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ABSTRACT
Background: Recent literature suggests that the Western diet’s imbalance between high ω-6 (n–6) and low ω-3 (n–3)
PUFA intake contributes to fatty liver disease in obese youth.
Objectives: We tested whether 12 wk of a low n–6:n–3 PUFA ratio (4:1) normocaloric diet mitigates fatty liver and
whether the patatin-like containing domain phospholipase 3 (PNPLA3) rs738409 variant affects the response.
Methods: In a single-arm unblinded study, obese youth 9–19 y of age with nonalcoholic fatty liver disease were treated
with a normocaloric low n–6:n–3 PUFA ratio diet for 12 wk. The primary outcome was change in hepatic fat fraction
(HFF%), measured by abdominal MRI. Metabolic parameters included alanine aminotransferase (ALT), lipids, measures
of insulin sensitivity, and plasma oxidized linoleic acid metabolites (OXLAMs). Outcomes were also analyzed by PNPLA3
rs738409 genotype. Wilcoxon’s signed rank test, the Mann–Whitney U test, and covariance pattern modeling were used.
Results: Twenty obese adolescents (median age: 13.3 y; IQR: 10.5–16.4 y) were enrolled and 17 completed the study.
After 12 wk of dietary intervention, HFF% decreased by 25.8% (P = 0.009) despite stable weight. We observed a 34.4%
reduction in ALT (P = 0.001), 21.9% reduction in triglycerides (P = 0.046), 3.28% reduction in LDL cholesterol (P = 0.071),
and a 26.3% improvement in whole body insulin sensitivity (P = 0.032). The OXLAMs 9-hydroxy-octadecandienoic acid (9HODE) (P = 0.011), 13-HODE (P = 0.007), and 9-oxo-octadecadienoic acid (9-oxoODE) (P = 0.024) decreased after 12 wk.
HFF% declined in both the not-at-risk (CC/CG) and at-risk (GG) PNPLA3 rs738409 genotype groups, with significant (P
= 0.016) HFF% reduction in the GG group. Changes in 9-HODE (P = 0.023), 9-oxoODE (P = 0.009), and 13-oxoODE (P
= 0.003) differed between the 2 genotype groups over time.
Conclusions: These data suggest that, independently of weight loss, a low n–6:n–3 PUFA diet ameliorates the
metabolic phenotype of adolescents with fatty liver disease and that response to this diet is modulated by the PNPLA3
rs738409 genotype. This trial was registered at clinicaltrials.gov as NCT01556113. J Nutr 2020;00:1–8.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is a common complication of childhood obesity and an ominous marker of the
metabolic syndrome (1). Indeed, children with NAFLD exhibit
insulin resistance, glucose intolerance, hypertriglyceridemia (1),
and cardiovascular disease (2, 3).
Although many factors contribute to the development of
fatty liver, the composition of the diet plays a pivotal role.
Recent literature suggests that the dietary imbalance of high
ω-6 (n–6) and low ω-3 (n–3) PUFA intake, characteristic of
the Western diet (average ratio 15:1), leads to the development

of NAFLD (4). Furthermore, diet is the only source of the
essential fatty acids linoleic acid (LA; 18:2n–6) and α-linolenic
acid (ALA; 18:3n–3), the respective precursors to n–6 and n–
3 PUFAs. Accordingly, it has been shown that individuals with
NAFLD have a lower n–3 and higher n–6 PUFA dietary intake
than healthy controls, consistent with the abundance of n–6
PUFAs in hepatic long-chain fatty acids (5). The excess hepatic
uptake of n–6 PUFAs promotes formation and accumulation
of oxidized linoleic acid metabolites (OXLAMs), which are
risk factors for fatty liver development in both youth and
adults (6–8). Furthermore, our group has recently shown the
relation of genetics to dietary PUFA intake and development of
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NAFLD. In fact, a common variant (rs738409) in the patatinlike containing domain phospholipase 3 gene (PNPLA3) (9)
enhances the association between OXLAM concentration and
fatty liver disease in obese adolescents (10).
In this quasi-experimental study we aimed to examine
whether 12 weeks of a low n–6:n–3 PUFA ratio (4:1) diet
affects intrahepatic fat content, assessed by MRI, in obese youth
with fatty liver. Moreover, given our previous observation of
an interaction between the PNPLA3 rs738409 variant and n–
6:n–3 PUFA ratio of dietary intake on fatty liver (11), we also
explored whether this variant affected individual responses to
the diet.

