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Abstract

Background: Toxicant-associated steatohepatitis has been described in adults but less is known
regarding the role of toxicants in liver disease of children. Perfluoroalkyl substances (PFAS) cause
hepatic steatosis in rodents, but few previous studies have examined PFAS effects on severity of
liver injury in children.

Objectives: We aimed to examine the relationship of PFAS to histologic severity of nonalcoholic
fatty liver disease (NAFLD) in children.

Methods: Seventy-four children with physician-diagnosed NAFLD were recruited from
Children’s Healthcare of Atlanta between 2007 and 2015. Biopsy-based liver histological features
were scored for steatosis, lobular and portal inflammation, ballooning, and fibrosis. Plasma
concentrations of perfluorooctanoic acid (PFOA), perfluorooctane sulfonate (PFOS) and
perfluorohexane sulfonic acid (PFHxS), and untargeted plasma metabolomic profiling, were
determined using liquid chromatography with high-resolution mass spectrometry. A metabolome-
wide association study coupled with pathway enrichment analysis was performed to evaluate
metabolic dysregulation associated with PFAS. A structural integrated analysis was applied to
identify latent clusters of children with more severe form of NAFLD based on their PFAS levels
and metabolite pattern.
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Results: Patients were 7-19 years old, mostly boys (71%), Hispanic (51%), and obese (85%).
The odds of having nonalcoholic steatohepatitis (NASH), compared to children with steatosis
alone, was significantly increased with each interquartile range (IQR) increase of PFOS (OR: 3.32,
95% CI: 1.40-7.87) and PFHxXS (OR: 4.18, 95% ClI: 1.64-10.7). Each IQR increase of PFHXS was
associated with increased odds for liver fibrosis (OR: 4.44, 95% CI: 1.34-14.8), lobular
inflammation (OR: 2.87, 95% ClI: 1.12-7.31), and higher NAFLD activity score ( coefficient
0.46; 95% CI: 0.03, 0.89). A novel integrative analysis identified a cluster of children with NASH,
characterized by increased PFAS levels and altered metabolite patterns including higher plasma
levels of phosphoethanolamine, tyrosine, phenylalanine, aspartate and creatine, and decreased
plasma levels of betaine.

Conclusions: Higher PFAS exposure was associated with more severe disease in children with
NAFLD. PFAS may be an important toxicant contributing to NAFLD progression; however larger,
longitudinal studies are warranted to confirm these findings.

Introduction

Nonalcoholic fatty liver disease (NAFLD) encompasses a wide range of disorders from
uncomplicated steatosis to nonalcoholic steatohepatitis (NASH), a condition characterized
by liver inflammation, ballooning degeneration, and/or fibrosis, which can ultimately
progress to cirrhosis and hepatocellular carcinoma.(Cohen et al. 2011) NAFLD has become
a burgeoning health problem worldwide; in the U.S. alone it is estimated to affect 75-100
million individuals.(Rinella 2015) Among children, the prevalence of NAFLD has almost
tripled over the past two decades, currently affecting approximately 12% of the general
pediatric population and over 30% of obese children.(Anderson et al. 2015; Welsh et al.
2013) One third of children diagnosed with NAFLD have NASH at the time of diagnosis and
almost 75% have fibrosis;(Patton et al. 2008) the pathophysiologic drivers of this variation in
severity is unknown. Obesogenic diet and sedentary lifestyle have major roles in NAFLD
pathogenesis but do not completely explain the variation in severity of disease seen
clinically. Experimental evidence indicates that exposure to some environmental pollutants
disrupts lipid homeostasis in the liver and causes hepatic steatosis(Foulds et al. 2017;
Heindel et al. 2017) and “toxicant-associated steatohepatitis. (TASH) (Al-Eryani et al. 2015)
Thus, environmental pollutants may contribute to a toxicant associated increase in severity
in children with NAFLD; however few studies have examined this.

