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Abstract: Non-alcoholic fatty liver disease impacts 15.2% of Hispanic adolescents and can progress
to a build-up of scared tissue called liver fibrosis. If diagnosed early, liver fibrosis may be reversible,
so it is necessary to understand risk factors. The aims of this study in 59 Hispanic adolescents with
obesity were to: (1) identify potential biological predictors of liver fibrosis and dietary components
that influence liver fibrosis, and (2) determine if the association between dietary components and liver
fibrosis differs by PNPLA3 genotype, which is highly prevalent in Hispanic adolescents and associated
with elevated liver fat. We examined liver fat and fibrosis, genotyped for PNPLA3 gene, and assessed
diet via 24-h diet recalls. The prevalence of increased fibrosis was 20.9% greater in males, whereas
participants with the GG genotype showed 23.7% greater prevalence. Arachidonic acid was associated
with liver fibrosis after accounting for sex, genotype, and liver fat (β = 0.072, p = 0.033). Intakes of
several dietary types of unsaturated fat have different associations with liver fibrosis by PNPLA3
genotype after accounting for sex, caloric intake, and liver fat. These included monounsaturated fat
(βCC/CG = −0.0007, βGG = 0.03, p-value = 0.004), polyunsaturated fat (βCC/CG = −0.01, βGG = 0.02,
p-value = 0.01), and omega-6 (βCC/CG = −0.0102, βGG = 0.028, p-value = 0.01). Results from this
study suggest that reduction of arachidonic acid and polyunsaturated fatty acid intake might be
important for the prevention of non-alcoholic fatty liver disease progression, especially among those
with PNPLA3 risk alleles.

Keywords: non-alcoholic fatty liver disease; liver stiffness; fibrosis; PNPLA3; genotype; arachidonic
acid; unsaturated fat

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease
in youths and is steadily increasing in line with childhood obesity [1]. Currently, the
prevalence of NAFLD is 7.6% in the general pediatric population but increases to 34.2% in
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children and adolescents with obesity [2]. Data from NHANES has shown that NAFLD im-
pacts 15.2% of Hispanic adolescents (compared to 10.1% of non-Hispanic Whites and 9.7%
of non-Hispanic Blacks) [3]. NAFLD is a spectrum of disorders which begins with hepatic
fat accumulation in the liver without excessive alcohol consumption [2] (steatosis) and can
progress to non-alcoholic steatohepatitis (NASH), fibrosis, and eventually cirrhosis [4,5].
Although not all people with simple steatosis progress to the advanced disease, 30–40% of
people with NAFLD develop NASH, with almost half of those patients progressing to liver
fibrosis. Liver fibrosis is characterized by the accumulation of extracellular matrix proteins
due to repeated injuries to the liver tissue and is the strongest predictor for disease-specific
mortality for NAFLD [6].

NAFLD have been extensively studied in the last few decades. Studies have revealed
that obesity, particularly abdominal obesity, as well as lifestyle habits, such as high carbohy-
drate and added sugar intake, and low levels of physical activity, contribute to NAFLD [7].
Conversely, the consumption of non-starchy vegetables has been shown to be protective
against liver fat deposition in Latino youth [8]. Additionally, sex, age, and genetics may
also be related to the likelihood of developing NAFLD, with older males having around
16% higher prevalence [9]. Specifically, individuals with a C to G polymorphism in their
patatin-like phospholipase 3 (PNPLA3) gene are more susceptible to increased liver fat [10].
This PNPLA3 polymorphism is prevalent in 50% of the Hispanic population, revealing an
ethnic predisposition for hepatic steatosis [11,12].