rs738409 at Yale School of Medicine. Participants then began the
12-wk dietary intervention provided by the study personnel (described
below). Participants met weekly with the dietitian and team to receive
study food, review compliance through weekly food records, and
obtain anthropometric measurements. To monitor the compliance to
the diet through biochemical measures, every 4 wk, LA, arachidonic
acid (AA; 20:4n–6), and its OXLAM products, 9- and 13-hydroxyoctadecandienoic acid (HODE) and 9- and 13-oxo-octadecadienoic acid
(oxoODE), were measured from plasma (13). n–3 PUFAs were also
measured from plasma, and included ALA, DHA, EPA, and DPA. The
OGTT, MRI, and laboratory tests were repeated at the conclusion of
the 12-wk intervention.

Methods
Study population
Twenty children and adolescents (aged 9–19 y) were recruited. Eligible
participants had a BMI ≥95th percentile for age and gender and hepatic
fat fraction (HFF%) measured by liver MRI ≥5.5%. Youth with a liver
disease other than NAFLD, diabetes, a food allergy to fish, or who were
taking medications affecting lipid, glucose, or hepatic metabolism were
excluded. The study (NCT01556113) was approved by the Yale Human
Investigation Committee and written consent and assent (for minors)
were obtained from all participants. The procedures followed were
in accordance with the ethical standards of Yale University’s Human
Investigations Committee in accordance with the Helsinki Declaration
of 1975 as revised in 1983.

Study outcomes
Our primary outcome was change in HFF% from baseline (week
0) to follow-up (week 12) of the diet. Secondary outcomes included
changes from week 0 to week 12 in plasma alanine aminotransferase
(ALT), lipids (triglycerides, LDL cholesterol), and indexes of glucose
metabolism [glucose, insulin, whole body insulin sensitivity index
(WBISI)]. Plasma concentrations of n–6 PUFA metabolites [oxidized
compounds derived from LA (OXLAM)] and n–3 PUFAs [ALA, EPA
(20:5n–3), docosapentaenoic acid (DPA; 22:5n–3), and DHA (22:6n–
3)] were assessed for linear trends.
We explored the impact of the PNPLA3 rs738409 variant on
HFF%, triglycerides, and ALT from week 0 to week 12, and on linear
changes in plasma OXLAM and n–3 PUFA concentrations during the
study period. Raw study data are available as a supplemental Excel file.