Perfluoroalkyl substances (PFAS) are a group of synthetic chemicals widely used in
industrial applications and consumer products such as protective coatings for cookware,
food packaging and furniture.(Lindstrom et al. 2011) The strong carbon-fluorine bond of
PFAS make them extremely resistant to degradation. They bioaccumulate in food chains and
drinking water and they can have long half-lives in humans.(Fromme et al. 2009) Animal
studies show that PFAS exposure to rodents causes liver enlargement, hepatocellular
hypertrophy, elevated liver enzymes, and hepatic steatosis.(Das et al. 2017; Martin et al.
2007; Son et al. 2008; Wan et al. 2012; Wang, L. et al. 2013; Wu et al. 2017; Wu et al. 2018)
Recent cross-sectional studies in adults showed that elevated serum concentrations of PFOA
were associated with increased levels of alanine aminotransferase (ALT), a surrogate marker
for NAFLD (Gleason et al. 2015; Lin et al. 2010), and cytokeratin 18, a marker for liver
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apoptosis (Bassler et al. 2019) Children are reported to have increased burden of PFAS
exposure relative to body size (Morck et al. 2015); however, there are few studies
investigating PFAS hepatotoxicity in children. The only study published to date found
negative associations of prenatal and childhood plasma PFAS concentrations with ALT
levels at age 8 years.(Mora et al. 2018)

The objective of this study was to examine the associations between plasma PFAS
concentrations and histopathologic severity of liver disease in children with NAFLD. We
also aimed to understand the underlying metabolic disturbances linking PFAS exposure to
NAFLD severity by performing a high-resolution metabolomics analysis. We hypothesized
that increased plasma PFAS concentrations would be associated with more advanced liver
disease in children with NAFLD and with alterations in key metabolic pathways implicated
in NAFLD pathophysiology.

Methods

2.1. Study Participants

This study utilized data and samples from the Emory University Pediatric Liver Biopsy Data
Repository, a cross-sectional cohort of patients enrolled from Children’s Healthcare of
Atlanta between 2007 and 2015, prior to undergoing a clinically-indicated liver biopsy for
suspected liver disease or for monitoring of liver disease. Liver disease documented in this
cohort included a full spectrum of liver disorders such as congenital disease (e.g., biliary
atresia), viral hepatitis, autoimmune liver disease, and NAFLD/NASH. General exclusion
criteria included fever in the past two weeks, renal disease and renal insufficiency (defined
by creatinine > 2mg/dl ), or pregnancy. From the data biorepository, a total of 79 children
(7-19 years) with physician-diagnosed NAFLD had both liver histopathologic assessment
and archived blood samples available for PFAS measurement. Among these 79 patients, we
excluded one participant who had type 2 diabetes (fasting plasma glucose greater than 200
mg/dl) and another participant who was missing data for BMI and portal inflammation
score. Additionally, three participants were excluded due to implausible values for PFAS
levels, resulting in a final sample size of 74 children and adolescents. There were no
differences in sociodemographic characteristics between participants and non-participants in
the current analysis (Supplementary Table 1). The study protocol was approved by the
Emory University and University of Southern California (USC) Institutional Review Boards,
and informed written consent (parental consent for participants <18 years) and assent (from
all children =11 years) were obtained for each participant before initiation of the study.

