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Exposure to environmental contaminants is associated
with altered hepatic lipid metabolism in non-alcoholic
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There is increasing evidence that
specific environmental contami-
nants, such as perfluorinated alkyl
substances (PFAS), contribute to the
progression of non-alcoholic fatty
Highlights liver disease (NAFLD). However, it is
poorly understood how these
chemicals impact human liver
metabolism. Here we show that
e Exposure to PFAS is associated with the alteration of bile acid profiles human exposure to PFAS impacts
and NAFLD-related pathways in the human liver. metabolic processes associated
with NAFLD, and that the effect is
different in females and males.

o Environmental contaminants may contribute to the initiation and
development of NAFLD.

e Other lipid-related changes may be secondary to the interplay be-
tween PFAS and bile acid metabolism.

e Females may be more sensitive to the harmful impacts of PFAS
than males.
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Background & aims: Recent experimental models and epide-
miological studies suggest that specific environmental contam-
inants (ECs) contribute to the initiation and pathology of non-
alcoholic fatty liver disease (NAFLD). However, the underlying
mechanisms linking EC exposure with NAFLD remain poorly
understood and there is no data on their impact on the human
liver metabolome. Herein, we hypothesized that exposure to ECs,
particularly perfluorinated alkyl substances (PFAS), impacts liver
metabolism, specifically bile acid metabolism.

Methods: In a well-characterized human NAFLD cohort of 105
individuals, we investigated the effects of EC exposure on liver
metabolism. We characterized the liver (via biopsy) and circu-
lating metabolomes using 4 mass spectrometry-based analytical
platforms, and measured PFAS and other ECs in serum. We
subsequently compared these results with an exposure study in
a PPARa-humanized mouse model.

Results: PFAS exposure appears associated with perturbation of key
hepatic metabolic pathways previously found altered in NAFLD,
particularly those related to bile acid and lipid metabolism. We
identified stronger associations between the liver metabolome,
chemical exposure and NAFLD-associated clinical variables (liver fat
content, HOMA-IR), in females than males. Specifically, we observed
PFAS-associated upregulation of bile acids, triacylglycerols and
ceramides, and association between chemical exposure and dysre-
gulated glucose metabolism in females. The murine exposure study
further corroborated our findings, vis-a-vis a sex-specific association
between PFAS exposure and NAFLD-associated lipid changes.
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alcoholic steatohepatitis; fibrosis; bile acid; lipidome; metabolome; meta-
bolic pathway.
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Conclusions: Females may be more sensitive to the harmful
impacts of PFAS. Lipid-related changes subsequent to PFAS
exposure may be secondary to the interplay between PFAS and
bile acid metabolism.

Lay summary: There is increasing evidence that specific envi-
ronmental contaminants, such as perfluorinated alkyl substances
(PFAS), contribute to the progression of non-alcoholic fatty liver
disease (NAFLD). However, it is poorly understood how these
chemicals impact human liver metabolism. Here we show that
human exposure to PFAS impacts metabolic processes associated
with NAFLD, and that the effect is different in females and males.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of Euro-
pean Association for the Study of the Liver. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).

Introduction

The liver plays a vital role in the maintenance of metabolic ho-
meostasis, whilst also being a key organ involved in the meta-
bolism, distribution, and excretion of exogenous chemicals. As
hepatocytes are exposed to a significant influx of various exog-
enous chemicals, chemical-induced hepatotoxicity is a world-
wide health concern. Indeed, hepatotoxicity is a common
endpoint in the risk assessment of many environmental con-
taminants (ECs), including endocrine-disrupting chem-
icals (EDCs).!

Recent data suggest that hepatic steatosis associates with
exposure to toxic EDCs.>> Exposure to persistent ECs may also
initiate and promote the pathogenesis of non-alcoholic fatty liver
disease (NAFLD).*> EDCs may act as a ‘second hit’ in the pro-
gression of NAFLD, driving the disease from an earlier, less severe
stage, such as steatosis, to the more severe stages such as non-
alcoholic steatohepatitis (NASH). Alternatively, exposures to
EDCs may also represent the ‘first hit’, which compromises the
liver’s protective responses against over-nutrition, predisposing
it to steatohepatitis following a subsequent ‘hit’ from a hyper-
caloric diet.

A specific class of EDCs linked with NAFLD are perfluorinated
alkyl substances (PFAS). These are synthetic chemicals used for
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various industrial applications and in consumer products. As
PFAS are highly persistent in the environment, the general
population is widely exposed to these substances, mainly
through diet and contaminated water. In human epidemiological
and animal toxicology studies, PFAS exposure has been identified
as associated with a variety of adverse health outcomes.® Based
on studies in experimental models, PFAS gradually accumulate in
the liver where they are highly hepatotoxic, interfering with
glucose and lipid metabolism, elevating liver enzymes, and
exacerbating the effect of a high intake of dietary fat.* Whilst
there are some human studies linking PFAS exposure to changes
in the circulating metabolome,® there are currently no data on
the impact of PFAS exposure on the human liver metabolome.

Due to the structural similarity between PFAS and fatty acids,
PFAS may disrupt hepatic lipid metabolism by interacting with
receptors such as peroxisome proliferator-activated receptors
(PPARs) and other nuclear receptors, including the constitutive
androstane receptor and the pregnane X receptor.” PFAS may
also promote steatosis by upregulating lipogenesis and lipid
influx to the liver, whilst downregulating liver lipid efflux.?
Particularly, PFAS interfere with bile acid (BA) synthesis, and
several steps of their enterohepatic circulation.® BAs are a
specific class of lipids synthesized in the liver from cholesterol,
with regulatory roles in metabolic and cellular homeostasis';
BAs have been reported to be increased in the liver tissue,'"'?
plasma,'"">'* and feces'® of patients with NAFLD.

The conclusions from various human epidemiological studies
concerning the possible link between PFAS exposure and car-
diometabolic disorders (including NAFLD) remain inconsistent.'
A plausible explanation for these inconsistent findings is that the
epidemiological studies insufficiently account for individual
biological factors, including internal exposures, such as the
metabolome, which are likely to have a major impact on human
health.® Sex differences also have generally not been sufficiently
accounted for in such studies. Sex has a major impact on lipid
(including BA) metabolism, with sex-based differences reported
in exposure studies in animal models.'"”

