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Abstract

Objectives: Metabolic dysfunction-associated steatotic liver disease (MASLD) is common in
children. We hypothesized environmental toxins could drive progression to metabolic dysfunction-
associated steatohepatitis (MASH), and assayed serum toxins and metabolites in children with
histologically characterized MASLD/MASH.

Methods: Environmental chemicals, common in household items, perfluoroalkyl substances
(PFAS), polybrominated flame retardants (polybrominated diphenyl ethers [PBDEs]), and
metabolic profiles were assayed in children enrolled in the multicenter NASH Clinical Research
Network Pediatric Database 2. Mixture models, using repeated holdout weighted quantile sum
regression (WQS;,) were run in addition to single chemical/metabolite logistic regression. For
metabolomic analyses, random subset version of WQS;,, was used for the large number of
predictors versus participants. Nominal and false discovery rate (FDR) p-values (two-sided) were
computed.

Results: Four hundred and thirty-five children distributed across MASH (7= 293) and MASLD
(n=142), with 304 (69.9%) males. Mean (standard deviation) for Nonalcoholic Steatohepatitis
Score (NAS) and alanine aminotransferase (ALT) for MASLD were 3.1 (1.0), 67.9 (43.4), and for
MASH 4.2 (1.4), 144 (121). There was an inverse association between PFAS/PBDE mixture and
MASH versus MASLD, lobular inflammation (p = 0.026), NAS (p = 0.009, FDR p=0.04), and
log-transformed ALT (p= 0.005, FDR p = 0.025) driven by perfluorohexane sulfonate (PFHXS).
Metabolites from positive hydrophilic interaction liquid chromatography mode, biliverdin (I =
0.002) and 1-methylhistidine (associated with meat ingestion, p = 0.02) and reverse phase negative
mode, hippuric acid (solvent exposure, p = 0.022) significantly associated with MASH.

Conclusions: Significant negative PFAS/PBDE mixture effect and odds of MASH were
dominated by PHFXS. Several metabolites are significantly associated with MASH which inform
mechanistic pathways and could drive key therapeutic and diagnostic strategies in children.

Graphical Abstract:
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Role of Environmental Toxins in Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) Severity in Children
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1| INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a global health
problem with an estimated prevalence of 7%-10% in the general population.1=3 It is also the
most common liver disease in children in the United States.*~5

MASLD has a wide range of severity with limited understanding of why some children
rapidly progress to severe disease.5-8 In line with current literature, reflecting the etiology
of liver disease driven by metabolic dysregulation, the new nomenclature MASLD was
adopted instead of nonalcoholic fatty liver disease.8-10 MASLD is known to be modulated
by the environment!1-14 and although dietary factors such as fructose consumption represent
important environmental contributors to the disease process,1>-17 the role of xenobiotic
exposure remains largely unexplored in children,514.18

Per and polyfluoroalkyl substances (PFAS) are persistent synthetic chemicals widely used
in food packaging, waterproofing and stain-resistant textiles, cookware, and fast-food
packaging that are now ubiquitous in the environment.19.20

Emerging data suggest that PFAS may modulate lipoprotein metabolism and influence
lipid homeostasis.2! Prenatal and childhood PFAS exposure have been associated with liver
injury.21-23 Exposure to polybrominated flame retardants (polybrominated diphenyl ethers
[PBDEs]), has been associated with obesity and metabolic liver disease and it has been
postulated that PBDES may alter lipid homeostasis.19:24:25 Another class of molecules,
bisphenol A is known to induce epigenetic changes predisposing to MASLD.26:27

We hypothesized that environmental toxicants modify disease severity in children with
MASLD. To test our hypothesis, in collaboration with the Human Health Exposure Analysis
Resource, developed by the National Institute of Environmental Health Sciences, we
assessed toxicants and metabolites in a large cohort of children with biopsy-proven MASLD.
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2| METHODS
2.1| Study participants

Serum samples from children between 2 and 18 years of age with liver biopsy-proven
MASLD enrolled in the multicenter National Institute for Diabetes and Digestive and
Kidney Diseases funded NASH CRN, Pediatric Database 2 study (Peds DB2) were utilized
(CT.gov: NCT01061684). Eight tertiary sites throughout the United States enrolled children
from 2010 to 2019.

