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Review
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A Systematic Review and Meta-Analysis
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BACKGROUND: Experimental evidence indicates that exposure to certain pollutants is associated with liver damage. Per- and polyfluoroalkyl substan-
ces (PFAS) are persistent synthetic chemicals widely used in industry and consumer products and bioaccumulate in food webs and human tissues,
such as the liver.

OBJECTIVE: The objective of this study was to conduct a systematic review of the literature and meta-analysis evaluating PFAS exposure and evi-
dence of liver injury from rodent and epidemiological studies.

METHODS: PubMed and Embase were searched for all studies from earliest available indexing year through 1 December 2021 using keywords corre-
sponding to PFAS exposure and liver injury. For data synthesis, results were limited to studies in humans and rodents assessing the following indica-
tors of liver injury: serum alanine aminotransferase (ALT), nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, or steatosis. For human
studies, at least three observational studies per PFAS were used to conduct a weighted z-score meta-analysis to determine the direction and signifi-
cance of associations. For rodent studies, data were synthesized to qualitatively summarize the direction and significance of effect.

RESULTS: Our search yielded 85 rodent studies and 24 epidemiological studies, primarily of people from the United States. Studies focused primarily
on legacy PFAS: perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS), perfluorononanoic acid (PFNA), and perfluorohexanesulfonic
acid. Meta-analyses of human studies revealed that higher ALT levels were associated with exposure to PFOA (z-score= 6.20, p <0.001), PFOS
(z-score = 3.55, p<0.001), and PENA (z-score = 2.27, p=0.023). PFOA exposure was also associated with higher aspartate aminotransferase and
gamma-glutamyl transferase levels in humans. In rodents, PFAS exposures consistently resulted in higher ALT levels and steatosis.

ConcLusION: There is consistent evidence for PFAS hepatotoxicity from rodent studies, supported by associations of PFAS and markers of liver
function in observational human studies. This review identifies a need for additional research evaluating next-generation PFAS, mixtures, and early

life exposures. https://doi.org/10.1289/EHP10092

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a public health epi-
demic." In parallel with the growing obesity epidemic, prevalence
of NAFLD has significantly increased in recent years and become
one of the most common causes of chronic liver disease globally.*
The prevalence of NAFLD is estimated to be about 25% world-
wide, whereas cases in the United States are expected to number
100.9 million, or about one-third of all adults, by 2030.* Untreated,
NAFLD may progress to more serious liver injury such as nonalco-
holic steatohepatitis (NASH), cirrhosis, and end-stage liver
disease.

*These authors contributed equally to this work.
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Exposure to environmental chemicals has emerged as a signifi-
cant contributor to liver disease, including NAFLD. Experimental
evidence indicates that exposure to per- and polyfluorinated sub-
stances (PFAS), a class of endocrine-disrupting chemicals, has the
ability to promote metabolic changes that can result in fatty liver.®
PFAS are synthetic chemicals widely used in industry and con-
sumer products such as stain-resistant fabric and fire retardants.”*
The stable chemical properties that make PFAS ideal for industrial
use also allow them to persist and accumulate in the environment,”
which is of concern because of the potential for long-term human
health effects. Recent biomonitoring studies have emphasized the
ubiquitous nature of PFAS exposure and have indicated that four
congeners of PFAS account for most known human exposure: per-
fluorooctanesulfonic acid (PFOS), perfluorooctanoic acid (PFOA),
perfluorohexanesulfonic acid (PFHxS), and perfluorononanoic
acid (PENA).!!! Significant sources of exposure include drinking
water,'>"? food,'*!” indoor and outdoor air,'®'” and early life pla-
cental or breast milk exposure.'® 2 PFAS are detected in the serum
of nearly all U.S. adults®'**? and accumulate in body tissues, such
as in the liver.> > This bioaccumulation, coupled with the long
half-lives of many PFAS,**?" leads to concern about the potential
for PFAS to disrupt liver homeostasis should they continue to accu-
mulate in human tissue even if industrial use is abated.

Research evaluating hepatotoxic effects of PFAS has greatly
increased in the peer-reviewed literature; however, conclusions
remain inconsistent. In animal studies, PFAS have consistently
induced steatosis and lipid accumulation in mice,”® rats,?” zebrafish,>
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chickens,! frogs,32 and primates.33 Despite this, it is difficult to
extrapolate directly from animal results to human health effects
in part due to species differences in PFAS elimination and half-
lives.**

Evaluations of occupationally exposed workers have not con-
sistently reported associations between PFAS exposure and liver
enzymes or liver disease,> " although recent analyses of other
populations have reported positive associations between PFAS and
liver enzymes indicative of liver injulry.‘g(“12 Epidemiological stud-
ies have also re7p0rted associations between PFAS exposure and
cholesterol,®~*7 triglycerides,***>*’ bilirubin,*® and uric acid,*
further supporting a relationship between PFAS exposure and liver
injury given that these are additional biomarkers of metabolic dis-
ruption, NAFLD, and advanced liver disease.¥870

Indeed, the association between PFAS exposure and NAFLD
in humans remains challenging to evaluate given the difficulty in
obtaining biopsy-confirmed NAFLD histological data, and thus
liver injury is typically assessed using serum biomarkers of hepa-
totoxicity or imaging assessments of hepatic steatosis.”’ Alanine
aminotransferase (ALT) in particular is considered a specific bio-
marker of liver injury and is widely used in epidemiological stud-
ies.’'™* A recent review summarized the state of the literature
regarding toxic effects of PFAS on many adverse health effects,
including liver disease, lgpid dysregulation, and other metabolic
outcomes.>® Fenton et al.>* provided an overview of the evidence
for hepatoxicity across human and animal studies, as well as a
discussion of possible mechanisms underlying this relationship.
In contrast, the purpose of the present review is to specifically
evaluate the effects of PFAS exposure on NAFLD and markers
of NAFLD, with a focus on the liver enzymes commonly used in
human epidemiological research. To our knowledge, this is the
first systematic review and meta-analysis integrating both the epi-
demiological (human) and experimental (rodent) evidence for an
effect of PFAS exposure on liver enzymes and related markers of
liver injury.

Materials and Methods

This review is reported according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines. The review protocol was registered in PROSPERO
(CRD42020158911).°

Search Strategy

We systematically searched two databases, PubMed and Embase,
for human and rodent studies evaluating the association between
exposure to PFAS and markers of liver injury from earliest avail-
able online indexing through 1 December 2021. For PubMed, the
search strategy was as follows: (NAFLD OR “nonalcoholic fatty
liver disease” OR “nonalcoholic fatty liver disease” OR NASH
OR “nonalcoholic steatohepatitis OR “nonalcoholic steatohepati-
tis” OR “nonalcoholic fatty liver” OR “fatty liver” OR steatosis
OR ALT OR “alanine aminotransferase” OR AST OR “aspartate
aminotransferase” OR GGT OR “gamma-glutamyl transferase”
OR “gamma glutamyl transferase” OR CK18 OR “cytokeratin 18”
OR ALP OR *“alkaline phosphatase” OR “liver enzymes” OR
“liver damage” OR “liver injury” OR “liver fibrosis” OR
“liver weight”) AND (Perfluoroalkyl OR Polyfluoroalkyl OR
Perfluorinated OR polyfluorinated OR perfluoro” OR polyfluoro™
OR PFAS™ [tiab] OR PFOS [tiab] OR ((perfluorooctanesulfonic
OR perfluorooctane sulfonic) AND acid) OR “perfluorooctane
sulfonate” OR PFOA [tiab] OR “perfluorooctanoic” acid OR per-
fluorooctanoate OR PFHxS [tiab] OR ((perfluorohexane sulfonic
OR perfluorohexanesulfonic) AND acid) OR “perfluorohexane
sulfonate” OR perfluorohexanesulfonate OR PFNA [tiab] OR
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“perfluorononanoic acid” OR perfluorononanoate OR GenX [tiab]
OR “hexafluoropropylene oxide dimer acid” OR PFOSA [tiab]
OR “perfluorooctane sulfonamide” OR PFUnDA [tiab] OR “per-
fluorodecanoic acid” OR perfluoroundecanoate PFDA OR “per-
fluorodecanoic acid” OR perfluorodecanoate OR PFBS OR
“perfluorobutane sulfonic acid” OR “perfluorobutane sulfonate”.