2.2. Clnical Assessment and Liver Histology

Height (m) and weight (kg) were measured by research coordinators, and BMI percentile
was determined using the Centers for Disease Control and Prevention (CDC) age- and sex-
specific growth charts.(Kuczmarski et al. 2002) Obesity was defined as BMI percentile
greater than the 95™ percentile; overweight was defined as BMI percentile greater than 85
but less than 95t percentile. Prior to liver biopsy, fasting blood samples of patients were
collected, placed immediately on ice, and processed within 1 hour. Plasma aliquots were
frozen and stored for future research measurements.
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Liver biopsies were performed using automated 16 guage liver biopsy needles and 2 cores
were obtained and prepared for histological evaluation. Liver biopsy specimens were fixed
in neutral buffered formalin and embedded in paraffin. Cut sections of tissue (3—4 pm) were
stained with haematoxylin and eosin (H&E) for morphologic review and Masson’s
trichrome for assessment of fibrosis. Histological features were scored by an experienced
pediatric pathologist masked to clinical data, utilizing the Nonalcoholic Steatohepatitis
Clinical Research Network recommended scoring system.(Kleiner et al. 2005) Briefly, the
grade of steatosis was scored as: 0= <5%; 1=5-33%; 2= 34-66%; and 3= >66%. Lobular
inflammation was scored into 4 categories: 0 = no foci; 1 = <2 foci/200x field; 2 = 2-4 foci/
200x field; and 3 = >4 foci/200x field. Because pediatric NAFLD may present with a
distinct histopathological pattern characterized mainly by the presence of portal-based
disease,(Nobili et al. 2016) portal inflammation score was also assigned to each biopsy as: 0
= none or scattered rare lymphocytes in portal tracts; 1 = mild; and 2 = moderate to severe.
Hepatocellular ballooning was graded as: 0 = none; 1 = few balloon cells; and 2 = many
cells/prominent ballooning. Fibrosis stage was scored separately as: 0 = no fibrosis; 1A =
mild, zone 3, perisinusoidal; 1B = moderate, zone 3, perisinusoidal; 1C = portal/periportal; 2
= perisinusoidal and portal/periportal; 3 = bridging fibrosis; and 4 = cirrhosis. NASH was
defined as presence of steatosis, lobular inflammation and hepatocyte ballooning. The
aggregate NAFLD activity score was also calculated as the sum of scores for steatosis grade
(0-3), lobular inflammation (0-3), and hepatocellular ballooning (0-2).(Brunt et al. 2011)

2.3. High-resolution metabolomics

High-resolution metabolomic profiling was completed using previously standardized
methods.(Soltow et al. 2013) Samples were prepared and analyzed in batches of 40; each
batch included six replicate analyses of Children’s Health Exposure Analysis Resource
(CHEAR) pooled plasma for quality control purposes and reference standardization.
Aliquots were first treated with acetonitrile to precipitate proteins, and analyzed using dual
column liquid chromatography and Fourier transform high-resolution MS (Dionex Ultimate
3000, Q-Exactive HF, Thermo Scientific). For each sample, 10 pL aliquots were analyzed in
triplicate using hydrophilic interaction liquid chromatography (HILIC) with the electrospray
ionization (ESI) source operated in positive mode for metabolomic profiling and reverse
phase chromatography (RPC) with ESI in negative mode for quantification of PFAS.
(Alderete et al. 2019) Previous comparison of these analytical modes has shown that the
combination of HILIC with positive ESI and RPC with negative ESI provides
complementary detection of compounds with limited overlap since different functional
groups preferentially form adducts in one of the polarity modes.(Liu et al. 2016) No other
chromatography modes or polarities were analyzed. The high-resolution mass spectrometer
was operated at 120,000 resolution and mass-to-charge ratio (m/z) range from 85 to 1275.
Raw data files were extracted and aligned using apLCMS(Yu, T. et al. 2013) with
modifications by xMSanalyzer,(Uppal et al. 2013) which included batch correction using
ComBat,(Johnson et al. 2007) and quality assessment and averaging of triplicates. Uniquely
detected ions consisted of mass-to-charge ratio (/7/2), retention time and ion abundance,
referred to as metabolite features. Prior to data analysis, metabolite features were filtered to
remove those with coefficient of variation (CV) = 100% or greater than 30% non-detected
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values across all samples. Initially, 13,013 metabolite features were extracted from the
HILIC column and 6,494 remained for statistical analysis.