The Peds DB2 study was approved by the NASH CRN Steering Committee and the
institutional review boards at each of the participating centers. All participants 8 years

or older provided written assent, and parents or guardians provided written consent

for their child to participate. All children received standardized exercise and nutrition
teaching which was consistent with the American Academy of Pediatrics Expert Committee
Recommendations.28:2% All authors had access to the study data and reviewed as well as
approved the final manuscript.

2.2 | Liver histologic features

Liver histology was determined by a consensus scoring by the NASH CRN Pathology
Committee after a masked central review of each participant’s biopsy.3031 Liver histologic
features included the NAFLD Activity Score (NAS) and the individual components of NAS.
NAS was assessed on a scale of 0-8. Other histologic features included fibrosis stage (0-4).
Higher scores indicated more severe disease or fibrosis.

2.3 | Participant demographic and clinical characteristics

Demographic and clinical characteristics, included participant’s age at enrollment, sex,
weight (kg), height (m), body mass index (BMI) (kg/m?), BMI-z-score; and the laboratory
measures: hemoglobin A1C (%), aspartate aminotransferase (U/L), alanine aminotransferase
(ALT, U/L), gamma-glutamyl transferase (GGT, U/L), triglycerides (mg/dL), total
cholesterol (mg/dL), high-density lipoprotein and low-density lipoprotein cholesterol (mg/
dL); fasting serum glucose (mg/dL); fasting serum insulin (uU/mL); and medication use, as
reported previously.24:32

2.4 | Outcomes

The primary outcome was having MASH versus MASLD. Binary secondary outcomes were
fibrosis stage (advanced [zone 3 and periportal, bridging, or cirrhosis] compared to less
fibrosis), lobular inflammation grade (2-3 compared 0-1), and steatosis grade (34% or

more compared with less than 34%). A categorical outcome, hepatocellular ballooning grade
was defined as many and few compared to none. Lastly, continuous secondary outcomes
included NAS, natural log-transformed ALT, and natural log-transformed GGT.

25| Toxicant assay

PFAS chemicals included perfluorohexane-1-sulphonic acid (PFHXS), perfluorononanoic
acid, perfluorooctanoic acid, and perfluorooctanesulfonic acid and PBDE included
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2,2" 4,4’ -tetrabromodiphenyl ether (BDE47), 2,2",4,4” 5-pentabromodipheny! ether
(BDE99), and 2,2",4,4" 6-pentabromodiphenyl ether (BDE100).

For chemicals with a minimum concentration of 0, a value of 0.01 was added such that
concentrations were shifted to a positive nonzero value. To account for skewed data, a log 2
transformation was applied to all concentrations.

Metabolomic assays were conducted using liquid chromatography-mass spectrometry.
Metabolites were measured in hydrophilic interaction liquid chromatography (HILIC)
positive mode and reverse phase negative mode. Metabolite annotations were scored
according to the metabolomics standard initiative to denote the level of confidence in feature
annotation.33

Analyses were performed on the level 1 confidence subset in addition to the full feature set,
stratified by HILIC positive and reverse phase negative modes. Metabolites detected in less
than 50% of samples in each group were excluded from further analyses. Nondetect values
were replaced with the minimum of a specified metabolite divided by the square root of 2.
To normalize across metabolites, values were log2 transformed and centered, and scaled.

2.6 | Statistical analysis

Several outcomes related to the severity of liver histology were assessed. Binary outcomes
included MASH versus MASLD, fibrosis stage (dichotomized into zone 3 and periportal,
bridging, or cirrhosis compared with anything less), amount of lobular inflammation (2-3
compared to 0-1), and steatosis grade (34% or more compared to less than 34%). The
grade of hepatocellular ballooning (many and few compared to none) was assessed as a
multinomial outcome. Lastly, continuous outcomes included NAS, natural log-transformed
ALT, and log-transformed GGT.

