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Background: The increased incidence of diseases, including metabolic syndrome and infertility, may be related
to exposure to the mixture of chemicals, which are ubiquitous in the modern environment (environmental
chemicals, ECs). Xeno-detoxiﬁcation occurs within the liver which is also the source of many plasma proteins
and growth factors and plays an important role in the regulation of homeostasis.
Objectives: The objective of this study was to investigate the eﬀects of ECs on aspects of liver function, in a well
characterized ovine model of exposure to a real-life EC mixture.
Methods: Four groups of sheep (n = 10–12/sex/treatment) were maintained long-term on control or sewage
sludge-fertilized pastures: from conception to culling at 19 months of age in females and from conception to
7 months of age and thereafter in control plots until culling at 19 months of age in males. Environmental chemicals were measured in sheep livers and RNA and protein extracts were assessed for exposure markers. Liver
proteins were resolved using 2D diﬀerential in-gel electrophoresis and diﬀerentially expressed protein spots
were identiﬁed by liquid chromatography/tandem mass spectroscopy.
Results: Higher levels of polycyclic aromatic hydrocarbons (PAHs) and lower levels of polychlorinated biphenyls
(PCBs) in the livers of control males compared to control females indicated sexually dimorphic EC body burdens.
Increased levels of the PAHs Benzo[a]anthracene and chrysene and reduced levels of PCB 153 and PCB 180 were
observed in the livers of continuously exposed females. EC exposure aﬀected xenobiotic and detoxiﬁcation responses and the liver proteome in both sexes and included major plasma-secreted and blood proteins, and
metabolic enzymes whose pathway analysis predicted dysregulation of cancer-related pathways and altered lipid
dynamics. The latter were conﬁrmed by a reduction in total lipids in female livers and up-regulation of cancerrelated transcript markers in male livers respectively by sewage sludge exposure.
Conclusions: Our results demonstrate that chronic exposure to ECs causes major physiological changes in the
liver, likely to aﬀect multiple systems in the body and which may predispose individuals to increased disease
risks.

1. Introduction
There is increasing evidence that exposure to environmental chemicals (ECs), including Endocrine-Disrupting Compounds (EDCs), persistent organic pollutants (POPs), pharmaceuticals, their metabolites,

⁎

and toxic elements such as heavy metals, contributes to the initiation
and/or progression of modern human diseases including diabetes,
obesity and infertility (Foulds et al., 2017; Petrakis et al., 2017; Heindel
et al., 2015; Vabre et al., 2017). Human real-life EC exposure is chronic
and involves exposure to a complex mixtures of chemicals, each at
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fertilizer containing equivalent amounts of nitrogen (control plots) as
described previously (Bellingham et al., 2016; Rhind et al., 2013;
Bellingham et al., 2013; Hombach-Klonisch et al., 2013; Bellingham
et al., 2012; Bellingham et al., 2009; Rhind et al., 2010; Fowler et al.,
2008; Paul et al., 2005) at the Glen Saugh experimental farm near
Aberdeen, Scotland. Power calculations using representative data from
pilot studies (Rhind et al., 2010; Paul et al., 2005) suggested that 8 F1
animals in each of the four groups (control males, control females,
exposed males, exposed females) can achieve over 80% power to detect
exposure diﬀerences and that 12 F0 ewes per treatment would be required to produce at least 8 lambs of either sex.
Texel ewes (Ovis aries) with a regular age structure i.e. with similar
numbers of ewes aged 2, 3, 4 and 5 years at the time of lambing (F0
generation) were randomly allocated in control or exposed plots (48
ewes per treatment) where they were maintained through their
breeding lives. The F0 ewes were synchronized using chronogest vaginal sponges (20 mg ﬂugestone acetate) for 14 days and mated naturally 2 days after sponge withdrawal to Texel rams. The mated ewes
remained in their respective treatment plots through the pregnancy and
after giving birth. Randomly selected 48 F1 lambs (12 control males, 12
control females, 12 exposed males, 12 exposed females) remained in
their respective treatment plots throughout lactation, weaning and
post-weaning. On their 7th month of age all the males were transferred
to control plots to avoid uncontrolled mating and to meet other requirements of the experimental program whereas females remained in
their allocated control or exposed plots. On the 19th month of age the
F1 sheep were euthanized using indwelling jugular catheter following
subcutaneous local anesthesia (lignocaine) of the site followed by barbiturate overdose as determined by Schedule 1 ASPA 1986. The 24 F1
females were synchronized using chronogest vaginal sponges (20 mg
ﬂugestone acetate) for 14 days prior to catheter insertion and euthanasia to minimize variation arising from diﬀerent cycling hormonal
diﬀerences. Upon euthanasia, the chronogest vaginal sponges were
found absent in 3 females resulting in their subsequent exclusion from
the study. Final numbers of F1 sheep analyzed (experimental units)
were 12 control males, 11 control females, 12 exposed males, and 10
exposed females. Randomization of F0 ewes and F1 lambs was performed by random draws, ensuring equal number in each sex for F1
lambs. Vaginal sponge insertions, catheter insertions, euthanasia,
measurements and all analyses were performed by researchers blind to
exposure and during the morning hours. Body condition score (on a
scale of 1–5 where 1 = emaciated and 5 = obese) was measured at
euthanasia as previously described (Russel, 1991).

relatively low concentrations. Because of their diverse chemical structures, exposure occurs via multiple routes and, once within the body,
ECs can be metabolized/stored or excreted via a variety of ways. The
study of EC eﬀects therefore presents many challenges in terms of
measuring exposure or mimicking real-life exposure patterns. Human
sewage sludge contains a complex mixture of chemicals which reﬂects
human EC exposure (Venkatesan and Halden, 2014; Zhang et al., 2015;
Rhind et al., 2013; Rhind et al., 2002). We have demonstrated, using
sheep which are large, long-lived mammals with long gestation times as
a model to human real-life exposures, that low-level exposure to such
EC mixtures via grazing of pregnant ewes on pastures treated with
sewage sludge as a fertilizer adversely aﬀects thyroid, ovarian, testicular, hypothalamic and pituitary development and function and social
behavior of the oﬀspring (Lea et al., 2016; Bellingham et al., 2009;
Bellingham et al., 2012; Bellingham et al., 2013; Bellingham et al.,
2016; Hombach-Klonisch et al., 2013; Fowler et al., 2008; Paul et al.,
2005; Lind et al., 2009; Erhard and Rhind, 2004; Evans et al., 2014). In
our exposure model typical concentrations of selected polychlorinated
biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs) and polycyclic aromatic hydrocarbons (PAHs) in sewage sludge are in the range
of 75, 559, and 14,245 μg/kg respectively versus control inorganic
fertilizer with 0.32, 9.11 and 0 μg/kg of the same pollutants (Table 2
from Lind et al., 2009).
The liver serves many roles within vertebrates, namely detoxiﬁcation of substances, synthesis of proteins and clotting factors, and the
production of biochemicals needed for digestion. The liver is an integral
part of the endocrine system, metabolizing many circulating hormones
(O'Shaughnessy et al., 2013) and secreting hormones such as insulinlike growth factors 1/2 and angiotensinogen. The liver also regulates
hormonal bioavailability by secreting hormone-binding proteins including alpha fetoprotein (AFP), serum albumin (ALB), sex-hormone
binding globulin (SHBG), corticosteroid binding globulin (CBG) and
thyroxine binding globulin (TBG). Furthermore, the liver secretes carrier proteins, including serotransferrin (TF), ceruloplasmin (CP) and
apolipoproteins to control transport of nutrients. ECs are measurable
within the liver (Geens et al., 2012) where multiple classes of ECs may
be detoxiﬁed. Through modiﬁcation of liver functions ECs can contribute to liver disease (Yorita Christensen et al., 2013) whereas
changes in liver endocrinology may contribute to other adverse EC effects, including those associated with altered metabolism and/or infertility. A recent report inventoried chemicals that are known to promote liver disease and found 123 chemicals in a range of classes,
including endocrine-disrupting chemicals (EDCs), to be harmful to the
liver (Al-Eryani et al., 2015).
Because sewage sludge contains many ECs and the liver has a major
role in clearance of potentially harmful ECs, we have measured levels of
major ECs in liver tissues and assessed liver responses to EC exposure by
measurement of transcripts, proteins, and lipids. We show that proteins,
transcripts, lipids and EC concentrations are altered in the livers animals chronically exposed to low level mixtures of multiple ECs.