2.4. Quantification of PFAS concentrations

Concentrations of PFOA, PFOS and PFHXS in plasma samples were quantified by reference
standardization. (Go et al. 2015a) Using this approach, analyte identification was confirmed
by matching MS? ion dissociation patterns, precursor //zand retention time to authentic
reference standards. Concentrations of PFAS were determined in the CHEAR pooled plasma
by comparison of PFAS peak intensity detected in CHEAR pleasma and NIST standard
reference material 1950 (Metabolites in Frozen Human Plasma analyzed in the same batch).
Reference concentrations of PFAS measured in NIST 1950 (Simon-Manso et al. 2013) were
then used to estimate concentrations of PFOA, PFOS and PFHXS in CHEAR plasma. To
calculate PFAS concentrations in study samples, six replicates of CHEAR plasma were
analyzed within the batch, and the response factor for each analyte was determined using the
M-H adduct. Plasma concentrations were calculated by single point calibration via response
factors (calculated as the ratio between the known concentration of the compound being
quantified and ion intensity in CHEAR plasma replicates analyzed in each batch). We have
previously demonstrated reference standardization provides estimates of concentrations
consistent with both endogenous and exogenous compounds,(Accardi et al. 2016; Go et al.
2015a; Walker et al. 2019) and high-correlation with PFAS measurements by validated,
targeted approaches.(Kingsley et al. 2019)

Calculated limits of detection for PFOA, PFOS and PFHxS were 0.02, 0.1, and 0.03 ng/mL,
respectively. PFOA, PFOS, and PFHXS were detected in 100%, 100%, and 94.6% of
participants. For concentrations below the detection limits, a value equal to the detection
limit divided by the square root of 2 was used for statistical analyses.(Lin et al. 2010)

Statistical analysis

We calculated mean and standard deviation (SD) for normally distributed continuous
variables or median (interquartile range, IQR) for variables that were not normally
distributed. Logistic regression models were applied to determine associations of plasma
PFAS concentrations with the presence of NASH. Multinomial logistic regression models
were used to analyze associations between PFAS concentrations and liver histology,
including steatosis grade, lobular and portal inflammation, hepatocellular ballooning,
categorized NAFLD Activity Score, and fibrosis (normal histology as the reference group).
Odds ratios (ORs) and 95% confidence intervals (Cls), adjusted for age, sex, ethnicity
(Hispanics or not), and BMI Z score, were calculated for liver histological outcomes
compared to the reference group. Due to the moderate to high correlation of the PFAS (r
from 0.25 to 0.66, Supplementary Table 2), we also performed a principal component (PC)
analysis for the 3 PFAS (PFOA, PFOS, PFHXS), and we selected the first component
(“PC1™), which explained 73.2% of the variance, as a composite variable representing PFAS
burden. Prior studies have shown that PFAS effects may vary by sex(Halldorsson et al. 2012;
Mora et al. 2017) and ethnicity,(Boronow et al. 2019; Park et al. 2019), therefore, effect
modification by sex and ethnicity was examined with an interaction term and stratification
analyses.
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A metabolome-wide association study (MWAS) was performed to identify changes of
plasma metabolite features associated with PFAS concentrations, including PFOA, PFOS
and PFHXxS. In this analysis, multivariate linear regression models were fit to examine
associations between log, transformed metabolite features (/7/2) and plasma concentrations
of each PFAS after adjusting for age, sex, ethnicity (Hispanic or not) and BMI Z-score.
Metabolite features were depicted by Manhattan plots as a function of the m/z. False
discovery rate (FDR) was computed using Benjamini-Hochberg method.(Benjamini and
Hochberg 1995) As a second step, a pathway enrichment analysis was performed by
including all metabolite features significantly correlated with PFAS (p<0.05) in Mummichog
(10,000 permutations), a set of algorithms specifically designed for high-throughput
metabolomics data that can bypass conventional metabolite identification and directly map
metabolites to known metabolic networks to predict functional activity.(Li et al. 2013) For
discovery of metabolic alterations associated with plasma PFAS concentrations, we did not
focus on the results of the MWAS as it utilizes strict multiple comparison procedures that
assume independence of the variables of interest (metabolites) that could lead to type I1
statistical error. Instead, we focused on the pathway enrichment approach which uses a
random sampling framework to identify a null distribution of metabolites across a metabolic
network. The comparison of the null distribution to annotated metabolites from signals with
p<0.05 removes false positives, which would be randomly distributed across the metabolic
map and allows isolation of true biological effects. (Go et al. 2015b; Li et al. 2013; Uppal et
al. 2016)

