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ABSTRACT
Background: Nonalcoholic fatty liver disease (NAFLD) among Latinos is partially attributed to a prevalent C>G

polymorphism in the patatin-like phospholipase 3 (PNPLA3) gene. Cross-sectional analyses in Latino children showed

the association between dietary sugar and liver fat was exacerbated by GG genotype. Pediatric feeding studies show

extreme sugar restriction improves liver fat, but no prior trial has examined the impact of a clinical intervention or whether

effects differ by PNPLA3 genotype.

Objectives: We aimed to test effects of a clinical intervention to reduce dietary sugar compared with standard dietary

advice on change in liver fat, and secondary-endpoint changes in liver fibrosis, liver enzymes, and anthropometrics;

and whether effects differ by PNPLA3 genotype (assessed retrospectively) in Latino youth with obesity (BMI ≥ 95th

percentile).

Methods: This parallel-design trial randomly assigned participants (n = 105; mean baseline liver fat: 12.7%; mean age:

14.8 y) to control or sugar reduction (goal of ≤10% of calories from free sugar) for 12 wk. Intervention participants

met with a dietitian monthly and received delivery of bottled water. Changes in liver fat, by MRI, were assessed by

intervention group via general linear models.

Results: Mean free sugar intake decreased in intervention compared with control [11.5% to 7.3% compared with 13.9%

to 10.7% (% energy), respectively; P = 0.02], but there were no significant effects on liver outcomes or anthropometrics

(Pall > 0.10), and no PNPLA3 interactions (Pall > 0.10). In exploratory analyses, participants with whole-body fat mass

(FM) reduction (mean ± SD: −1.9 ± 2.4 kg), irrespective of randomization, had significant reductions in liver fat compared

with participants without FM reduction (median: −2.1%; IQR: −6.5% to −0.8% compared with 0.3%; IQR: −1.0% to

1.1%; P < 0.001).

Conclusions: In Latino youth with obesity, a dietitian-led sugar reduction intervention did not improve liver outcomes

compared with control, regardless of PNPLA3 genotype. Results suggest FM reduction is important for liver fat

reduction, confirming clinical recommendations of weight loss and a healthy diet for pediatric NAFLD. This trial was

registered at clinicaltrials.gov as NCT02948647. J Nutr 2022;152:1655–1665.
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Introduction

The prevalence of pediatric nonalcoholic fatty liver disease
(NAFLD) has doubled over the past 20 y (1). This is concerning
given that NAFLD is a risk factor for future cardiometabolic
disease (1, 2) and progression of liver disease (3). Treatment
guidelines for pediatric NAFLD focus on weight loss through
increasing physical activity and improving dietary intake, owing
to the strong association between obesity and NAFLD (4).
However, current guidelines do not support one specific diet
over another, and it remains unclear which dietary factors
should be targeted to have the greatest impact on liver fat owing
to the sparsity of available data (4). Despite this, reduction in
added sugar intake, especially through reducing consumption
of sugar-sweetened beverages (SSBs), is a promising strategy
to reduce liver fat in children, primarily due to its significant
effect on adiposity in large pediatric randomized controlled
trials (RCTs) (4–6).

To our knowledge, only 2 trials have directly assessed
the therapeutic potential of reducing added sugar intake to
treat pediatric NAFLD, and both were controlled feeding
trials providing all foods to participants with almost complete
restriction of sugar intake. First, in an 8-wk RCT of adolescent
boys with NAFLD (n = 40), restricting free sugar intake to
<3% of total calories significantly reduced liver fat content
(from 25% to 17% liver fat) compared with a control group
who maintained their typical diet (from 21% to 20% liver fat)
(7). A second trial in 41 adolescent boys and girls with obesity
and metabolic syndrome found that reducing fructose intake
to 4% of total calories for 9 d significantly reduced liver fat
as compared with baseline (from 7.2% to 3.8% liver fat) (8).
Although results from these 2 efficacy studies suggest that sugar
restriction may be an effective strategy for reducing liver fat,
they used extreme sugar reduction (3%–4% of total calories)
and were conducted under tightly controlled feeding conditions,
which may not be sustainable or directly translate to clinical
care. Therefore, it is important to determine whether a sugar
reduction intervention that utilizes services more commonly
accessible to patients in a real-world clinical setting, such as
nutrition education, can also effectively reduce liver fat.

Latino children are particularly predisposed to NAFLD (9,
10), with an ≤4-fold increase in NAFLD risk compared with
their non-Latino peers (11). Although the rise of pediatric
NAFLD in Latinos is partially attributable to the higher
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prevalence of obesity among this ethnic group (12, 13), the
disparity may also result from the high prevalence of an amino
acid substitution (rs738409; C>G; Ile148Met) in the patatin-
like phospholipase 3 (PNPLA3) gene (14, 15). On average, liver
fat is 2 times higher in children who are GG for the PNPLA3
variant than in children who are GC or CC (14). Therefore, it is
particularly relevant to investigate strategies to reduce liver fat
that are effective in this target population.

This 12-wk RCT examined the efficacy of a dietitian-
led sugar reduction intervention relative to a control group
receiving handouts with general diet advice, on liver fat in
Latino adolescents with obesity and suspected NAFLD. Based
on a previously observed nutrigenetic interaction between the
PNPLA3 GG variant and dietary sugar on liver fat content
(16), we also hypothesized that the effect of sugar reduction on
reducing liver fat would be more pronounced in individuals with
the GG genotype. Secondary outcomes also reported include
liver fibrosis, liver enzymes, and anthropometric variables.

Methods
Recruitment and enrollment
Recruitment took place from October 2016 through March 2020,
when recruitment ended owing to COVID-19-related restrictions. Our
primary recruitment strategy was based on referrals from pediatric
gastroenterology clinics at the University of Southern California (USC)
and Children’s Hospital Los Angeles (CHLA), as well as community
centers and health fairs in the greater Los Angeles area. Interested
potential participants underwent either a telephone screen with a study
coordinator or an in-person screen with the referring health professional
to assess initial eligibility. Final eligibility was assessed by a pediatrician
who conducted a medical examination and confirmed participants’
eligibility and health status before enrollment and randomization at
the baseline assessment. All eligible and enrolled participants signed
youth assents and their parents signed informed consents before study
initiation. The USC and CHLA institutional review boards approved
this study. This trial was registered at clinicaltrials.gov on 28 October,
2016 (NCT02948647) before enrolling the first study participant.