2.3. Liver collection and protein, DNA, and RNA extraction
Liver tissue samples were washed with phosphate buﬀer to remove
red blood cells and then frozen at −80 °C until analysis. Qiagen AllPrep
DNA/RNA/Protein mini kits (Qiagen Ltd., Crawley, UK; cat. no. 80004)
were used to isolate DNA, RNA and proteins (Bellingham et al., 2013;
Filis et al., 2015). DNA contamination in the RNA preparations was
minimized by treating RNA with RNAse-free DNAse (Qiagen Ltd.,
Crawley, UK; cat. no. 79254) according to the manufacturer's guidelines. DNA and RNA concentrations were determined using Nanodrop
and protein concentrations were determined by a modiﬁed Lowry assay
(RC DC™ Protein Assay Kit, Bio-Rad Laboratories Ltd., Hertfordshire,
UK; cat.no. 5000121).

2. Materials and methods
2.1. Ethical standards
All experiments were approved by the James Hutton Institute's
Local Ethical Committee and performed according to relevant guidelines and regulations. Animal experiments were conducted under
Project license (60/3356) (United Kingdom's Animals Scientiﬁc
Procedures Act 1986).

2.4. Tissue chemical analysis
Concentrations of diethylhexyl phthalate (DEHP), selected PCB
congeners (28, 52, 101,118, 138, 153, 180), PBDE congeners (28, 47,
99, 100, 153, 154, 183) and 16 PAHs were measured in male and female liver samples using gas chromatography coupled to mass spectrometry (GC/MS) following sample extraction and preparation as
previously described (Lind et al., 2009; Rhind et al., 2010). Quality

2.2. Animals
This study used our well established ovine chronic EC exposure
model where sheep are maintained on plots fertilized with either
sewage sludge at conventional rates (exposed plots) or with inorganic
99
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control samples were included with each batch of experimental samples
analyzed. Limits of detection: DEHP, 0.01 μg/g; PCBs, 0.02 μg/kg; PBDE
28, 47, 99 & 100, 0.02 μg/kg; PBDE 153, 154 & 183; 0.50 μg/kg; PAHs,
1 μg/kg, except for phenanthrene, ﬂuoranthene, benzo[k]ﬂuoranthene,
indenol[1,2,3-cd]pyrene and dibenzo[a,h]anthracene, for which they
were 5 μg/kg and pyrene, for which it was 15 μg/kg.

used to detect spots and quantify ﬂuorescent spot volumes. Selected
spots were excised from gels and subjected to LC-MS/MS spot identiﬁcation as previously described (Bellingham et al., 2013; Filis et al.,
2015).

2.5. Superoxide Dismutase (SOD) activity and Protein Carbonyl (PC)
content measurements

Total levels of ALB, TF, HSP90 and HSP70 proteins were quantiﬁed
by Western blotting in the same 45 protein extracts used to construct
the proteomics protein pools. Protein membranes were prepared,
probed and quantiﬁed as previously described (Bellingham et al., 2013;
Filis et al., 2015). The list of the antibodies used and their dilution is
shown in Table S2. Levels of ALB and TF were normalized against ACTB
signal used as loading control. ACTB levels did not vary between
samples with either sex or sewage sludge exposure (Fig. S1Bvi). 2Dwestern blots performed to verify the identity of additional ALB and TF
spots were prepared by separating 50 μg of sheep liver protein pool
prepared from equal amounts of protein from each animal.

2.8. Western blot protein level quantiﬁcations

Approximately 100 mg of frozen liver tissue were homogenized in
1 ml cold buﬀer (0.05 M potassium phosphate and 0.1 mM EDTA,
pH 7.8) and centrifuged at 15,000g for 30 min at 4 °C. Aliquots of the
supernatant were diluted 1:1000 and used for determination of superoxide dismutase activity (Superoxide Dismutase Assay Kit, Cayman
Chemical), and protein carbonyl content (Protein Carbonyl
Colorimetric Assay Kit, Cayman Chemical) as per the manufacturer's
instructions. Samples were assayed in duplicate and results were expressed relative to protein concentration, which was quantiﬁed using
the Quick Start Bradford Protein microplate Assay (Bio-Rad) as per
manufacturer's instructions with Bovine Serum Albumin (BSA) (range
125–2000 μg/ml) as a standard.