Herein, we hypothesized that exposure to ECs, including PFAS,
impact liver metabolism, specifically BA and lipid metabolism. In
a well-characterized human NAFLD cohort of 105 individuals,'®
we investigated the impact of EC exposure on liver meta-
bolism. We characterized both liver (via biopsy) and circulating
metabolomes using 4 analytical platforms, and measured PFAS
and other ECs in serum. In order to elucidate any causal re-
lationships between PFAS exposure and specific metabolic
pathways, we subsequently compared these results with a
PPARa-humanized mouse model exposed to perfluorooctanoic
acid (PFOA), one of the most widely detected PFAS in humans.

Patients and methods

Study participants

A total of 105 patients (70 female, 35 male) were recruited from
those undergoing laparoscopic bariatric surgery. Patients were
eligible if they met the following criteria: i) age 18 to 75 years; ii)
no known acute or chronic disease except for obesity, type 2
diabetes or hypertension as assessed by medical history, physical
examination and standard laboratory tests (complete blood
count, serum creatinine, electrolyte concentrations); iii) alcohol
consumption <20 g per day for women and <30 g per day for
men; iv) no clinical or biochemical evidence of other liver dis-
ease, or clinical signs or symptoms of inborn errors of
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metabolism; v) no history of use of toxins or drugs associated
with liver steatosis. Elevated liver enzymes (alanine amino-
transferase [ALT] and aspartate aminotransferase [AST]) were not
exclusion criteria. Clinical measurements were performed as
reported previously'® (see also the supplementary methods).
Liver histology was analyzed by an experienced liver pathologist
(J.A.) in a blinded manner, as proposed by Brunt et al.'° Macro-
steatosis was assessed visually as the percentage of hepatocytes
occupied by macrovesicular lipid droplets (ie., large intra-
cytoplasmic lipid droplets displacing the nucleus to the cell’s
periphery). Necroinflammatory activity was graded from 0 to 3
and fibrosis stage from 0 to 4."°

Murine exposure study ’
Data from this murine study were previously reported.”® A brief
summary is provided in the supplementary methods.

Analyses of metabolites and environmental contaminants
Multiple analytical protocols were used for analysis of metabo-
lites and ECs, as described in detail in the supplementary
methods and supplementary CTAT table; BAs and PFAS in
serum by ultra-high-performance liquid chromatography quad-
rupole time-of-flight mass spectrometry method (UHPLC-
QTOFMS), hepatic polar metabolites (two-dimensional gas
chromatography coupled to TOFMS; GCxGC-TOFMS), hepatic
molecular lipids (UHPLC-QTOFMS), hepatic acyl-carnitines
(UHPLC coupled to triple-quadrupole MS; UHPLC-QQQMS), he-
patic BAs (UHPLC-QQQMS).

Statistical analyses

All the metabolomics, lipidomics and the environmental toxins
(ECs) data were log, transformed. Homogeneity of the samples
were assessed by principal component analysis.”! The R statis-
tical programming language (v.3.6.0)>> was used for data anal-
ysis. Statistical methods are described in detail in the
supplementary methods.

Results

Metabolic and chemical exposure profiles in the liver and
serum showed large biological variation

Patients in this study (n = 105) were obese (mean BMI = 4616 kg/
m?) with a liver fat content between 0% to 80% (Tables S1 and
S2). We analyzed metabolic profiles in the liver, while the ECs
were measured only in serum due to the limited sample
amounts of human liver biopsies. However, PFAS levels in cir-
culation closely reflect concentrations in the liver.??

Polar metabolites such as free fatty acids and amino acids
involved in gluconeogenesis and central carbon metabolism,
were measured quantitatively, while molecular lipids were
measured semi-quantitatively using calibration by lipid class-
specific internal standards. Multiple classes of lipids, including
cholesterol esters, lysophosphatidylcholines (LPCs), lysophos-
phatidylethanolamines (LPEs), phosphatidylcholines (PCs),
phosphatidylethanolamines  (PEs), sphingomyelins (SMs),
ceramides (Cers), and triacylglycerols (TGs) were measured in
the liver biopsies. We also determined levels of 34 BAs and 6
acyl-carnitines in the liver. Matching BAs were measured in
serum. In addition, we measured the metabolites used as an
index-marker of cholesterol biosynthesis (i.e., lathosterol, lath-
osterol to cholesterol ratio (L/C), mevalonic acid phosphate),
cholesterol absorption (campesterol), and BA intermediate

Journal of Hepatology 2022 vol. 76 | 283-293



(3a,70-Dihydroxy-5B-cholestanic
cholestenoic acid)
mevalonate biosynthesis.”*

We detected 5 PFAS in serum samples, namely per-
fluorohexanesulfonic acid (PFHxS), perfluorononanoic acid
(PENA), PFOA and 2 isomers of perfluorooctanesulfonic acid
(PFOS) (Table S3) that were present at similar levels as previously
reported in Western countries.'>*> Additionally, we detected
methylparaben and bisphenol A (BPA) and a few other com-
pounds putatively classified as ECs. Factor analysis showed that
the concentrations of metabolites and EC levels were mainly
influenced by age, sex, and BMI (Fig. S1).

acid, 7a-Hydroxy-3-oxo-4-
involved in cholesterol-

Environmental contaminants are associated with NAFLD

In order to study the associations between ECs and NAFLD, we
developed a gradient-boosted decision tree (GBDT) model.
SHapley Additive exPlanations (SHAP) values derived from these
GBDT models suggested that the serum concentrations of PFAS
such as PFOS, PFHxS, PFNA and PFOA were positively associated
with liver fat content (R? = 0.79, Fig. 1A), and insulin resistance
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(IR) (HOMA-IR >2.5; R? = 0.41; Fig. 1B). PFOS, PFOA, and meth-
ylparaben were positively associated with NASH (necroin-
flammatory grades 1-3 [n =21] vs. 0 [n = 84] (Table S1); AUC 0.85
(95% C1 0.65-0.96) (Fig. 1C), while PFOS was positively associated
with hepatic fibrosis (stages 1-4 [n = 43] vs. 0 [n = 62] (Table S1);
AUC 0.58 (95% CI 0.37-0.77) (Fig. S2). The serum levels of PFOS,
PFHxS and PFNA were higher in male vs. female patients, while
methylparaben and BPA were higher in females (Figs. 1D and 2A).