For Embase, the search terms were (NAFLD OR “nonalcoholic
fatty liver disease” OR “nonalcoholic fatty liver disease” OR NASH
OR “nonalcoholic steatohepatitis” OR “nonalcoholic steatohepati-
tis” OR “nonalcoholic fatty liver” OR “fatty liver” OR steatosis OR
ALT OR ““alanine aminotransferase” OR AST OR *“aspartate amino-
transferase” OR GGT OR “gamma-glutamyl transferase” OR
“gamma glutamyl transferase” OR CK18 OR “cytokeratin 18” OR
ALP OR *“alkaline phosphatase” OR “liver enzymes” OR “liver
damage” OR “liver injury” OR “liver fibrosis” OR “liver weight)
AND (Perfluoroalkyl OR Polyfluoroalkyl OR Perfluorinated OR
polyfluorinated OR perfluoro™ OR polyfluoro” OR PFAS™:ab,ti OR
PFOS:ab,ti OR ((perfluorooctanesulfonic OR perfluorooctane sul-
fonic) AND acid) OR “perfluorooctane sulfonate” OR PFOA:ab,ti
OR “perfluorooctanoic acid” OR “perfluorooctanoate” OR PFHxS:
ab,ti OR ((perfluorohexane sulfonic OR perfluorohexanesulfonic)
AND acid) OR “perfluorohexane sulfonate” OR perfluorohexanesul-
fonate OR PFNA:ab,ti OR “perfluorononanoic acid”” OR perfluoro-
nonanoate OR GenX:ab,ti OR “hexafluoropropylene oxide dimer
acid” OR PFOSA:ab,ti OR “perfluorooctane sulfonamide” OR
PFUnDA:ab.ti OR “perfluorodecanoic acid” OR “perfluoroundeca-
noate PFDA” OR “perfluorodecanoic acid” OR perfluorodecanoate
OR PFBS OR “perfluorobutane sulfonic acid”” OR “perfluorobutane
sulfonate”. We also screened the references of recent reviews for eli-
gible studies.

Study Selection

Studies were eligible for inclusion if they met the following crite-
ria: (a) were original experimental or observational research pub-
lished in English (i.e., not a review, meta-analysis, abstract,
editorial, letter, or commentary); (b) conducted in humans, mice,
or rats; (c) assessed one or more PFAS; and (d) reported data on
serum ALT, NAFLD, NASH, or steatosis. ALT was chosen as
the biomarker of interest because of its relative specificity to liver
disease and use in previous literature on PFAS exposure and
NAFLD. Other markers of liver disease—such as bilirubin, alka-
line phosphatase, albumin, and uric acid—were not included
because alterations in these biomarkers may suggest damage to
other organ systems or liver diseases with alternate causes (e.g.,
cancer, alcoholic fatty liver).’'3*7 Secondary outcomes were
extracted, if available, and included serum aspartate aminotrans-
ferase (AST) and gamma-glutamyl transferase (GGT),
cytokeratin-18 (CK-18), liver histopathology, and relative liver
weight (animals only). For the purpose of this review, increases
in liver weight were presumed to be adverse, given our focus on
additional measures of liver injury (e.g., enzymes, histopathol-
ogy). However, increases in liver weight alone may be an adapt-
ive response in rodents and do not always indicate that an injury
has occurred.’® Two reviewers (S.R. and E.C.) independently
performed an initial screening of titles and abstracts and then
evaluated potentially relevant studies based on full-text reviews.
Any discrepancies were resolved by discussion with a third
reviewer (N.S.).

Data Extraction

In human studies, the following information was extracted from
each article: first author, publication year, country, year and
method of exposure assessment and outcome assessment, study
design, population characteristics, sample size, confounders, and
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results [adjusted P coefficients and odds ratios with standard
errors (SEs) or 95% confidence intervals]. In rodent studies, the
following information was extracted: first author, year, study
design, species/strain, sex, sample size, age, exposure, frequency
and duration of exposure, administration route, dose, diet, out-
come results, and SE. Data were independently extracted by two
reviewers (S.R. and E.C.) and compared for accuracy. Any dis-
crepancies were resolved through discussion with a third
reviewer (N.S.).

Quality Assessment

Human and rodent study quality was independently evaluated by
two reviewers (S.R. and E.C.) using the Office of Health
Assessment and Translation (OHAT) Risk of Bias tool,>>%° with
discrepancies resolved through discussion. The OHAT Risk of
Bias tool was used to evaluate threats to internal validity and
assess the risk of bias. The OHAT tool was chosen for its ability
to evaluate cross-sectional studies, which are not considered in
other quality ratinzg systems, and applicability to both human and
rodent studies.®'

Six of the 10 domains in the OHAT tool were relevant to obser-
vational human studies; those pertaining to randomization and
blinding were not applicable. Eight domains were relevant to exper-
imental rodent studies; domains that addressed participant selection
and confounding were not relevant. For each domain, a study was
evaluated for definitely low risk of bias (4+4), probably low risk of
bias (+), probably high risk of bias (=), and definitely high risk of
bias (——). In domains where the study did not provide enough infor-
mation to evaluate bias, an assignment of “probably high” risk was
given with the notation “NR” for “not reported.” Specific criteria
for each domain are described in the section “Description of
domains in Office of Health Assessment and Translation (OHAT)
Risk of Bias tool” in the Supplemental Material.

Data Synthesis and Meta-Analysis

In human studies, we conducted meta-analyses between exposure to
each of the four selected PFAS and serum concentrations of each of
three liver enzymes (ALT, AST, and GGT), which were reported in
at least three studies of similar design (e.g., cross-sectional, longitu-
dinal). Because of the heterogeneous methodologies (e.g., log-
transformation or natural log-transformation of the exposure, the
outcome, or both) and noncomparable effect estimates, it was not
possible to directly pool effect estimates across studies. For exam-
ple, the effect estimate from a study that log,,-transformed both ex-
posure and outcome cannot be pooled with a study that natural log-
transformed only the exposure, and pooling only studies that had
similar transformation methodologies may introduce selection bias.
Thus, we used a weighted z-scores method to summarize results.
z-Scores were calculated using adjusted B coefficients from linear
regression analyses of PFAS and their SE.%3 Although the magni-
tude of the effect cannot be determined using this method, a
weighted z-score allows for determination of the statistical signifi-
cance and direction of the relationship. For each PEAS-liver enzyme
relationship, a weighted-average z-score was calculated where
weights were the square root of the sample size. Studies in popula-
tions <12 years of age (presumed to be either in early stages of pu-
berty or prepubertal based on normal range of puberty in girls and
boys)®** were excluded from this calculation to account for devel-
opmental effects and included in sensitivity analyses. For different
studies with overlapping populations, only the study with the largest
population was included. In studies that reported multiple models,
we used the effect estimate from the most highly adjusted model.
Although the inclusion criteria did not exclude studies with categori-
cal measures, none of the studies in the present review used
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exclusively categorical measures. The z-score was calculated using
the overall P, not those stratified by sex, weight, or other factors,
unless an overall B was not available. However, when studies
reported stratified analyses by sex in addition to overall population
results, we included the stratified results to see whether sex-specific
differences might exist when multiple studies are compared. Where
possible, additional sensitivity analyses were performed and
z-scores were calculated @) separately by sex, b) after excluding the
largest study, ¢) for studies using National Health and Nutrition
Examination Survey (NHANES) data, and d) including populations
<12 years of age. The purpose of these analyses was to determine
whether a) the relationships differed by sex, ) they were driven pri-
marily by a single large study, c) the relationship differed between
the general population of the United States and populations from
other countries or those occupationally exposed, and d) including
children changed the direction or statistical significance of the
relationship.

In rodent studies, substantial differences in study design (e.g.,
length of exposure, exposure vehicle, dose) meant that meta-
analyses were not feasible. Data were synthesized and displayed
graphically. We used strip plots adapted from Thayer et al.*® to
summarize the direction of the effect of PFAS dose (in milli-
grams per kilogram of body weight or parts per million) on ALT
across all eligible studies. Additional plots were used to summa-
rize the effects of PFAS exposure on additional liver enzymes
and relative liver weight in those studies that reported secondary
outcomes. Some studies provided data on groups treated with
PFAS combined with nonstandard diets or supplements; for
these, we selected as control the group on standard diet with no
PFAS or supplement exposure. PFAS plus experimental diet or
supplement were included as exposure groups. All analyses were
conducted in R (version 4.0.2; R Development Core Team).