2.9. Lipid assays
Approximately 250 mg of frozen liver tissue were homogenized in
1 ml of 0.145 M ice cold NaCl. After the addition of 10 ml of chloroform:methanol (2:1 v/v) containing 50 μg/ml butylated hydroxytoluene (BHT), the mixture was gently mixed for 10 min. Following
the addition of 3 ml of distilled H2O, the phases were separated by
centrifugation for 10 min at 3000 rpm and the upper aqueous phase was
removed. The organic layer was re-extracted with 3 ml of
chloroform:methanol:0.145 M NaCl (3:48:47) that had 50 μg/ml BHT
added. The lower lipid chloroform phase was transferred to a clean
glass tube. The combined aqueous phases were washed with 3 ml of
chloroform and after phase separation the chloroform was removed and
combined with the rest of the chloroform fractions. The chloroform
extract was evaporated under nitrogen stream and dried over desiccant.
The weight of the residue represented the total lipids yield, expressed as
w/w% of the wet liver weight. Liver water content was determined by
drying weighed ~250 mg pieces of liver over silica in a desiccator for
2 weeks.
Phospholipids were estimated colorimetrically by forming a complex with ammonium ferrothiocyanate (Stewart, 1980). Brieﬂy, the
total lipids were resuspended in 2 ml of chloroform and duplicate 25 μl
aliquots were further diluted to ﬁnal volume of 2 ml with chloroform.
After the addition of 1 ml of complexing reagent (0.1 M ferric chloride,
0.4 M ammonium thiocyanate) the mixture was vortexed gently. The
phases were separated by centrifugation, the lower chloroform layer
was removed and its absorbance was read at 488 nm. The absorbance
was compared against a standard curve of phosphatidylcholine (Sigma
chemical Co, Poole, Dorset UK). Phospholipid estimations were expressed as w/w% of the wet liver weight for each sample.
Triglyceride and total cholesterol levels were measured in chloroform extracts as described previously (McNeil et al., 2008). Brieﬂy,
chloroform was removed by evaporation under nitrogen and total lipids
dissolved in 5 ml of ethanol. Triglycerides in 40 μl aliquots of the
ethanol suspension were measured by adding 0.25 ml triglyceride reagent (ThemoElectron Triglyceride Kit cat. no. TR22421), incubating
for 20 min at room temperature and measuring the absorbance at
510 nm. Triglyceride concentrations in the samples were determined
from a standard curve of glycerol (0–40 nmoles) and were expressed as
nmoles per mg of wet liver weight as well as w/w% of wet liver weigh
by multiplying triglyceride nmoles by 0.000885. Cholesterol in 10 μl
aliquots of the ethanol suspension were measured by adding 0.25 ml
Cholesterol reagent (ThemoScientiﬁc cat. no. 981812), incubating for
10 min at room temperature and measuring the absorbance at 520 nm.
Cholesterol concentrations in the samples were determined from a
standard curve of Lipatrol (ThermoScientiﬁc cat. no. 981653, containing 4.8 mM of stock cholesterol) spanning 0–1 mM. Total

2.6. Real-time PCR
1 μg of the RNA from the extracted liver samples was reverse transcribed (GoScript Reverse transcription system, Promega Ltd.,
Southampton, UK; cat no A5001). Real-time PCRs were conducted
using the SensiMix real-time PCR kit (Bioline, London, UK; cat no.
QT650-05) and carried out on 384 well plates using the Roche
Lightcycler 480. B2M and ACTB were identiﬁed as the most stable
housekeeping genes from a group of 5 housekeeping genes tested using
both GeNorm and NormFinder software (Fig. S1A). Primers for the
genes of interest were designed using Primer Blast (http://www.ncbi.
nlm.nih.gov/tools/primer-blast/) to span exons in order to avoid amplicons from contaminating genomic DNA. Absence of amplicon generation from genomic DNA was conﬁrmed by testing the primers on
mock cDNA preparations lacking reverse transcriptase enzyme. Primer
sequences, amplicon sizes and primer annealing temperatures are
shown in Table S1. Each gene was quantiﬁed against a standard curve
of serially diluted representative sheep liver cDNA preparations (concentration span: 5 ng/μl to 0.008 ng/μl). Relative gene amounts were
normalized against the geometric mean of the relative amounts of the
housekeeping genes ACTB and B2M using the formula:

gene of interest / 2 ACTB ∗ B 2M .

2.7. Proteomic 2-D gel electrophoresis and DIGE analysis
Within each group, equal quantities (125 μg) of liver protein from
all the F1 animals were pooled according to sex and EC exposure
(control females, 11 samples; treated females, 10 samples; control
males, 12 samples; treated males, 12 samples). This generated four
separate protein pools which were analyzed by DIGE in quadruplicate
as follows: from each pool 50 μg of protein were labelled with CY3 and
another 50 μg of protein were labelled with CY5 ﬂuorophores. CY3- and
CY5-labelled proteins from each pool were combined and subjected to
2D-PAGE in suﬃcient permutations to ensure four individual separations for each protein pool. Fluorescent labels of the protein pools were
reversed on separate gels to avoid labelling bias. For each 2D-PAGE
separation, the CY3- and CY5-combined protein pools were run in the
presence of a control CY2-labelled protein sample (50 μg), prepared
from equal amounts of protein from each group (i.e. 12.5 μg/group) to
assist spot mapping. 2D-PAGE was performed and gels were scanned
using an Ettan DIGE Imager (GE Healthcare). Samespots software was
100
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the 2nd dimension (second-highest variation explained) (Fig. 2A). Of
the 445 spots analyzed, 185 spot volumes were signiﬁcantly aﬀected in
females (98 up-regulated and 87 down-regulated) and 97 spot volumes
were signiﬁcantly aﬀected in males (57 up-regulated and 40 downregulated) (Fig. 2B). 145 spots exhibited sex diﬀerences in control animals, with 70 and 75 spots showing increased spot volumes in males
and females respectively (Fig. 2C). 49 of the largest, most reproducible,
spots were excised for LC-MS/MS identiﬁcation and of these 35 spots
were positively identiﬁed based on (i) high MASCOT score, (ii) agreement between estimated (i.e. from electrophoretic gel mobility) and
calculated molecular weight and isoelectric point, and (iii) peptide
coverage. These 35 spots gave rise to the identiﬁcation of 26 proteins
with some proteins appearing in more than one spot (e.g. ALDH1L1;
NLTP; IDH1; ACAA2; INMT; GSTM1, Table 2). All the identiﬁed proteins and their functions are detailed in Tables 2 and S7). EC exposure
altered the expression of proteins involved in detoxiﬁcation; GSTT1 was
upregulated by exposure by both sexes, and GSTM1 was upregulated in
exposed females only (Table 2). Fatty-acid β-oxidation enzymes were
also aﬀected; ECHS1 was reduced in exposed females, ACAA2 spot
volumes were predominantly increased in exposed females whereas for
ACAA2 in exposed males one spot increased and one decreased
(Table 2, Fig. S2).
Exposure also aﬀected the spot volumes of the proteins secreted into
the plasma; ALB was increased in both males and females, TF increased
in males and APOA1 decreased in females (Table 2). 2D-Western blots
probed against ALB and TF and superimposed on the DIGE scans
identiﬁed additional spots that correspond to ALB and TF (Fig. 3A).
Total ALB and TF levels, quantiﬁed using conventional 1D-Western
blots showed similar trends to DIGE-stained summed ALB and TF spots
respectively on the 2D gels (Figs. 3B, S3). All ALB and TF spots were upregulated by exposure in males (bars in Figs. 3Ci-ii; S3). Exposure also
increased the distribution of ALB spots towards more negativelycharged species in males (Fig. 3Ci; solid lines). In females, exposure
aﬀected only a single ALB spot (Figs. 3Ci, spot 263, S3A, Table 2)
whereas female TF spots were aﬀected in a charge-speciﬁc manner with
more negatively-charged spots being downregulated and more positively-charged spots upregulated (bars in Fig. 3Cii; Fig. S3B). Exposure
increased the distribution of TF species towards the more positivelycharged species in females (Fig. 3Cii; dashed lines).
Transcripts for many of the identiﬁed proteins were measured to
examine whether they correlate to the spot volume changes. SCP2,
ACAA2, ECHS1, and GSTM1 transcript changes correlated with the
observed sex-diﬀerences but transcript diﬀerences did not reach statistical signiﬁcance (Tables S4 and S5). ALDH1L1, DES, ACAA2, TPI,
GSTM1, and GSTT1, transcripts changes correlated with spot volume
exposure diﬀerences in females but none of the transcript diﬀerences
reached statistical signiﬁcance (Tables S4 and S5). In exposed males,
ALDH1L1, TF, GSTT, and FTL transcripts changes correlated with spot
volume exposure diﬀerences but only TF and GSTT1 reached statistical
signiﬁcance (Tables S4 and S5).