Single chemical models were assessed for chemicals with more than 60% detection rate.
Specifically, logistic regression was used for binary outcomes, multinomial regression for
ballooning, and linear regression for continuous outcomes. All models were adjusted for
covariates selected a priori which include age, ethnicity, sex, and BMI. A false discovery
rate (FDR) was applied to p-values for each set of chemicals tested, separately for each
outcome with a significance threshold set to 0.05.34

A mixture of both PFAS and PBDEs together was assessed using repeated holdout weighted
quantile sum (WQS;y) regression, using deciles, controlling for the same covariates as single
chemical models.35:3¢ The repeated holdout implementation randomly selected 40% of the
participants for the training set and used the other 60% in the validation set and repeated
this process 100 times, resulting in a distribution of effect estimates and weight estimates.
The models were run assessing an association in the positive and negative direction to assess
mixtures that may increase or decrease each outcome.37:38

When more than 97.5% of estimates were above or below the null, the association was
significant.3940 Similarly, when 90% of weight contributions were above threshold of
concern (1/cwhere cis the total number of chemicals), the specified chemical was defined
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as a strong contributor of the mixture effect. When 50%-90% of weight contributions were
greater than the threshold of concern, the chemical was defined as a possible contributor.

Single metabolite analyses were run adjusting for the same covariates described earlier. To
account for multiple comparisons, an FDR correction was applied to the raw p-values, and
the significance threshold was set to 0.05.34 To test for the mixture effect of metabolites
using a supervised dimensionality reduction technique, the random subset implementation of
weighted quantile sum regression (WQSRgs), using deciles, was run.37:41

This is a specialized application of WQS which tests for a mixture effect among many
components with complex correlations. Specifically, WQSRgs is useful when the number of
predictors is greater than the number of subjects, which is the case with metabolomic data
that can include hundreds to thousands of metabolites.#2 Five hundred subsets were used,
with seven metabolites randomly selected per subset, so that weights for each metabolite
were estimated at least 50 times and the average weight was used for the final analysis.

This analysis was repeated with 100 different holdouts and tested in both the positive and
negative directions. Both nominal and FDR p-values (two-sided) were reported. All analyses
were run in R v3.6.1 and figures were generated in R and SAS 9.4.

3| RESULTS

3.1| Baseline

A total of 435 participants were distributed across the two groups MASH (7= 293)

and MASLD (n = 142), with 304 (69.9%) males and 131 (30.1%) females. 77.5% of

the participants self-identified as having Hispanic/Latino ethnicity. The mean (standard
deviation) for NAS and ALT in the MASLD group was 3.1 (1.0), 67.9 (43.4), and for MASH
4.2 (1.4) and 144 (121), respectively (Table 1A).

All 435 participants were assessed for PBDES. A subset of 290 participants had sufficient
sample volume for further analysis of PFAS. Chemical distribution stratifications are shown
in Table 1B. Children with MASLD had slightly higher median concentrations of all PFASs
and BDE47 compared to children with MASH, which was significant for PFHXS (0.815 vs.
0.581 ng/mL) as shown in Table 1B.

3.2| PFAS and PBDE biomarker concentrations
Two samples had insufficient volume for analysis of BDE47 and BDE100. Both BDE99 and
BDE100 were detected above the limit of detection in less than 60% of samples; thus, only
BDE47 was included in statistical analyses. All PFASs were detected in all 290 samples and
thus none were excluded from the analyses.