Results

Our search produced 881 articles from PubMed (n=371) and
Embase (n=510), 205 of which were duplicates (Figure 1). After
title and abstract screening and full-text review, 109 studies met
the eligibility criteria. Two additional studies were identified
from review articles (see the section “Review articles screened
for additional eligible articles” in the Supplemental Material). Of
the 111 total studies, 25 were observational human studies and 86
were experimental rodent studies. Extracted data used in z-score
calculations for human studies and in visual data synthesis for

Potentially relevant articles (n=881)
PubMed (n=371)
Embase (n=510)
Duplicated
¢—’ (n=205)
Articles for screening based on
title and abstract (n=676)
Avrticles identified from reviews
(n=2) Did not meet
¢—> inclusion criteria
(n=440)
Articles for screening based on
full text (n=236)
Did not meet
v > inclusion criteria
Articles included for (n=125)
data extraction (n=111)

¢—‘—$

Human Studies Animal Studies
(n=25) (n=86)

Figure 1. Flow chart of the study selection.
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Environmental Health Perspectives

“Sample sizes given here represent the maximum number of subjects available for at least one of the analyses of interest. Specific analyses may have slightly different sample sizes.

*Blood concentration of PROA, PFOS, PFNA, PFHxS only. Exposure concentrations are reported where available.

“Outcomes listed here are limited to liver enzymes (ALT, AST, GGT), NAFLD, NASH, and liver histopathology. Studies may have reported additional outcomes.

“Natural log (In) transformed.

“Log, transformed.

animal studies are available in Excel Tables S1 and S2,
respectively.

The characteristics of human studies included in this review are
shown in Table 1. Eighteen studies included populations from
the United States,*>~0-4344-6776 7 included populations from
Europe:,36’38’42’77’79 and 2 from Asia.*""%° Years of PFAS expo-
sure assessment ranged from 1951°% to 2016.*"%77* Sixteen
studies were cross-sectional and 6 had a longitudinal design.
Two studies, Darrow et al.>® and Olsen et al.,”>” included both
cross-sectional and longitudinal data.

Of the 86 eligible rodent studies, experiments investigating
PFOA and PFOS were the most common. Other PFAS included
PFNA, PFHxS, perfluorobutyrate (PFBA), perfluorobutanesul-
fonic acid (PFBS), perfluorodecanoic acid (PFDA), perfluorodo-
decanoic acid (PFDoA), perfluoroundecanoic acid (PFUA),
perfluorohexanoic acid (PFHxA), and hexafluoropropylene oxide
dimer acid (GenX). Experimental animal study designs varied
widely in choice of dosing scheme, duration of exposure, and ex-
posure route (Table 2). Doses ranged from 0.02 to 600 mg/kg
body weight and lasted for as little as 1 d to as long as 2 y. The
most common route of exposure was oral gavage, although addi-
tional studies exposed animals to PFAS through drinking water,
diet, inhalation, intraperitoneal injection, or dermal contact.
Some study conditions were intended to mimic occupational or
environmental human exposure levels (e.g., Blake et a1.81),
whereas others, such as Crebelli et al.%? or Lieder et 2711.,83 chose
dose levels based on the no or lowest observed adverse effect
level (NOAEL or LOAEL).

Results on OHAT risk of bias ratings are provided in Tables S1
and S2. No studies were excluded based on risk of bias. For human
studies, risk of bias was often “definitely low” or “probably low”
for all domains, but some were determined to have higher risk of
bias because they did not adequately account for confounders
related to NAFLD or NASH (e.g., alcohol use, body mass index,
smoking). Most animal studies were determined to have “probably
high” risk of bias for domains relating to blinding of researchers or
concealment of experimental assignments, because most studies
were either not blinded or did not report it. Animal studies gener-
ally received positive ratings on all other domains.

Exposure to PFOA

Human studies. Eight cross-sectional studies assessing the rela-
tionship between PFOA and ALT in adults and adolescents
(>12 years of a7ge) were included in the weighted z-score calcula-
tion 354041 43.6770.7275 A \yeighted z-score of 6.20 (p <0.001)
indicated a positive relationship between PFOA and ALT (Table
3). This positive relationship remained across sensitivity analy-
ses (Table S3). A weighted z-score for PFOA and ALT was also
calculated for the three available longitudinal studies and was
statistically significant (z-score= 5.12; p<0.001; Table
3). 304244 Only two studies examined the effect of PFOA expo-
sure on ALT levels in children <12 years of age, reporting no
statistically significant associations.”*® In adults, there was a
positive relationship between PFOA exposure and GGT
(z-score = 4.13, p< 0.001)38:40-41.43.67.69.70.72.75 (yple §4), and
this remained statistically significant after removing the largest
study and after restricting the calculation to only NHANES par-
ticipants (Table S3). There was no statistically significant rela-
tionship between PFOA and AST (z-score= 1.95, p=0.05) in
adults (Table S4)38:40:41:43.67.69.72 7y Jongitudinal analyses did
not find angr associations between PFOA and other liver
enzymes.37’3 One, Salihovic et al.,** did find a positive associa-
tion between PFOA and GGT.

Rodent studies. Thirty-two studies assessed exposure to PFOA
in mice and 5 studies assessed exposure to PFOA in rats (Table 2).
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Overall, exposure to PFOA in rodents was associated with elevated
mean serum ALT (Figure 2). Twenty-one mouse studies observed
a statistically significant difference in mean serum ALT in treat-
ment groups relative to unexposed controls. Of these, 10 studies
observed a statistically significant positive association at higher
doses and no effect at lower doses, suggesting a dose-dependent
relationship.gl’82’84_91 However, these results did not reveal an
obvious threshold for lowest dose of observed effect. Of the 4 stud-
ies in Sprague Dawley rats, 3 found a statistically significant rela-
tionship between PFOA exposure and ALT.”*™* Most studies
included only males, and the few studies including both males and
females observed no consistent differences by sex in effects on
ALT levels.”*% Studies also reported elevated AST or liver
weight in PFOA-exposed rodents (Figures S1 and S2). PFOA ex-
posure in adult mice and rats frequently induced steato-
sis 28-8487.909699 1y 1 study investigated prenatal PFOA
exposure and development of steatosis in adulthood and no associ-
ation was found.'” Other reported histopathological alterations

included hepatocellular hy?ertrophy and necrosis in both
mice28:81.82.84.86-88.96.97.101-111 4 . 193.94,99.112
Exposure to PFOS

Human studies. Six cross-sectional studies assessing the relation-
ship between PFOS and ALT in adults and adolescents (>12 years
of age) were included in the weighted z-score calcula-
tion. *04167-707275 A wejghted z-score of 3.55 (p < 0.001) suggested
a positive association between PFOS and ALT (Table 3). After
including two studies in children (<12 years of age),”*”® the associ-
ation remained statistically significant (z-score = 3.27, p < 0.001);
however, the association was no longer statistically significant in
sensitivity analyses that removed the largest study70 (z-score =
1.11, p=0.27) or that restricted the analysis to only those studies
using NHANES data*®®"-"%7> (z-score= 0.90, p=0.37) (Table
S3). No statistically significant associations between PFOS and
ALT were reported in children in either cross-sectional’*’® or longi-
tudinal’® analyses. Weighted z-scores did not suggest a relationship
between PFOS and GGT when including all eligible studies
(z-score = 1.13, p =0.26)*04167707275 41 in sensitivity analyses
(Table S3) or between PFOS and AST (z-score = 0.37, p=0.72) in
adults (Table S4).***! 772 One longitudinal analysis reported a pos-
itive association with ALT,** but none found any relationship
between PFOS and other liver enzymes.*”**

Rodent studies. Among rodent studies, 13 studies assessed expo-
sure to PFOS in rats®>*>?1137122 and 19 assessed PFOS exposure in
mice?®8%104123-138 (paple 2). PFOS exposure consistently increased
serum ALT in mice (Figure 3). This effect was also observed in rats,
although several studies did not report any effect of PFOS on ALT lev-
els.”” ! *!18 Many mouse studies also observed increases in AST after
PFOS exposure (Figure S3), and both mouse and rat studies reported
increases in liver weight following PFOS exposure (Figure S4). PFOS
exposure was also shown to induce steatosis in mice and
rats 70 181231257127 1311331397141 propyapg) exposure also resulted in
steatosis in Wistar rats.'" Hepatocellular hypertrophy and necrosis

were also consistenﬂ%/ observed after PFOS exposure in both
. 3 _
mice!0+129.132,135,137.138 4 o 20.95.99.113-118,120-122

Exposure to PFNA

Human studies. Five cross-sectional studies assessing the rela-
tionship between PENA and ALT in adults and adolescents were
included in the weighted z-score calculation, *0#-67:7275 A
weighted z-score of 2.27 (p=0.023) suggested a positive rela-
tionship between PFNA and ALT (Table 3). Owing to the limited
number of available studies, no sensitivity analyses were per-
formed for this weighted z-score. Mora et al.”® reported a
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statistically significant negative association in cross-sectional
analyses of PFNA and ALT in boys only, although no statistically
significant associations were found for children overall in either
cross-sectional or longitudinal analyses by either Mora et al.”® or
Khalil et al.”* There was no relationship between PFNA and
GGT (z-score= 1.45, p=0.15)*%41677275 o AST (z-score=
0.95, p=0.35) in adults (Table $4).***"6772 Mundt et al.** found
no difference in mean ALT, GGT, or AST between production
workers with low, high, or no occupational exposure to PFNA.
Salihovic et al. reported a positive association between PFNA
and ALT, but no relationship was found between PFNA and
GGT in a longitudinal analysis.**