Several ECs were associated with hepatic macrosteatosis (%),
HOMA-IR, stage of NASH, and fibrosis (Fig. 2A-B). The levels of
PFOS were higher in females with NAFLD and IR (vs. without)
(Fig. 2A). Meanwhile, higher levels of methylparaben (adjusted
p = 0.02) were observed in males with NASH and hepatic fibrosis
(vs. without either) (Fig. 2A).

Association of environmental contaminants with BAs and
lipids are sex-specific

In order to identify EC-associated hepatic metabolites, we first
clustered the molecular lipids, polar metabolites and ECs using
model-based clustering (see Patients and methods), resulting in

B HOMA-IR vs. ECs
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Fig.1. Environmental contaminants associated with grading and staging of NAFLD. The directional mean |SHAP| values of ECs associated with NAFLD. (A) liver
macrosteatosis (%). (B) HOMA-IR (C) NASH (grades high (1-3) vs. low (0)), (D) Sex. The performances of regression and classification models are given as mean R-
squared (coefficient of determination), and mean area under the curve (AUCs at 95% CI). ECs, environmental contaminants; EC1, 2-(2,4-dichlorophenoxy) acetic
acid; EC2, NDCA or NUDCA; EC3, 3,4-Methylenesebacic acid; EC4, C23H2606; EC5, C15H22N2016P2; EC6, C8H1602; EC7, C22H30N205S2; EC8, xanthen-9-one;
EC9, 2,6-dichloro-4-nitrophenol; EC10, 3-(4-hydroxyphenyl) propanal; EC11, C15H2204; EC12, C21H3202; NAFLD, non-alcoholic fatty liver disease; NASH, non-
alcoholic steatohepatitis; PFHxS, perfluorohexanesulfonic acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid.
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Fig. 2. Sex-specific differences in environmental contaminants linked to NAFLD. (A) Fold changes in serum levels of ECs in 2 different patient groups: liver
macrosteatosis (with [n = 28/51 males/female] vs. without [7/19]), HOMA-IR (high (>2.5) [25/41] vs. low [10/29]), hepatic fibrosis (stages 1-4 (fibrosis) [16/27] vs.
0 (control) [19/43]), NASH (necroinflammatory grades 1-3 (NASH) [10/11] vs. O (control) [25/59]), in patients. Welch’s t test, **p <0.05, *p <0.1, adjusted for FDR. (B)
Venn diagram showing ECs that were significantly altered between the patient groups. ECs, environmental contaminants; EC2, NDCA or NUDCA; EC3, 3,4-
Methylenesebacic acid; EC4, C23H2606; EC5, C15H22N2016P2; EC6, C8H1602; EC7, C22H30N205S2; EC9, 2,6-dichloro-4-nitrophenol; EC10, 3-(4-
hydroxyphenyl) propanal; EC11, C15H2204; EC12, C21H3202; FDR, false discovery rate; HOMA-IR, homeostatic model assessment of insulin resistance;
NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, per-

fluorooctanesulfonic acid.

24 distinct clusters (Table S4). These clusters contained serum
environmental chemicals (2 sECC), liver BA (5 IBA), serum BA (3
sBA), liver polar metabolite (5 IPM), and liver lipid (9 ILips)
clusters. Partial correlation analysis of these clusters, performed
separately for males (Fig. 3A) and females (Fig. 3B), revealed
markedly different correlation networks between the sexes
(Fig. 3). The EC clusters in both males and females were linked to
BA clusters (IBA2 and sBA1) (Fig. 3C), including positive associ-
ation between sECC1 and sBA1 (CA, 7-oxo-DCA, DCA, HCA,
HDCA, UDCA) and inverse association with IBA2 (GCA, GCDCA,
TCA, TCDCA) (Fig. 3A-B). In males, the EC clusters were linked to
ILips2 (Cers, hexosylceramides [HexCers], SMs, PCs, PEs, LPCs and
LPEs) while in females they were associated with ILips5 (TGs and
diacylglycerols [DGs]) and IPM3 (tricarboxylic acid cycle and its
metabolites) (Table S4). In females, ILips5 was positively associ-
ated with liver fat content and NASH (Fig. 3B).

We performed a bivariate correlation analysis which linked
various species of metabolites that made up the clusters
(IBA2,4,5; sBA1; ILips2,5 and IPM3), with the sECC (Fig. 3 and
Table S4). In females, serum concentrations of PFAS (PFNA, PFOA
and PFOS) were positively associated with glyco- and tauro-
conjugated primary hepatic BAs (TCA, GCDCA, TCDCA). In addi-
tion, PFOA was positively associated with multiple secondary
hepatic BAs (DCA, GHCA and GUDCA) (Fig. 4). Furthermore, PFOA
and PFOS were positively associated with Cers, e.g., Cer(d18:0/
16:0), and HexCers, e.g., HexCer(d18:1/18:0), ether phospho-
lipids, e.g., 0-PC(40:4), TGs and DGs (Fig. 4). Interestingly, no
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such association was observed in males. On the other hand, in
males, levels of methylparaben and BPA were positively associ-
ated with Cers, HexCers and SMs (Fig. 4).

Next, we investigated the impact of menopause on the PFAS
and metabolites (Fig. S3) using 2 age groups (<48 years and >52
years), corresponding to the menopausal transition window for
most females,?® with male patients as a control group to discern
sex-specific differences. The total PFAS levels were increased (p
<0.05) while levels of hepatic BAs were decreased (p = 0.02), and
the levels of circulating BA remained unchanged in the post- (vs.
pre-) menopausal female group. In males, circulating BAs were
elevated (p = 0.007) while other lipids were decreased (p =
0.0002), compared to the preceding age group.