We lastly performed an integrated latent variable analysis to identify latent clusters of
children with NASH, based on their PFAS exposure and metabolite data, using the LUCIDus
R package (https://CRAN.R-project.org/package=LUCIDus).(Peng et al. 2019) For the
estimation of the number of latent clusters, we used Bayesian Information Criteria. We used
the PFAS composite variable based on the principal component analysis to represent PFOA,
PFOS and PFHXS exposure. Metabolites were selected from the 5 most significantly altered
metabolic pathways (based on p value and the numbers of significant metabolite features)
associated with the plasma PFAS in the Mummichog analysis. The LUCIDus package
provides effect estimates for the association of each estimated latent cluster with NASH and
the association of the PFAS composite variable with the estimated latent cluster It also
provides a posterior probability of each child’s membership in each identified latent cluster.
(Peng et al. 2019)

All statistical tests were performed using SAS, version 9.4 (SAS Institute, Cary, NC) and the
R statistical environment version 3.5.0.

Demographics and clinical characteristics of study population

Mean age of participants was 14.0 years (SD 2.81). The majority were boys (70.3%),
Hispanic (52.7%), and obese (85.1%) (Table 1). Thirty-eight children (51.4%) had NASH.
Nearly 70% had lobular inflammation and 43.2% had portal inflammation. Hepatocellular
ballooning was seen in 40% of these children, but few had prominent ballooning (6.8%).
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Fibrosis was observed in 70% of the patients (51% stage 1, 19% stage 2 or 3). None had
cirrhosis (Table 1).

Plasma PFAS concentrations and associations with NAFLD severity

Median concentrations (IQRs) of plasma PFOA, PFOS, and PFHxS were 3.42 (1.65), 3.59
(4.46), and 1.53 (3.17) ng/ml, respectively (Supplementary Table 2). Table 2 shows the odds
ratios (ORs) and 95% confidence intervals (CIs) for liver histological features in relation to
plasma PFAS concentrations with adjustment for age, sex, ethnicity, and BMI z-score. The
odds of having NASH significantly increased in association with each IQR increase of
plasma concentrations of PFOS (OR: 3.32, 95% CI: 1.40-7.87), PFHXS (OR: 4.18, 95% ClI:
1.64-10.7), and PFAS composite variable (OR: 4.89, 95% CI: 1.86-12.8). The adjusted ORs
of having lobular inflammation (2-4 foci per 200x field), compared to children with no
lobular inflammation, were 2.87 (95% CI: 1.12-7.31) and 3.44 (95% ClI: 1.11-10.7) per IQR
increase of PFHxS and PFAS composite variable, respectively. The odds of having mild
portal inflammation was also significantly increased with each IQR increase of PFHxS (OR:
2.87, 95% ClI: 1.27-5.67) and PFAS composite variable (OR: 2.71, 95% CI: 1.18-6.25). In
addition, each IQR increase of PFHXS plasma levels was associated with increased risk of
mild (OR: 3.43, 95% CI: 1.09-10.8) and moderate fibrosis (OR: 4.44, 95%CIl: 1.34-14.8),
and higher NAFLD activity score (b coefficient 0.46; 95% CI: 0.03, 0.89) (Table 4). We
showed no associations of PFAS exposures with grade of steatosis. Also, we showed no
significant interactions between PFAS and sex for ethnicity or any liver histologic features,
but these estimates were imprecise due to small sample size.

Metabolome-wide association study and Mummichog pathway analysis

To identify metabolic alterations associated with PFAS, the 6,494 metabolite features were
tested for association with exposure using a metabolome-wide association study (MWAS)
framework. The MWAS identified 348, 349, and 662 features associated with PFOA, PFOS,
and PFHXS, respectively, at p<0.05 (Supplementary Figure 1). We next performed
Mummichog pathway enrichment analysis using detected metabolite features associated
with PFAS exposure. Pathway enrichment identified 21 metabolic pathways associated with
plasma concentrations of PFAS (Figure 1). The most affected pathways (having the greatest
numbers of significantly altered metabolic features) included tyrosine metabolism, aspartate
and asparagine metabolism, glycine, serine, alanine and threonine metabolism, urea cycle
metabolism, and glycerophospholipid metabolism (Figure 1). Similar amino-acid (tyrosine,
aspartate and asparagine, lysine, glycine, serine, alanine, and threonine) and lipid pathways
(glycerophospholipid) were significantly associated with the outcome (NASH) (data not
shown).

