. Regarding carbohydrate reduction, a
special focus on fructose can be observed. Indeed, excessive
dietary fructose consumption has been linked to a higher
risk of MASLD and hepatic fibrosis development, possibly
through increased de novo lipogenesis [91, 92]. Two studies
examined whether a low fructose diet can improve MASLD
in children, with conflicting results [23, 25]. Other mono-
saccharides or disaccharides can be involved in MASLD
pathogenesis, and a low-free sugar diet was shown to
considerably improve hepatic steatosis compared to usual
diet [27]. However, no definitive conclusion can be drawn if
a carbohydrate- or a fat-restricted diet is more beneficial for
children with MASLD, since the results are conflicting
[26, 28]. It seems that the main drive of improvement of
MASLD is weight loss, while the diet macronutrients and
micronutrients seem to be of secondary importance, if any
[93]. Indeed, even if MASLD can sometimes be diagnosed
in lean subjects [94], obesity is a major risk factor identified
in studies in children [95, 96]. Therefore, weight loss,
together with the improvement in several of the metabolic
syndrome parameters [97], could be, at least in part,
responsible for the amelioration of MASLD in obese chil-
dren after various dietary interventions. Future studies
comprising normal weight children with MASLD who do
not require weight loss could be of help to determine the
best type of diet, although, in lean MASLD the underlying
pathophysiology and risk factors may be different (e.g., the
genetic factors are more prominent) [98, 99].

Regarding physical activity, indirect evidence on
MASLD improvement comes from population studies
linking decreased physical activity, sedentary behavior, and
inadequate cardiorespiratory fitness with a higher risk of
MASLD in children [100, 101]. Physical activity guidelines
for the general pediatric population may differ somehow
from country to country, but they generally advocate for a
daily average of 260 min of moderate or vigorous intensity
combination of aerobic and resistance exercise, every day of
the week [102]. Relevant recommendations have been
published by NASPGHAN also for children with MASLD
[11]. However, no robust data exist on the possible bene-
ficial effects of exercise on hepatic function in such chil-
dren. Relevant studies conducted so far and included in this
review comprise mostly children with obesity that followed
a structured aerobic and/or resistance exercise program and
managed to lose weight [31-35]. However, some, but not
all, of these children had MASLD at baseline and no trial
has been conducted comprising children with biopsy-
proven MASLD, more specifically with paired liver
biopsy. A more recent trial by Labayen et al. [36] focused

specifically on the effects of exercise when added to a
family-based lifestyle intervention program in children with
obesity and hepatic steatosis. This is the first study showing
that exercise, as an adjunct to a multicomponent interven-
tion program, can improve MASLD and hepatic function.
More such studies, especially RCTs, are needed to establish
the importance of exercise in children with MASLD.
Many of the studies included in this review examined the
combined effects of diet and exercise. More specifically, a
total of 13 studies were identified, comprising 959 children
and adolescents, most of whom were diagnosed with
MASLD at baseline [37-40, 43-51]. The diagnosis was
mainly based on elevated ALT levels and/or abnormal
ultrasonographic findings. Duration of intervention varied
between one month and one year and the completion rate
was between 38.7% and 100%. The efficacy of interven-
tions was estimated based on ALT level reduction, intra-
hepatic fat change estimated by ultrasound, MRI, or MRS,
or fibrosis determined by transient or magnetic resonance
elastography. Follow-up liver biopsy was performed in only
one of the studies [39]. Most studies showed an improve-
ment in these parameters, suggesting a beneficial effect of a
structured, combined intervention program that leads to
weight loss. However, no definite conclusions can be drawn
regarding the ideal dietary type, as commented above for
the studies with diet alone, or the exact type and duration of
exercise. What seems unequivocal though, is the beneficial
effect of weight loss on pediatric MASLD. Indeed, in all
studies included in this review, weight loss was accom-
panied by improvement in LFTs and/or by decreased
hepatic fat content. Lifestyle interventions have been shown
to have good effectiveness in weight loss in children, but
they are difficult to implement for long-term [103-105].
Apart from diet and exercise interventions, dietary sup-
plements have gained attention lately as a lifestyle approach
for children with MASLD. Vitamin E, having antioxidant,
anti-apoptotic, and anti-inflammatory properties, has been
evaluated as a supplement in adult patients with MASLD
and MASH, with certain benefits [15]. In children with
MASLD, eight studies have been conducted to date with
vitamin E [13, 45, 61-66]. The number of children included
in these studies is considerable (551 in total), but these
studies are characterized by heterogeneity, a general lack of
paired liver biopsies, and by the fact that vitamin E doses
are usually much lower than those proposed for adults with
MASLD, so definite conclusion on the effect of vitamin E
on pediatric MASLD cannot be drawn. Indeed, vitamin E
supplementation was shown to improve only some histo-
logical findings in a minority of children. In addition,
concerns have been raised by findings of increased
hemorrhagic stroke and prostate cancer risk in adults
receiving vitamin E in high doses [106, 107], although
extrapolation of these findings in children is not easy.
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To date, three studies have examined the possible effect
of probiotics supplementation to children with MASLD
[74-76]. Their results may warrant further studies on
probiotics in MASLD, but to date definite conclusion
cannot be made. Definite limitation of these studies are
their small sample sizes, the differences in the probiotic
strains used, and, above all, the short-term follow-up,
Finally, seven studies examined the effects of PUFAs to
children with MASLD [84-90]. Some, but not all, of these
studies showed an improvement in LFTs, e.g., normal-
ization of ALT levels and/or improved ultrasonographic
or MRI findings. However, these results should not be
overestimated, until larger studies with paired liver
biopsies clarify the effect of PUFAs on MASLD histol-
ogy, if any.