Rodent studies. Six studies evaluated exposure to PFNA and
markers of liver injury in mice or rats. Results consistently demon-
strated elevated ALT, steatosis, and hepatocellular hypertrophy in
treatment groups compared with controls in both mice®!3!-14%:143
and rats.'**

Exposure to PFHxS

Human studies. Five cross-sectional studies assessing the rela-
tionship between PFHxS and ALT in adults and adolescents were
included in the weighted z-score calculation.***1677275 A
weighted z-score of 1.42 (p =0.15) did not suggest any relation-
ship between PFHxS and ALT (Table 3). No sensitivity analyses
were performed for this weighted z-score because of the limited
number of available studies. One longitudinal study reported a
positive association between PFHxS and ALT.** Studies in chil-
dren reported no relationship between PFHxS and ALT.”*’°
Likewise, weighted z-scores did not indicate a relationship
between PFHxS and GGT (z-score= 0.66, p = 0.52)*041:67:72.75
or between PFHxS and AST (z-score= 1.50, p=0.13) in adults
(Table S4)4041:67.72

Rodent studies. Five studies examined the effects of PFHxS
on liver outcomes. Two studies in mice'**'*® and one in rats'*’
investigated the effects of PFHxS exposure on liver enzymes. No
alterations in ALT or AST were observed in adult male rats or rat
dams, or in mouse dams or pups.'**'*®!47 However, PFHxS-
induced steatosis and hepatocellular hypertrophy at doses of
>3 mg/kgperday in the one rat and two mouse studies that
reported histopathological results.*® 23147

Exposure to Other PFAS

Findings among studies assessing exposure to other PFAS
(PFDA, PFHxA, PFHpA, PFBS, PFBA, PFDoA, PFHxA,
PFDoA, and GenX) were not consistent (Table 1). For instance,
Nian et al. observed a positive relationship between PFDA and
ALT in humans,41 whereas several other human studies found no
relationship.*>”>"7 Positive associations of human exposure to
PFHxA"’ and PFHpA42 with ALT were observed. Our search
identified only one study that evaluated the effects of PFAS as a
mixture in humans and found that higher prenatal PFAS exposure
was associated with increased risk for livery injury in childhood,
based on ALT, AST, and GGT percentiles.78 This finding sug-
gests that, even if certain individual PFAS exert minor or no
effects on the liver, the overall effect of multiple exposures may
be detrimental.

No changes in ALT were reported after exposure to PFDA in
rats,148 PFBS in rats,83 PFBA in mice or rats,gz’%’mg’150 or
PFDOA in rats.'>"!>? Elevated ALT was reported following ex-
posure to PFDA in mice,'3>1%* and PFHxA'>® and PFUA'®® in
male but not female rats . PEDA'>* and PFDoA'®! exposure was
also shown to result in steatosis in mice and rats, respectively,
whereas PFBS exposure in mice did not.'*
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Table 3. Strip plots for the z-scores of the analyses of PFAS on ALT.

Reference Population Age (y) Sex Weight n Exposure PFAS Blood Conc. z-Score (p-value)
PFOA (cross-sectional studies)

Sakr et al.**“ GHS >18 Overall  All 1,024  PFOA 0.428 ppm” 1.53 (0.13)
Olsen and Zobel*®* Plant employees 21-67 Male All 506 PFOA 2,210ng/mL? —0.59 (0.56)
Emmett et al.® Little Hocking, Ohio 2-90 Overall All 371 PFOA 354 ng/mL¢ 0.45 (0.67)
Gallo et al.”%¢ C8HP >18 Overall  All 46,452  PFOA 28.0ng/mL* 12.32 (<0.001)
Darrow et al.* C8HP >20 Overall  All 28,047  PFOA NS 6.72 (<0.001)
Darrow et al.* C8HP >20 Male All 12,364  PFOA 17.1ng/mL* 4.63 (<0.001)
Darrow et al.* C8HP >20 Female  All 15,683  PFOA 16.0 ng/mL¢ 3.92 (<0.001)
Nian et al.*! I C8HP 22-95 Overall  All 1,605  PFOA 6.19ng/mL* 4.23 (<0.001)
Lin et al.”> NHANES 1999-2003 >20 Overall  All 2,197  PFOA 4.51 ng/mL" 2.99 (0.003)
Lin et al.” NHANES 1999-2003 >20 Male All 1,063  PFOA 5.05ng/mL? 1.85 (0.064)
Lin et al.” NHANES 1999-2003 >20 Female  All 1,134 PFOA 4.06 ng/mL" 1.65 (0.098)
Gleason et al.**“ NHANES 2007-2010 >12 Overall  All 4333  PFOA 3.5ng/mL? 3.10 (0.002)
Jain and Ducatman’>® ~ NHANES 2011-2014 >20 Overall  Non-obese 1,082  PFOA 2.2ng/mL? 0.22 (0.84)
Jain and Ducatman* ~ NHANES 2011-2014 >20 Overall  Obese 1,801  PFOA 2.0ng/mL? 3.17 (0.002)
Attanasio®” NHANES 2013-2016 ~ 12-19 Male All 354  PFOA 1.50 ng/mL? —2.29 (0.022)
Attanasio®” NHANES 2013-2016  12-19 Female  All 305  PFOA 1.22ng/mL? 2.35 (0.019)
Mora et al.”® Project Viva 6-11 Overall  All 630  PFOA 4.3ng/mL* —0.35 (0.74)
Mora et al.”® Project Viva 6-11 Male All 332 PFOA 4.4ng/mL* —1.18 (0.24)
Mora et al.”® Project Viva 6-11 Female  All 208  PFOA 4.2ng/mL¢ —1.96 (0.050)
Khalil et al.™ DCH 8-12 Overall Obese 48 PFOA 0.99 ng/mL" 1.62 (0.11)
Weighted z-score 6.20 (<0.001)
PFOA (longitudinal studies)

Sakr et al.**¢ GHS >18 Overall  All 205  PFOA 1.13 ppm® 1.06 (0.29)
Darrow et al.>** C8HP >20 Overall  All 28,047  PFOA S 5.88 (<0.001)
Darrow et al.>* C8HP >20 Male All 12364  PFOA 17.1 ng/mL* 4.57 (<0.001)
Darrow et al.* C8HP >20 Female All 15,683 PFOA 16.0ng/mL" 3.92 (<0.001)
Salihovic et al.*>¢ Swedish 70 Overall All 1,002 PFOA 3.31ng/mL" 5.20 (<0.001)
Mora et al.”® Project Viva 6-11 Overall Al 508  PFOA 5.4ng/mL° —1.31(0.19)
Mora et al.”® Project Viva 6-11 Male All 273 PFOA 5.5ng/mL¢ —0.89 (0.38)
Mora et al.”® Project Viva 6-11 Female  All 235  PFOA 5.4ng/mL° —-1.31(0.19)
Weighted z-score 5.12 (<0.001)
PFOS (cross-sectional studies)

Gallo et al.”®¢ C8HP >18 Overall All 46,452 PFOS 20.3ng/mL" 6.53 (<0.001)
Nian et al.*! 1 C8HP 22-95 Overall  All 1,605  PFOS 24.22 ng/mL¢ 2.31 (0.021)
Lin et al.”> NHANES 1999-2003 >20 Overall  All 2216  PFOS 24.6ng/mL? 1.90 (0.057)
Gleason et al.**¢ NHANES 2007-2010 >12 Overall  All 4333 PFOS 11.3 ng/mL¢ 1.19 (0.24)
Jain and Ducatman’>¢ ~ NHANES 2011-2014 >20 Overall  Non-obese 1,082  PFOS 6.3ng/mL? —1.02 (0.31)
Jain and Ducatman’>®  NHANES 2011-2014 >20 Overall  Obese 1,801  PFOS 5.5ng/mL? 1.26 (0.21)
Attanasio®” NHANES 2013-2016  12-19 Male All 354 PFOS 3.68 ng/mL? 0.21 (0.85)
Attanasio®” NHANES 2013-2016  12-19 Female  All 305  PFOS 2.76 ng/mL? 1.86 (0.063)
Mora et al.”® Project Viva 6-11 Overall  All 630  PFOS 6.2ng/mL¢ —1.07 (0.29)
Mora et al.”® Project Viva 6-11 Male All 332 PFOS 6.3ng/mL" —0.69 (0.50)
Mora et al.”® Project Viva 6-11 Female  All 298  PFOS 6.1ng/mL¢ —1.21 (0.23)
Khalil et al.™ DCH 8-12 Overall  Obese 48  PFOS 2.79 ng/mL* 0.16 (0.88)
Weighted z-score 3.55(<0.001)
PFNA (cross-sectional studies)