Procedures
In addition to medical and dietary history, participants underwent
screening laboratory evaluation, a standard oral-glucose-tolerance
test (OGTT) (12), abdominal MRI, and genotyping for PNPLA3
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For the 12 wk of dietary intervention, study personnel provided all
needed dietary intake to participants (not for the entire family). To
control for the potential confounding variable of weight loss or gain,
the meal plan was designed to be normocaloric to prestudy food intake,
as assessed by the study dietitian. Three-day food records (1 weekend
day and 2 weekdays) were used to assess prestudy food intake and
analyzed using the Nutrition Data Software for Research (NDS-R 2014,
University of Minnesota). This program determined usual caloric intake
and, consequently, the prescribed caloric amount for the intervention.
The intervention diet consisted of a low n–6 to n–3 PUFA ratio of
4:1, and macronutrient content was 50%–55% daily total calories
from carbohydrate, 20% from protein, and 25%–30% from fat, with
saturated fat comprising 8%–10% of daily total caloric intake and
monounsaturated and polyunsaturated fats each comprising 8%–10%
of daily total caloric intake.
The diet was rich in n–3 PUFAs (e.g., fish and nuts), and although
no supplements were used in this study, some foods (spreads, dressings,
and oil) were enriched with n–3 PUFAs. Udo’s Oil 3-6-9 Blend (Flora,
Inc.) was the staple oil utilized and it provided twice the amount of
n–3 compared with n–6 PUFAs. The meal plan was “kid-friendly”
with foods such as frozen pizza and burgers included each week;
there was also 1 fish-free day. This design was used to represent
real-world, long-term food intake and, of course, to increase the
likelihood of compliance. Participants were instructed to only consume
items provided by the meal plan; a sample meal plan is provided in
Supplemental Figure 1.
A parent was present during diet instruction, which continued
weekly for the first 4 wk. Participants picked up food twice weekly.
Food was measured and packaged for each day by the Metabolic
Kitchen of the Yale Center for Clinical Investigation. For the final
8 wk, the participants picked up food weekly, with a supplemental
food delivery to participant homes by a commercial grocery delivery
service. Compliance was assessed with a simplified daily food record, in
which participants checked off boxes for foods consumed, and it was
returned to the dietitian weekly (Supplemental Figure 1). Food records
were scored accordingly to determine the percentage compliance and
a score >80% was deemed “compliant.” Weight was also measured
weekly and calories were modified if a participant gained or lost >1.6
kg (∼3 pounds) within a week or fluctuated a total of 2.3 kg (5 pounds)
from baseline, for the goal of weight maintenance during the 12-wk
dietary intervention.

Physical activity
In addition to controlling for the potential confounding variable of
weight loss or gain through caloric adjustments as needed, we instructed
all participants to keep their physical activity level stable during the
intervention. Specifically, if a child did not normally engage in exercise
activities, we asked that they remain inactive. If a child was fairly active,
we instructed the participant to also continue with the same level of
activity.

Smoking and alcohol
The study dietitian instructed participants to not consume alcohol or
smoke during the 12-wk dietary intervention. At the OGTT visits
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Meal plan

at week 0 and week 12, a smoking and alcohol questionnaire was
administered and completed by the child and parent.

Abdominal MRI
Abdominal MRI was performed on a Siemens Sonata 1.5 Tesla system.
HFF% was calculated from the liver images obtained using a modified
Dixon technique (14, 15). Visceral and subcutaneous abdominal fat
fractions were assessed as previously described (16).

Biochemical analyses

Measurements of n–6 and n–3 PUFAs
Lipid extractions and protein hydrolyses were performed using
disposable threaded borosilicate glass test tubes with Polytetrafluoroethylene (PTFE)-lined caps. Before use, all glassware tubes, caps, and
pipette tips were washed with nitric acid to remove trace transition
metals, extensively rinsed with Chelex-treated water containing 1 μM
diethylenetriamine pentaacetic acid (DTPA; pH 7.0 in H2 O), and then
rinsed with pure Chelex-treated water. Plastic tips were further rinsed in
methanol and air-dried before use. Test tubes were also baked at 500◦ C
overnight to remove residual potential organics. All plasma samples
were divided into aliquots in tubes containing an antioxidant cocktail
[DTPA (2 mM final) and butylated hydroxytoluene (500 μM final)] with
head space overlaid with argon. Samples were thawed in an ice/water
bath immediately before sample handling for LC online electrospray
ionization tandem MS analysis (8). Fatty acids and oxidized fatty acids
in plasma were extracted as previously described (8). Briefly, plasma
(50 μL), internal standard [synthetic 15(S)-HETE-d8], and potassium
hydroxide were added to the glass test tubes, overlaid with argon, and
sealed. Lipids were hydrolyzed at 60◦ C under an argon atmosphere for
2 h, and then the released fatty acids were extracted into the hexane
layer twice by liquid/liquid extraction. With each extraction, argon was
used to purge the head space of the tube before sealing and mixing on
a vortex/centrifugation. The combined hexane layers were dried under
nitrogen gas and then resuspended in 200 μL 85% methanol:water
(vol:vol) (8).