Limitations of the study

Despite being a comprehensive critical review of the cur-
rent literature, this study has some limitations, mainly
related to the heterogeneity of the data included. More
specifically, an inherent difficulty of studies on pediatric
MASLD is the way the disease is defined in order, not only,
to select the correct population for any given intervention,
but also, to reliably evaluate the outcome. Indeed, liver
biopsy is the current gold standard for MASLD diagnosis
and for severity assessment, namely the presence of hepatic
steatosis, inflammation, and, most importantly, fibrosis,
which is the main histological predictor of morbidity and
mortality [108]. However, because of its invasiveness,
biopsy was performed only in a few studies, while several
others were based on various laboratory or imaging sur-
rogate markers of the disease, either for the recruitment
procedure or for the follow-up [109]. ALT measurement
was frequently applied because it is inexpensive and easily
available, but it has low sensitivity and specificity in both
adults [110] and children [11]. According to the most
recent NASPGHAN Clinical Practice Guideline for the
Diagnosis and Treatment of Nonalcoholic Fatty Liver
Disease in Children [11], ALT increased to more than twice
the upper limit, after the exclusion of other causes of fatty
liver, in overweight or obese children older than 10 years
indicates NAFLD with 88% sensitivity, but only 26%
specificity. This means that studies based solely on ALT
levels as inclusion criteria were subjected to mis-
classification bias [111]. Similarly, ALT change as an
endpoint evaluating the efficacy of intervention, may not
necessarily reflect histological improvement. Newer bio-
markers, such as increased fibroblast growth factor 21
[112], and newer techniques, such as high-resolution
metabolomics [113], seem to be promising alternatives.
However, no studies included in this review used such
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surrogate markers in pediatric populations with MASLD.
Regarding imaging modalities, abdominal ultrasound was
extensively used. Having a low cost, good safety profile,
and high accessibility, ultrasound remains the imaging
technique of choice for fatty liver screening, with a sensi-
tivity and specificity of 84.8% (95% confidence interval;
79.5-88.9), and 93.6% (87.2-97.0), respectively
[114, 115]. However, sensitivity and specificity of the
ultrasound are lower in obese individuals, i.e., the majority
of MASLD patients [116]. MRI, MRS and MRI-PDFF are
more accurate methods to evaluate liver fat, but they are
more expensive and less accessible than ultrasound [116]
and were therefore rarely applied in the studies included.
Imaging methods used to evaluate liver fibrosis include
transient elastography, share wave elastography, and
magnetic resonance elastography, all of which were also
rarely used [117]. Further to the above difficulties, the
relatively low completion rate observed in several of
the included studies (Tables 1 and 2), further decrease the
reliability of the studies’ results and make their comparison
even more difficult.

Conclusions

In conclusion, lifestyle modifications, including diet and
exercise are considered to be beneficial for children and
adolescents with MASLD, and therefore are included in
the relevant guidelines [10, 11]. Even if the scientific
evidence for these recommendations is not robust,
the increasing prevalence of obesity and NAFLD and the
associated cardiometabolic risk, in conjunction with
the absence of a definite treatment, make these lifestyle
measures essential in the management of this vexing
pediatric health problem. Certainly, well-organized RCTs
that will include children with biopsy-proven MASLD,
and paired liver biopsies will contribute to clarify and
quantify diet and exercise effects on pediatric MASLD.
Regarding the various dietary supplements such as vita-
min E, probiotics and PUFAs, existing data do not favor
their use in children with MASLD. However, larger, and
better methodological studies may shed light on the
efficacy of some of them in the future, especially
vitamin E.
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