Environmental contaminants are associated with
interconversion of serum BAs

We investigated the associations between ECs and specific BA
ratios indicative of NAFLD and NASH, i.e., ratio between primary
BAs and the secondary BAs derived from them (unconjugated
and conjugated [CA+DCA]/[CDCA+LCA]), the ratio increasing in
NAFLD and NASH.' Significant (adjusted p <0.05) inverse asso-
ciations between serum (CA+DCA)/(CDCA+LCA) ratio and PFNA
were identified in males in both controls and patients with
NASH, and also between methylparaben, and BPA in males with
NASH (Fig. S4). However, in females, positive associations be-
tween the BA serum ratio and PFOA and PFOS were observed in
controls, whilst female patients with NASH showed an inverse

Journal of Hepatology 2022 vol. 76 | 283-293
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Fig. 3. Partial correlation network showing associations among the demographic, clinical data and metabolome clusters derived from liver or serum
samples of males and females. (A, B) Each node represents EC (SECC) or a metabolite/lipid cluster. Associations that passed the non-rejection rates (male cut-off
0.3 and female cut-off 0.6) (Methods) are shown. Thickness of the edges are scaled by the strength of correlation coefficients. (C) Venn diagram showing
metabolite clusters that are directly associated with the sECC in males and females. AFOS, plasma alkaline phosphatase; AST/ALT, plasma aspartate/alanine
aminotransferase; BMR, basal metabolic rate; Chol, cholesterols; CPEP, C-Peptide; Necro, necroinflammation; DM, diabetes mellitus; FPG, fasting plasma glucose;
FPI, fasting plasma insulin; GGT, gamma-glutamyltransferase; 1BA, liver bile acid; IPM, liver polar metabolite; ILips, liver lipids; sBA, serum bile acid; sECC, serum

environmental contaminant cluster.

association between serum BA ratio and PFHxS. Overall, the as-
sociations between PFAS and BA ratios were markedly different
between controls and NASH groups (Fig. S4). In males with he-
patic fibrosis, but not females, PFOA was positively associated
with (CA+DCA)/(CDCA+LCA) ratio (Fig. S5). Intriguingly, a posi-
tive correlation was observed between the liver and serum levels
of secondary BAs in females (Fig. S6).

Association of PFAS with the lathosterol to cholesterol (L/C)
ratio; a marker of cholesterol biosynthesis

Serum L/C ratio is an index of cholesterol biosynthesis.>* Higher
L/C ratios were found in females vs. males both in liver and
serum (Fig. S7). In males, serum L/C ratio was positively associ-
ated (adjusted p <0.05) with PFOA and negatively associated with
total liver BAs, particularly CDCAs (Fig. S7). This indicates an
increased level of PFOA may elevate L/C ratios, potentially
impacting liver cholesterol and primary BA biosynthesis. No such
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associations were found in females. Instead, liver L/C ratio was
positively associated (adjusted p <0.05) with PFHxS (Fig. S7).
Moreover, a BA intermediate from the acidic/alternative
pathway?’ was negatively associated with PFOS and PFHxS
in females.

Overrepresentation of liver metabolic pathways due to
chemical exposure

Pathway analysis identified multiple hepatic metabolic pathways
as overrepresented in the high exposure groups (Fig. 5A-B). In
both sexes, primary BA biosynthesis, glycerophospholipid
metabolism, along with alanine, aspartate and glutamate meta-
bolism were overrepresented (Fig. 5A-B). Sphingolipid meta-
bolism pathways were overrepresented in highly exposed
females (Fig. 5B). Overrepresentation of primary BA biosynthesis
pathways was associated with IR in both sexes. Furthermore, the
glycerophospholipid metabolism pathway was overrepresented
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in patients of both sexes with high macrosteatosis and increasing
stages of fibrosis (Fig. 5).

Hepatic metabolic alterations in humanized PPARy mice with
PFOA treatment

Here, we conducted an exposure study using a humanized PPARa
(hPPARa) mouse model. We sought to confirm the aforemen-
tioned hepatic sex-specific metabolic changes as linked to
chemical exposure. Of note, hPPARa mice are susceptible to he-
patic steatosis.”® Male and female hPPARa mice were provided
vehicle (VH, 0.5% sucrose) or PFOA (8 uM) in their drinking water
ad libitum for 6-7 weeks and fed a Western-type diet.

Hepatic lipids and serum BAs were measured in 2 groups
(PFOA and VH). Intriguingly, several species of lipids (Cers,
HexCers, SMs, LPCs, LPEs, DGs and TGs) and BAs (CA, DCA and
TCA) that were positively associated with PFAS (including PFOA)
exposure in the liver of female patients, were also elevated in
female mice administered PFOA (vs. VH) (Figs. 4 and 6).
Furthermore, the majority of these lipids were elevated in pa-
tients with high liver fat (Fig. 6). Thus, the animal model sup-
ported our findings, suggesting that exposure to ECs dysregulates

host lipid metabolism by altering the levels of BAs, Cers, phos-
pholipids and TGs, which, in turn, may exacerbate the risk and
severity of NAFLD.

Discussion

By integrating data on biopsy-based, histologically characterized
NAFLD, environmental chemical exposure and the human liver
metabolome, we were able to demonstrate that circulating PFAS
concentrations are associated with perturbations in key hepatic
metabolic pathways previously found altered in NAFLD/NASH,
particularly BA metabolism. Specifically, we identified stronger
associations between the liver metabolome, chemical exposure
and NAFLD-associated clinical variables in females vs. males. Our
murine exposure study further corroborated our findings, vis-a-
vis the association between PFAS exposure and NAFLD-
associated lipid changes. Our results suggest that females may
be more sensitive to chemical exposure than males, a notion that
is in line with findings from other exposure studies both in an-
imal models?>?*° and human studies.***! Specifically, elevated
liver enzymes were found associated with PFAS exposure only in
adolescent females, with opposite results in males.>® Also a

glycoursodeoxycholic acid; HexCer, hexosylceramide; IBA, liver bile acid; IPM, liver polar metabolite; ILips, liver lipids; PC, phosphatidylcholine; PE, phospha-
tidylethanolamine; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonic acid; sBA, serum bile acid; sECC, serum EC cluster;
SMs, sphingomyelin; TbMCA, tauro-B-muricholic acid; TCA, taurocholic acid; TCDCA, taurochenodeoxycholic acid; TG, triacylglycerol.
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recent murine study reported a higher propensity for females to
develop PFAS-induced hepatic toxicity.>