Genotyping
Genomic DNA was extracted from peripheral blood leukocytes from
whole blood using the guanidine HCl DNA extraction protocol.
Automatic sequencing was used to genotype the PNPLA3 rs738409
variant as previously reported (10). We previously observed that
subjects homozygous for the risk minor allele (GG) have a much
higher intrahepatic fat content than those with the other 2 genotypes
(CC and CG) (19). To analyze the effect of the PNPLA3 rs738409
variant on the changes in HFF% after the 12-wk intervention, we
grouped the homozygous major allele and the heterozygous (CC/CG)
to compare the percentage changes in HFF% between this group
and the group of individuals homozygous for the risk minor allele
(GG).

Results
Participant characteristics
Of the 20 youth who were recruited, 3 (females) withdrew
during the first week of the study. Table 1 shows demographic
and baseline characteristics of the 17 adolescents who completed the 12-wk study. All of the subjects had fatty liver as
defined by an HFF% >5.5%; median HFF% was 14.7% (IQR:
9.10%–22.8%) and median plasma ALT was 33.0 U/L (IQR:
10.0–54.0 U/L). During the study, the mean weight remained
stable by study design (Supplemental Figure 2) and there were
no statistically significant changes in visceral or subcutaneous
abdominal fat, or the visceral/subcutaneous abdominal fat ratio
(P > 0.05) (Table 1).

Statistical analysis

Dietary compliance
The dietitian obtained completed simplified food records from
each participant to assess percentage compliance for each week.
Of the 17 participants who completed the dietary intervention,
15 participants were compliant (median compliance for the
12-wk intervention: 92.0%; IQR: 87.2%–94.7%). For measures of plasma OXLAM concentrations, there was a significant
progressive decline in 9-HODE, 13-HODE, and 9-oxoODE
concentrations in the cohort over the 12-wk intervention (P
< 0.05) (Supplemental Figure 3). Although there was no
clear trend in the plasma concentrations of n–3 PUFAs in the
cohort, there was a significant increase in DHA over the 12-wk
intervention (P = 0.002) (Supplemental Figure 4).

Descriptive statistics, such as median (IQR) and n (%), were used
to characterize the cohort. Owing to the small sample size and
nonnormal distribution of most of the outcomes of interest, which is
well documented in the literature, we selected nonparametric tests for
the unadjusted analyses. Differences in the distributions of outcomes
at week 0 and at week 12 of the intervention were assessed using
Wilcoxon’s signed rank test. Differences in the change from week 0 to

Physical activity compliance
No participant reported the initiation of an exercise regimen or
an increase in physical activity. Participants were sedentary at
week 0 and throughout the duration of the intervention, and no
participants engaged in vigorous daily activity.
A low n–6:n–3 PUFA ratio diet to treat NAFLD
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Plasma glucose concentrations were measured at bedside using the
YSI 2300 Stat Plus Glucose Analyzer (Yellow Springs Instruments).
Plasma insulin concentrations were measured using antibody RIA from
Millipore Sigma, lipid concentrations were measured with an AutoAnalyzer (model 747-200, Roche Diagnostics), and liver enzymes were
measured by using standard automated kinetic enzymatic assays. The
OGTT-derived WBISI was calculated to reflect insulin sensitivity in this
cohort of children with obesity (17, 18).