Nian et al.*!* 1 C8HP 22-95 Overall  All 1,605  PENA 1.96 ng/mL¢ 3.86 (<0.001)
Lin et al.”> NHANES 1999-2003 >20 Overall  All 2,216  PENA 0.79 ng/mL? 1.55 (0.12)
Gleason et al.**“ NHANES 2007-2010 >12 Overall  All 4333  PFNA 1.2ng/mL? 3.51 (<0.001)
Jain and Ducatman* ~ NHANES 2011-2014 >20 Overall  Non-obese 1,082  PFNA 0.83ng/mL? 0.47 (0.65)
Jain and Ducatman’>® ~ NHANES 2011-2014 >20 Overall ~ Obese 1,801  PENA 0.73 ng/mL? 3.53 (<0.001)
Attanasio®” NHANES 2013-2016  12-19 Male All 354  PENA 0.58 ng/mL? —2.49 (0.013)
Attanasio®” NHANES 2013-2016 ~ 12-19 Female  All 305  PFNA 0.49 ng/mL? 3.02 (0.003)
Mora et al.”® Project Viva 6-11 Overall  All 630  PFNA 1.5ng/mL¢ —2.94 (0.003)
Mora et al.”® Project Viva 6-11 Male All 332 PENA 1.5ng/mL¢ —-3.92 (<0.001)
Mora et al.”® Project Viva 6-11 Female Al 208  PFNA 1.5ng/mL¢ —1.31(0.19)
Khalil et al.™ DCH 8-12 Overall  Obese 48  PENA 0.24ng/mL* —0.18 (0.86)
Weighted z-score 2.27 (0.023)
PFHxS (cross-sectional studies)

Nian et al.*! 1 C8HP 22-95 Overall  All 1,605  PFHxS 0.73 ng/mL¢ 0.39 (0.71)
Lin et al.”> NHANES 1999-2003 >20 Overall  All 2216  PFHxS 1.98 ng/mL? 0.40 (0.71)
Gleason et al.** NHANES 2007-2010 >12 Overall  All 4,333 PFHxS 1.8ng/mL? 2.61 (0.009)
Jain and Ducatman’> ~ NHANES 2011-2014 >20 Overall  Non-obese 1,082 PFHxS 1.41 ng/mL? 0.26 (0.81)
Jain and Ducatman’>¢ NHANES 20112014 >20 Overall Obese 1,801 PFHxS 1.24 ng/mL" 3.33 (<0.001)
Attanasio®” NHANES 2013-2016  12-19 Male All 354  PFHxS 1.31 ng/mL? 0.49 (0.64)
Attanasio®” NHANES 2013-2016  12-19 Female  All 305  PFHxS 0.88 ng/mL? 2.35(0.019)
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Table 3. (Continued.)

Reference Population Age (y) Sex Weight n Exposure PFAS Blood Conc. z-Score (p-value)
Mora et al.”® Project Viva 6-11 Overall Al 630  PFHxS 1.9ng/mL¢ 0.00 (1.0)
Mora et al.”® Project Viva 6-11 Male All 332 PFHxS 1.9ng/mL¢ —0.65 (0.52)
Mora et al.”® Project Viva 6-11 Female  All 298  PFHxS 1.9ng/mL® 0.78 (0.44)
Khalil et al.” DCH 8-12 Overall ~ Obese 48  PFHxS 1.09 ng/mL* 0.08 (0.94)
Weighted z-score 1.42 (0.15)

Notes: Both overall and sex-specific results are presented where available. ALT, alanine aminotransferase; CS8HP, C8 Health Project; DCH, Dayton Children’s Hospital; GHS, General
Health Survey; I C8HP, Isomers of C8 Health Project; NHANES, National Health and Nutrition Examination Survey; NS, not specified; PFAS, per- and polyfluorinated substances;
PFHXxS, perfluorohexanesulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid.

“The weighted z -score calculation was performed for those >12 years of age, using the larger of overlapping cohorts.

*Mean.
“Median.
4Geometric mean.

Few rodent studies evaluated the effects of GenX exposure on
liver injury, and no eligible human studies evaluated this relation-
ship. In mice, three studies reported that exposure to GenX
resulted in steatosis””'’ or histopathological changes,81 although
there were no changes in liver enzyme levels . A fourth study in
mice did not find any significant histopathological changes or ste-
atosis following GenX administration.'>®

Two studies in mice evaluated the effects of PFAS mixtures.
In one, a mixture of PFOA, PFOS, and PFHxS was not found to
alter ALT levels in pregnant dams fed either standard or high-fat
diet or in their offspring.130 In the other, a mixture of PFOS,
PFOA, PFNA, PFHxS, and GenX was found to increase ALT
levels and alter liver histopathology in adult males and
females.'**

Discussion

This systematic review summarizes the body of evidence linking
markers of liver injury with exposure to PFOA, PFOS, PFHxS,
and PFNA, the most commonly studied PFAS. Meta-analysis in
human studies provided convincing evidence that exposure to
PFOA, PFOS, and PFNA are associated with higher serum ALT.
Rodent studies have consistently demonstrated a positive rela-
tionship between exposure to PFOA and PFOS and serum ALT
as well as relative liver weight, which may indicate accumulation
of excess liver fat. We also found evidence to suggest a positive
association between PFNA and ALT. Findings in rodents were
largely consistent across studies that differed in exposure routes
and duration. Many rodent studies exposed animals to doses far
above expected human exposures; this is due to differences in
PFAS elimination and half-lives in mice and rats relative to
humans®* and does not preclude comparison with human
research. The findings of the present review indicate consistency
of results across human and rodent studies, adding support to the
idea that associations found in observational human studies may
be causal.

Per- and polyfluorinated compounds were first detected in the
blood of occupationally exposed workers in the 1970s and in the
general population in the 1990s, which brought awareness of their
potential health risks.” The hydrophobic and oleophobic properties
of the carbon—fluorine bond make PFAS ideal for industrial use in
flame retardants and surfactants yet also allow them to persist in
the environment, with concerning implications for long-term
health effects. Although manufacturers started to phase out the pro-
duction of PFOS and other long-chain PFAS in the early 2000s, the
Centers for Disease Control and Prevention still reports wide-
spread PFAS exposure in U.S. adults, demonstrating their persist-
ence in biological systems and the continued public health
relevance of the present review.?'** Of additional concern, newer
PFAS that have replaced the legacy PFAS for industrial use, such
as GenX, have similar chemical structure and properties. The

Environmental Health Perspectives

046001-19

limited studies of these replacement PFAS suggest that they may
have toxic effects similar to the legacy chemicals. 157,159

The exact mechanism of PFAS hepatotoxicity remains unre-
solved. PFAS are thought to promote liver inflammation and tri-
glyceride accumulation through activation of both human and
mouse peroxisome proliferator-activated receptor alpha (PPARa)
and other receptors given their structural similarities with fatty
acids,8-96-98.143.149.153.158.160 Consequently, altered lipid metabo-
lism has been associated with PFAS exposure in both
human®®>*7>78 and animal studies.?8-328%.12%.13 Although much
of the mechanistic research has been done using mouse models,
cell-culture studies evaluating comparability of this mechanism in
both mouse and human receptors have demonstrated that PFAS
similarly activate human PPARg!®!-163 However, PFAS-induced
liver injury and steatosis may not depend on PPAR«a alone.'®*
Alternate or complementary mechanisms may involve activation
of constitutive androstane receptor (CAR),”®'** down-regulation
of nuclear factor erythroid 2-related factor 2 (NRF2),'21129 and
up-regulation of nuclear factor kappa-light-chain-enhancer of acti-
vated B cells nuclear factor-kappa B (NF-kB).'*> An additional
possibility suggests that PFAS may reduce the bioavailabili?l of
choline, leading to steatosis as a result of choline deficiency.**'*