3.3 | Single chemical analysis

Single chemical analyses are presented for each outcome in Supporting Information: Tables
S1-S5. For every doubling of PFHXS, the odds of a higher grade of lobular inflammation
decreased by 26% (p = 0.014) as in Table 2A-C. Pertinently, the associations between
PFHXS and NAS (p=0.009, FDR p=0.044) and log-transformed ALT (p = 0.005,
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FDR p=0.025) remained significant after FDR correction, for both log-transformed and
decile-scored concentrations (Tables 2B and 2C).

Mixture analysis

The mixture analyses, assessing MASH versus MASLD using negatively constrained
WQS,4, resulted in 95% of odds ratios (ORs) less than 1, suggesting borderline reduced
odds of MASH compared to MASLD. In conjunction with decile-scored analyses, the
mixture effect was primarily driven by PFHXS (Figure 1A,B). There was no significant
mixture effect for binary fibrosis stage (Figure 1C).

Lobular inflammation, using a negatively constrained WQS,, model, resulted in 97% of
ORs less than 1, indicating that higher lobular inflammation was significantly reduced as
the mixture increased. BDE47 and PFHXS were contributors to the mixture effect (Figure
1D,E). The negatively constrained mixture on NAS resulted in 96% of ORs less than 1
suggesting a borderline significantly lower NAS with PFHXS as the contributor (Supporting
Information: Figure S1). Lastly, all 100% of ORs were below 1 for the negatively
constrained mixture effect on log-transformed ALT. For this mixture, only PFHXS was a
probable contributor.

There was no significant mixture effect for NAS, steatosis (Supporting Information: Figure
S2), log-transformed ALT (Supporting Information: Figure S3), or log-transformed GGT
(Supporting Information: Figure S4).

Positive and reverse phase metabolites

Fifty-seven metabolites were annotated from the positive HILIC mode, and 46 from the
reverse phase negative mode. Of those metabolites, 56 from positive HILIC and 45 from
reverse phase negative were detected in at least 50% of samples in MASH, MASLD, or both
groups. The single metabolite analyses detected two metabolites in the positive HILIC mode
and three in the reverse phase mode with significant associations with a diagnosis of MASH
compared to MASLD (Table 3).

Biliverdin, 1-methylhistidine, and hippuric acid

Concentrations were centered and scaled so that changes in odds of the outcome were
comparable across metabolites. For every doubling of biliverdin, the odds of MASH were
0.94 times (p = 0.002). For every doubling of 1-methylhistidine, the odds of MASH

were 1.10 times those of MASLD (p = 0.020). Hippuric acid was identified from the
reverse phase negative mode as increasing odds of MASH (p = 0.02). Additionally, when
abundances were deciled, A-acetylasparagine and 5-hydroxy-L-tryptophan had significant
positive associations. However, these associations did not reach statistical significance after
FDR correction. Figure 1F shows volcano plots of raw p-values and FDR-corrected values,
stratified by mode.

Approximately 75% of the effect estimates were less than 1, after the repeated holdout
WQSRgs on the 7 annotated analytes resulting from the initial analysis, indicating evidence
of reduced odds of MASH compared with MASLD for the negatively constrained model
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with metabolites identified in the positive HILIC mode (Supporting Information: Figure
S5A). The distribution of weights per metabolite shown in Supporting Information: Figure
S5B confirmed that biliverdin dominated the negative effect, followed by cortisol and 3-
methoxytyramine.

There was no significant association with the negatively constrained model using
metabolites from the positive HILIC mode. Similarly, there was no evidence of a mixture
effect when assessing metabolites identified from the reverse phase negative mode,
regardless of constraint (Supporting Information: Figure S6).

A total of 10,169 metabolites were identified from the positive HILIC mode, and 8114 from
the reverse phase negative mode, when considering all confidence levels. Many features
were identified as significantly increasing or decreasing odds of MASH; however, these did
not reach significance after FDR correction (Supporting Information: Figure S7).

4| DISCUSSION

This study, utilizing a well-characterized cohort of pediatric patients with MASLD, assessed
associations of specific environmental toxicants with disease severity in children.