The pathogenesis of liver fibrosis involves an inflammatory response, and dietary
components have been shown to help modulate the inflammatory processes [9]. The
Western diet, which is rich in omega-6 and low in omega-3 fatty acids, has been associ-
ated with a proinflammatory state [13,14]. High cholesterol intake might also promote
liver fibrosis [15]. Liver fibrosis, while difficult to treat, may be reversible if diagnosed
early [16,17]; therefore, it is of high interest to identify possibly modifiable risk factors
contributing to its development. Despite this, little is known about predictors of liver
fibrosis and biological or lifestyle factors that might trigger the progression of the disease
from steatosis to fibrosis. Our previous research has determined differential associations
between carbohydrate intake and liver fat by PNPLA3 genotype [18]. Therefore, with a
specific focus on Hispanic adolescents with obesity, this current cross-sectional study aims
to: (1) identify potential biological predictors of liver fibrosis (i.e., liver fat, sex, PNPLA3
polymorphisms, and diet); and (2) determine if associations between dietary components
and liver fibrosis differs by PNPLA3 genotype.

2. Materials and Methods
2.1. Study Design and Participants

Fifty-nine adolescents aged 11–18 years were included for the current cross-sectional
analysis. Participants were recruited for two different studies at the University of Southern
California which required identical baseline measurements including the collection of
24-h dietary recalls and clinical assessments. Data collected included baseline measures
from 42 Hispanic adolescents (12–18 years of age) with obesity who were recruited from
the ongoing HEROES (Healthy Eating through Reduction Of Excess Sugar), a 12-week
intervention aimed to improve liver health through the reduction of sugar (clinical trial
registered at www.clinicaltrials.gov: NCT02948647). Baseline measures of 17 Hispanic
adolescents (12–19 years of age) with obesity were from a 16-week parallel, double-blind,
and placebo-controlled trial examining the efficacy of probiotic supplementation in alter-
ing gut microbiota and gut hormones (clinical trial registered at www.clinicaltrials.gov:
NCT03115385) [19] were included. The inclusion criteria for the current analysis including:
(1) presence of obesity defined by a BMI percentile ≥95th for age and sex and (2) self-
identified Hispanic ethnicity based on if the study subject, both parents, and all four
grandparents have their origins in Cuba, the Dominican Republic, Mexico, Puerto Rico,
South or Central America. Participants were excluded if they had diabetes or other di-
agnosed metabolic diseases, were participating in a weight-loss exercise program, were
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taking any prescription medication, were smokers, or were pregnant. Written parental
consent and child assent for inclusion in these studies were obtained prior to any testing
procedure for participants under 18 years of age. Studies were approved by the University
of Southern California Institutional Review Board and were conducted in accordance with
the Declaration of Helsinki.

2.2. Anthropometry, Adiposity, and Liver Fat and Fibrosis

Height, weight, and waist circumference were measured following standard protocols.
Body fat and lean mass were measured by Dual-energy X-ray absorptiometry (DEXA)
using a HOLOGIC QDR 5400 densitometer (Hologic, Inc., Bedford, MA, USA). Abdominal
fat distribution (visceral fat versus subcutaneous) and liver fat was assessed by MRI using
3-Tesla MRI scan (Excite HD; GE Healthcare, Waukesha, WI, USA) [19]. The previously val-
idated IDEAL method was used during the MRI scans, which consisted of separating water
and fat components divided by the sum of the fat and water components using chemical-
shift MRI [19]. Liver fibrosis was measured by Magnetic Resonance Elastography (MRE),
a non-invasive technology for measuring tissue stiffness that can determine the presence
and stage of liver fibrosis by analyzing the propagation of shear waves transmitted into the
abdomen [20]. This magnetic resonance imaging technique has been validated against liver
fibrosis determined by liver biopsy. We used the pediatric population threshold previously
proposed by Schwimmer et al., which considers adolescents with MRE values of <2.74 kPa
to have no fibrosis; while MRE values of ≥2.74 kPa have stage 1 or greater fibrosis [20].

2.3. Genotype

Blood samples were collected from participants and genomic DNA was isolated for
genotype analysis. Genotyping for SNP rs738409 in PNPLA3 was performed using the
Applied Biosystems, Inc., Foster City, CA, USA, (ABI) TaqMan system.

2.4. Dietary Intake

A trained registered dietitian conducted two 24-h dietary recalls at each time point
using the Nutrition Data System for Research (NDSR) software (version 2018) with the
multiple pass technique. The first recall was performed in person at our laboratory with the
use of food models, portion booklets, or serving containers to assist in estimating serving
sizes. The remaining recalls were conducted by telephone. To minimize the potential for
undereating or underreporting in the time frame for subsequent recalls, participants were
not aware of the telephone recall schedule.