cholesterol levels were expressed as w/w% of the wet liver weight for
each sample. All measurements were performed in duplicate.
2.10. Statistics and ingenuity pathway analysis
Statistical analysis of quantiﬁed ECs, transcripts, proteins and lipids
was performed using 1-way ANOVA (control vs treatment for the exposure eﬀect in females and males respectively; control females vs
control males for sex diﬀerences) in R statistical software (V3.4.0). Data
were log-transformed in those cases where model residuals departed
from Normality (visually assessed by quantile-quantile residual plots)
and/or showed heteroscedasticity (visually assessed by scatter plot of
residuals vs ﬁtted model values). Statistical signiﬁcance threshold was
P < 0.05. Spot volumes from gel-based proteomics were analyzed in R
(V3.4.0) using the limma package following the same statistical approach as above. P-values were adjusted using the Benjamini-Hochberg
False Discovery Rate to control for multiple testing. Statistical signiﬁcance threshold was chosen to adjusted P values of < 0.05.
Multidimensional scaling was produced using the plotMDS function in
R.
Ingenuity Pathway Analysis (IPA) V9.0 (Ingenuity Systems, http://
www.ingenuity.com) was used to assign aﬀected proteins and transcripts from transcript measurements, Western blots, and proteomics to
Disease or Functions Pathways (Bellingham et al., 2013; Filis et al.,
2015). Statistical signiﬁcance was calculated by the right-tailed Fisher
Exact Test with a threshold of P < 0.05). Only those Disease & Functions Pathways that were predicted on the basis of at least 10 molecules
or yielded activation scores above ± 1.5 were considered relevant.
3. Results
3.1. Sheep livers show sex-speciﬁc EC accumulation and xenobiotic
responses
EC liver accumulation showed sex-speciﬁc patterns in control animals and male livers had higher levels of benzo[a]anthracene, chrysene, and total PAHs, whereas female livers had higher levels of
naphthalene, PCB 101, PCB 153 and total PCBs (Table 1). Liver accumulation of benzo[a]anthracene and chrysene increased and of PCB
153, PCB 180, and total PCBs decreased in the sewage sludge exposed
females. No diﬀerences in liver EC accumulation were observed in
sewage sludge exposed males (Table 1).
Control male livers were heavier compared to control female livers
and expressed higher levels of HSP90B and HSP70 proteins (Tables S3
and S4). EC exposure did not induce gross alterations in liver weight,
body weight-normalized liver weight, and the average body condition
score of 2.6 in sheep (Table S3). EC exposed females had higher levels
of CYP1A1 and lower levels of CYP1B1 detoxifying enzyme transcripts
and expressed higher levels of HSP90B protein (Fig. 1, Table S4).
CYP1A2 detoxifying enzyme and estrogen receptor alpha (ESR1) transcripts and HSP70 protein expression increased and cMOAT2 (gene:
ABCC3) transporter transcripts decreased in EC exposed females but
those diﬀerences did not reach statistical signiﬁcance (Fig. 1, Table S4).
Aryl hydrocarbon receptor (AHR), OATP8 (gene: SLCO1B3) importer
and Phosphoenolpyruvate Carboxykinase 1 (PCK1) transcripts increased following EC exposure in males with the PCK1 increase approaching statistical signiﬁcance (Fig. 1, Table S4).

3.3. EC exposure diﬀerentially aﬀects canonical and disease pathways in
both sexes and causes alterations in liver lipid content
Ingenuity Pathway Analysis of sex-diﬀerent proteins and transcripts
in control groups predicted that, compared to females, male livers have
decreased proliferation of lymphocytes, decreased invasion of cells,
increased synthesis of reactive oxygen species and increased cell viability (Table S6). Analysis of the eﬀects of EC exposure in females
predicted dysregulation of cancer-related pathways, increased production of reactive oxygen species and decreased concentration of lipids
(Table S6). Pathway analysis in EC exposed males predicted reduction
and dysregulation of cancer-related pathways, increased lipid synthesis
and increased fatty acid metabolism (Table S6).
To examine the predicted eﬀects of EC exposure on lipid concentrations, reactive oxygen species and cancer-related pathways, we

3.2. Large-scale molecular eﬀects of sewage sludge exposure on the liver
445 liver protein spots were reproducible across Cy3- and Cy5stained 2-D PAGE gel replicates. Multidimensional scaling of all protein
spot volumes showed that control female livers cluster separately to
control male livers and that exposed female livers cluster closer to
control males in the 1st dimension (highest variation explained) but
further apart from either controls females or control/exposed males in
101

Environment International 124 (2019) 98–108

P. Filis et al.

Table 1
Sex- and exposure-speciﬁc adult liver concentrations of environmental chemicals (ECs) following fetal and lactational exposures. EC concentrations are normalized as
μg per kg of dry liver matter Data were log-transformed to adjust for those cases where model residuals departed from Normal distribution. Statistically signiﬁcant
diﬀerences (P < 0.05) are shown in bold.
Class

Phthalate
PAH

PBDE

PCB

a
b
c
⁎

Chemicala

DEHP
Naphthalene
Acenaphthalene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene
Benzo[b]ﬂuoranthene
Benzo[k]ﬂuoranthene
Benzo[a]pyrene
Indeno[1,2,3-cd]pyrene
Dibenzo[a,h]anthracene
Benzo[ghl]perylene
Total PAHs
28
47
99
100
153
154
183
Total PBDE
28
52
101
118
138
153
180
Total PCB

Sex eﬀecta
(♂ compared to ♀)