Identification of latent clusters with more severe NAFLD

Two latent clusters were identified as shown in Figure 2. Cluster 2 was associated with
increased odds of having NASH (Figure 2). This high risk cluster was also positively
associated with the PFAS composite variable and with an altered plasma metabolites pattern,
including increased plasma levels of phosphoethanolamine (metabolite in
glycerophospholipid metabolism), tyrosine and phenylalanine (tyrosine metabolism),
aspartate (aspartate and asparagine metabolism) and creatine (urea cycle metabolism), and
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decreased plasma levels of betaine (glycine, serine, alanine and threonine metabolism)
(Figure 2 and Supplementary Table 3). In order to characterize these clusters qualitatively,
we assigned each child to one of the two clusters based on an estimated probability greater
than 0.5 for membership within a cluster. Children assigned to the high risk cluster had
higher PFAS concentrations, associations reflective of the metabolites characterizing cluster
2 in Figure 2, and a substantially larger proportion of children with inflammation and
fibrosis than children assigned to cluster 1 (Supplementary Table 4).

Discussion

This is the first study to investigate environmental chemical exposures and NAFLD severity
in children based on biopsy-based liver histological features. We found that higher plasma
PFAS concentrations were associated with increased risk of NASH in children diagnosed
with NAFLD. We also combined plasma PFAS chemical analysis and untargeted
metabolomics analyses showing that PFAS exposure may be associated with changes in key
amino-acids and lipids pathways underlying NAFLD pathophysiology.

We found that NASH and more advanced stages of fibrosis were associated with higher
plasma concentrations of PFAS in children. Further, increased plasma PFAS concentrations
were associated with changes in key metabolic pathways (e.g., glycerophospholipids and
tyrosine) that may be contributing to increased NAFLD severity. Given that prevalence of
NAFLD in children is rapidly increasing and children may have higher PFAS exposure
relative to their body size, these results have potential implications for public health and
prevention policy.

PFAS have been in commercial production for over 60 years and have been widely used in
many household items such as non-stick cookware, shampoo, and packaging of fast food,
resulting in ubiquitous contamination to both the environment and in humans. For example,
PFAS have been found to be released from nonstick cookware during typical cooking
conditions and to migrate from food-contact packaging into foods.(Begley et al. 2008;
Sinclair et al. 2007) A recent analysis indicated that PFAS contaminate over 70% of drinking
water sources in the US and that the conventional water treatment system is not effective for
removing all PFAS, especially shorter chain PFAS.(Appleman et al. 2014) Therefore, not
surprisingly, PFAS compounds, such as PFOA, PFOS and PFHXS, are detected in the blood
samples of more than 95% of the general US population.(Kato et al. 2011) In the current
study, the plasma PFOS and PFHXS concentrations are comparable to the average serum
concentrations reported in NHANES between 2007-2014 for children age 12-19 years.(CDC
2019) Median PFOA concentration in these pediatric NAFLD patients was slightly higher
than that reported in the general US population of children of similar age.(CDC 2019)

The findings in this study are consistent with previous studies showing strong associations of
serum PFOA and PFOS concentrations with elevated levels of ALT in populations drinking
PFAS-contaminated water (Darrow et al. 2016; Gallo et al. 2012) and in U.S. adults in
NHANES.(Gleason et al. 2015; Lin et al. 2010) Results from other epidemiologic studies
have not been uniformly consistent. A recent pregnancy cohort study in the U.S. found that
children with higher PFAS exposures had lower ALT levels.(Mora et al. 2018) In studies
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examining other markers of liver injury, positive associations were reported between PFAS
(including PFOA and PFHXS) and cytokeratin 18, a marker for liver apoptosis, but inverse
relationships were reported between PFAS and serum pro-inflammatory cytokines in adults.
(Bassler et al. 2019)