2.5. Statistical Analysis

To test for normality, we used Shapiro–Wilk’s test and variables whose distributions
were significantly different from the normal distribution were log-transformed. Indepen-
dent T-tests (continuous variables) and chi-square tests (categorical variables) were carried
out to examine differences according to PNPLA3 genotype. Genotype data was tested for
deviations from Hardy–Weinberg equilibrium to ensure that the allele frequencies are as
expected relative to the population.

We first examined the univariate associations between liver stiffness and biologi-
cal characteristics using linear regression analysis for continuous variables and one-way
ANOVA models for categorical models. Using multivariable linear models, we subse-
quently adjusted for PNPLA3 genotype which is known to influence liver health [21] and
also adjusted for the residuals of a simple model regressing liver fibrosis over liver fat.
Next, we determined the associations between individual dietary components and liver
stiffness using linear regression models with sex, caloric intake, and residuals of a simple
model regressing liver fibrosis over liver fat included as covariates. As a second aim,
we examined differential associations between dietary components and liver fibrosis by
PNPLA3 genotype. If we determined a significant association between a particular dietary
component and liver stiffness, the association was further examined by determining the
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main food sources of the dietary component and examining whether this main food source
was associated with liver stiffness. All of the analyses were carried out using SPSS statistical
software version 20.0 (SPSS Inc.) and the R statistical programming language version 3.6.1.

3. Results
3.1. Description of Cohort

Descriptive biological characteristics of the 59 Hispanic adolescent participants (av-
erage age 14.2 ± 2 years, 50.8% females) are shown according to genotype (CC, CG, or
GG) in Table 1. Participant genotyping determined that 30% of females and 44.8% of males
possessed the GG genotype in the PNPLA3 gene. Genotype frequencies were consistent
with Hardy–Weinberg equilibrium (chi-squared test p = 0.20) with p = 0.58 minor allele
frequency (G allele). Among the participants, 64.4% (n = 38/59) had NAFLD (as deter-
mined by a liver fat percentage ≥5.5%) and 16.9% (n = 10/59) of participants had liver
fibrosis (as determined by an MRE value ≥ 2.74 kPa). Of the 10 participants with liver
fibrosis, 8 were male and 2 were female (chi-square p = 0.03); additionally, 1 participant
had the CC genotype, 2 had the CG genotype, and 7 had the GG genotype in the PNPLA3
gene (chi-square p = 0.06). Of the biological characteristics examined, liver fat (p < 0.001)
and stiffness (p < 0.05) were significantly higher in participants with the GG genotype
compared to those with the CG or CC genotype. We found that liver fat in participants
with the GG genotype was 2.03 and 2.63 times higher than in those participants with
GC and CC, respectively. Liver fibrosis was 2.0 times higher in participants with the GG
genotype compared to GC genotype and 7.0 times higher compared to CC genotype. Body
composition measurement, macronutrients intake, and dietary fatty acid profile were all
similar among genotype groups. None of the 59 participants in this study consumed
supplements so nutrients examined are sourced from food.

Table 1. Biological characteristics and dietary intake of participants in the study according to PNPLA3 genotype.

N CC (n = 13) N CG (n = 24) GG (n = 22) p-Value

Biological Characteristics

Age (years) 13 14.2 (2) 24 14.4 (2) 14.1 (2) 0.85
Females (N (%)) 13 8 (61.5) 24 13 (54.2) 9 (40.9) 0.46

BMI (kg/m2) 13 35.7 (8.8) 24 33.7 (5) 32.8 (5.6) 0.19
Waist circumference (cm) 13 107 (16) 24 104 (12) 103 (11) 0.43

Body fat (%) 13 42.6 (5.7) 24 42.8 (4.8) 41.7 (5.4) 0.59
Trunk fat (%) 13 43 (6.1) 24 43.8 (5.3) 42.6 (5.4) 0.84