Exposure eﬀect ♀

Exposure eﬀectb ♂

P value

Fold diﬀ

P value

Fold diﬀ

P value

Fold diﬀ

0.95
< 0.0001

−1.02
−7.07

0.30
0.18

−1.64
−1.95

0.83
0.38
0.68
0.85
0.79
0.79

1.45
2.90
1.10
−1.73
1.64
1.05
1.03

⁎

⁎

0.47
0.44
0.29

2.28
3.32
−2.60
−2.65

⁎
⁎

⁎

⁎

⁎

−1.89
2.00
−4.65
−4.48

0.58
0.12
⁎

⁎

⁎

⁎

⁎

⁎

0.011
0.0013

2.75
3.60

0.02
0.0044

⁎
⁎

⁎

⁎

⁎
⁎

1.79
3.53
3.16

⁎
⁎

⁎

⁎

⁎

0.86
0.13

2.22
2.30
−1.27
−1.18
−2.02
−3.46

⁎

⁎

3.05
−1.06

0.95
0.31

Average value ± SEMc

0.51 ± 0.08
6.7 ± 1.14
1.2 ± 0.24
2.1 ± 0.62
4.2 ± 1.37
14.3 ± 4.08
2.0 ± 0.84
2.7 ± 0.24
8.2 ± 0.5
9.1 ± 2.35
71.5 ± 16.9
2.9 ± 0.29
1.8 ± 0.38
38.8 ± 7.6
5.6 ± 2.7

0.087

1.93
2.37

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

0.019

1.98

0.23

1.36

0.33

1.41

⁎

⁎

⁎

⁎

⁎

⁎

0.170

0.64

−1.10

0.54

⁎

1.41
3.9

⁎

⁎

⁎

⁎

⁎

⁎

⁎

−1.20
−1.55

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

⁎

−1.20

0.33 ± 0.06
0.26 ± 0.014
1.15 ± 0.06
0.026 ± 0.002
0.014 ± 0.001
0.02 ± 0.003
0.02 ± 0.003
0.08 ± 0.03
0.15 ± 0.014
0.026 ± 0.005
0.22 ± 0.02

0.25

⁎

⁎

⁎

⁎

⁎

⁎

0.28
0.085
⁎
0.008

1.15
−1.68
⁎
−3.63
−2.00
1.38
−3.08
1.22
−2.39

0.49
0.09
⁎

−1.07
−1.61
1.23
−3.33
−1.86
−2.24
−1.49
−2.28
−1.56

0.82
0.81
⁎

⁎

0.53
0.0008
0.75
0.0019

⁎

0.18
⁎

0.022
0.026
0.016

⁎
⁎

0.25
0.52
0.80
0.61

⁎

⁎

⁎

−1.09
1.21
⁎
−1.07
1.21
7.03
−1.38
−1.46
−1.25

⁎

0.8 ± 0.22
144 ± 20.3
0.026 ± 0.01
0.24 ± 0.02
0.03 ± 0.01
⁎

Only data from control males and females are compared.
EC data for males have previously been reported in Bellingham et al., 2012 and are shown here to enable comparison with females.
Units: μg/kg wet liver tissue except for DEHP: μg/g wet liver tissue.
ECs with values above the limit of quantitation in < 3 animals in each group.

wide alterations and that many disruptions may be markedly persistent
after exposure cessation. The liver is a metabolically and developmentally critical organ and if these results were translated to humans, who are also continuously exposed to low levels of complex
mixtures of ECs, they would be expected to have serious impacts on a
wide variety of aspects of adult health and wellbeing, such as liver
disease and/or liver cancer.
In this study we observed sex-speciﬁc accumulation of ECs in the
control animals; speciﬁcally males were seen to accumulate higher levels of PAHs and females higher levels of PCBs. Sex-speciﬁc accumulation of ECs has been observed in the organs in other animals, with a
trend for higher EC accumulation in males than females (human lungs,
Goldman et al., 2001; ﬁsh liver, Vives et al., 2004; human placenta,
Leonetti et al., 2016; beluga blubber and liver, Becker et al., 2000). The
sex-speciﬁc accumulation of ECs as well as the male-speciﬁc increase of
proteins relating to stress responses (HSP70 and HSP90B) and detoxiﬁcation (GSTM1 and INMT) in controls (Tables 2, S4) may reﬂect
physiological diﬀerences between males and females in how they process xenobiotics and provides support that the liver is functionally
sexually dimorphic (Roy and Chatterjee, 1983; Rando and Wahli, 2011;
Filis et al., 2015; Drake et al., 2015; O'Shaughnessy et al., 2013;
O'Shaughnessy et al., 2011).
Because in male sheep the chronic exposure stopped 12 months
before culling, it is likely that many exposure-related diﬀerences will

measured lipids, SOD activity and PC content, and the expression of
transcript markers of liver cancer. The livers of EC exposed sheep had
reduced total lipid levels but in males this reduction did not reach
statistical signiﬁcance (Fig. 4A). Liver phospholipids, cholesterol and
triglyceride levels were unaltered by exposure in either sex whereas
control males had higher liver cholesterol levels (Fig. 4A). Liver SOD
activity and liver PC content were higher in EC exposed females but
neither of those diﬀerences reached statistical signiﬁcance, whereas
control males had higher liver PC content (Fig. 4B, Table S3). Exposed
males had increased levels of AFP, POU Class 5 Homeobox 1 (POU5F1)
and Glypican 3 (GPC3) transcripts but only AFP transcript diﬀerences
reached statistical signiﬁcance (Fig. 4C, Table S4).
4. Discussion
A variety of the eﬀects of in utero exposure to a complex mixture of
ECs have been documented in the fetus using our ovine model (Lea
et al., 2016; Bellingham et al., 2013; Bellingham et al., 2016; HombachKlonisch et al., 2013; Fowler et al., 2008; Paul et al., 2005). At least
some of the eﬀects noted in the fetus have been shown to persist into
adulthood (Bellingham et al., 2012; Lind et al., 2009; Erhard and Rhind,
2004). This study demonstrates for the ﬁrst time that following continuous EC exposure via sewage sludge from pre-conception into
adulthood, the liver shows multiple disruptions including proteome102
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Fig. 1. Eﬀects of sewage-sludge exposure on detoxiﬁcation and xenobiotic metabolism in the sheep liver. Sewage sludge exposure was associated with increased AHR
and SLCO1B3 transcripts in male livers and with increased CYP1A1 and decreased CYP1B1 transcripts and increased HSP90B protein levels in female livers.
Signiﬁcant (P < 0.05) diﬀerences between groups are indicated by asterisks above the bars. Near-signiﬁcant diﬀerences (0.05 < P ≤ 1) are indicated as P values
above the bars. Error bars denote ± SEM.
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Table 2
Protein candidates identiﬁed by LC-MS/MS analysis of protein spots. Spot numbers with an asterisk indicate detection of more than one candidate protein. For clarity,
only fold-changes that achieved signiﬁcance (adjusted P value < 0.05) are shown.
Spot #

Gene symbol

Protein name

Mascot
score

Accession number

Peptide coverage
(%)

Sex eﬀect (controls
only)

Exposure eﬀect
♀

197

ALDH1L1

213

ALDH1L1

227
245
263
278
282
307
337
342
343*

TF
LCP1
ALB
SCP2
SCP2
DES
IDH1
AHCY
ACAA2
FH
ACAA2
BHMT
IDH1
ACAA2
ACAA2
ACAA2
ACAA2
ALAD
ANXA1
RGN
LDHB
SULT1A1
INMT
INMT
GSTM1
TPI1
ECHS1
IGLC2