There have been no previous studies examining PFAS exposure and histopathologic features
of NAFLD in children. We showed that PFAS exposure and in particular PFHXS was
associated with increased odds of NASH, liver fibrosis, lobular and portal inflammation, and
increased NAFLD activity score. These results are supported by animal studies showing a
dose-dependent increase in hepatocellular hypertrophy, and liver weight in response to
PFHxS exposure.(Butenhoff et al. 2009; Das et al. 2017) However, a human study in
bariatric surgery patients with NAFLD showed that PFHXS serum concentrations were
inversely associated with lobular inflammation (Rantakokko et al., 2015). The reasons for
the lack of consistency in animal and epidemiologic results merit further study. In human
studies, there are no clear patterns of differences between adults and children or between
populations with low and high PFAS exposure levels. In addition, comparisons between
studies are limited by the heterogeneity of liver outcomes. Most of these studies have also
been cross sectional and the possibility of reverse causation, that is, that NAFLD increases
PFAS, cannot be excluded. For example, PFAS are excreted by the kidneys, and NAFLD
reduces glomerular filtration rate, so the elevated PFAS could be a result of more severe
NAFLD rather than vice versa.(Musso et al. 2014; Pacifico et al. 2016)

The exact mechanisms underlying the association between PFAS and NAFLD remain
largely unknown. Increased plasma PFAS concentrations were associated with metabolic
perturbation in numerous amino acids and phospholipids, key metabolic pathways
previously found also to be altered in NAFLD/NASH.(Puri et al. 2009; Sookoian and Pirola
2014) The structural integrated analysis identified a latent cluster characterized by high
PFAS levels, dysregulation of glycerophospholipids and amino acids, and more severe fatty
liver disease, characterized by NASH. These results are also generally consistent with
previous studies in animal models, in which exposure to PFOA induced alteration of lipids
(e.g., glycerophospholipids) and amino acids (e.g., tyrosine, phenylalanine, aspartate and
asparagine, glycine, serine, alanine and threonine) metabolism in liver tissues.(Yu, N. et al.
2016) Other human studies showed plasma PFAS concentrations were also found to be
associated with dysregulation of fatty acid metabolism in elderly U.S. adults (Salihovic et al.
2018) and in Chinese adult males.(Wang, X. et al. 2017) Two studies in children also
showed that PFAS levels in blood were associated with significant alterations in
glycophospholipid metabolism and several amino acid pathways such as tyrosine, aspartate
and asparagine.(Alderete et al. 2019; Kingsley et al. 2019)

These PFAS dysregulated pathways are similar to the metabolic aberrations that have been
well documented in patients with NAFLD not only in our but also in other studies.
Abnormal bioactive lipids can lead to organelle dysfuction, cell injury and chronic
inflammation, the hallmark of NASH.(Musso et al. 2018) For example, altered
glycerophospholipids, such as increased phosphoethanolamine levels, were reported to be
predictive biomarkers of NAFLD progression.(Gorden et al. 2015) Apart from alterations in
lipid metabolism, the imbalance of amino acid metabolism might be another biological
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mechanism linking PFAS exposure to liver damage. Emerging evidence indicates that the
phenotypic switching from hepatic steatosis to NASH entails a reprogramming of amino
acid metabolism to fit a stressful metabolic environment in liver.(Sookoian and Pirola 2014)
We showed metabolic derangement of a series of amino acids in association with PFAS
exposure, with tyrosine metabolism being the most affected pathway. Dysregulated tyrosine
metabolism has been shown previously to be associated with increased severity of hepatic
steotosis (Jin et al. 2016), and increased tyrosine levels were associated with hepatocellular
inflammation and ballooning.(Gaggini et al. 2018)