week 12 between the genotype groups were assessed using the Mann–
Whitney U test. Differences in prevalence were evaluated using a chisquare test or Fisher’s exact test, as appropriate. Mean trajectories of
log-transformed OXLAMs and PUFAs over time were modeled using
covariance pattern (CP) modeling, an approach for longitudinal or
repeated within-person observations, whereby a specific correlation
structure is applied to the residuals. Optimal correlation structures
were selected among the unstructured, AR1, compound symmetry,
and Toeplitz, using the likelihood ratio test (from restricted-maximum
likelihood) for nested models and the smallest Akaike Information
Criterion (AIC) for nonnested models. Using the time trends in the
observed means, we tested up to the second-degree polynomial trend
in the CP models for the mean trajectories of outcomes over time by
incorporating a linear and a quadratic effect for time. When testing
for the effect of genotype on the trajectories, we examined all relevant
linear contrasts of the effect of time (linear compared with linear plus
quadratic) and the binary genotype variable (GG/CG compared with
CC), and reported P values from the most parsimonious models, using
the Wald test. All subjects were included in the CP modeling because
this approach assumes that an outcome at a given time point is missing
at random. This is a reasonable assumption for our data, given that
there were only 2 missing observations for week 8 OXLAM and n–3
PUFA measurements and we can use all available data for an outcome
in the maximum-likelihood-based estimation of the parameters in a CP
model. Statistical significance was established at α of 0.05, and because
this was a small feasibility study, we also considered α of 0.10 indicative
of a potential statistical trend. Data were summarized using boxplots,
as well as line plots of the observed means and SEs of the outcomes of
interest. Analyses were implemented using SAS 9.4 (SAS Institute) and
figures were generated using GraphPad Prism software 8.2.0.

TABLE 1 Week 0 baseline and week 12 follow-up characteristics of 17 obese male and female
youths1
Week 12 (n = 17)

P value2

13.3 [10.5–16.4]
6/11 (35/65)
7/2/8 (41/12/47)

13.6 [10.8–16.7]
6/11 (35/65)
7/2/8 (41/12/47)

0.001
1.000
1.000

32.5 [26.8–39.1]
73.8 [54.2–98.9]
539 [352–713]
0.148 [0.107–0.194]

31.6 [26.2–39.0]
69.9 [52.5–101.0]
504 [348–641]
0.141 [0.101–0.204]

0.685
0.323
0.464
0.900

13/4/0 (76/24/0)
87.5 [80.5–93.4]
118 [102–142]
42.3 [24.0–52.0]
1.09 [0.695–1.74]

15/1/1 (88/6/6)
89.0 [83.9–91.0]
109 [101–126]
32.1 [15.6–48.1]
1.27 [0.820–2.56]

0.344
0.773
0.323
0.050
0.032

1
Values are median [IQR] or n (%). AA, African American; C, Caucasian; H, Hispanic; IGT, impaired glucose tolerance; NGT, normal
glucose tolerance; SAT, subcutaneous adipose tissue; T2D, type 2 diabetes; VAT, visceral adipose tissue; WBISI, whole body insulin
sensitivity index.
2
P values are from Wilcoxon’s signed rank test for continuous variables or chi-square test for categorical variables.
3
Measured from blood plasma.