Subcutaneous adipose tissue (L) 13 7.7 (2.5) 24 8.5 (3.7) 7 (2.2) 0.53
Visceral adipose tissue (L) 13 1.8 (0.7) 24 1.8 (0.7) 2.2 (1) 0.29

Liver fat content (%) 13 6.8 (5.2) 24 8.8 (5.8) 17.9 (11.3) <0.001
Liver stiffness (kPa) 13 2.3 (0.2) 24 2.4 (0.3) 2.7 (0.5) 0.01
Liver fibrosis (N, %) 13 1 (7.7) 24 2 (8.3) 7 (31.8) 0.06

Dietary Intake

Energy intake (kcal/day) 13 1856 (779) 24 1479 (384) 1639 (607) 0.28
Fat (g/day) 13 68 (30) 24 55 (17) 57 (28) 0.20

Protein (g/day) 13 69 (28) 24 63 (20) 72 (28) 0.72
Carbohydrates (g/day) 13 248 (113) 24 186 (69) 214 (82) 0.25

Total sugars (g/day) 13 86 (38) 24 80 (39) 94 (49) 0.57
Added sugars (g/day) 13 54 (39) 24 44 (28) 45 (39) 0.49

Sucrose(g/day) 13 30 (17) 24 36 (27) 35 (26) 0.57
Fiber (g/day) 13 18 (8) 24 12 (5) 16 (5) 0.22
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Table 1. Cont.

N CC (n = 13) N CG (n = 24) GG (n = 22) p-Value

Dietary fatty acids profile

Saturated fatty acids (g/day) 13 22 (9) 19 (7) 18 (9) 0.20
MUFA (g/day) 13 23 (10) 19 (7) 19 (9) 0.12
PUFA (g/day) 13 18 (12) 13 (5) 13 (8) 0.13

Omega-3 fatty acids (g/day) 13 1.8 (1.4) 1.2 (0.4) 1.4 (0.9) 0.25
EPA (g/day) 13 0.01 (0.03) 0.02 (0.04) 0.01 (0.01) 0.84
DHA (g/day) 13 0.02 (0.03) 0.05 (0.08) 0.03 (0.04) 0.55

Omega-6 fatty acids (g/day) 13 15.9 (10.5) 11.7 (4.8) 11.9 (7.1) 0.12
Arachidonic acid (g/day) 13 0.1 (0.07) 0.1 (0.07) 0.15 (0.1) 0.08

Linoleic acid (g/day) 13 15.8 (10.4) 11.5 (4.8) 11.7 (7.0) 0.11
Saturated fatty acids (g/day) 13 22 (9) 24 19 (7) 18 (9) 0.20

CC, PNPLA3 genotype CC; CG, PNPLA3 genotype CG; GG, PNPLA3 genotype GG; MUFA, monounsaturated fatty acids; PUFA, polyunsat-
urated fatty acids; EPA, Eicosapentaenoic fatty acid; DHA, Docosahexaenoic fatty acid. p-values in bold represent significant difference
across genotypes.

3.2. Associations between Biological Characteristics and Liver Fibrosis

As shown in Table 2, genotype (mean CC/GC = 2.3 kPa, mean GG = 2.7 kPa,
p-value = 0.003), sex (mean males = 2.6 kPa, mean females = 2.3 kPa, p-value = 0.002),
and liver fat (β = 0.33, p-value = 0.01) were all associated with liver fibrosis. Both males and
participants with GG genotype represent approximately 14% higher values of liver fibrosis.
In addition, sex and genotype were significantly associated with liver fibrosis independent
of liver fat and age but not when accounting for the influence of the interaction between
sex and genotype on liver fibrosis (Supplemental Table S1).

Table 2. Associations of biological characteristics with liver fibrosis in Hispanic adolescents with
obesity. Linear models adjusted for genotype and sex.

β p-Value

Age (year) −0.03 0.18
Sex * - 0.008

PNPLA Genotype (GG vs. CG/CC) * - 0.004
BMI (kg/m2) −0.0003 0.97

Waist circumference (cm) 0.003 0.44
Body fat percent (%) −0.004 0.64
Trunk fat percent (%) −0.004 0.69

Subcutaneous adipose tissue (L) −0.009 0.59
Visceral adipose tissue (L) 0.04 0.47

Liver fat (%) 0.01 0.05
* The association between categorical variables (sex and genotype) and liver fibrosis were performed with
univariate linear models.