In females, PFAS exposure was associated with increased
levels of several hepatic lipids associated with NAFLD (BAs, TGs
and Cers), while, surprisingly, the opposite associations were
observed in males, suggesting a potentially protective effect of
PFAS via the liver lipidome at these relatively low PFAS exposure
levels. Hormesis, i.e, a non-monotonic dose response that results
in protective effects at low doses of specific chemical exposures,
has been reported in several epidemiological studies, however,
the mechanism has not yet been characterized, nor identified to
be sex-specific.>>>* Indeed, in males, we observed suppression of
BAs due to PFAS exposure, as indicated by the negative correla-
tion of primary BAs and PFAS, and hardly any association be-
tween exposure and the liver lipidome. Overall, the results in
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males are in line with literature concerning the impact of PFAS in
BA metabolism reported in animal models and in vivo studies,
demonstrating that PFAS exposure suppresses de novo BA syn-
thesis through the primary pathway via suppression of choles-
terol 7a-hydroxylase (CYP7A1),>* which controls the first, rate-
limiting step in the formation of BAs from cholesterol. The sup-
pression of CYP7A1 would result in downregulation of the pri-
mary BAs (CA,CDCA), as also observed in our study in males.
Since part of the CDCA pool can also be synthesized via an
alternative pathway regulated by CYP27A1°°> which is hardly
affected by PFAS, the CA/CDCA ratio would be expected to
decrease with higher PFAS exposure. Indeed, in males we
observed decreased CA/CDCA ratios upon high PFAS exposure,
indicative of suppression of the primary BA synthesis pathway,
but with no impact on the alternative pathway. In females,
however, the CA/CDCA ratio was not significantly associated with
PFAS levels, while PFAS were positively associated with primary
BAs and 2 conjugates of the secondary BA UDCA, thus indicating
increased as opposed to decreased BA synthesis. This is poten-
tially due to the reported higher expression of CYP7A1 and
PPARa in the livers of females,® supported also by rodent
models showing that females appear to be more sensitive to
PFOS exposure than males.*°

In males, positive association between PFOS and serum L/C
ratio suggests that PFAS are associated with cholesterol biosyn-
thesis. In females, the liver L/C ratio was positively associated
with PFAS. It was associated with the increased levels of BAs
(particularly in serum) and negatively associated with choles-
terol levels both in serum and liver, suggesting an increased flux
from cholesterol to BAs in females. Moreover, cholesterol ab-
sorption might be suppressed by PFAS in females, suggested by
the negative association between campesterol and PFNA. This
could also contribute to decreased cholesterol levels in the fe-
male liver. Together, our data indicate that PFAS exposure
distinctly impacts cholesterol biosynthesis and/or absorption in
males and females. However, the exact mechanisms behind
these phenomena remain to be elucidated by functional studies.

The sexually dimorphic character of the liver may explain
some changes observed not only in overall metabolism but also
in xenobiotic metabolism, drug response and susceptibility to
toxic effects.>”*® Cholesterol metabolism is more active in fe-
males than in males,>® with estrogen playing a key role in the
regulation of hepatic lipid synthesis.*? Sex-specific differences in
glucose homeostasis have also been reported*! while PFAS have,
in in vivo models, been shown to have an estrogen-like activity.*?
Estrogen, and estrogenic effects, are widely known to have a
protective effect against hepatic fat accumulation especially in
males.”® Alongside the biphasic, hormetic response to PFAS
exposure, this represents a plausible explanation for the pro-
tective effects of the PFAS exposure we observed in the males of
our study.

In females, serum BAs positively associated with PFAS expo-
sure were also linked with glucose metabolism, indicating that
PFAS may disrupt the interplay of BA and glucose metabolism. In
males, we did not observe associations between ECs and glucose
metabolism. In females, PFAS and several BAs in serum were
positively associated with HOMA-IR, and importantly, the 12a-
hydroxylated BAs (CA, DCA, and their conjugates) were associ-
ated with both FPG and HOMA-IR. Increased 12a-hydroxylated
BAs have been reported in IR** with increased primary and total
BAs reflecting IR in patients with NASH,** which is in agreement
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with our findings in females. The serum ratio of specific BAs
([CA + DCA]/[CDCA + LCA]), used as a surrogate for changes in BA
biosynthesis, was associated with several ECs in females, further
indicating disturbances in BA metabolism. This increased BA
ratio has also been reported in patients with IR and hepatic
steatosis,'* which may explain the link we observed between
PFAS and glucose metabolism. Interestingly, this specific BA ratio
was different in both females and males with low or high NASH/
fibrosis scores. In more severe stages of liver disease, the PFAS-
BA associations were similar for both sexes. Pathway analysis
further showed that glycerophospholipid metabolism was over-
represented in the liver of both males and females in the
advanced stages of NAFLD, suggesting that these metabolic
pathways could be a common denominator contributing to the
increased risk of NAFLD by chemical exposure.

The changes in BAs were more likely to be linked with PFAS
exposure than NAFLD per se, as we did not observe any signifi-
cant increases in hepatic BAs in NAFLD, except for weak associ-
ations (elevated LCA, downregulated TMCA) in females. While
elevated levels of BAs in NAFLD have been reported,*® some of
the results may be linked with obesity rather than NAFLD/NASH
due to a significant difference in the BMI of controls vs. patients
with NAFLD in many studies*® and as elevated BA concentrations
have been reported in obese patients without NAFLD.*’ In our
study, all patients, including those with normal liver fat, were
obese (BMI >30), thus allowing us to control for the effect of BMI.

The comparison of our human data with those from the
mouse model showed that in females, similar lipid changes were
triggered in mice (male and female) due to PFOA exposure.
However, in human females, the changes did not always reach
statistical significance, most likely due to lower exposure levels
than used in the mouse model or due to the differences in es-
trogen levels in human females due to their age distribution
(29-60 years). Importantly, the PFOA-induced changes in mice
showed a strong association with those lipids that, in humans,
were associated with liver fat in both males and females, and
with glucose homeostasis in females, thus supporting the notion
that PFAS exposure may contribute to the development of
NAFLD. Our results also showed that glucose homeostasis is
linked with PFAS exposure in females but not in males, a finding
that demands further investigation, along with addressing the
effect of menopause on glucose homeostasis.