We enrolled Latino adolescents (11–18 y of age) with obesity
(BMI ≥ 95th percentile for age and sex). Our recruitment strategy
aimed to identify children with elevated liver fat by enrolling adolescents
with obesity and recruiting from clinics focused on treating NAFLD.
Overall, 73% of enrolled participants with a baseline MRI scan had
a liver fat fraction ≥ 5.5%, meeting the clinical criteria for NAFLD
(17). For the purposes of this study, children were defined as Latino if
they identified as such and both parents and all 4 grandparents reported
origins in Cuba, the Dominican Republic, Mexico, Puerto Rico, or South
or Central America (98% of subjects had origins in Mexico or Central
America). Siblings were allowed to enroll in the study, with a total of 12
sibling pairs recruited and enrolled. Key exclusion criteria included 1)
diagnosis of any disease known to influence insulin action and secretion
(including type 1 and type 2 diabetes); 2) involvement in a weight
loss, exercise, or dietary intervention within 6 mo before participation;
3) use of medication known to influence body composition or fat
distribution, insulin resistance, gut function, or lipid profiles; 4) history
of renal/liver disease or any disease affecting liver fibrosis and steatosis;
5) diagnosis/current treatment of celiac disease, inflammatory bowel
disease, or other major gastrointestinal issues; 6) any other disease that
could compromise the immune system; 7) current pregnancy; 8) current
smoking (>1 cigarette in the past week or ≥200 cigarettes or electronic
cigarettes in their lifetime) or use of other recreational drugs; and 9)
consumption of alcohol on a regular basis (40 g/d).

Study design
This parallel-design randomized controlled dietary intervention trial
was conducted at the Saban Research Institute at CHLA and USC in
Los Angeles, CA. After completing a baseline assessment, participants
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were randomly assigned to either a sugar reduction intervention group
(intervention group) or a control group receiving handouts with
general diet advice (control group) for 12 wk. The randomization was
performed using a stratified, blocked randomization schema developed
by the study statistician (WJM); randomization was stratified by sex,
with block sizes of 4. Participants were enrolled and randomly assigned
to the intervention arms by a study coordinator who was not involved
in the assessment of any outcome measures or data analysis of study
outcomes. Participants completed a postintervention assessment 12–16
wk after being randomly assigned to their study arm. Eight participants
included in the analysis completed their postintervention assessment
>16 wk after randomization, because of postponement due to COVID-
19-related scheduling challenges. These 8 participants averaged 163
d between the baseline and postintervention assessments. At both the
pre- and postintervention assessments, trained staff collected fasting
blood; measured body weight, height, waist circumference, and hip
circumference using standardized protocols (18, 19); and performed an
abdominal MRI/magnetic resonance elastography (MRE) scan and a
whole-body DXA scan. Assessments were conducted at the Diabetes
and Obesity Research Institute clinical facility at USC.

Study diets
Participants randomly assigned to the control group received a packet of
handouts ∼1 wk after their baseline assessment, that contained general
dietary advice based on the 2015 Dietary Guidelines for Americans
(20) and the USDA’s MyPlate (21). The control participants did not
receive any other form of support or dietary guidance. Participants
randomly assigned to the intervention group, accompanied by their
parent or caregiver, met 3 times over the 12-wk intervention period with
a bilingual registered dietitian nutritionist (RDN) to discuss principles
of healthy eating, with a focus on reducing free sugar intake (intake of
added sugar and sugar from SSBs). During weeks where participants
assigned to the intervention group did not meet with the RDN, they
received a check-in phone call. During in-person sessions, the RDN
provided nutrition education, sharing the most common sources of free
sugars (SSBs as well as sweets, treats, and desserts) and teaching how
to read nutrition labels. Participants assigned to the intervention group
were asked to monitor their free sugar intake and were provided with
a free sugar intake maximum in grams per day. This value was set
at 10% of daily calories from free sugar, based on recommendations
by the 2015–2020 Dietary Guidelines for Americans (20), and was
estimated using the participant’s age and sex. In addition, intervention
participants were encouraged to replace SSBs with water as the preferred
choice, or 0-calorie drinks. To help displace the consumption of SSBs,
bottled water was delivered weekly to the homes of intervention
participants. All participants, regardless of randomization, were asked
to continue their typical physical activity. Neither the intervention nor
the control participants were provided with any specific total daily
calorie targets, and caloric restriction was not emphasized during the
intervention period for either of the intervention or control groups. All
control and intervention materials were provided in both English and
Spanish, and all study staff interacting with participants were bilingual
(English/Spanish).

Liver fat, liver fibrosis, and liver enzymes
Liver fat was assessed from an abdominal MRI scan and liver fibrosis
was measured by MRE at the USC Radiology imaging center using
a 3.0 Tesla GE Scanner. Liver fat content was determined using the
previously validated 3D iterative decomposition of water and fat with
echo asymmetry and least-squares estimation (IDEAL) method (22–
25). The abdominal MRI scan covered the top of the liver to the
L5 vertebra, using 8–9 contiguous axial slabs, each acquired during
a single 20-s breath-hold. We used 6-echo T2∗IDEAL reconstruction
with fat spectrum modeling. The liver was manually segmented from
the volume data using Slice-O-Matic (Tomovision). Fat volume fraction
and fat mass (FM) fraction were computed on a voxel-by-voxel basis
and averaged over each segmented organ. Liver fibrosis was assessed
by measuring liver stiffness via MRE from an abdominal scan using a
3.0 Tesla GE scanner equipped with the Mayo Clinic MRE apparatus,

and synchronized motion-encoded MRE sequence, based on published
validation studies (26, 27). Imaging parameters were 60 Hz acoustic
vibration, echo time (TE) = 20 ms; repetition time (TR) = 50 ms;
field of view (FOV) = 30–48 cm; matrix 256 × 64; phase offset = 4,
bandwith (BW) = 31 KHz. Imaging was performed during 10- to 20-s
breath-holds. All imaging analyses were performed by an MRI physicist,
who was blinded to randomization. The liver enzymes aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) were measured in
plasma by the Norris laboratory using spectrophotometry with a Cobas
c501.