3.3. Associations between Dietary Intake and Liver Fibrosis

We next aimed to determine the influence of dietary intake on liver fibrosis, adjusting
for sex, genotype, and liver fat. We found that arachidonic acid was positively associated
with liver fibrosis (β = 1.14, p = 0.03) (Figure 1, Supplemental Table S2) such that the
intake of every 1 g of arachidonic acid was associated with 37.7% higher liver fibrosis.
Although the difference was not statistically significant, adolescents with liver fibrosis
consumed 58% more arachidonic acid in their diet compared to their peers with no fibrosis
(0.19 vs. 0.12 g of arachidonic acid intake for participants with and without liver fibrosis,
respectively; p = 0.15). We found that the main dietary sources of this omega-6 fatty acid
among our study sample was meat. This was confirmed with the positive association
between arachidonic acid intake and meat consumption (Supplemental Figure S1).
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Figure 1. Association between arachidonic acid intake and liver fibrosis taking into account gender
and genotype. A linear model was used to determine the association between arachidonic acid intake
(g/day) and liver fibrosis. These models adjusted for sex, genotype, and residuals of a simple linear
model regressing liver fat against liver fibrosis.

3.4. Differential Associations between Dietary Intake and Liver Fibrosis by Genotype

Finally, we examined differential associations between macronutrient intake and
liver fibrosis by genotype independent of liver fat and sex. We found that participants
with the GG genotype of the PNPLA3 gene exhibited a positive association with to-
tal fat intake (βCC/CG = 0.0002, βGG = 0.00678, p-valueinteraction = 0.02), monounsatu-
rated fats (βCC/CG = 0.002, βGG = 0.02, p-valueinteraction = 0.01), polyunsaturated fats
(βCC/CG = −0.004, βGG = 0.02, p-valueinteraction = 0.01), oleic acid intake (βCC/CG = 0.001,
βGG = 0.02, p-valueinteraction = 0.01) and linoleic acid intake (βCC/CG = −0.004, βGG = 0.02,
p-valueinteraction = 0.013) (Figure 2, Supplemental Table S2). The differential association of
fats and liver fibrosis by genotype appeared to be driven by linoleic acid and oleic acids,
which we found the main source to be from plant-based oils, sauces, and condiments as
shown in Supplemental Figure S2.
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Figure 2. Dietary components with differential associations with liver fibrosis by PNPLA3 genotype.
Association between intakes of (a) unsaturated fat, (b) monounsaturated fat, (c) polyunsaturated fat,
(d) oleic acid, and (e) linoleic acid and liver fibrosis differed by PNPLA3 genotype. In participants
with two copies of the PNPLA3 gene 1148M variant allele (GG genotype), the association between
liver fibrosis and unsaturated fat intake trends in a positive direction.

4. Discussion

The current study examined the biological and dietary predictors of liver fibrosis in
Hispanic youth with obesity and highlights several important findings. First, both sex and
PNPLA3 genotype were shown to contribute to greater liver stiffness independent of liver
fat. Males and participants with the GG variant of the PNPLA3 gene had higher values of
liver fibrosis. Second, the dietary intake of arachidonic acid was significantly associated
with liver fibrosis, suggesting that arachidonic acid is a dietary predictor of liver fibrosis.
Lastly, we found that certain dietary fats had a direct association with liver fibrosis in the
participants with the GG genotype but not the CC/GC genotypes, and this association was
independent of sex, caloric intake, and liver fat.