Smoking and alcohol compliance
Questionnaires on smoking and alcohol usage collected at week
0 and week 12 indicated that participants were not smoking or
drinking alcohol at the start of the study, as well as throughout
the 12-wk intervention.
Changes in liver-related outcomes
In Figure 1A, we show individual changes in HFF% from before
(week 0) to after (week 12) 12 wk of dietary intervention.
Median HFF% decreased in the entire group by 25.8% (P =
0.009), from 14.7% (IQR: 9.10%–22.8%) at week 0 to 9.70%
(IQR: 2.80%–22.4%) at week 12. Among the 14 participants
who reduced HFF% by week 12 of the diet intervention, the
median HFF% at week 0 was 12.3% (IQR: 9.00%–18.2%)
and the median HFF% at week 12 was 7.15% (IQR: 1.78%–
12.1%). Of them, 6 subjects reverted to the normal range,
as defined by HFF% <5.5%, in whom the median HFF%
at week 0 was 8.90% (IQR: 8.43%–10.6%) and the median
HFF% at week 12 was 1.56% (IQR: 0.00%–3.95%). Three
subjects showed no change or an increase in HFF% after
the diet intervention, in whom the median HFF% at week 0
was 17.8% (IQR: 15.9%–30.9%) and the median HFF% at
week 12 was 24.4% (IQR: 20.3%–32.6%). At the end of the
12-wk intervention, a significant drop in median plasma ALT
concentrations (P = 0.001) was also observed in the overall
cohort (week 0: 33.0 IU/L; IQR: 10.0–54.0 IU/L; week 12: 19.0
IU/L; IQR: 5.00–33.0 IU/L) (Figure 1B).
Changes in glucose- and lipid metabolism–related
outcomes
After the intervention, there was a 21.9% reduction of median
plasma triglyceride concentrations (week 0: 130 mg/dL; IQR:
89.5–236 mg/dL; week 12: 104 mg/dL; IQR: 76.0–155 mg/dL;
P = 0.046) (Figure 1C) and a statistical trend toward a
reduction of plasma concentrations of LDL cholesterol (week
0: 80.0 mg/dL; IQR: 75.5–96.5 mg/dL; week 12: 83.0 mg/dL;
IQR: 68.4–90.0 mg/dL; P = 0.071) (Figure 1D). The OGTT
glycemic responses at week 0 and at week 12 of the intervention
were nearly superimposable (P = 0.207) (Figure 2A); however,
OGTT plasma insulin concentrations significantly decreased in
4
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the cohort at the end of the intervention (P = 0.045) (Figure 2B).
Supplemental Figure 5 shows the total AUCs for OGTT plasma
glucose and insulin concentrations at week 0 and week 12 for
each subject. Of the 4 subjects that presented with impaired
glucose tolerance (IGT) at the beginning of the study, 2 subjects
reverted to normal glucose tolerance, 1 subject remained with
IGT, and 1 subject progressed to type 2 diabetes by the end of
the dietary intervention (HFF% at week 0: 15.9%; HFF% at
week 12: 20.3%) (Figure 2C, D).
Changes in n–3 PUFAs and oxidized fatty acids
derived from LA (OXLAMs)
Whereas there were no overall changes in the plasma concentrations of LA and AA (P > 0.05) (Supplemental Figure 6), there
was a significant progressive decline in plasma concentrations
of 9-HODE, 13-HODE, and 9-oxoODE (P < 0.05) and a trend
toward a reduction in plasma concentrations of 13-oxoODE (P
= 0.053) over the 12-wk intervention (Supplemental Figure 3).
For n–3 PUFAs, the plasma concentration of DHA increased
significantly (P = 0.002) and there was a trend toward a rise
in plasma concentrations of EPA (P = 0.052) over the 12-wk
dietary intervention (Supplemental Figure 4).
Changes in liver-related outcomes by PNPLA3
rs738409 genotype
Of the 17 participants, 8 were homozygous for the PNPLA3
rs738409 risk allele (GG), 4 were heterozygous (CG), and
5 subjects were homozygous for the major allele (CC). The
CC/CG (3 male, 6 female) and GG (3 male, 5 female) groups
had similar age, BMI, and HFF% at week 0 (P > 0.05).
Notably, in contrast to the CC/CG group, subjects homozygous
for the G allele displayed a significant change in HFF% (P
= 0.016) (Figure 3A) and plasma triglycerides (P = 0.016)
(Figure 3B) and a trend toward a reduction in plasma ALT (P =
0.055) (Figure 3C) concentrations at the end of the intervention.
In Supplemental Figure 7, we show HFF% at week 0 and
week 12 stratified by each genotype (CC, CG, GG). Over the
12-wk intervention, OXLAMs decreased in both genotype
groups. A significant decline with respect to genotype was found
in the OXLAMs 9-HODE (P = 0.023), 9-oxoODE (P = 0.009),
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Age, years
Sex (M/F) [n(%)]
Race (C/AA/H) [n(%)]
Body composition
BMI, kg/m2
VAT, cm2
SAT, cm2
VAT/(VAT + SAT) ratio
Metabolic measurements
Glucose tolerance (NGT/IGT/T2D) [n(%)]
Fasting glucose,3 mg/dL
2-h glucose, 3 mg/dL
Fasting insulin,3 μU/mL
WBISI

Week 0 (n = 17)

and 13-oxoODE (P = 0.003) (Supplemental Figure 8). Plasma
concentrations of ALA, EPA, DPA, and DHA (n–3 PUFAs)
did not change in a clear pattern during the intervention and
were not significantly different among genotypes (P > 0.05)
(Supplemental Figure 9). In Supplemental Table 1A, we show
week 0 and week 12 characteristics and study outcomes by
genotype group and in Supplemental Table 1B, we show mean
percentage change from week 0 to week 12 for characteristics
and study outcomes by genotype group.