A particular strength of our study is that it is based on a
comprehensive metabolic characterization of both liver and
serum in a well-characterized human cohort, including assess-
ment of NAFLD stages and severity, based on liver biopsy, with
key results further verified in a murine exposure study. There are
also some limitations, including that we did not have data on the
hormonal status of the females, or data regarding hormone
replacement therapy in postmenopausal females. Moreover, due
to the cross-sectional study design, the temporal relationship
between PFAS and lipids may not be fully representable. Overall,
our results suggest that females may be more sensitive to the
harmful impacts of PFAS, even at lower PFAS exposure levels. The
results also suggest that the changes reported in lipid meta-
bolism subsequent to PFAS exposure may be secondary to the
interplay of PFAS and BAs.

Abbreviations
ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BAs, bile acids; BPA, bisphenol A; CA, cholic acid; Cers,

Journal of Hepatology 2022 vol. 76 | 283-293

JOURNAL
OF HEPATOLOGY

ceramides; CYP7A1, cholesterol 7a-hydroxylase; DCA, deoxy-
cholic acid; DG, diacylglycerol; EC, environmental contaminants;
EDCs, endocrine-disrupting chemicals; GBDT, gradient-boosted
decision tree; GCA, glycocholic acid; GCDCA, glycochenodeox-
ycholic acid; HCA, hyocholic acid; HDCA, hyodeoxycholic acid;
HexCers, hexosylceramides; HOMA-IR, homeostatic model
assessment of insulin resistance; hPPARa, humanized PPARa; IR,
insulin resistance; L/C, lathosterol to cholesterol ratio; IBA, liver
bile acid; LCA, lithocholic acid; ILips, liver lipids; LPCs, lyso-
phosphatidylcholines; LPEs, lysophosphatidylethanolamines;
IPM, liver polar metabolite; NAFLD, non-alcoholic fatty liver
disease; NASH, non-alcoholic steatohepatitis; PCs, phosphati-
dylcholines; PEs, phosphatidylethanolamines; PFAS, per-
fluorinated alkyl substances; PFHxS, perfluorohexanesulfonic
acid; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic
acid; PFOS, perfluorooctanesulfonic acid; PPAR, peroxisome
proliferator-activated receptor; sECC, serum EC cluster; sBA,
serum bile acid; SMs, sphingomyelins; TCA, taurocholic acid;
TCDCA, taurochenodeoxycholic acid; TG, triacylglycerol.

Financial support

This study was supported by the Novo Nordisk Foundation (grant
no. NNF200C0063971 to T.H. and M.O.), Academy of Finland
(grant no. 333981 to M.O. and no. 309263 to H.Y.-].), Swedish
Research Council (grant no. 2016-05176 to T.H and M.O), Juselius
Foundation (to H.Y.-].), the EPoS (Elucidating Pathways of Stea-
tohepatitis) project funded by the Horizon 2020 Framework
Program of the European Union (grant no. 634413, to M.O., H.Y.-
J., and T.H.), and the National Institute of Environmental Health
Sciences (P42 ES007381 to ].J.S. and RO1 ES027813 to T.W.).

Conlflict of interest
The authors declare no conflicts of interest that pertain to
this work.

Please refer to the accompanying ICMJE disclosure forms for
further details.

Authors’ contributions

Conceptualization and design of study (MO, HY], TH), clinical
study (A], JA, coordinated by HYJ), murine study (JJS, TFW),
metabolomics analysis (OR, SJ, supervised by TH), data analysis
and interpretation (PS, with critical input from SQ, PKL, AM, HY],
TH, supervised by MO). Manuscript preparation (PS, MO, TH),
Critical review and editing (all authors).

Data availability statement

Data from the clinical study are available upon request and an
appropriate institutional collaboration agreement. These data are
not available to access in a repository owing to concern that the
identity of patients might be revealed inadvertently. Data from
the murine study are available from the Metabolomics Work-
bench (https://www.metabolomicsworkbench.org/) as DOI
https://doi.org/10.21228/M89D7G.

Acknowledgements

We thank Daniel Duberg (Orebro University) and Ismo Mattila
(Steno Diabetes Center Copenhagen) for their excelent assistance
with the chemical analyses.

291


https://www.metabolomicsworkbench.org/
https://doi.org/10.21228/M89D7G

Research Article

Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jhep.2021.09.039.

References
Author names in bold designate shared co-first authorship

[1] Karthikeyan BS, Ravichandran J, Mohanraj K, Vivek-Ananth RP, Samal A.
A curated knowledgebase on endocrine disrupting chemicals and their
biological  systems-level  perturbations.  Sci  Total  Environ
2019;692:281-296.

[2] Armstrong LE, Guo GL. Understanding environmental contaminants’
direct effects on non-alcoholic fatty liver disease progression. Curr Envi-
ron Health Rep 2019;6:95-104.

[3] Wahlang B, Jin ], Beier JI, Hardesty JE, Daly EF, Schnegelberger RD, et al.
Mechanisms of environmental contributions to fatty liver disease. Curr
Environ Health Rep 2019;6:80-94.

[4] Deierlein AL, Rock S, Park S. Persistent endocrine-disrupting chemicals
and fatty liver disease. Curr Environ Health Rep 2017;4:439-449.

[5] Rantakokko P, Mdnnistd V, Airaksinen R, Koponen ], Viluksela M,
Kiviranta H, et al. Persistent organic pollutants and non-alcoholic fatty
liver disease in morbidly obese patients: a cohort study. Environ Health
2015;14. 79-79.

[6] Oresic M, McGlinchey A, Wheelock CE, Hyotylainen T. Metabolic signa-
tures of the exposome-quantifying the impact of exposure to environ-
mental chemicals on human health. Metabolites 2020;10:454.

[7] Behr A-C, Plinsch C, Braeuning A, Buhrke T. Activation of human nuclear
receptors by  perfluoroalkylated  substances  (PFAS).  Toxicol
in Vitro 2020;62:104700.

[8] Zhao W, Zitzow ]D, Ehresman D], Chang S-C, Butenhoff JL, Forster J, et al.

Na+/Taurocholate cotransporting polypeptide and apical sodium-

dependent bile acid transporter are involved in the disposition of per-

fluoroalkyl sulfonates in humans and rats. Toxicol Sci Off ] Soc Toxicol
2015;146:363-373.