PFASs were detected in 290 (67%) samples, showing the pervasive nature of this chemical
exposure in children. PFAS are a group of organic compounds that have been widely used in
several products of daily use, including food packaging, lubricants, paints, carpet, furniture,
fire-extinguishing foams, and so forth.4344 The primary sources of PFAS exposure are
through water, dietary intake, air, and dust inhalation,19:23:43

The mixture analyses demonstrated reduced odds of MASH compared to MASLD primarily
driven by PFHXS. However, these relationships were not significant for binary fibrosis
stage or steatosis. The literature is somewhat mixed regarding the relationships of PFAS
and health,19.23 plausibly driven by the complexity of the mechanisms, the pervasive
nature of PFAS, and study limitations such as cross-sectional designs as in our study.

The liver is a site of synthesis of many proteins, bile acids and is a key regulator of
immunity; but it is also a key organ for xenobiotic metabolism and plays a critical role

in detoxifying chemicals. Studying the effects of the “exposome” is made more difficult
by the resilience of the liver to handle exposures at low levels and the variability between
individuals for biologically harmful doses of environmental toxicants. While some studies
have demonstrated a relationship of PFAS to adiposity, a recent study in older adults noted
inverse measurements in women, similar to the inverse relationship we describe,14:20

A higher PFHXS was associated with lower histologic evidence of liver injury. For example,
a doubling of PFHXS was inversely related to the severity of lobular inflammation in

a single chemical analysis. Both BDE47 and PFHXS are possible contributors to the

mixture effect. Both the single chemical analyses and mixture analyses demonstrated an
association in the inverse direction. Using internal biomarkers of exposures presumes that
higher internal measures are monotonically related to external exposures. Perhaps in subjects
with liver damage this assumption is not true for higher exposures and should be further
studied.
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We also utilized metabolomics to explore metabolites that might be different between
MASH and MASLD. The detection of two metabolites in the positive HILIC mode and
three metabolites in the Reverse phase mode with significant associations with a diagnosis
of MASH compared to MASLD set these up as potential biomarkers of MASH and possible
windows into the mechanisms of MASH.

Hippuric acid is an acyl glycine formed from the conjugation of benzoic acid with glycine
and is found in the urine. It is typically increased with consumption of phenolic compounds
and has been used as a biomarker for exposure to toluene in industrial workers.*® It is also
believed that dietary sources for hippuric acid include food colors.#6 We found that hippuric
acid was associated with MASH in children, however, it is unclear what mechanisms are
driving this finding.

Interestingly as noted, for each doubling of biliverdin, the odds of MASH versus MASLD
were slightly lower (0.94). It has been suggested that unconjugated hyperbilirubinemia
inversely associates with the histopathological severity of MASLD due to a potent
physiological antioxidant cytoprotectant effect.#” Bilirubin likely protects due to inhibitory
effects on NAD(P)H oxidase activity which may be the basis for increased superoxide
production. Additionally, bilirubin can scavenge hydroxyl radicals, peroxyl radicals, singlet
oxygen, and reactive nitrogen species. Bilirubin is the final product of heme catabolism as
heme oxygenase cleaves the heme ring to form biliverdin. Biliverdin reductase subsequently
reduces biliverdin to bilirubin, thus it is possible that the higher biliverdin noted in this study
had protective effects on MASLD.

We also found that a doubling of 1-methylhistidine was associated with increased odds of
MAGSH. This finding has been reported in some prior studies#® and is validated through our
cohort. 1-Methylhistidine has been reported to be associated with increased consumption
of dietary meat products.4® N-acetylasparagine as well as 5-hydroxy-L-tryptophan also had
significant positive associations with MASH. While diet records were not granular enough
to be able to detect food coloring agents, these findings are relevant and could drive future
research into their roles as a driver for MASH. Indeed, a future analysis could address
associations between well-quantified and characterized dietary intake in MASLD/MASH
patients®50 to metabolomic and toxicant profiles.