A

, IU/L

B

, mg/dL

C

, mg/dL

D

FIGURE 1 HFF% (A), plasma ALT (B), plasma triglycerides (C), and
plasma LDL cholesterol (D) in 17 obese adolescents before (week
0) and after (week 12) a 12-wk low n–6:n–3 PUFA ratio dietary
intervention. P values are from Wilcoxon’s signed rank test. ALT,
alanine aminotransferase; HFF%, hepatic fat fraction.

This study has shown, to our knowledge for the first time, that
a nonpharmacologic, food-based dietary intervention high in
n–3 and low in n–6 PUFA intake improves fatty liver disease
in obese adolescents, and restores liver fat content to normal
in one-third of participants, in the absence of weight loss. The
observed improvement in lipids, lipoprotein concentrations,
and insulin sensitivity at the end of the study demonstrates a
beneficial impact of a low n–6:n–3 PUFA ratio diet on both
diabetes and cardiovascular disease risk factors. Furthermore,
patients with the PNPLA3 rs738409 risk genotype tend to have
a more robust response to the dietary intervention, suggesting
that it may be especially effective in youth homozygous for
the PNPLA3 rs738409 risk allele. This study supports the
concept that nutritional interventions might be most effective
in ameliorating the metabolic phenotype of youth with NAFLD
(20), providing additional benefits to dyslipidemia and insulin
resistance not present in some drugs for treating NAFLD
(21, 22).
Prior work has revealed that adults and children with
NAFLD have higher plasma OXLAM concentrations (8, 23).
However, the pathophysiology linking a low n–6:n–3 PUFA
ratio diet to NAFLD is unknown in youth. The reduction in
OXLAMs observed could be the result of the lower substrate
supplementation (e.g., n–6 PUFA) that the patients consumed
and/or a consequence of a reduction of oxidative stressors. N–3
PUFAs, in fact, act as buffers on free radicals (24), thus high n–
3 PUFA concentrations can limit conversion of n–6 PUFAs into
downstream metabolites, mitigating the damage that oxidative
stress can cause to liver tissue (25).
In addition, prior work has suggested that improved
insulin sensitivity may further protect against intrahepatic fat
accumulation because improved sensitivity to insulin reduces
the flux of free fatty acids from adipose tissue into peripheral
circulation and then into the liver (26). Multiple measurements
of HFF% and insulin sensitivity could help to further dissect
the causative links between improved fatty liver and insulin
sensitivity, especially in response to a food-based intervention.
Additional clues to the pathophysiology of hepatic lipid
accumulation may be gleaned from the magnitude of the drop
in HFF% and in triglycerides in youth with the rs738409 (GG)
risk genotype. It has been shown that the interaction between
PNPLA3 rs738409 genotype and dietary intake of n–6:n–3
PUFA influences HFF% and ALT concentrations in obese youth
(6, 11).
Although early biochemical characterization of the PNPLA3
gene product, adiponutrin, did not show affinity for n–6 PUFAs
(27), recent animal data suggest that the physiologic role of
adiponutrin is to remodel triglycerides and phospholipids in
lipid droplets. Adiponutrin inhibits the lipolytic enzyme adipose
triglyceride lipase (ATLG) on lipid droplets in the hepatocyte
A low n–6:n–3 PUFA ratio diet to treat NAFLD
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Discussion