More than a third of the study participants had the GG variant of the PNPLA3 gene,
which is similar to previously reported studies in the Hispanic pediatric population [18,22].
It is known that the prevalence of this genetic variation is higher in the Hispanic population
compared to other ethnic/racial populations [10]. In accordance with the scientific litera-
ture [10,18,22–24], liver fat in participants with the GG genotype was 2.03 and 2.63 times
higher than in those participants with GC and CC, respectively, which in turn is related
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to the increased prevalence of NAFLD in the Hispanic population. Interestingly, liver
stiffness and the prevalence of liver fibrosis were also significantly higher in participants
with the GG PNPLA3 allele. Similarly, Valenti et al. [25] reported that homozygosity for
PNPLA3 influenced liver fibrosis in adults with NAFLD, indicating that this genotype is
not only associated with the risk of developing NAFLD, but also with its progression to
necroinflammation and fibrosis. As such, these findings support the evidence that there
might be a genetic susceptibility for NAFLD development and progression to fibrosis
which is more readily observed in the Hispanic population with the PNPLA3 genotype,
and that this process begins early in life [12].

Liver fat, sex, and PNPLA3 genotype were all shown to be biological predictors of liver
fibrosis. In addition, both sex and genotype were predictors of liver fibrosis independent
of liver fat. Specifically, male sex was associated with a higher likelihood of developing
liver fibrosis compared to females who presented with lower values and prevalence of
liver stiffness and fibrosis, respectively. This is in line with other studies not only showing
a higher prevalence of hepatic steatosis in males [26], but also that men display a higher
risk of advanced fibrosis compared to premenopausal women [27]. This finding may be
due to the protective-effects of estrogen in females during the child-bearing years, similar
to what has been shown to occur with cardiovascular disease [27]. Furthermore, and as
expected, participants with liver fibrosis presented with hepatic steatosis since all of them
had increased liver fat deposition above 5.5% [28].

In addition to the identified biological predictors, we found that liver fibrosis may
also be influenced by diet. One of these was arachidonic acid, a 20-carbon omega-6 polyun-
saturated fatty acid (20:4) involved in inflammatory pathways and present in animal-origin
foods. While arachidonic acid has been shown to contribute adversely to cardiovascular
health due to inflammation, the exact mechanism is not completely understood [29,30].
Arachidonic acid not only is involved in several physiological mechanisms, but it is also
the precursor for lipid mediators known as eicosanoids. Although this fatty acid can
have anti-inflammatory and pro-resolving effects, arachidonic acid is predominantly pro-
inflammatory [31]. Several aggregatory mediators of arachidonic acid, Prostaglandin E2
(PGE2), thromboxane A2 (TXA2), and B4 leukotriene (LTB4), are also known to be inflamma-
tory since they are involved in processes such as vascular permeability and vasodilatation
as well as platelets activation and aggregation [13]. A diet rich in omega-6 fatty acids
may cause an accumulation of arachidonic acid in the cell membrane [32] due to its ability
to alter the activity of delta 5- and 6-desaturase, resulting in increased arachidonic acid
production and its derived eicosanoids while lowering that of eicosapentaenoic fatty acid
(EPA) [33]. Moreover, decreased activity of delta 5- and 6-desaturase has been shown in
the liver of obese patients with NAFLD [34].

In line with this, there is evidence that a diet rich in arachidonic acid inhibits the
anti-inflammatory effects of the omega-3 fatty acids, EPA, and docosahexaenoic fatty acid
(DHA) [31,35]. A lower EPA/arachidonic acid ratio (<0.21) has also been associated with
fibrosis tissue [36]. Some studies suggest that an increased ratio of omega-3 to omega-6
fatty acids, and its effects of increasing arachidonic acid-derived eicosanoids should be
taken into consideration in the pathogenesis of NAFLD [37,38]. In agreement with this
hypothesis, we observed a trend to a lower EPA/arachidonic acid ratio in our study partic-
ipants who had fibrosis. Since arachidonic acid and EPA are competitors for incorporation
into the membrane phospholipids, EPA supplementation has been suggested as prevention
of NAFLD progression. Although some studies suggest that omega-3 supplementation
may help decrease liver fat [39,40], the evidence is not strong enough to recommend it as a
treatment [41]. Nonetheless, Scorletti et al. reported improvements in liver fat with DHA
and EPA treatment with no beneficial effects in fibrosis score [42]. Additionally, we exam-
ined our participants’ diet to determine that their main dietary source of arachidonic acid
came from meat. This was confirmed by a positive association between meat consumption
and arachidonic acid intake. Furthermore, we observed that chicken and poultry were the
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main meat contributors of arachidonic acid in their diets, possibly due to their habitual
consumption of chicken nuggets.