Several studies in mice examined the effects of PFAS exposure
with coexposure to either a dietary supplement or high-fat diet.
Supplementation with antioxidants was consistently found to ameli-
orate PFAS-induced liver injury,'®*!!1:126:129-135-137 The effects of
PFAS exposure in populations consuming high-fat diets were
mixed; studies have found that PFAS exposure in rodents exacer-
bates the effect of high-fat diets on liver injury,''*-' although
others have reported potentially protective effects.'**'*"13! Tt is
possible that the mechanisms by which PFAS induce liver injury
are altered when liver homeostasis is already disrupted. These
findings have not been replicated or studied extensively in
humans, although there is some evidence that the relationship
between PFAS and ALT may be mediated by metabolic disease
or obesity.72’ 165

The parallel findings in experimental rodent studies identified
in the present review address the limitations of observational find-
ings and provide comprehensive evidence to suggest hepatotoxic
effects of PFAS exposure. Many human studies, because of limited
access to histopathological and imaging data for asymptomatic
participants, limit analyses to liver enzymes and other biomarkers
than can be easily measured in blood samples. Although levels of
ALT and other enzymes are relatively specific indicators of liver
injury, the exact nature or severity of the injury cannot be deter-
mined without more invasive procedures.5 U However, it is well
understood that populations that have higher levels of ALT also ex-
perience higher mortality and morbidity related to liver disease,
and mild elevations of ALT in individuals may suggest the pres-
ence of NAFLD.”” Animal studies report similar increases in liver
enzymes and pathological alterations to the structure and function
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Exposure Sample
Reference Species  Strain (Sex) Route Exposure Duration Collection Dose (mg/kg)
Martin et al.®® Rats SD (M) Gavage PFOA 1D EOT O
Martin et al.®® Rats SD (M) Gavage PFOA 2D EOT [a]
Magtin et al.®® Rats SD (M) Gavage PFOA 5D EOT O
Rigden et al.®? Rats SD (M) Gavage PFOA 3D EOT 0 Fy (e
Butenhoff et al.?* Rats SD (M) Gavage PFOA 28D EOT ry
Butenhoff et al.*® Rats SD (F) Gavage PFOA 28D EOT ry
Butenhoff et al.®® Rats SD (M) Gavage PFOA 28D 3W Post (e
Butenhoff et al.?® Rats SD (F) Gavage PFOA 28D 3W Post 'y
Owumi et al.”’? Rats Wistar (M) Gavage PFOA 28D EOT rFy
Owumi et al.”’? Rats Wistar (M) Gavage PFOA + NAC 25 28D EOT O
Owumi et al.”’? Rats Wistar (M) Gavage PFOA + NAC 50 28D EOT O
Minata et al.®® Mice 129S4/SvimJ (M) Gavage PFOA 4w EOT Ak A
Nakagawa et al.?” Mice mPPARa (M) Gavage PFOA W EOT Culk
Nakagawa et al.?” Mice hPPARa (M) Gavage PFOA W EOT H Culk
Nakagawa et al.?” Mice PPARa-null (M) Gavage PFOA W EOT Culk
Minata et al.®® Mice PPARa-null (M) Gavage PFOA 4w EOT Ak A
Yahia et al.?® Mice ICR (Dams) Gavage PFOA GDO0-GD17 EOT [alaY ¥
Yang etal.’’® Mice Kunming (M) Gavage PFOA 14D EOT F vy
Wu et al.””# Mice Kunming (M) Gavage PFOA 1D EOT (o]
Wu et al.% Mice Kunming (M) Gavage PFOA 21D EOT Ok
Zou et al.’" Mice Kunming (M) Gavage PFOA 15D EOT ry
Zou et al.’" Mice Kunming (M) Gavage PFOA + Que 15D EOT ry
Liu et al.™® Mice Kunming (M) Gavage PFOA 14D EOT ry
Liu et al.”™® Mice Kunming (M) Gavage PFOA + GSPE 14D EOT r
Yan etal.® Mice BALB/c (M) Gavage PFOA 28D EOT (v ] ry
Guo et al.?* Mice BALB/c (M) Gavage PFOA 28D EOT Gh A
Guo etal.””’ Mice BALB/c (M) Gavage PFOA 28D EOT Gh A
Yan etal.””® Mice BALB/c (M) Gavage PFOA 28D EOT ry
Yan etal.””® Mice BALB/c (M) Gavage PFOA+4-PBA 125 28D EOT ry
Yanetal.””® Mice BALB/c (M) Gavage PFOA+4-PBA 250 28D EOT ry
Hui et al.® Mice BALB/c (M) Gavage PFOA 7D EOT Fvy
Marques et al.”® Mice CD-1 (Dams) Gavage PFOA GD1-PND21 EOT [e]
Marques et al.” Mice CD-1 (Dams) Gavage PFOA + HFD GD1-PND21 EOT [e]
Blake et al.®" Mice CD-1 (Dams) Gavage PFOA E1.5-E11.5 E175 = OO
Blake et al.®" Mice CD-1 (Dams) Gavage PFOA E1.5-E11.5 E115 [e0]
Tan et al.’%® Mice C57BI/6N (M) Diet PFOA 3wW EOT '
Tan et al.’%® Mice C57BI/6N (M) Diet PFOA+HFD 3w EOT '
Li X et al.”? Mice C57BI/6 (M) Gavage PFOA+LFD 16W EOT (9]
Li X et al.”? Mice C57BI/6 (M) Gavage PFOA+LFD 8w EOT (9]
Li X et al.”? Mice C57BI/6 (M) Gavage PFOA+LFD 2w EOT (9]
Li X et al.”® Mice C57BI/6 (M) Gavage PFOA+HFD 16W EOT (o]
Li X et al.”® Mice C57BI/6 (M) Gavage PFOA+HFD 8W EOT (o]
Li X et al.”? Mice C57BI/6 (M) Gavage PFOA+HFD 2w EOT [w]
Crebelli et al.®? Mice C57BI/6 (M) Water PFOA 5W EOT (e %
Shietal.””? Mice C57BL/6J (M) Gavage PFOA 1D EOT A
Shietal.””? Mice C57BL/6J (M) Gavage PFOA + Que 1D EOT 'y
Shietal.””? Mice C57BL/6J (M) Gavage PFOA + HaoHad1 1D EOT '
Shietal.”™ Mice C57BL/6J (M) Gavage PFOA + HaoHad2 1D EOT 'y
Shietal.’™ Mice C57BL/6J (M) Gavage PFOA + Haolad1 1D EOT 'y
Shietal.’” Mice C57BL/6J (M) Gavage PFOA + Haolad2 1D EOT F'y
Shietal.””® Mice C57BL/6J (M) Gavage PFOA + LaoHad1 1D EOT Fy
Shietal.”” Mice C57BL/6J (M) Gavage PFOA + LaoHad2 1D EOT (8]
Shietal.””? Mice C57BL/6J (M) Gavage PFOA + LaolLao1 1D EOT F
Shietal.””? Mice C57BL/6J (M) Gavage PFOA + LaoLao2 1D EOT - F'y
Wang et al.’® Mice C57BL/6J (M) Gavage PFOA 15D EOT ry 'y
Wang et al.’® Mice C57BL/6J (M) Gavage PFOA 30D EOT F vy
Cuietal. 7 Mice C57BL/6J (M) Gavage PFOA 28D EOT Fy
Cuietal. 7 Mice miR-34a(-/-) C57BL/6J (M)  Gavage PFOA 28D EOT Fy
Pouwer et al.®” Mice APOE*3-Leiden CETP (M) Diet PFOA W Week 4 (a] ry
Pouwer et al. & Mice APOE*3-Leiden CETP (M) Diet PFOA W EOT [n] 'y
Pouwer et al. & Mice APOE*3-Leiden CETP (M) Diet PFOA 4w EOT [a] rFy
Shao etal.’”? Mice ICR (M) Prenatal PFOA GD13-17 PN Week 12 | 4
Li D etal.®® Mice Kunming (F) Prenatal PFOA GD1-17 PND21 Fws
Quist et al.’%® Mice CD-1 (F) Prenatal PFOA GD1-17 PND91 o
Quist et al.™® Mice CD-1 (F) Prenatal PFOA + LFD GD1-17 PND91 [ 4]
Quist et al.™® Mice CD-1 (F) Prenatal PFOA + HFD GD1-17 PND91 (F) [ 4]
Quist et al.”¢ Mice CD-1 (F) Prenatal PFOA + HFD GD1-17 PNDO91 (NF) | ifh
Marques et al.” Mice CD-1 (MF) Prenatal PFOA GD1-PND21 EOT Fy
Marques et al.”® Mice CD-1 (MF) Prenatal PFOA + HFD GD1-PND21 EOT [w]
Marques et al.’® Mice CD-1 (F) Prenatal PFOA GD1-PND21  PND90 o
Marques et al.”* Mice CD-1 (F) Prenatal PFOA + HFD GD1-PND21 PND90 (o]
Marques et al.” Mice CD-1 (M) Prenatal PFOA GD1-PND21 PND90 (o]
Marques et al. " Mice CD-1 (M) Prenatal PFOA + HFD GD1-PND21 PND90 [a]
T T U
o 50 100 300
Exposure Sample
Reference Species  Strain (Sex) Route Exposure Duration Collection Dose (ppm)
Butenhoff et al.? Rats SD (M) Diet PFOA 2Y Month 3 A e A
Butenhoff et al.? Rats SD (M) Diet PFOA 2y Month 6 A A
Butgnhoff et al.® Rats SD (M) Diet PFOA 2y Month 12 A A
Butenhoff et al.® Rats SD (M) Diet PFOA 2y Month 18 A A
Butenhoff et al.? Rats SD (M) Diet PFOA 2y EOT [e] A
Butenhoff et al.? Rats SD (F) Diet PFOA 2y Month 3 Q Q
Butenhoff et al.? Rats SD (F) Diet PFOA 2y Month 6 (8] (4]
Butenhoff et al.? Rats SD (F) Diet PFOA 2y Month 12 o] Q
Butenhoff et al.* Rats SD (F) Diet PFOA 2y Month 18 [a] [#]
Butenhoff et al.% Rats SD (F) Diet PFOA 2Y EOT [e) Q
Qazi etal.’™ Mice C57BL/6 (M) Diet PFOA 10D EOT Q
Qazi etal.’® Mice C57BL/6 (M) Diet PFOA 10D EOT [a]
Qazietal.’® Mice C57BL/6 (M) Diet PFOA + Con A 10D EOT A
Qazi etal.”® Mice C57BL/6 (M) Diet PFOA 28D EOT o]
Qazi etal.”® Mice C57BL/6 (M) Diet PFOA + Con A 28D EOT A
Botelho et al.”’ Mice C57BL/6 (M) Diet PFOA 10D EOT 00 A
Son et al.’”” Mice ICR (M) Water PFOA 21D EOT O A A A
0 % 20 %o