Anthropometrics
Body weight, waist circumference, and hip circumference were
measured by a registered nurse or phlebotomist using standardized
procedures (18, 19). Body FM and lean mass were measured by a whole-
body DXA scan using a Hologic QDR 5400 densitometer (Hologic,
Inc.). Visceral adipose tissue (VAT) and subcutaneous abdominal
adipose tissue (SAAT) were measured from an abdominal MRI scan
using the 3D IDEAL method described already.

Dietary intake and physical activity
Dietary intake was assessed using a total of 6 unannounced 24-h dietary
recalls: 3 recalls taken ±1 wk from the baseline assessment and 3
recalls taken ±1 wk from the postintervention assessment, including
2 weekdays and 1 weekend day at each time point. The procedures
used in the 1986–1989 USDA Continuing Survey of Food Intakes of
Individuals were followed and all recalls were collected in a personal
interview using a standardized “multiple pass” protocol. Data were
collected and compiled using the Nutrition Data System for Research
(versions 2016–2019, University of Minnesota). Physical activity was
assessed at both baseline and postintervention assessments through a
3-d physical activity recall that was based on the validated Previous
Day Physical Activity Recall (28). These data were used to calculate a
physical activity factor (kcal · kg−1 · h−1) using metabolic equivalents.

PNPLA3 genotyping
PNPLA3 genotyping was done retrospectively after all study par-
ticipants completed the trial. Genomic DNA was extracted from
whole blood using DNeasy kits (Cat # 69506, Qiagen). Genotyping
of the PNPLA3 rs738409 polymorphism (C444G; Ile148Met) was
determined by restriction fragment length polymorphism (RFLP)
analysis, with modifications from previously described methods
(29). Briefly, PCR amplification was carried out with forward
primer 5′-TGGGCCTGAAGTCCGAGGGT-3 and reverse primer
5′-CCGACACCAGTGCCCTGCAG-3′. The PCR reaction included
2.5 mM MgCl2, 0.2 mM of each deoxyribose nucleotide triphosphate
(dNTP), 0.5 μM of each primer, 20 ng genomic DNA, and 1.25 U
Taq polymerase in a total volume of 25 μL. Cycling conditions were
95◦C for 2 mins, 10 cycles of 94◦C denaturation for 1 min and 68◦C
annealing/extension for 2 min, followed by 25 cycles of denaturation at
94◦C for 30 s, annealing at 60◦C for 30 s, and extension at 72◦C for 45
s, with a final extension at 72◦C for 5 min. Of the 333-bp PCR product,
15 μL was then incubated with 8 U of the restriction endonuclease
NlaIII in CutSmart® buffer at 37◦C for 4 h. The digested PCR products
were run on a 2% agarose gel and visualized with ethidium bromide.
The G creates a restriction site for NlaIII that generates 200-bp and
133-bp fragments. Thus, the presence of only the uncut 333-bp product
indicates the homozygous CC genotype, the presence of only the 200-bp
and 133-bp fragments indicates GG homozygotes, and the presence of
all 3 fragments indicates CG heterozygosity.

Statistical analysis
We aimed to randomly assign 120 participants, with the goal of having
≥96 participants with complete MRI scans at both clinic visits, for
a sample size of 96 in our primary analysis of change in liver fat.
Sample size estimates were computed for change in liver fat fraction
using NQuery Advisor 3.0 (Statsols). Power was computed to test
the treatment (intervention compared with control) by genotype (GG
compared with CC/CG) interaction in a 2-factor ANOVA, based on the
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assumption from our previous studies (30) that 50% of the participants
would be GG and 50% would be either GC or CC for the PNPLA3
genotype. Based on data from a previous lifestyle intervention and
preliminary data from our group, we used the following to estimate
study power in a 2-factor ANOVA: mean treatment reduction (change)
in liver fat of 4% in the GG stratum; mean treatment reduction (change)
in liver fat of 1% in the CC/CG stratum; SD of change in liver fat of 3%.
Using these parameters, a sample size of 96 would give us 98% power
to detect a treatment main effect of 2.5% reduction in liver fat and 68%
power to detect the genotype-by-treatment interaction. Post hoc power
calculations using the sample size included in our primary analysis of
liver fat (n = 81) and the parameters used in our original sample size
calculations aforementioned indicated that we had 96% power to detect
a main effect (of 2.5% reduction in liver fat) and 60% power to detect
an interaction with a reduction of 4% units of liver fat fraction in the
GG intervention group even if there was a 1% reduction in liver fat in
the GC/CC intervention group.

Statistical analyses were performed using R statistical package
version 4.0.3 (31) and RStudio version 1.4.1106 (RStudio, Inc.) (32),
with the 2-sided level of significance set to P < 0.05 for all analyses. All
variables were assessed for normality and logarithmic transformations
were performed on all variables that were not normally distributed.
Per CONSORT guidelines, baseline characteristics were visualized by
randomization arm to check the size of any chance imbalances (33).
The primary trial outcome was change (post minus pre) in liver
fat; secondary trial outcomes were similarly calculated. Secondary
outcomes included changes in liver fibrosis, liver enzymes, weight, BMI,
waist circumference, hip circumference, VAT, SAAT, total fat both in
kilograms and as a percentage of total body weight, and lean mass both
in kilograms and as a percentage of total body weight. The main effects
of the intervention were evaluated using general linear models, with
change in outcome as the dependent variable, adjusting for the outcome
variable at baseline (raw model). We subsequently ran an adjusted
model that included covariates for sex, change in BMI (we did not
adjust for change in BMI for models testing anthropometric outcomes),
and change in physical activity (adjusted model). To determine whether
the treatment effect differed by PNPLA3 genotype (GG compared
with CC/CG), we added an interaction term of genotype-by-treatment
arm. The main analysis included those individuals with complete data
for the outcome of interest. In an additional analysis, we also used
generalized estimating equations (GEEs) to adjust for clustering of
sibling pairs who were enrolled into the study and had complete data
at both baseline and postintervention assessments (7 sibling pairs).
For our primary outcome of change in liver fat, we subsequently ran
the following sensitivity analyses: 1) using the “Mice” package in
R we used multiple imputation to generate complete intent-to-treat
data sets (n = 5) that included all participants enrolled and randomly
assigned, with summarization of treatment effects over the repeated
analyses (34); 2) we ran a sensitivity analysis limiting the sample to
those participants with a baseline free sugar intake ≥ 10% of total
calories; 3) we ran a sensitivity analysis limiting the sample to those
participants with a baseline liver fat fraction ≥ 5.5%; and 4) we ran
a sensitivity analysis limiting the sample to those participants whose
final clinic visit occurred before March of 2020, removing participants
who were on the intervention for longer than the prespecified 12- to
16-wk intervention window as a result of COVID-related restriction.
In the analysis of dietary data, additional subjects were removed
because they may have received dietary advice before completing their
baseline dietary assessment. Specifically, this resulted in removing 3
subjects from the dietary analysis of subjects included in our primary
analysis of liver fat, and 4 subjects from the dietary analysis of all
subjects randomly assigned with both baseline and postintervention
assessments.