Strengths of the study included the assessment of NAFLD stages and severity based on liver
biopsy, the use of high resolution metabolomics to gain a broad, untargeted view of the
associations with PFAS and the application of the novel integrated analysis to identify
subgroups of children with increased likelihood for NASH based on plasma PFAS levels and
metabolomics profile. There are also some limitations. We acknowledge the uncertainty of
the effect estimates as represented by some wide 95% confidence intervals, which could be
due to the small sample size. However, this is a unique cohort of pediatric patients with liver
biopsy documented NAFLD. In our study, we have excluded children with chronic renal
disease and renal insufficiency (creatinine serum levels > 2mg/dl), however we cannot
exclude the possibility of reverse causation due to impaired kidney function. Additionally,
although we adjusted for sex, ethnicity and BMI, which may affect NAFLD severity,(Lim
and Bernstein 2018) the latter is depended on multiple exposures; thus we cannot exclude
the possibility of confounding from unmeasured variables such as pubertal status, diet and
physical activity.

Conclusions

In summary, this study showed that PFAS exposure was associated with increased risk of
NASH and fibrosis in children diagnosed with NAFLD. We also found that PFAS exposure
was associated with dysregulation of several lipid and amino acid pathways that have been
linked with NAFLD pathogenesis. Results suggest that PFAS may play a role in NAFLD
severity in children; however, larger and longitudinal studies are needed to understand better
the role of PFAS in NAFLD in children and the mechanisms underlying these associations.
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Figure 1. Dysregulated metabolic pathways associated with plasma PFAS (including PFOA,

PFOS and PFHXxS) in children with NAFLD.

The vertical axis represents the pathways (blue circles) with radius representing the numbers
of associated metabolite features. The horizontal axis represents the negative logyg (P-value)
of each pathway. Only pathways with >5 hits of significant metabolites (overlapping size)

are shown.
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Phosphoethanolamine

Figure 2. Structural integrated analysis of PFAS composite variable and plasma metabolites that
identify a cluster of children with increased odds of having NASH.

Blue lines represent positive effects and grey lines indicate negative effects, with the width
proportional to the effect size. The thick blue line connecting PFAS to “Cluster 2” indicates
an association with higher levels of PFAS as compared to lower levels with “Cluster 1”
(indicated by a thin blue line). The blue lines connecting clusters to metabolites indicate
positive associations, while the grey lines connecting clusters to metabolites indicate
negative associations. The red line indicates an increased risk for NASH associated with
“Cluster 2” (OR=4.24), compared to those in “Cluster 1” (OR=1, reference).
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Table 1.

Clinical characteristics and liver histology in children with NAFLD

Demographics

Age, years, mean (SD)

Male, n (%)

Ethnicity, n (%)
Caucasian
Hispanic
African American
Asian
No answer

BMI percentile, median (IQR)
Normal weight, n (%)
Overweight, n (%)
Obesity, n (%)

14.0 (2.81)
52 (70.3)

26 (35.1)
39 (52.7)
7 (9.46)
1(1.35)
1(1.35)
98.4 (2.30)
4(5.4)

7 (9.5)

63 (85.1)

Liver histology
Presence of NASH, n (%)
NAFLD Activity Score, mean (SD)
Grade of steatosis, n (%)
0 (<5%)
1 (5-33%)
2 (34-66%)
3 (>66%)
Lobular inflammation, n (%)
0 (no foci)
1 (<2 foci per 200x field)
2 (2-4 foci per 200x field)
3 (>4 foci per 200x field)
Portal inflammation, n (%)
0 (none)
1 (mild)
2 (moderate to severe)
Hepatocellular Ballooning, n (%)
0 (none)
1 (few balloon cells)
2 (many cells/prominent ballooning)
Fibrosis stage, n (%)
0 (none)
1 (Perisinusoidal or periportal)
2 (Perisinusoidal and portal/periportal)
3 (Bridging)
4 (Cirrhosis)

38 (51.4)
3.24 (1.79)

7(9.5)

20 (27.0)
13 (17.6)
34 (45.9)

24 (32.4)
43 (58.1)
7(9.5)
0(0)

42 (56.8)
24 (32.4)
8(10.8)

44 (59.5)
25 (33.8)
5 (6.76)

22 (29.7)
38 (51.4)
8 (10.8)
6(8.1)
0(0)
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Note: BMI, body mass index; IQR, interquartile range; NAS, NAFLD Activity Score; SD, standard deviation.
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