A major strength of this study was that it was a collaboration between two National
Institutes of Health (NIH)-funded networks and used rigorous methodology both for the
phenotyping of the MASLD cohort and for the toxins assays and metabolomics. Another
strength is a relatively large cohort of children with MASLD. Limitations include male and
Hispanic predominance as well as the cross-sectional nature of the analysis, which precludes
analyzing the timing or duration of exposure during childhood. Notably, some studies have
shown effects of toxins later after exposure rather than at the time of exposure.

In conclusion, we found associations with PFAS and flame retardants in a large cohort of
children with biopsy-evaluated MASLD. We also noted a significant inverse association
between disease severity and PHFXS. There was an inverse mixture effect using Positive
HILIC mode metabolites, driven by biliverdin, which also significantly decreased the
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odds of MASH in single metabolite models. Several specific metabolites including 1-
methylhistidine and hippuric acid were associated with MASH and should be validated

in additional cohorts. Overall, these results underscore the need for continued interrogation
of these agents in the quest to understand the association and mechanistic links to pediatric
fatty liver disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WQSh weighted quantile sum regression
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What is Known

. Metabolic dysfunction-associated steatotic liver disease (MASLD) is a major
health problem in children.

. Hereditary factors and lifestyle can influence MASLD, however, while
speculated, the role of environmental toxins, remains ill-defined.

What is New

. This multicenter collaborative study between two National Institutes of
Health funded networks using rigorously characterized pediatric MASLD,
provides novel evidence that environmental toxicants and several metabolites
significantly associate with MASH.

. The study underscores their importance as mechanistic drivers and for
therapeutic and diagnostic development.
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Negatively constrained repeated holdout WQS assessing PBDE/PFAS on odds: (A and
B) MASH versus MASLD; (C) fibrosis stages 3/4 versus 0/1/2; (D and E) lobular
inflammation Grade 2 versus less. Solid black diamond represents mean, line 50th
percentile, box 25th to 75th percentiles, and whiskers 2.5th and 97.5th percentiles;
lighter shaded bar plot represents holdouts where chemical was above threshold. (F)

\olcano plot of annotated positive HILIC mode raw p-values; FDR-corrected p-values

with risk of MASH versus MASLD. Also note volcano plots of annotated reverse

phase negative mode raw p-values and FDR-corrected p-values; x-axis shows beta
estimates, y-axis —1og10 p-values. FDR, false discovery rate; HILIC, hydrophilic interaction
liquid chromatography; MASH, metabolic dysfunction-associated steatohepatitis; MASLD,
metabolic dysfunction-associated steatotic liver disease; PBDE, polybrominated flame

retardants; PFAS, polyfluoroalkyl substances; WQS, weighted quantile sum.
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TABLE 1
Baseline.
(A) Demographics of the study population, overall and
stratified by disease severity (N = 435)
Overall Subsample
sample  MASLD MASH  with PFAS/
(N= (N= (N= PBDE (N =
435) 142) 293) 290)
Demographics
Age (years), 12.7 13.2 12.4 12.6 (2.8)
mean (SD) (2.8) (2.8) (2.8)
BMI, mean 31.9 316 32.0 31.9(6.4)
(SD) (6.2) (5.8) (6.3)
Sex, N (%)
Male 304 92 (64.8) 212 202 (69.7)
(69.9) (72.3)
Female 131 50 (35.2) 81 88 (30.3)
(30.1) (27.7)
Ethnicity, NV
(%)
Hispanic/ 337 111 226 237 (81.7)
Latino (77.5) (78.2) (77.1)
Not 98 31(21.8) 67 53 (18.3)
Hispanic/ (22.5) (22.9)
Latino
Liver histology
NAS score, 3.9 3.1(1.0) 4.2 3.9(1.4)
mean (SD) 1.9 1.9
ALT, mean 119 67.9 144 116 (104)
(SD) (108) (43.4) (121)
GGT, mean 49.3 33.8 56.8 49.2 (45.3)
(SD) (41.8) (21.4) (47.0)
Fibrosis
stage, N (%)
0 (None) 145 126 19 (6.5) 103 (35.5)
(33.3) (88.7)
la (Mild, 20 (4.6) 0(0.0) 20 (6.8) 11 (3.8)
zone 3
perisinusoidal)
1b 11 (2.5) 0(0.0) 11 (3.7) 9(3.1)
(Moderate,
zone 3,
perisinusoidal)
1c (Portal/ 103 16 (11.3) 87 71 (24.5)
periportal) (23.7) (29.7)
2 (Zone 3 83 0(0.0) 83 50 (17.2)
and periportal) (19.1) (28.3)
3 64 0(0.0) 64 41 (14.1)
(Bridging) (14.7) (21.8)
4 9(2.1) 0(0.0) 9(3.1) 5(1.7)
(Cirrhosis)
Diagnosis, N
(%)