In exploratory analyses of pooled data, we assessed the impact of
reducing sugar intake and reducing FM, irrespective of randomization,
on liver fat, liver fibrosis, and liver enzymes. To assess the effect
of reducing total sugar intake (TS) on our outcomes of interest, we
split our data set into those with a reduction in total sugar over
the intervention period [TS; TSPost (% of energy) − TSPre (% of energy) <

0] and those with no change or an increase in TS [TSPost (% of energy)

− TSPre (% of energy) ≥ 0] during the intervention period, regardless of
study diet assignment. This variable replaced the diet intervention
variable in the general linear models described already. Similarly, in an
exploratory analysis, we also assessed the effect of reducing FM on our
outcomes of interest. We split our data set into those with a reduction
in whole-body FM (FMPost − FMPre < 0) and those with no change
or an increase in FM (FMPost − FMPre ≥ 0) during the intervention
period, regardless of study diet assignment. This variable then replaced
the diet intervention variable in the general linear models described
already.

Results
Description of participants and adverse events

The trial was conducted between October 2016 and March
2020, when recruitment ended early owing to COVID-19-
related restrictions. A total of 113 potential participants were
assessed for eligibility by a pediatrician with 105 participants
ultimately enrolled into and randomly assigned in the trial (72%
GG and 28% GC/CC PNPLA3 genotype). Participants were
randomly assigned to 1 of 2 diet groups: 54 to the intervention
group with a dietitian-led sugar reduction intervention and
51 to the control group receiving handouts with general diet
advice (Figure 1). A total of 12 participants were excluded
from the analyses of outcome variables of interest because
these participants dropped out before the postintervention
assessment. An additional 12 participants were excluded from
the primary analyses of change in liver fat, because these
participants did not undergo MRI scans at both the baseline
and postintervention assessments. Of those participants who
completed the study, participants randomly assigned to the con-
trol group and intervention group averaged 98 d (IQR: 91–102
d) and 84 d (IQR: 81–93 d), respectively, between the baseline
assessment and postintervention assessment. Table 1 shows the
baseline characteristics for the primary endpoint, change in
liver fat, stratified by intervention group. Supplemental Table 1
shows baseline characteristics for all participants enrolled into
and randomly assigned in the trial. No adverse events were
reported, related or unrelated to the intervention, during the
conduct of the trial.

Intervention adherence and dietary intakes

At baseline, there was no significant difference in free sugar
intake between the control and intervention groups (P = 0.35,
data not shown). However, at the postintervention assessment,
those randomly assigned to the intervention group consumed
(mean ± SD) 7.0% ± 4.5% of energy from free sugars,
which was significantly less than the 10.6% ± 5.8% of energy
from free sugars consumed by the control group (P = 0.003).
Of those individuals who were randomly assigned to the
intervention group and had dietary data at both baseline and
postintervention assessments (n = 49), 81.6% reduced their free
sugar intake, with 71.4% successfully meeting the intervention
target of a free sugar intake ≤ 10% of total calories (data
not shown). Intervention participants who successfully met the
free sugar intake target (n = 35) averaged 4.7% ± 2.8% of
energy from free sugar, whereas intervention participants who
did not meet the free sugar intake goal (n = 14) averaged
12.8% ± 2.0% of energy from free sugar at the postintervention
assessment. Of those individuals who were randomly assigned
to the control group and had dietary data at both baseline
and postintervention assessments (n = 39), 61.5% reduced
their free sugar intake, with 51.3% meeting the threshold of
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(n = 113)

(n = 8)
(n = 4)

(n = 4)

(n = 4)

(n = 43)

(n = 7)

(n = 38)

(n = 5)

(n = 54)

Randomly assigned
(n = 105)

(n = 51)

(n = 8)

FIGURE 1 Flow diagram of participant recruitment, enrollment, intervention allocation, follow-up, and analysis for the primary outcome, change
in liver fat.

a free sugar intake ≤ 10% of total calories (data not shown).
Overall, intervention participants tended to meet the free sugar
intake target of ≤10% of total calories more often than control
participants (P = 0.06). In addition, in alignment with the design
of our study, participants generally remained weight-stable with
no significant change in their total energy intake (P = 0.67)
or weight (P = 0.48) over the intervention period (data not
shown).

There were significant dietary changes in the intervention
group compared with the control group (Table 2) among
participants included in our primary analysis for the outcome
of change in liver fat, with complete diet data (n = 76).
The intervention group had a significantly greater reduction in
energy-adjusted TS (P = 0.02) and free sugar intake (P = 0.02)
than the control group. There was also a trend for a greater
decrease in energy-adjusted added sugar intake (P = 0.07)
in the intervention group than in the control group. There
were no significant differences in the intakes of total energy
or nutrient-adjusted carbohydrate, fiber, fat, SFAs, MUFAs,
PUFAs, or protein between the intervention and control groups
(PAll > 0.10). Similar dietary changes were observed when
expanding our analysis to include all individuals who were
randomly assigned with complete diet (n = 88), with the

exception that the trend for a difference in added sugar intake
between the intervention and control groups became significant
(P = 0.02) (Supplemental Table 2).