Lastly, we found that overall fat intake had a differential association with liver stiff-
ness by PNPLA3 genotype. The PNPLA3 gene encodes a protein that is structurally
similar to the enzyme that is involved in triglyceride hydrolysis, adipose triglyceride lipase
(ATGL/PNPLA2) [43]. The I148M substitution leading to the PNPLA3 polymorphism may
prevent catalytic activity by impacting the hydrophobic substrate binding site resulting in
increased triglyceride content in the liver [44]. Thus, those with the PNPLA3 variant can be
prone to increased sensitivity to hepatic stress due to excess calories from diet [45]. As our
previous research has determined differential associations between carbohydrate intake
and liver fat by PNPLA3 genotype [18], we were particularly interested in how the PNPLA3
genotype impacts the association between diet and liver fibrosis in this current cohort.

The current study found that intake of unsaturated fat from food was differentially
associated with liver stiffness by PNPLA3 genotype, independently of liver fat, and that this
finding was likely driven by the fatty acids, linoleic acid and oleic acid. It has been shown
that the presence of linoleic acid and oleic acid is associated with increased expression of
PNPLA3 [46] and overexpression of PNPLA3 in those with I148M variant has been shown
to lead to steatosis [44,47]. Linoleic acid is an 18-carbon omega-6 polyunsaturated fatty
acid (18:2) that is one of the two essential fatty acids. In mice, linoleic acid was essential in
the development of alcoholic liver damage [48] and while the fibrosis in our cohort is not
related to alcohol it could be reasoned that the overconsumption of linoleic acid impacts
liver fibrosis. Work by Jeyapal et al. has provided evidence that replacing dietary linoleic
acid with alpha-linoleic acid can inhibit diet-induced NASH in rats fed a high-fat, high-
fructose diet [49]. Oleic acid is an 18-carbon monounsaturated omega 9 fatty acid (18:1n-9)
and it is widely known to induce hepatic steatosis in the human hepatocyte-derived cell
line HepG2 [50,51]. Cansanção et al. found that in a group of older adults, the percentage
of oleic acid in red blood cells was higher in adults with advanced liver fibrosis although
overall percent of monounsaturated fatty acids (MUFA) in red blood cells was not highly
correlated with dietary intake of MUFA [52]. While these studies have shown associations
between oleic acid and steatosis, how intake of dietary oleic acid can lead to liver fibrosis
independently of liver fat remains unknown.

The current study is strengthened by the use of MRE to measure liver fibrosis, par-
ticipants that possess similar characteristics according to ethnicity and obesity status, as
well as dietary intake collection and analysis. However, given that the design of the study
was cross-sectional and represents only one time point, we must stress that the findings in
the current study are merely associations. In order to determine causality, a randomized-
controlled trial is necessary. Nevertheless, the current research provides a sound basis for
future work to determine the causal factors of liver fibrosis in this cohort.

5. Conclusions

In conclusion, the findings of the current study suggest that sex, PNPLA3 genotype
and liver fat might be biological predictors of liver fibrosis while arachidonic acid intake,
predominantly obtained from meat consumption, appears to be a dietary predictor of liver
fibrosis in Hispanic youth with obesity. Furthermore, we found that unsaturated fat was
associated with liver stiffness differentially by PNPLA3 genotype. Hence, the consumption
of specific unsaturated fatty acid intake proportion may be of interest to prevent NAFLD
progression; however, further research is needed to design specific guidelines.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13051621/s1, Figure S1. Association between dietary arachidonic acid intake and meat
consumption of participants in the study, Figure S2. Association between dietary linoleic acid and
oleic acid intakes and total plant fats, condiments and sauces consumption of participants in the
study, Table S1. Liver fibrosis as a function of sex and PNPLA3 genotype, Table S2. Influence of
dietary components on liver fibrosis in Hispanic adolescents with obesity and differential associations
by PNPLA3 genotype.
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