Salihovi¢ S, Dickens AM, Schoultz I, Fart F, Sinisalu L, Lindeman T, et al.

Simultaneous determination of perfluoroalkyl substances and bile acids

in human serum using ultra-high-performance liquid chromatography-

tandem mass spectrometry. Anal Bioanal Chem 2019.

[10] Chiang JYL, Ferrell JM. Bile acids as metabolic regulators and nutrient
sensors. Annu Rev Nutr 2019;39:175-200.

[11] Dasarathy S, Yang Y, McCullough AJ, Marczewski S, Bennett C, Kalhan SC.
Elevated hepatic fatty acid oxidation, high plasma fibroblast growth factor
21, and fasting bile acids in nonalcoholic steatohepatitis. Eur J Gastro-
enterol Hepatol 2011;23:382-388.

[12] Aranha MM, Cortez-Pinto H, Costa A, da Silva IB, Camilo ME, de
Moura MC, et al. Bile acid levels are increased in the liver of patients with
steatohepatitis. Eur ] Gastroenterol Hepatol 2008;20:519-525.

[13] Mouzaki M, Wang AY, Bandsma R, Comelli EM, Arendt BM, Zhang L, et al.
Bile acids and dysbiosis in non-alcoholic fatty liver disease. PLoS One
2016;11:e0151829.

[14] Puri P, Daita K, Joyce A, Mirshahi F, Santhekadur PK, Cazanave S, et al. The
presence and severity of nonalcoholic steatohepatitis is associated with
specific changes in circulating bile acids. Hepatology 2018;67:534-548.

[15] EFSA Panel on Contaminants in the Food Chain, Schrenk D, Bignami M,
Bodin L, Chipman JK, Del Mazo ], et al. Risk to human health related to the
presence of perfluoroalkyl substances in food. EFSA ] 2020;18:e06223.

[16] Choi GW, Choi EJ, Kim JH, Kang DW, Lee YB, Cho HY. Gender differences in
pharmacokinetics of perfluoropentanoic acid using non-linear mixed-ef-
fect modeling in rats. Arch Toxicol 2020;94:1601-1612.

[17] Eriksson U, Mueller JF, Toms LL, Hobson P, Karrman A. Temporal trends of
PFSAs, PFCAs and selected precursors in Australian serum from 2002 to
2013. Environ Pollut 2017;220:168-177.

[18] Luukkonen PK, Zhou Y, Sadevirta S, Leivonen M, Arola ], Oresic M, et al.
Hepatic ceramides dissociate steatosis and insulin resistance in patients
with non-alcoholic fatty liver disease. ] Hepatol 2016;64:1167-1175.

[19] Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri BA, Bacon BR.
Nonalcoholic steatohepatitis: a proposal for grading and staging the
histological lesions. Am ] Gastroenterol 1999;94:2467-2474.

9

292

NAFLD and Alcohol-Related Liver Diseases

[20] Schlezinger JJ, Puckett H, Oliver ], Nielsen G, Heiger-Bernays W,
Webster TF. Perfluorooctanoic acid activates multiple nuclear receptor
pathways and skews expression of genes regulating cholesterol homeo-
stasis in liver of humanized PPARalpha mice fed an American diet. Toxicol
Appl Pharmacol 2020;405:115204.

[21] Carey RN, Wold S, Westgard JO. Principal component analysis: an alter-
native to "referee” methods in method comparison studies. Anal Chem
1975;47:1824-1829.

[22] R Development Core Team. R: A language and environment for statistical
computing. Vienna: R Foundation for Statistical Computing; 2018.

[23] Cui L, Zhou Q-f, Liao C-y, Fu J-j, Jiang G-b. Studies on the toxicological
effects of PFOA and PFOS on rats using histological observation and
chemical analysis. Arch Environ Contam Toxicol 2008;56:338.

[24] Kempen HJ, Glatz JF, Gevers Leuven JA, van der Voort HA, Katan MB.
Serum lathosterol concentration is an indicator of whole-body cholesterol
synthesis in humans. J Lipid Res 1988;29:1149-1155.

[25] Dong Z, Wang H, Yu YY, Li YB, Naidu R, Liu Y. Using 2003-2014 U.S.
NHANES data to determine the associations between per- and poly-
fluoroalkyl substances and cholesterol: trend and implications. Ecotoxicol
Environ Saf 2019;173:461-468.

[26] Auro K, Joensuu A, Fischer K, Kettunen ], Salo P, Mattsson H, et al.
A metabolic view on menopause and ageing. Nat Commun 2014;5:4708.

[27] Chiang ]JY. Regulation of bile acid synthesis: pathways, nuclear receptors,
and mechanisms. ] Hepatol 2004;40:539-551.

[28] Nakagawa T, Ramdhan DH, Tanaka N, Naito H, Tamada H, Ito Y, et al.
Modulation of ammonium perfluorooctanoate-induced hepatic damage
by genetically different PPARalpha in mice. Arch Toxicol 2012;86:63-74.

[29] Roth K, Yang Z, Agarwal M, Liu W, Peng Z, Long Z, et al. Exposure to a
mixture of legacy, alternative, and replacement per- and polyfluoroalkyl
substances (PFAS) results in sex-dependent modulation of cholesterol
metabolism and liver injury. Environ Int 2021;157:106843.

[30] Attanasio R. Sex differences in the association between perfluoroalkyl
acids and liver function in US adolescents: analyses of NHANES 2013-
2016. Environ Pollut 2019;254:113061.

[31] Attanasio R. Association between perfluoroalkyl acids and liver function:
data on sex differences in adolescents. Data Brief 2019;27:104618.

[32] Liu HS, Wen LL, Chu PL, Lin CY. Association among total serum isomers of
perfluorinated chemicals, glucose homeostasis, lipid profiles, serum
protein and metabolic syndrome in adults: NHANES, 2013-2014. Environ
Pollut 2018;232:73-79.

[33] Fletcher T, Galloway TS, Melzer D, Holcroft P, Cipelli R, Pilling LC, et al.
Associations between PFOA, PFOS and changes in the expression of genes
involved in cholesterol metabolism in humans. Environ Int 2013;57-
58:2-10.