Liver fat, liver fibrosis, and liver enzymes

Changes in liver fat fraction did not differ between the control
(median: −1.1%; IQR: −3.7%, 0.5%) and intervention groups
(median: −0.8%; IQR: −3.7%, 0.5%) (adjusted P = 0.50)
(Figure 2A, Supplemental Table 3). This was the case in both
the unadjusted and adjusted models controlling for sex, change
in BMI, and change in physical activity (Supplemental Table
3). In sensitivity analyses, there were also no differences when
samples were limited to 1) participants with a baseline free sugar
intake ≥ 10% of total calories, 2) participants with a baseline
liver fat fraction ≥ 5.5%, 3) participants who completed
the study before March 2020, or 4) running the analysis on
complete imputed data sets (adjusted P > 0.10 for all analyses,
data not shown). In addition, there were no differential changes
in liver fibrosis between the intervention and control groups as
measured by MRE (adjusted P = 0.31), nor differential changes
in the liver enzymes AST (adjusted P = 0.71) and ALT (adjusted
P = 0.68) (Figure 2B–D). There was also no intervention-by-
PNPLA3 genotype interaction observed for change in liver fat
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TABLE 1 Baseline characteristics of study participants by
study arm in the primary analysis of change in liver fat1

Variable Intervention (n = 43) Control (n = 38)

Age, y 15.2 [13.2–16.5] 14.5 [12.8–17.2]
Male sex, % 20 (46.5) 18 (47.4)
Tanner stage2 ≥ 4 30 (69.8) 22 (59.5)
PNPLA3 GG genotype, % 28 (65.1) 28 (73.7)
Liver fat, % 8.9 [5.5–14.9] 11.2 [5.4–19.2]
Liver fibrosis3 2.3 [2.2–2.5] 2.4 [2.3–2.5]
AST,4 IU/L 20.0 [16.0–26.0] 23.0 [19.0–33.5]
ALT,4 IU/L 23.5 [16.2–36.8] 29.0 [16.0–43.0]
Body weight, kg 88.4 [73.6–98.5] 88.1 [71.8–104.1]
BMI, kg/m2 32.1 [29.4–36.8] 33.3 [30.0–36.9]
Waist circumference, cm 102.0 [95.3–109.5] 103.5 [97.1–117.2]
Hip circumference, cm 110.5 [105.0–120.8] 112.0 [104.0–120.0]
DXA total fat, % 42.8 [37.3–45.9] 44.2 [41.5–47.2]
DXA total fat, kg 34.1 [29.1–43.1] 36.8 [32.0–46.1]
DXA lean mass, kg 47.3 [40.9–56.4] 48.2 [36.9–54.2]
SAAT, L 7.5 [5.2–9.0] 7.2 [6.1–8.3]
VAT, L 1.7 [1.3–2.1] 1.9 [1.2–2.3]
Total energy intake,5 kcal/d 1487 [1224–1898] 1488 [1246–1727]
Total sugar intake,5 %E 18.3 ± 6.7 20.5 ± 6.5
Added sugar intake,5 %E 11.2 ± 6.2 13.1 ± 5.7
Free sugar intake,5 %E 11.5 ± 6.2 13.9 ± 6.7
Physical activity, MET-h/wk 57.2 [54.8–65.0] 59.3 [53.8–73.6]

1n = 81. Values are means ± SDs or medians [IQRs] for nonnormally distributed
variables and n (%) for categorical variables. ALT, alanine aminotransferase; AST,
aspartate aminotransferase; MET, metabolic equivalent of task; PNPLA3, patatin-like
phospholipase 3; SAAT, subcutaneous abdominal adipose tissue; VAT, visceral
adipose tissue; %E, percentage of total energy intake.
2Sample size: intervention, n = 43; control, n = 37.
3Sample size: intervention, n = 42; control, n = 37.
4Sample size: intervention, n = 42; control, n = 38.
5Sample size: intervention, n = 43; control, n = 34.

(P = 0.87; intervention PNPLA3 genotype: GG, n = 28 and
GC/CC, n = 15; control PNPLA3 genotype: GG, n = 28 and
GC/CC, n = 10), liver fibrosis (P = 0.70), AST (P = 0.78), or
ALT (P = 0.98) (Supplemental Table 3). Consistent outcomes
were obtained using GEE analysis of changes in liver fat, liver
fibrosis, AST, and ALT (PAll > 0.10) (Supplemental Table 3).

Anthropometrics

There was no significant effect of the intervention on changes in
any anthropometric outcome including body weight (adjusted
P = 0.69), BMI (adjusted P = 0.47), waist circumference
(adjusted P = 0.15), hip circumference (adjusted P = 0.93),
percentage FM or FM in absolute kilograms (adjusted P = 0.88
and P = 0.71, respectively), lean mass as measured in absolute
kilograms (P = 0.12), or the FM:lean mass ratio (adjusted
P = 0.78) as measured by DXA. The intervention and
control groups also did not differ in terms of changes in
SAAT (P = 0.16) or VAT (P = 0.78) as measured by MRI
(Table 3). Consistently, there were no effects of the intervention
on any anthropometric outcome in GEE analyses (PAll > 0.10)
(Table 3).

Changes in liver outcomes as a function of change in
TS

In exploratory analyses of pooled data, we examined liver
outcomes in all participants who successfully reduced sugar
intake (n = 54) relative to participants without sugar reduction
(n = 22), regardless of intervention assignment (Supplemental
Table 4). There was no significant difference in the change in
any liver-related outcome between participants who reduced
TS and those who did not (Figure 3, Supplemental Figure 1,
Supplemental Table 5) and no interaction by PNPLA3 genotype
(Supplemental Table 5, Supplemental Figure 2).