346
348
353
357
364
366
373
399*
416
419
426
454
459
462*
464*

467*

GSTM1
IGLC2

472
478
487
498
525
546
548
558

GSTM1
GSTT1
APOA1
FTL
HBA1
HBB
HBB
HBB

Cytosolic 10-formyltetrahydrofolate
dehydrogenase
Cytosolic 10-formyltetrahydrofolate
dehydrogenase
Serotransferrin
Lymphocyte cytosolic protein 1 (L-plastin)
Serum albumin
Non-speciﬁc lipid-transfer protein
Non-speciﬁc lipid-transfer protein
Desmin
Isocitrate dehydrogenase 1
Adenosylhomocysteinase
Acetyl-Coenzyme A acyltransferase 2
Fumarate hydratase
Acetyl-Coenzyme A acyltransferase 2
Betaine-homocysteine S-methyltransferase 1
Isocitrate dehydrogenase 1
Acetyl-Coenzyme A acyltransferase 2
Acetyl-Coenzyme A acyltransferase 2
Acetyl-Coenzyme A acyltransferase 2
Acetyl-Coenzyme A acyltransferase 2
Delta-aminolevulinic acid dehydratase
Annexin A1
Regucalcin
L-Lactate dehydrogenase B
Sulfotransferase A1
Indolethylamine N-methyltransferase
Indolethylamine N-methyltransferase
Glutathione S-transferase Mu 1
Triosephosphate isomerase
Enoyl-CoA hydratase
Immunoglobulin lambda light chain constant
region
Glutathione S-transferase Mu 1 isoform 1
Immunoglobulin lambda light chain constant
region
Glutathione S-transferase Mu 1
Glutathione S-transferase theta 1
Apolipoprotein A1
Ferritin light chain
Hemoglobin subunit alpha-1/2
Hemoglobin subunit beta
Hemoglobin subunit beta
Hemoglobin subunit beta

228

XP_004018762

21

1.62

103

XP_004018762

16

1.47

77
38
366
78
89
262
53
92
70
52
73
45
37
163
659
325
430
57
45
331
55
38
87
195
94
99
150
117

XP_004003379
XP_004012112
NP_001009376
XP_004002037
XP_004002037
XP_004005001
NP_001009276
XP_004014555
XP_004020712
NP_001155363
XP_004020712
XP_004010258
NP_001009276
XP_004020712
XP_004020712
XP_004020712
XP_004020712
XP_004004041
XP_004004354
NP_001124407
XP_004006841
XP_004020920
XP_012032256
XP_012032256
XP_004002338
XP_004007628
XP_004020434
AAU45093

20
9
37
19
17
34
19
28
15
12
27
23
20
42
64
54
37
9
19
63
16
18
10
16
30
31
25
32

105
72

XP_004002338
AAU45093

88
88
390
353
50
158
300
165

XP_004002338
XP_004017553
XP_011973043
XP_004015414
P68240
XP_004016289
XP_004016289
XP_004016289

♂

1.96
1.60

−1.61
2.63
1.85
1.53
−1.98
1.48
1.56
1.33
1.40
1.95
1.34
1.31
1.89
2.63
3.05
−1.52
1.29
−1.56
−1.48
1.65

1.23

1.62

1.24
−1.88
1.30

1.38

1.21

1.22

1.30
1.44

1.31
1.55
−1.43
1.15
1.16

2.42

−1.17
1.35

1.25

−1.35

22
32

1.94

1.32

13
40
47
41
43
75
91
54

1.66

1.2
1.62
−1.43

−1.65
−2.07

1.30
1.31
−1.44

1.21
1.45
−1.22

1.55
1.31

−1.35
1.62
−1.47
−1.79

Even though our proteomic analyses were limited on the 445 most
abundant proteins of the much larger total liver proteome (Chinese
Human Liver Proteome Proﬁling Consortium, 2010), the dysregulation
of 42% and 19% of the observable proteome in females and males respectively (Fig. 2B) in the exposed animals suggests that chronic EC
exposure causes widespread, persistent alterations in the liver. Pathway
analyses suggested that EC exposure may decrease lipid concentration
in EC exposed females and this was then conﬁrmed by total liver lipid
measurements. We were however unable to determine which classes of
lipids may account for the decrease in total lipids; phospholipids which
account for ~50% of total lipid levels (Noble et al., 1971; Peters and
Smith, 1964, Fig. 4A), cholesterol and triglycerides which account for
~2–6% of total lipids respectively (Bertolín et al., 2018; Peters and
Smith, 1964; Fig. 4A) remained unchanged by exposure. It is possible
that the reduction in total lipids may represent minor changes in many
diﬀerent classes of lipids. In male livers, the increase in AFP transcript
levels as well as the trend for increased POU5F1 and GPC3 transcripts
suggest that chronic exposure predisposes the liver to a pro-carcinogenic environment (Bai et al., 2017; Wu et al., 2015; El-Saadany et al.,
2018). With regard to sex diﬀerences in control animals, the male livers
were predicted to have reduced immunological responses, a prediction

have been normalized following adaptive processes. Indeed, liver concentrations of selected ECs were not diﬀerent to controls in males,
suggesting the time spent in control pastures allowed clearance of many
chemicals. The latter is not surprising as we have previously shown that
there are no patterns of ECs accumulation in the liver after treatment
discontinuation (Rhind et al., 2010). Despite this cessation, measurable
diﬀerences remained detectable in the male livers, suggesting that the
EC exposures during pre- and post-natal development imprints persistent marks in liver physiology. Consistent with the latter, we have
previously reported aberrant testicular physiology in the same male
sheep (Bellingham et al., 2012). In females, chrysene, which was the
most abundant PAH measured, was found to be highly elevated in the
exposed group and thus may serve as a likely marker of liver EC exposure. The increases in detoxiﬁcation-related enzymes such as CYP1A1
transcripts, GSTM1, GSTT1, HSP70 and HSP90 proteins in the continuously exposed females likely reﬂects adaptive responses to continuous EC exposure. The induction of such detoxifying enzymes which
may be driven by the abundant PAHs may, at least in part, explain the
drop of the less abundant PCBs in exposed females, which are metabolized by cytochrome P450 enzymes (Kaminsky et al., 1981; Duignan
et al., 1987; Ariyoshi et al., 1992).
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A. 2D WB-assisted identification of additional ALB and TF spots
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258 261 263; ALB
249 253
247

75

246
pH:

100

254
5.8

5.4

258 261 263; ALB
249 253
247

75

D
I
G
E

Molecular weight (kDa)