FIGURE 2 The figure shows changes in glucose and insulin during
an OGTT in the entire cohort (A and B) and changes in 2-h glucose
and HFF% in the four subjects with IGT (C and D). (A) Plasma glucose
and (B) plasma insulin concentrations during an oral-glucose-tolerance
test before (week 0) and after (week 12) a 12-wk low n–6:n–3 PUFA
ratio dietary intervention. Data are observed mean ± SEM, n = 17.
Individual changes in (C) 2-h plasma glucose and (D) HFF% before
(week 0) and after (week 12) a 12-wk low n–6:n–3 PUFA ratio dietary
intervention for the 4 subjects that presented with IGT at week 0.
Of the 4 subjects with IGT at week 0, 3 subjects showed reduced
2-h glucose and HFF% values by week 12 of the diet intervention.
The open circle indicates the only subject that progressed to T2D and
increased HFF% by week 12 of the intervention. Total AUCs for week
0 and week 12 for (A) plasma glucose and (B) plasma insulin compared
with Wilcoxon’s signed rank test. HFF%, hepatic fat fraction; IGT,
impaired glucose tolerance; T2D, type 2 diabetes.

(28), accommodating the size of lipid droplets in response to
feeding (29). Together, these findings support the hypothesis
that the mutated protein may indirectly favor accumulation of
n–6 PUFA derivatives by affecting lipid droplet remodeling in
the hepatocyte. This could explain the interaction observed in
6
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clinical studies between the PNPLA3 rs738409 variant and n–6
PUFAs.
However, we acknowledge that this study has some
limitations; in fact, the small sample size and the lack of a
control intervention represent important drawbacks. Owing
to the small sample size, stratification according to genotype
could lead to over-interpretation of data. Moreover, because
many metabolic parameters were evaluated, there is a risk of
making a statistical type I error. Although we did not formally
measure physical activity levels, our participants were quite
sedentary preintervention and we asked that they keep their
activity level consistent to control for possible effects of exercise
initiation. If participants engaged in such activity, this could
have confounded the effect of reductions seen in HFF%, because
exercise can increase fatty acid oxidation and decrease fatty acid
synthesis in the liver, even in the absence of weight loss (30).
It remains to be determined whether this nutritional
modification is generalizable to a larger population, and
whether a paradigm shift away from the Western diet is possible.
We envision success in a real-world setting through use of
standardized material taught by dietitians in person or via
webinar. Improving the feasibility of this nutritional intervention in youth will be possible in some home environments.
However, other families may require support to purchase and/or
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FIGURE 3 Box plot distribution by patatin-like containing domain
phospholipase 3 (PNPLA3) rs738409 variant genotype for HFF% (A),
plasma triglycerides (B), and plasma ALT (C) before (week 0) and after
(week 12) a 12-wk low n–6:n–3 PUFA ratio dietary intervention. Data
are median and IQR, n = 17 (CC/CG: n = 9; GG: n = 8). ALT, alanine
aminotransferase; HFF%, hepatic fat fraction.
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prepare optimal types of foods as well as limit the overwhelming
exposure to prepackaged foods in home and school settings.
Another important limitation is the fact that the lipids
were measured in the plasma, not in the RBC membrane.
In fact, because erythrocytes live for ∼3 mo, a change in
erythrocyte lipids might be a more stable indicator of dietary
fat composition.
Despite these limitations, the study has several strengths. We
meticulously controlled for weight to avoid the confounding
factor of weight loss as a mechanism to reduce intrahepatic
fat and, indeed, the mean BMI of the cohort did not change
significantly from week 0 to week 12 of the intervention. Also,
we thoroughly phenotyped the participants using an OGTT to
evaluate glucose metabolism, MRI to assess fat distribution, and
LC–tandem MS to measure n–6 and n–3 PUFAs for assessing
diet compliance. Moreover, the knowledge gained in this study
has key implications as we move forward to improve the health
of young patients with fatty liver disease at high risk of future
complications.
This study has, to our knowledge for the first time, shown
improvement in hepatic steatosis and glucose metabolism by
a food-based low n–6 and high n–3 PUFA intake dietary
intervention. Although this intervention shows feasibility in a
small group of obese youth, larger studies are needed, and it
would be important to conduct a controlled clinical trial to
assess short- and long-term efficacy of a 4:1 n–6 to n–3 PUFA
ratio diet on fatty liver disease and its related phenotypes.
Moreover, although the mechanism linking OXLAMs, hepatic
fat, and insulin resistance remains elusive, our data illustrate the
importance of continued investigation on this pathway.
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