Changes in liver outcomes as a function of change in
FM

In exploratory analyses of pooled data, we examined liver
outcomes in those participants who had a decrease in total
whole-body FM (n = 38) relative to those without FM reduction
(n = 43), regardless of intervention assignment (Supplemental
Table 6). Participants who reduced FM over the course of
the study had a decrease in liver fat fraction as compared
with those who did not reduce their FM (adjusted P < 0.001)
(Figure 4, Supplemental Table 7). Specifically, participants who
decreased their FM averaged a 2.1% (IQR: −6.5% to −0.8%)
reduction in liver fat fraction over the course of the study,
whereas participants without FM reduction had a 0.3% (IQR:
−1.0% to 1.1%) increase in liver fat fraction over the course
of the study. This finding remained significant after removing

TABLE 2 Dietary intakes at baseline and the change in intakes during the intervention period, based on unannounced 24-h dietary
recalls, for the participants in the primary analysis of change in liver fat with complete diet data1

Intervention (n = 42) Control (n = 34) ANCOVA GEEs

Baseline Change Baseline Change Raw Adjusted Adjusted

Energy intake, kcal/d 1495 [1225–1906] −95 ± 514 1488 [1246–1727] −113 ± 461 0.47 0.47 0.30

Carbohydrates, %E 49.2 [44.5–54.3] −2.4 ± 8.9 48.0 [45.9–55.6] −1.0 ± 12.7 0.51 0.60 0.63

Total sugar, %E 18.5 ± 6.7 −4.2 ± 7.5 20.3 ± 6.5 −2.4 ± 9.4 0.02 0.02 0.02

Added sugars, %E 11.2 ± 6.2 −3.4 ± 7.0 13.1 ± 5.7 −2.8 ± 7.8 0.06 0.07 0.03

Free sugars, %E 11.5 ± 6.2 −4.2 ± 6.4 13.9 ± 6.9 −3.4 ± 8.8 0.02 0.02 <0.01

Fiber, g/d 14.1 [10.1–18.7] −1.5 [−4.1 to 3.4] 13.3 [8.4–16.0] 0.0 [−5.6 to 4.0] 0.29 0.23 0.20

Fiber, %E 3.5 [2.7–4.2] 0.3 ± 2.1 3.4 [2.7–4.1] 0.1 ± 1.6 0.49 0.44 0.29

Fat, %E 34.5 ± 6.5 0.7 ± 6.9 31.8 ± 4.9 1.4 ± 9.8 0.11 0.11 0.10

SFAs, %E 11.7 [9.5–13.3] −0.1 ± 4.0 9.9 [8.7–12.5] 1.2 ± 4.0 0.69 0.64 0.93

MUFAs, %E 12.3 [10.6–14.3] 0.3 ± 3.4 10.6 [8.4–12.3] 0.5 ± 4.7 0.11 0.12 0.16

PUFAs, %E 8.6 ± 2.2 0.0 ± 3.1 7.9 ± 2.6 0.1 ± 3.7 0.35 0.36 0.27

Protein, %E 16.4 ± 4.7 1.7 ± 4.7 17.8 ± 4.4 −0.2 ± 4.9 0.17 0.20 0.20

1n = 76. Values are means ± SDs or medians [IQRs] for nonnormally distributed variables. Raw: change adjusted for baseline value. Adjusted: raw model adjusted for sex,
change in BMI (except the outcome energy intake), and change in physical activity. GEE analysis of adjusted model, further adjusting for sibling clusters (7 sibling pairs). GEE,
generalized estimating equation; %E, percentage of total energy intake.
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FIGURE 2 Intervention to reduce free sugar intake does not affect liver health as measured by liver fat, liver fibrosis, and liver enzymes.
Changes in (A) liver fat fraction and (B) liver fibrosis (intervention group, n = 43; control group, n = 38) and changes in liver enzymes including (C)
AST and (D) ALT (intervention group, n = 49; control group, n = 38) for the primary analysis. Outcome variables are represented as the change
variable calculated as the postintervention value minus the value at baseline. Each participant’s change variable is represented by a solid dot. The
medians are represented by horizontal bars. P values for the ANCOVA adjusted for the baseline value of the outcome of interest, sex, change in
BMI, and change in physical activity are displayed at the top of each boxplot. ALT, alanine aminotransferase; AST, aspartate aminotransferase.

outliers (changes in liver fat > 2 SD from the mean) (P = 0.04,
data not shown). There were no significant differential changes
in AST, ALT, or liver fibrosis between those who did or did
not reduce FM during the intervention period. There was
also no interaction by PNPLA3 genotype observed for any
liver outcome (PAll > 0.3) (Supplemental Figure 2). Models
that simultaneously assessed the impact of changes in FM
(reduction compared with no reduction) and changes in TS
(reduction compared with no reduction) on reducing liver fat
further confirmed that reducing FM was significantly associated
with reductions in liver fat (P < 0.01), whereas there was no
association between reducing TS and changes in liver fat content
(P = 0.99). In addition, there was no interaction between
reducing FM and reducing TS on liver fat reduction (P = 0.58,
data not shown).

Table 4 presents dietary intakes of participants in the FM
reduction group compared with those without FM reduction,
who were included in the analysis of change in liver fat.

Changes in total energy intake or energy-adjusted intakes of
carbohydrate, total sugar, added sugar, insoluble fiber, fat, SFAs,
MUFAs, PUFAs, and protein did not differ between participants
with or without FM reduction (PAll > 0.10). There was a trend
for a difference in energy-adjusted and total soluble fiber intake
(P = 0.05 and P = 0.06, respectively), with a greater decrease
in soluble fiber intake in the group that did not reduce their FM
than in the group that decreased their FM over the intervention.
Similar results were obtained in analyses that included all
participants who completed the postintervention assessment
with complete diet data (Supplemental Table 8). However, the
trends for differences in energy-adjusted and total soluble fiber
intake became significant (P = 0.02 and P = 0.04, respectively).
In addition, those who reduced their FM had a significant
increase in total fiber intake as a percentage of energy compared
with the group that did not reduce their FM (P = 0.02). Further,
there was also a trend for an increase in insoluble fiber intake
as a percentage of energy in the participants with FM reduction

Sugar reduction and fatty liver in Latino teens 1661
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FIGURE 3 Reduction of TS does not affect liver fat fraction.
Changes in liver fat fraction by change in sugar intake group (�TS
< 0 group, n = 54; �TS ≥ 0 group, n = 22). The outcome variable is
represented as the change variable calculated as the postintervention
value minus the value at baseline. Each participant’s change variable is
represented by a solid dot. The median is represented by a horizontal
bar. The P value for the ANCOVA adjusted for the baseline value of the
outcome of interest, sex, and change in physical activity is displayed
at the top of the boxplot. TS, total sugar intake.

compared with those without (P = 0.05). Additionally, there
was a trend for an increase in MUFA intake in the group without
FM reduction as compared with the group that decreased their
FM (P = 0.07).