Figure 2. Strip plots for PFOA and ALT in animal studies. Triangles indicate a significant increase in ALT relative to control. Circles indicate no significant
change in ALT relative to control. Additional exposures in Shi et al.'” refer to lactic acid bacterial strains. An accessible version of this figure is available in
Table S5. Note: 4-PBA, 4-phenylbutyric acid; ALT, alanine aminotransferase; Con A, concanavalin A; D, day; E, embryonic day; EOT, end of treatment; F,
female; GD, gestational day; GSPE, grape seed proanthocyanidin extract; HFD, high-fat diet; hPPAR, humanized peroxisome proliferator-activated receptor;
LFD, low-fat diet; M, male; mPPAR, mouse peroxisome proliferator-activated receptor; NAC, N-acetylcysteine; PFOA, perfluorooctanoic acid; PND, postnatal

day; Que, quecertin; SD, Sprague Dawley; W, week; Y, year.
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Exposure Sample

Reference Species  Strain (Sex) Route Exposure Duration Collection Dose (mg/kg)
Curran etal.”™ Rats SD (M) Diet PFOS 28D EOT o ° a a
Curran etal.'”® Rats SD (F) Diet PFOS 28D EOT = B o -
Han et al.””® Rats SD (M) Gavage PFOS 28D EOT A
Han et al.”"” Rats SD (M) Gavage PFOS 28D EOT g %
Kim et al.”® Rats SD (M) Gavage PFOS 28D EOT 00 o
Kim et al.””® Rats SD (F) Gavage PFOS 28D EOT 00 0
Wan et al.”?’ Rats SD (M) Gavage PFOS 28D EOT A A
Martin et al.®® Rats SD (M) Gavage PFOS 1D EOT o
Martin et al.® Rats SD (M) Gavage PFOS 2D EOT o
Martin et al.® Rats SD (M) Gavage PFOS 5D EOT °
Yan et al.®® Mice BALB/c (M) Gavage PFOS 28D EOT oA
Lv etal.’? Mice - (M) Gavage PFOS 21D EOT i
Lv etal.’? Mice - (M) Gavage PFOS + Nar 21D EOT o
Suetal.’® Mice ICR (M) Gavage PFOS 21D EOT A
Suetal.’®® Mice ICR (M) Gavage PFOS +VC100 21D EOT )
Suetal.’®® Mice ICR (M) Gavage PFOS +VC200 21D EOT o
Deng etal.’? Mice C57BL/6 (M) Gavage PFOS 1D 2D Post o
Deng et al.”* Mice C57BL/6 (M) Gavage PFOS +PCB126 1D 2D Post A
Qin etal.”™® Mice C57BL/6J (M) Gavage PFOS 4W EOT 0
Qin etal.™ Mice C57BL/6J (M) Gavage PFOS + HFD 4w EOT A
Wang G etal.” Mice C57BLI7 (M) Gavage PFOS 16D EOT Ak i
Xing et al.”® Mice C57BL/7 (M) Gavage PFOS 30D EOT A A
Huang et al.’?0 Mice Kunming (M) Gavage PFOS 21D EOT A
Huang et al.’? Mice Kunming (M) Gavage PFOS + GSPE 21D EOT o
Hamilton et al.”?® Mice hCYP2B6-Tg (M) Gavage PFOS 3w EOT o A
Hamilton et al.?® Mice Cyp2b-null (M) Gavage PFOS 3w EOT o A
Hamilton et al.’® Mice hCYP2B6-Tg (F) Gavage PFOS 3w EOT o ik
Hamilton et al.”® Mice Cyp2b-null (F) Gavage PFOS 3w EOT o A
Hamilton et al.” Mice hCYP2B6-Tg (M)  Gavage PFOS + HFD 3w EOT 7y
Hamilton et al.?® Mice hCYP2B6-Tg (F) Gavage PFOS + HFD 3w EOT o A
Hamilton et al.’® Mice Cyp2b-null (F) Gavage PFOS + HFD 3w EOT A
Marques et al.”® Mice CD-1 (dams) Gavage PFOS GD1-PND21 EOT &
Marques et al.”® Mice CD-1 (dams) Gavage PFOS + HFD GD1-PND21 EOT o
Lai et al.”?® Mice C57BL/7 (MF) Prenatal PFOS + DEN EO0-E18.5 EOT A
Marques et al.”® Mice CD-1 (MF) Prenatal PFOS GD1-PND21 EOT o
Marques et al.”® Mice CD-1 (MF) Prenatal PFOS + HFD GD1-PND21 EOT o
Marques et al.”® Mice CD-1 (F) Prenatal PFOS GD1-PND21 PND90 o
Marques et al.’® Mice CD-1 (F) Prenatal PFOS + HFD GD1-PND21 PND90 o
Marques et al.”® Mice CD-1 (M) Prenatal PFOS GD1-PND21 PND90 o
Marques et al.”® Mice CD-1 (M) Prenatal PFOS + HFD GD1-PND21 PND90 o