J Pedliatr Gastroenterol Nutr. Author manuscript; available in PMC 2025 November 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Jain et al.
MASLD 142
(32.6)
MASH 293
(67.4)

Page 17

(B) Serum PFAS and PBDE biomarker concentrations (ng/mL) among participants

MASLD (N = 142)

MASH (N = 293)

Chemical N Min 25th Median 75th Max N Min 25th Median  75th Max
PCT PCT PCT PCT
BDE47 142 0 0.0522  0.0910 0251 114 291 O 0.0552  0.104 0.188 258
BDE99 142 0 0 0 0.0500 0410 293 0 0 0 0.0444 0.791
BDE100 142 0 0 0 0.0302 0.154 291 O 0 0 0.0220 0.703
PFHXS 96 0.289 0.501 0.815 141 846 194 0.201 0435  0.581 1.08 29.1
PFNA 96 0.125 0.317 0.439 0.740 362 194 0.0989 0.292 0.424 0595 288
PFOA 96 0.510 0.951 1.30 1.78 6.93 194 0379 0929 1.19 1.66 7.16
PFOS 96 0.390 1.02 1.63 2.40 564 194 0.283  1.02 1.45 1.95 6.21

Abbreviations: ALT, alanine transaminase; BDE47; 2,2’,4,4’-tetrabromodiphenyl ether; BDE99, 2,2°,4,4’,5-pentabromodiphenyl ether; 2,2°,4,4 6-

pentabromodiphenyl ether, BDE100; BMI, body mass index; GGT, gamma-glutamyl transferase; MASH, metabolic dysfunction-associated

steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease; NAS, NAFLD Activity Score; PBDE, polybrominated flame
retardants; PFAS, polyfluoroalkyl substances; PFHXS, perfluorohexane-1-sulphonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic

acid; PFOS, perfluorooctanesulfonic acid; SD, standard deviation.
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Chemical analyses of PFAS and BDE47.

TABLE 2

Page 18

(A) Results (OR) from single chemical analyses of PFAS and BDE47 (ng/mL) on lobular inflammation score = 2 compared to less than
2, adjusted for age, sex, ethnicity, and BMI

Log 2 transformed Deciled
Chemical N OR (95% CI) p-Value FDR p-Value  OR (95% CI) p-Value FDR p-Value
BDE47 428 0.94 (0.81-1.09)  0.43 0.72 0.98 (0.91-1.05)  0.533 0.89
PFHXS 290 0.74(0.58-0.94) 1% 0.07 0.90(0.82-0.99)  (026* 0.13
PFNA 290 1.00 (0.76-1.32) 1.00 1.00 0.99 (0.91-1.08) 0.872 0.94
PFOA 290 0.92 (0.64-1.32)  0.63 0.79 1.00 (0.91-1.09)  0.943 0.94
PFOS 290 0.78 (0.55-1.11)  0.17 0.42 0.95 (0.87-1.04)  0.262 0.66