Discussion

Contrary to our primary hypothesis, a dietitian-led clinical
intervention focused on reducing free sugar intake to ≤10%
of total calories did not differentially decrease liver fat, liver
fibrosis, liver enzymes, or alter body composition compared
with general dietary advice in Latino adolescents with obesity
and suspected NAFLD. Although sugar intake reduction was
greater in the intervention group than in the control, both
groups reduced their sugar intake and the difference between
groups was only marginal. Therefore, the difference in sugar
intake between the intervention and control groups may have
been too small to produce meaningful differences in our
outcomes of interest. In addition, our secondary analyses
indicate that reduction in TS, independent of randomization, did
not drive reductions in liver fat, liver fibrosis, or liver enzymes.
Our analysis confirms that FM reduction is important to reduce
liver fat.

Our findings differ from those of 2 previous intervention
trials that investigated the effect of severe sugar restriction on
liver fat content in pediatric populations (7, 8). Schwimmer et
al. (7) randomly assigned 11- to 16-y-old boys with NAFLD
(n = 40) to either a controlled-feeding intervention group with
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FIGURE 4 Reducing FM reduces liver fat. Changes in liver fat
fraction by change in FM group (� FM < 0 group, n = 38; � FM ≥ 0
group, n = 43). The outcome variable is represented as the change
variable calculated as the postintervention value minus the value at
baseline. Each participant’s change variable is represented by a solid
dot. The median is represented by a horizontal bar. The P value for the
ANCOVA adjusted for the baseline value of the outcome of interest,
sex, and change in physical activity is displayed at the top of the
boxplot. FM, fat mass.

a free sugar intake < 3% of total calories, or a control group
that maintained their typical diet for 8 wk. Schwarz et al. (8)
tested the effect of a controlled-feeding intervention with a
maximum fructose intake of 4% of total calories for 9 d as

compared with their typical diet in 9- to 18-y-old boys and girls
with obesity (n = 41). In both trials, the sugar restriction led
to significant decreases in liver fat relative to control. There
are some key differences between these trials and the trial
reported here, which may explain the discrepancy in outcomes.
The interventions in both Schwimmer et al. and Schwarz et al.
had more extreme levels of sugar reduction (3%–4% compared
with 10%) than our intervention. Further, to achieve this level
of sugar reduction, both trials were designed as proof-of-
concept efficacy studies and provided all foods to participants
using tightly controlled feeding conditions. In contrast, our
intervention took place in a real-world clinical setting where
participants were guided by a dietitian to implement their
intervention and make dietary choices independently at their
homes. Therefore, our trial may not have found an effect of
sugar reduction on liver fat and related outcomes because the
behavioral change in sugar intake was too small. However,
it remains unclear whether more extreme levels of sugar
reduction, such as those prescribed in Schwimmer et al. and
Schwarz et al., could be achieved in a real-world clinical setting
where all foods are not provided. In addition, the control
group in our trial was based on standard of care, where
participants received materials describing a healthy diet. In
contrast, the control groups in Schwimmer et al. and Schwarz
et al. continued to consume their typical diet. In this way, our
trial specifically focuses on whether a dietary sugar reduction
intervention reduces liver fat beyond the current standard of
care. Our results indicate that a dietitian-led intervention to
reduce free sugar intake to ≤10% of total calories does not
lead to greater reductions in liver fat than general healthful diet
advice, at least in a real-world clinical setting with our study
population.

One key finding from exploratory analyses in our trial is
that reducing FM, regardless of changes in sugar intake or
intervention group, is important to decrease liver fat. This
finding is consistent with other lifestyle intervention trials
assessing treatment strategies for pediatric NAFLD (35–43).
These interventions included a variety of components such as
caloric restriction (35, 36, 38, 40), carbohydrate restriction

TABLE 4 Dietary intakes at baseline and change in intakes during the intervention period, based on unannounced 24-h dietary
recalls, for participants who reduced their FM during the intervention period compared with those without FM reduction, included in
the analysis of change in liver fat1

� FM (kg) < 0 (n = 35) � FM (kg) ≥ 0 (n = 41) ANCOVA GEEs

Baseline Postintervention Baseline Postintervention Raw Adjusted Adjusted

Energy intake, kcal/d 1615 [1254–1922] −173 ± 514 1425 [1224–1739] −44 ± 463 0.45 0.44 0.30
Carbohydrates, %E 48.4 [43.8–51.8] 0.0 ± 10.7 49.7 [45.3–56.0] −3.3 ± 10.6 0.15 0.18 0.18
Total sugar, %E 19.2 ± 6.4 −2.7 ± 7.9 19.4 ± 6.9 −4.0 ± 8.9 0.46 0.42 0.35
Added sugars, %E 12.1 ± 5.9 −3.8 ± 6.5 12.1 ± 6.3 −2.6 ± 8.0 0.32 0.28 0.28
Free sugars, %E 12.0 ± 6.2 −3.6 ± 6.8 13.1 ± 7.0 −4.1 ± 8.2 0.70 0.65 0.72
Fiber, g/d 14.1 [10.1–17.5] 0.8 [−4.3 to 4.7] 13.2 [8.9–18.9] −1.6 [−5.1 to 2.6] 0.09 0.15 0.13
Fiber, %E 3.5 [2.7–4.2] 0.6 ± 1.7 3.5 [2.8–4.1] −0.1 ± 2.0 0.07 0.10 0.11
Soluble fiber, g/d 4.0 [2.9–4.5] 0.1 [−1.6 to 2.1] 3.9 [2.5–5.1] −0.5 [−2.0 to 0.9] 0.03 0.06 0.03
Soluble fiber, %E 1.0 [0.8–1.2] 0.1 [−0.2 to 0.6] 1.0 [0.7–1.3] 0.0 [−0.5 to 0.2] 0.03 0.05 0.02
Insoluble fiber, g/d 10.1 [7.1–12.0] −1.0 [−2.9 to 3.2] 8.7 [5.6–12.1] −1.3 [−2.8 to 1.8] 0.27 0.35 0.31
Insoluble fiber, %E 2.3 [1.8–2.9] 0.3 [−0.5 to 0.9] 2.3 [1.9–3.0] −0.2 [−0.8 to 0.6] 0.10 0.13 0.13
Fat, %E 34.0 ± 5.9 −0.7 ± 8.1 32.6 ± 5.9 2.5 ± 8.2 0.30 0.32 0.28
SFAs, %E 11.9 [9.9–13.4] −0.1 ± 3.6 10.3 [8.0–12.6] 0.9 ± 4.3 0.85 0.81 0.88
MUFAs, %E 11.4 [10.1–14.3] −0.4 ± 3.9 12.0 [8.6–12.9] 1.1 ± 4.0 0.16 0.17 0.10
PUFAs, %E 8.3 ± 2.3 −0.4 ± 2.6 8.2 ± 2.5 0.5 ± 3.9 0.17 0.17 0.14
Protein, %E 16.7 ± 4.6 0.8 ± 5.1 17.2 ± 4.6 0.9 ± 4.8 0.93 0.99 0.94