Molecular weight (kDa)

i. ALB spots
100

W
B

100

229 227;TF

220 221 225 226

75

230 233 D
I
G
E

pH: 6.1
100

6.8

220 221 225 226

229

230 233
227;TF
W
B

75

246
254

ii. Western blot

♀C ♀E

♂C ♂E

♀C ♀E

♂C ♂E

0.8

1.2

P=0.059

0.4

TF protein levels

2

4

6

8

10

*

0

2.0
0.5

1.0 1.5

P=0.064

0.0

♂C ♂E

iv. Western blot

iii. Combined spot volumes

Total TF spot volume

♀C ♀E

0.0

2

4

6

8

12

*

ALB protein levels

i. Combined spot volumes

0

Total ALB spot volume

B. Total ALB and TF levels quantified using 2D gel and 1-D WBs

♀C ♀E

♂C ♂E

ii. TF spots

* * * * ** * * *

Spot: more negative
Glycation: more glycated

Spot volume fold change by
exposure (bars)

males
females

% change in spot volume
distribution by exposure (lines)

Spot volume fold change by EC
exposure (bars)

i. ALB spots

more positive

males
females

* * * * *
* * * *

Spot: more negative
Glycosylation: more sialylated

less glycated

* * * **

% change in spot volume
distribution by EC exposure (lines)

C. Fold and % changes to the distribution of ALB and TF spot volumes by EC exposure

more positive
less sialylated

Fig. 3. In-depth examination of sheep liver ALB and TF forms. A. Identiﬁcation of all ALB and TF spots by comparing DIGE-labelled 2D gels to 2D-Western blots. Blue
dotted circles, spots identiﬁed by LC-MS/MS; red dotted circles, spots annotated by 2D-Western blot and DIGE comparison. B. Comparison between the sum of ALB
and TF spots and total ALB and TF quantiﬁed using 1D-WBs. Signiﬁcant (P < 0.05) diﬀerences between groups are indicated by asterisks above the bars. Nearsigniﬁcant diﬀerences (0.05 < P ≤ 1) are indicated as P values above the bars. Error bars denote ± SEM. C, controls; E, exposed. C. Fold (bars) and spot distribution
(lines) changes by exposure in ALB and TF spot volume levels respectively. x-axes are labelled according to spot number ordered by spot charge. Left y-axes (bars)
represent change for each spot compared to control (exposed average spot volume / control average spot volume). Right y-axes (lines) represent % change in the
distribution of each spot compared to control [(% contribution of spot average volume in total protein spot volume in exposed group / % contribution of spot volume
in total protein spot volume in control group) − 1] ∗ 100. Asterisks indicate the spots that were signiﬁcantly (adjusted P < 0.05) aﬀected by exposure. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

upregulated in exposed females and two of which were altered in exposed males (1 upregulated and 1 downregulated). The presence of
multiple ACAA2 spots likely represent post-translational modiﬁcations
that may include covalent enzyme-substrate reaction intermediates
(Modis and Wierenga, 1999) which aﬀect proteins' pI. To the best of our
knowledge there is no literature on how post-translational modiﬁcations aﬀect the pI of ACAA2 and therefore we cannot comment on the
functional signiﬁcance of exposure on the diﬀerent ACAA2 spots. ALB is

that is has also been observed for both human and rodent livers (Klein,
2012; Scotland et al., 2011).
The results of the current study also indicated that EC exposure
aﬀected the levels and/or the post-translational modiﬁcations of a key
fatty acid oxidation enzyme and three important plasma proteins, an
outcome which would be expected to result in pleiotropic, organismalwide eﬀects. The fatty acid oxidation ACAA2 enzyme was detected in
six spots spanning pI values of from 7.8 to 10, four of which were
105
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A. Liver lipid content in response to EC exposure in each sex
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Fig. 4. Lipid measurements, oxidative stress and cancer markers in the sheep livers. A. Sewage sludge exposure decreased levels of total lipids in exposed female
livers whereas phospholipids, cholesterol and triglycerides remain unaﬀected in both sexes. In control animals males had higher liver cholesterol levels. B.
Superoxide dismutase (SOD) activity and protein carbonyl (PC) content were higher in exposed female livers but the diﬀerences do not reach statistical signiﬁcance.
Male control livers had higher levels of PC compared to control females. C. Exposed male livers tended to have increased transcript expression levels of the liver
cancer markers AFP, POU5F1 and GPC3, (only AFP reached statistical signiﬁcance). Signiﬁcant (P < 0.05) diﬀerences between groups are indicated by asterisks
above the bars. Near-signiﬁcant diﬀerences (0.05 < P ≤ 1) are indicated as P values above the bars. Error bars denote ± SEM.

(Gianazza et al., 1984; Arasteh et al., 2014). Interestingly, the distribution of these spots was aﬀected by EC exposure in a sexually dimorphic manner; in males, ALB distribution was biased towards more
positively charged spots which would suggest higher levels of glycation
(Fig. 3Ci) and would be expected to result in reduced ligand binding,
increased protein stability and half-life (Rondeau and Bourdon, 2011).
In addition, increased ALB glycation is thought to contribute to the
development of metabolic disorders including diabetes (Cohen, 2003;
Lee et al., 2014).
Transferrin (TF) is the major iron-carrying protein in the plasma;
high levels of TF are associated with anemia and/or iron deﬁciency
whereas decreased levels suggest iron overload and/or protein malnutrition (Wish, 2006). TF is variably glycosylated and isoelectric focusing normally resolves TF to at least eight glycoforms depending on
the amount of terminal sialic acid sugar residues, which range from
asialylated (most positively charged form) to hepta-sialylated (most
negatively charged form) with the majority of TF species being tri- to
penta-sialylated (Goreta et al., 2012; Sanz-Nebot et al., 2007; Fig. 3Cii).

the most abundant plasma protein and is involved in the maintenance
of osmotic pressure, binding of hormones and transport of fatty acids
(Table S7). Even though ALB does not bind hormones with high aﬃnity,
the high levels of plasma ALB mean that ALB controls a signiﬁcant
fraction of total bound (i.e. inactive) and unbound (i.e. active) steroid
and thyroid hormones (Baker, 2002). Alterations in ALB levels could
therefore have detrimental consequences to overall health and it has
been shown that low ALB levels in humans associate with liver and/or
kidney disease and inﬂammation (Nicholson et al., 2000; Moshage
et al., 1987; Spiegel and Breyer, 1994). As ALB is normally secreted by
the liver without post-translational modiﬁcations it would be expected
to resolve to a single spot in 2D gels, however in our 2D-WB analysis
ALB resolved to at least eight spots, of similar size but of diﬀerent pI
(Fig. 3A). It should be noted that the samples from the current study
were not perfused during collection and therefore may contain plasma
and blood proteins. The presence of multiple spots likely represents
alternative ALB forms, likely due to diﬀerential glycation (i.e. non-enzymatically coupled carbohydrate moieties) of circulating species
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Appendix A. Supplementary data