(B) Results (beta estimates) from single chemical analyses of PFAS and BDE47 (ng/mL) on NAFLD Activity Score (NAS) adjusted for

age, sex, ethnicity, and BMI

Log 2 transformed Deciled

Chemical N Beta (95% CI) p-Value FDR p-Value  Beta (95% CI) p-Value FDR p-Value

BDE47 428 -0.02 (-0.12, 0.66 0.69 0.00 (-0.05 0.85 0.85
0.08) 0.04)

PFHXS 290 -0.20 (-0.34, 0.004% 0.01% -0.08 (-0.13 - 0.009 0.04%
-0.06) 0.02)

PFNA 290 -0.04 (-0.21, 0.69 0.69 -0.02 (-0.08 0.45 0.56
0.14) 0.03)

PFOA 290 -0.12 (-0.35, 0.31 0.51 -0.02 (-0.08 0.39 0.56
0.11) 0.03)

PFOS 290 -0.21 (-0.43, 0.06 0.14 -0.04 (-0.1 0.16 0.39
0.01) 0.02)

(C) Results (beta estimates) from single chemical analyses of PFAS and BDE47 (ng/ml) on log-transformed ALT, adjusted for age, sex,

ethnicity, and BMI

Log 2 transformed Deciled

Chemical N Beta (95% CI) p-Value FDR p-Value  Beta (95% CI) p-Value FDR p-Value

BDE47 428 -0.02 (-0.09, 0.64 0.64 -0.01 (-0.05, 0.64 0.64
0.06) 0.03)

PFHXS 290 -0.16 (-0.27, 0.005* 0.027 -0.07 (-0.11, 0.005* 0.02%
-0.05) -0.02)

PFNA 290 -0.04 (-0.19, 0.57 0.64 -0.02 (-0.06, 0.44 0.57
0.10) 0.03)

PFOA 290 -0.11 (-0.30, 0.28 0.46 -0.02 (-0.06, 0.45 0.57
0.09) 0.03)

PFOS 290 -0.11 (-0.29, 0.22 0.46 -0.02 (-0.07, 0.44 0.57
0.07) 0.03)

Abbreviations: BDE47; 2,2’,4,4’-tetrabromodiphenyl ether; BMI, body mass index; Cl, confidence interval; FDR, false discovery rate; MASH,
metabolic dysfunction-associated steatohepatitis; OR, odds ratio; PFAS, polyfluoroalkyl substances; PFHXS, perfluorohexane-1-sulphonic acid;
PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid.

*
p<0.05.
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Log2 transformed and deciled metabolites.

TABLE 3

Page 19

Results of significant associations between single metabolites (log2 transformed and deciled) and odds of MASH compared to MASLD,
adjusted for age, sex, ethnicity, and BMI (N = 426)

Log2 transformed Deciled
FDR p- FDR p-

Metabolite Mode OR (95% ClI)  p-Value Value OR (95% CI)  p-Value Value

. : Positive 0.69 (0.55- * 0.89 (0.83- *
Biliverdin HILIC 0.86) 0.002 0.01 0.96) 0.002 0.10

S Positive 1.27 (1.04- * 1.12 (1.02- *

1 -Methylhistidine HILIC 156) 0.02 0.57 1.24) 0.02 0.64
Hippuric acid Reverse phase i.gé)(l.OS— 0.027% 0.86 i.;g)(lm- 0.03 0.67

. - 1.20 (0.98- 1.25 (1.02- *
N-acetylasparagine Reverse phase 150) 0.08 0.87 155) 0.04 0.67
5-Hydroxy-L- 1.22 (0.99- 1.13 (1.00-
tryptophan Reverse phase 1.49) 0.06 0.86 1.29) 0.05 0.67

Abbreviations: BMI, body mass index; CI, confidence interval; FDR, false discovery rate; HILIC, hydrophilic interaction liquid chromatography;
MASH, metabolic dysfunction-associated steatohepatitis; MASLD, metabolic dysfunction-associated steatotic liver disease; OR, odds ratio.

*
£<0.05.
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