1n = 76. Values are means ± SDs or medians [IQRs] for nonnormally distributed variables. Raw: change adjusted for baseline value. Adjusted:
raw model adjusted for sex, change in BMI (except the outcome energy intake), and change in physical activity. GEE analysis of adjusted model
further adjusting for sibling clusters. FM, fat mass; GEE, generalized estimating equation; %E, percentage of total energy intake.
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(35, 37), sugar restriction (39), fat restriction (37–39), healthful
dietary pattern (41–43), exercise (35–42), psychological therapy
(39, 42), and treatment sessions with a registered dietitian
(35, 37, 41–43). Taken together, these findings suggest that a
reduction in body fat, regardless of interventional approach,
is key to reducing liver fat. Therefore, future treatment
strategies could focus on identifying which FM-reducing dietary
interventions are most feasible and sustainable for various
pediatric populations with NAFLD.

The lack of significant interactions between PNPLA3
genotype and intervention on our outcomes of interest was not
consistent with previous nutrigenetic evidence demonstrating
higher liver fat accumulation among individuals with the GG
genotype and high dietary sugar intake (16). These results may
partially be explained by differences in PNPLA3 genotyping
techniques. Specifically, our prior work used the TaqMan
technique (44, 45), whereas the current trial used an RFLP
analysis (29), which led to a larger number of participants
being identified with the GG PNPLA3 genotype. The higher
distribution of the GG PNPLA3 variant in our study population
paired with the slight reduction in recruitment due to COVID-
19-related challenges may have underpowered our ability to
detect a PNPLA3 genotype-by-intervention interaction, because
only 28% of participants were identified with the GC or
CC PNPLA3 genotype. This may have been especially true
because sugar reduction was even observed in the control group,
further decreasing the potential for detecting an interaction with
PNPLA3 genotype. However, the P values for a PNPLA3-by-
intervention interaction in our analyses did not come close to
approaching the threshold for a trend, suggesting that our null
results were unlikely a result of the higher distribution of GG
PNPLA3 participants in our study population. Nonetheless,
to our knowledge, our study is the first to assess whether
reducing sugar intake differentially affects liver health and
anthropometric-related variables as a function of PNPLA3
genotype.

Some additional limitations to our study include the
following. NAFLD status was not determined before study
enrollment, which may have decreased our ability to detect
an intervention effect. However, it is important to note that
results from a sensitivity analysis including only participants
with elevated liver fat at baseline (liver fat fraction ≥ 5.5%)
were consistently null. It is also important to note that this
sensitivity analysis was not defined a priori and, therefore, had
a higher probability of a spurious result. In addition, ∼25% of
participants already met the intervention free sugar intake target
of ≤10% of total calories before study enrollment. Although
this lowered our ability to determine whether reducing sugar
intake itself affects our outcomes of interest, our study
still provides important insight into the effectiveness of our
intervention from a public health perspective given that the free
sugar intake of our participants is representative of our target
population. Therefore, limiting our population to those above
the intervention free sugar threshold during recruitment could
have arbitrarily inflated the effectiveness of the intervention
from a real-world clinical perspective, the primary objective of
this trial.

We also highlight several important strengths of our study.
For example, liver fat and liver fibrosis were assessed by MRI
and MRE, respectively. To our knowledge, a direct assessment
of how sugar reduction affects liver fibrosis in a pediatric
population has not previously been reported. Furthermore, we
had high intervention compliance, with 81.6% of intervention
participants reducing their free sugar intake and 71.4% meeting

the goal of a free sugar intake maximum of 10% of total
calories. In addition, we statistically controlled for changes in
BMI and confirmed results with various sensitivity analyses.
Limitations of this study include a lack of generalizability of
the results to populations other than pediatric populations
of Latino descent, and reliance on 24-h dietary recalls to
assess dietary intake and intervention compliance, which
can be subject to recall bias and underreporting. Lastly, we
predominantly recruited from pediatric gastroenterology clinics
and therefore cannot rule out whether participants received
information on and implemented healthful dietary and lifestyle
practices before study enrollment.

In conclusion, our study indicates that a dietary inter-
vention implemented in a real-world clinical setting focused
on promoting a reduction in free sugar intake to ≤10%
of total calories did not affect liver fat, liver fibrosis, liver
enzymes, or anthropometric variables more significantly than
general healthful diet advice in Latino adolescents with obesity
and elevated liver fat. Further, there was no intervention-by-
PNPLA3 genotype interaction observed for any outcome of
interest. However, our results do provide evidence that reducing
FM is important for liver fat reduction and confirm current
clinical recommendations to lose weight and follow a healthy
diet for pediatric patients with NAFLD. Future studies will need
to focus on identifying sustainable interventions that can be
implemented in a real-world clinical setting to reduce FM in
pediatric populations with NAFLD.
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