[34] Zhang Y, Zhang Y, Klaassen CD, Cheng X. Alteration of bile acid and
cholesterol biosynthesis and transport by perfluorononanoic acid (PFNA)
in mice. Toxicol Sci Off ] Soc Toxicol 2018;162:225-233.

[35] Chiang ]Y. Recent advances in understanding bile acid homeostasis.
F1000Res 2017;6:2029.

[36] Zhang Y, Klein K, Sugathan A, Nassery N, Dombkowski A, Zanger UM, et al.
Transcriptional profiling of human liver identifies sex-biased genes
associated with polygenic dyslipidemia and coronary artery disease. PLoS
One 2011;6:e23506.

[37] Waxman DJ, Holloway MG. Sex differences in the expression of hepatic
drug metabolizing enzymes. Mol Pharmacol 2009;76:215-228.

[38] Mugford CA, Kedderis GL. Sex-dependent metabolism of xenobiotics.
Drug Metab Rev 1998;30:441-498.

[39] Kur P, Kolasa-Wolosiuk A, Misiakiewicz-Has K, Wiszniewska B. Sex
hormone-dependent physiology and diseases of liver. Int ] Environ Res
Publ Health 2020;17.

[40] Gonzalez-Granillo M, Helguero LA, Alves E, Archer A, Savva C, Pedrelli M,
et al. Sex-specific lipid molecular signatures in obesity-associated meta-
bolic dysfunctions revealed by lipidomic characterization in ob/ob mouse.
Biol Sex Differ 2019;10:11.

[41] Tramunt B, Smati S, Grandgeorge N, Lenfant F, Arnal JF, Montagner A, et al.
Sex differences in metabolic regulation and diabetes susceptibility. Dia-
betologia 2020;63:453-461.

[42] Qiu Z, Qu K, Luan F, Liu Y, Zhu Y, Yuan Y, et al. Binding specificities of
estrogen receptor with perfluorinated compounds: a cross species com-
parison. Environ Int 2020;134:105284.

Journal of Hepatology 2022 vol. 76 | 283-293


https://doi.org/10.1016/j.jhep.2021.09.039
https://doi.org/10.1016/j.jhep.2021.09.039
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref1
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref1
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref1
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref1
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref2
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref2
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref2
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref3
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref3
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref3
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref4
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref4
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref5
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref5
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref5
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref5
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref6
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref6
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref6
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref7
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref7
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref7
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref8
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref8
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref8
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref8
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref8
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref8
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref9
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref9
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref9
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref9
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref9
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref10
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref10
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref11
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref11
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref11
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref11
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref12
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref12
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref12
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref13
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref13
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref13
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref14
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref14
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref14
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref15
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref15
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref15
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref16
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref16
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref16
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref17
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref17
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref17
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref18
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref18
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref18
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref19
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref19
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref19
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref20
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref20
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref20
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref20
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref20
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref21
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref21
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref21
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref22
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref22
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref23
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref23
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref23
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref24
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref24
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref24
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref25
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref25
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref25
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref25
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref26
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref26
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref27
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref27
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref28
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref28
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref28
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref29
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref29
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref29
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref29
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref30
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref30
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref30
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref31
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref31
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref32
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref32
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref32
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref32
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref33
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref33
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref33
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref33
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref34
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref34
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref34
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref35
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref35
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref36
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref36
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref36
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref36
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref37
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref37
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref38
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref38
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref39
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref39
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref39
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref40
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref40
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref40
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref40
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref41
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref41
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref41
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref42
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref42
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref42

JOURNAL
OF HEPATOLOGY

[43] Shen M, Shi H. Sex hormones and their receptors regulate liver energy  [46] Jiao N, Baker SS, Chapa-Rodriguez A, Liu W, Nugent CA, Tsompana M, et al.

homeostasis. Int ] Endocrinol 2015;2015:294278. Suppressed hepatic bile acid signalling despite elevated production of
[44] Haeusler RA, Astiarraga B, Camastra S, Accili D, Ferrannini E. Human in- primary and secondary bile acids in NAFLD. Gut 2018;67:1881.

sulin resistance is associated with increased plasma levels of 12a-hy-  [47] Prinz P, Hofmann T, Ahnis A, Elbelt U, Goebel-Stengel M, Klapp BF, et al.

droxylated bile acids. Diabetes 2013;62:4184-4191. Plasma bile acids show a positive correlation with body mass index and
[45] Legry V, Francque S, Haas JT, Verrijken A, Caron S, Chavez-Talavera O, et al. are negatively associated with cognitive restraint of eating in obese pa-

Bile acid alterations are associated with insulin resistance, but not with tients. Front Neurosci 2015;9:199.

NASH, in obese subjects. ] Clin Endocrinol Metab 2017;102:3783-3794.

Journal of Hepatology 2022 vol. 76 | 283-293 293


http://refhub.elsevier.com/S0168-8278(21)02104-8/sref43
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref43
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref44
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref44
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref44
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref45
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref45
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref45
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref46
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref46
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref46
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref47
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref47
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref47
http://refhub.elsevier.com/S0168-8278(21)02104-8/sref47

	Exposure to environmental contaminants is associated with altered hepatic lipid metabolism in non-alcoholic fatty liver disease
	Introduction
	Patients and methods
	Study participants
	Murine exposure study
	Analyses of metabolites and environmental contaminants
	Statistical analyses

	Results
	Metabolic and chemical exposure profiles in the liver and serum showed large biological variation
	Environmental contaminants are associated with NAFLD
	Association of environmental contaminants with BAs and lipids are sex-specific
	Environmental contaminants are associated with interconversion of serum BAs
	Association of PFAS with the lathosterol to cholesterol (L/C) ratio; a marker of cholesterol biosynthesis
	Overrepresentation of liver metabolic pathways due to chemical exposure
	Hepatic metabolic alterations in humanized PPARα mice with PFOA treatment

	Discussion
	Abbreviations

	Financial support
	Conflict of interest
	Authors’ contributions
	Data availability statement
	Supplementary data
	References