T T T T/

0 50 100 250

Exposure Sample
Reference Species  Strain (Sex) Route Exposure Duration Collection Dose (ppm)
Seacat et al.” Rats SD (F) Diet PFOS 14W EOT ®0 0
Seacat et al.” Rats SD (M) Diet PFOS 14W EOT @wo A
Elcombe et al.”’® Rats D (M) Diet PFOS 7D 1D Post A A
Elcombe et al.””® Rats SD (M) Diet PFOS 7D 28D Post o o
Elcombe etal.’’® Rats SD (M) Diet PFOS 7D 56D Post 0 0
Elcombe et al.””® Rats SD (M) Diet PFOS 7D 84D Post o o
Elcombe et al.”™* Rats D (M) Diet PFOS 1D EOT o o
Elcombe et al.”"* Rats SD (M) Diet PFOS 7D EOT 0 0
Elcombe et al.”™ Rats SD (M) Diet PFOS 28D EOT ) o
Butenhoff et al.*® Rats SD (F) Diet PFOS 52W w4 ®o 0
Butenhoff et al.®® Rats D (F) Diet PFOS 52W W14 ®o 0
Butenhoff et al.®® Rats SD (F) Diet PFOS 52W w27 @®o o
Butenhoff et al.®® Rats SD (F) Diet PFOS 52w EOT @o o
Butenhoff et al.®® Rats SD (M) Diet PFOS 52w w4 @®o 0
Butenhoff et al.? Rats SD (M) Diet PFOS 52W W14 @0 A
Butenhoff et al.® Rats SD (M) Diet PFOS 52W w27 @o o
Butenhoff et al.% Rats SD (M) Diet PFOS 52w EOT @®0o A
Bagley et al.?? Rats SD (M) Diet PFOS 2D EOT 0
Bagley et al.?® Rats SD (M) Diet PFOS +CS 2D EOT .
Bagley et al.?? Rats SD (M) Diet PFOS 9D EOT 0
Bagley et al.?? Rats SD (M) Diet PFOS +CS 9D EOT .
Bagley et al.? Rats SD (M) Diet PFOS 16D EOT o
Bagley et al.?® Rats SD (M) Diet PFOS +CS 16D EOT 0
Bagley et al.?® Rats SD (M) Diet PFOS 23D EOT A
Bagley et al.?’ Rats SD (M) Diet PFOS +CS 23D EOT A
Bagley et al.?? Rats SD (F) Diet PFOS 2D EOT 0
Bagley et al.?? Rats SD (F) Diet PFOS +CS 2D EOT o
Bagley et al.?® Rats SD (F) Diet PFOS 9D EOT 0
Bagley et al.?® Rats SD (F) Diet PFOS +CS 9D EOT 0
Bagley et al.?? Rats SD (F) Diet PFOS 16D EOT °
Bagley et al.? Rats SD (F) Diet PFOS +CS 16D EOT .
Bagley et al.?® Rats SD (F) Diet PFOS 23D EOT 0
Bagley et al.?® Rats SD (F) Diet PFOS +CS 23D EOT 0
Butenhoff et al.?? Rats SD (M) Inhalaton ~ PFOS 13W* EOT " A A
Butenhoff et al.”? Rats SD (M) Inhalation ~ PFOS 13W* 4W Post o o o
Butenhoff et al.”? Rats SD (F) Inhalation ~ PFOS 13W* EOT o ° 0
Butenhoff et al.’? Rats SD (F) Inhalation ~ PFOS 13W* 4W Post o 0 0
Qazi etal.”® Mice C57BL/6 (M) Diet PFOS 10D EOT a
Qazi etal.’™® Mice C57BL/6 (M) Diet PFOS 10D EOT 0
Qazi etal.’™® Mice C57BL/6 (M) Diet PFOS + Con A 10D EOT A
Qazi etal.”? Mice C57BL/6 (M) Diet PFOS 28D EOT 0
Qazi et al.”? Mice C57BL/6 (M) Diet PFOS + Con A 28D EOT A
Zhang et al.’# Mice C57BL/6 (M) Diet PFOS 2w EOT AO A
Zhang et al.™ Mice C57BL/6 (M) Diet PFOS + mMCD 2w EOT Ad A
Zhang et al.™ Mice C57BL/6 (M) Diet PFOS 6w EOT i
Zhang et al.’* Mice C57BL/6 (M) Diet PFOS + CS 6W EOT o
T T Y
0 50 100 300

Figure 3. Strip plots for PFOS and ALT in rodent studies. Triangles indicate a significant increase in ALT relative to control. Diamonds indicate a significant
decrease in ALT relative to control. Circles indicate no significant change in ALT relative to control. Plots are ordered by species and strain. In the study by
Butenhoff et al.m, atmospheric exposure occurred for 5 h/d, 5 d/wk. An accessible version of this figure is available in Table S6. Note: ALT, alanine amino-
transferase; CS, choline supplementation; Con A, concanavalin A; D, day; DEN, diethylnitrosamine; EOT, end of treatment; F, female; GD, gestational day;
GSPE, grape seed proanthocyanidin extract; HFD, high-fat diet; M, male; mMCD, marginal methionine/choline-deficient diet; Nar, naringin; PCB, polychlori-
nated biphenyl; PFOS, perfluorooctanesulfonic acid; PND, postnatal day; SD, Sprague Dawley; VC, vitamin C; W, week.
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of the liver. Indeed, changes to serum biomarkers of liver function
following PFAS exposure are often accomlpanied by histopatho-
logical changes or steatosis in rodents,'?®'3>140 suggesting that
associations between PFAS and ALT, AST, and GGT may be in-
dicative of liver disease. However, only one study in humans
reported both histological and liver enzyme data.”” Some rodent
studies reported histological alterations without associated
changes in liver enzymes,” #9151 demonstrating the limitations
of liver enzymes as markers of liver health. Recently, metabolo-
mics’”"3! and mixtures’®'3%13* methods have emerged as more
focused approaches to uncovering the relationship and mechanism
between PFAS and liver injury and account for realistic exposure
conditions, which may address this limitation. Most human studies
identified by this review were cross-sectional, which precludes
causal conclusions, and were conducted using different methods of
data transformation and control of potential confounders. Far more
studies have been conducted in rodents, and these findings, in con-
junction with the limited number of longitudinal human studies,
support a direct effect of PFAS on liver injury.

Still, there are a number of understudied factors in both epide-
miolocal and experimental studies that require evaluation to eluci-
date the relationship between PFAS and liver injury. In this review,
we have identified few studies in humans or rodents that evaluated
sex-specific histological effects of PFAS exposure. Attanasio®’
reported positive associations between PFAS and ALT in female
adolescents and negative associations in male adolescents, whereas
studies in adults did not observe any sex-specific differences. ™"
Some evidence for sex-specific differences was also reported in
rats, with elevated ALT observed more frequently in male rats fol-
lowing PFAS exposure,?%7*+9>120-122 anq sex-specific differences
in the elimination half-lives of PFOA and PFOS have also been
reported for rodents.>* Many rodent studies were limited to males
alone, which narrows the scope of findings and potential for mech-
anistic understanding. PFAS have been found to exert differential
health effects by sex among other disease outcomes,'®*'®” and
thus, the sex specificity of PFAS toxicity merits further investiga-
tion. Early life exposure to PFAS is another potentially significant
factor that requires additional investigation. In humans, Stratakis
et al. ’® reported that prenatal PFAS exposure was significantly
associated with elevated liver enzymes in childhood; however,
Moraet al. ’® observed modest inverse associations between mater-
nal PFAS concentration and child ALT levels. In rodents, in utero
and perinatal PFAS exposure was associated with elevated liver
enzymes and liver weight, steatosis, and other histopathological
alterations 3100100119128 Thece significant findings in rodent
studies warrant the need for further consideration in humans. In
both human and rodent studies, we found that most studies focused
on the relationship between a single PFAS exposure and liver
injury. As NHANES and other surveillance programs have indi-
cated, multiple PFAS can regularly be detected in individuals
and these exposures are highly correlated.?'**-¢7-72-75 Research
suggests that effects of PFAS mixtures, as well as the interaction
between PFAS and other environmental exposures (e.g., diet,
polychlorinated biphenyls) may exert synergistic or antagonistic
effects.'® Only two animal studies appear to have investigated
this possibility to date, and the study designs differ in vehicle
and duration of exposure, as well as in life stage and PFAS mix-
ture composition, making it difficult to draw conclusions or
extrapolate to humans.'3%134 Only one study in humans investi-
gated the liver effects of PFAS mixtures rather than single expo-
sures and found convincing evidence for synergistic effects.”®
Rapidly evolving methods for assessing exposure—mixture
effects in population studies have potential to unravel the com-
plex relationships between environmental exposures and liver
injury.
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To our knowledge, this is the first systematic review of the lit-
erature on PFAS exposure and liver injury and one of few
reviews to consider both observational human and experimental
rodent evidence for the effects of environmental exposures on
health. We focused on ALT as a specific indicator of liver injury
in occupationally exposed and general human populations and
have followed PRISMA guidelines to limit the risk of bias in data
synthesis and reporting of results. We found significant heteroge-
neity in the analyses, which limited our ability to perform a tradi-
tional meta-analysis and obtain a pooled effect estimate for
human studies. However, evidence from experimental rodent
studies consistently supported the results from human studies and
indicates that PFAS exposure may contribute to markers of liver
injury such as elevated liver enzymes, steatosis, and histopatho-
logical alterations.

Conclusion

Data from human studies consistently demonstrate an association
between PFOA, PFOS, and PFNA and markers of liver injury:
ALT, AST, and GGT. Complementary evidence from experi-
mental rodent studies provides biological plausibility that this
association may be causal. Insufficient evidence in both human
and rodent studies exists to conclude that PFHxS and other PFAS
have hepatoxic effects, possibly due to the low number of avail-
able studies. That there are positive associations between PFAS
and ALT levels in humans suggests that PEAS exposure may con-
tribute to the growing NAFLD epidemic. Future research should
evaluate the full spectrum of NAFLD (including inflammation,
hepatocellular injury, steatosis, and fibrosis) through histopathol-
ogy or imaging, as well as consider additional investigation on
lesser studied PFAS and PFAS mixtures to elucidate potential
synergistic effects.
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