EC exposure altered total TF levels in males (Fig. 3B) and also aﬀected
TF glycoform distribution in a sex-speciﬁc manner: asialylated, monodi- and tri-sialylated species increased, and penta-, hexa- and heptasialylated species decreased in EC exposed females (Fig. 3Cii). This shift
towards less sialylated TF species, mirrors the TF sialylation changes in
humans with congenital disorders of glycosylation (Goreta et al., 2012),
alcohol exposure (Stibler et al., 1978; Stibler, 1991; Hoefkens et al.,
1997), sepsis (Piagnerelli et al., 2005) and pancreatitis (Gornik et al.,
2008).
This study examined the eﬀect of lifelong exposure to a complex
chemical cocktail that reﬂects human EC exposures (Venkatesan and
Halden, 2014; Zhang et al., 2015; Rhind et al., 2013; Rhind et al., 2002)
in sheep which have long gestation and lifespan, therefore providing a
good approximation to human exposures. Several study limitations
however warrant discussion. Despite the similarities between sheep and
humans, the EC exposure eﬀects observed in our model may not approximate human EC exposure in every aspect. In addition, exposed
males were transferred from the treatment plots and were maintained
in control plots for 12 months prior to euthanasia, during which time
some alterations in the liver may have reverted. However, this limitation of elapsed time between treatment and analysis is also a strength in
that it enabled us to establish that persistent changes remained detectable in the livers of the animals. It is possible however that the
transfer and maintenance of the exposed animals to control pastures,
i.e. an environment diﬀerent from which they were conceived, developed and grew, may have also caused changes in the liver that could
represent physiological adaptations to the new environment.
In conclusion, this study shows that chronic EC exposure, via
sewage sludge, at concentrations and complexity relevant to humans,
induces persistent xenotoxicant responses in the liver, disrupts a large
portion of the observable liver proteome and aﬀects lipid levels and the
expression of liver cancer markers in sheep, all of which are likely to
aﬀect many body systems. Our observations support the existing data
showing that low-level EC exposure is a signiﬁcant contributor to abnormal liver physiology (Foulds et al., 2017; Al-Eryani et al., 2015;
Yorita Christensen et al., 2013) and expand our understanding on how
EC exposure can contribute to disease. Since the sheep livers examined
in this study were from young healthy animals, the presence of multiple
identiﬁable alterations raises particular concern with regard to population health. The list of altered liver proteins, particularly plasma ALB
and TF glycoforms may provide biomarkers of EC exposure while the
dysregulated pathway may indicate potential routes for intervention in
EC exposure-susceptible individuals.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.01.003.
References
Al-Eryani, L., Wahlang, Falkner K.C., Guardiola, J.J., Clair, H.B., Prough, R.A., Cave, M.,
2015. Identiﬁcation of environmental chemicals associated with the development of
toxicant-associated fatty liver disease in rodents. Toxicol. Pathol. 43 (4), 482–497.
https://doi.org/10.1177/0192623314549960. (PMID: 25326588).
Arasteh, A., Farahi, S., Habibi-Rezaei, M., Moosavi-Movahedi, A.A., 2014. Glycated albumin: an overview of the in vitro models of an in vivo potential disease marker. J.
Diabetes Metab. Disord. 13, 49. https://doi.org/10.1186/2251-6581-13-49. (PMID:
24708663).
Ariyoshi, N., Koga, N., Oguri, K., Yoshimura, H., 1992. Metabolism of 2,4,5,2′,4′,5′-hexachlorobiphenyl with liver microsomes of phenobarbital-treated dog; the possible
formation of PCB 2,3-arene oxide intermediate. Xenobiotica 22, 1275–1290 (PMID:
1492420).
Bai, D.S., Zhang, C., Chen, P., Jin, S.J., Jiang, G.Q., 2017. The prognostic correlation of
AFP level at diagnosis with pathological grade, progression, and survival of patients
with hepatocellular carcinoma. Sci. Rep. 7, 12870. https://doi.org/10.1038/s41598017-12834-1. (PMID: 28993684).
Baker, M.E., 2002. Albumin, steroid hormones and the origin of vertebrates. J.
Endocrinol. 175 (1), 121–127 (PMID: 12379496).
Becker, P.R., Krahn, M.M., Mackey, E.A., Demiralp, R., Schantz, Michele M., et al., 2000.
Concentrations of polychlorinated biphenyls (PCB's), chlorinated pesticides, and
heavy metals and other elements in tissues of belugas, Delphinapterus leucas, from
cook inlet. Mar. Fish. Rev. 62 (3), 81–98.
Bellingham, M., Fowler, P.A., Amezaga, M.R., Rhind, S.M., Cotinot, C., Mandon-Pepin, B.,
et al., 2009. Exposure to a complex cocktail of environmental endocrine-disrupting
compounds disturbs the kisspeptin/GPR54 system in ovine hypothalamus and pituitary gland. Environ. Health Perspect. 117 (10), 1556–1562. https://doi.org/10.
1289/ehp.0900699. 20019906.
Bellingham, M., McKinnell, C., Fowler, P.A., Amezaga, M.R., Zhang, Z., Rhind, S.M., et al.,
2012. Foetal and post-natal exposure of sheep to sewage sludge chemicals disrupts
sperm production in adulthood in a subset of animals. Int. J. Androl. 35 (3), 317–329.
https://doi.org/10.1111/j.1365-2605.2011.01234.x. 22150464.
Bellingham, M., Amezaga, M.R., Mandon-Pepin, B., Speers, C.J., Kyle, C.E., Evans, N.P.,
et al., 2013. Exposure to chemical cocktails before or after conception — the eﬀect of
timing on ovarian development. Mol. Cell. Endocrinol. 376 (1–2), 156–172. https://
doi.org/10.1016/j.mce.2013.06.016. (PMID: 23791816).
Bellingham, M., Fowler, P.A., MacDonald, E.S., Mandon-Pepin, B., Cotinot, C., Rhind, S.,
et al., 2016. Timing of maternal exposure and foetal sex determine the eﬀects of lowlevel chemical mixture exposure on the foetal neuroendocrine system in sheep. J.
Neuroendocrinol. 28 (12). https://doi.org/10.1111/jne.12444. (PMID: 27870155).
Bertolín, J.R., Joy, M., Ruﬁno-Moya, P.J., Lobón, S., Blanco M5., 2018. Simultaneous
determination of carotenoids, tocopherols, retinol and cholesterol in ovine lyophilised samples of milk, meat, and liver and in unprocessed/raw samples of fat. Food
Chem. 257, 182–188. https://doi.org/10.1016/j.foodchem.2018.02.139. (PMID:
29622196).
Chinese Human Liver Proteome Proﬁling Consortium, 2010. First insight into the human
liver proteome from PROTEOME(SKY)-LIVER(Hu) 1.0, a publicly available database.
J. Proteome Res. 9 (1), 79–94. https://doi.org/10.1021/pr900532r. (PMID:
19653699).
Cohen, M.P., 2003. Intervention strategies to prevent pathogenetic eﬀects of glycated
albumin. Arch. Biochem. Biophys. 419 (1), 25–30 (PMID: 14568005).
Drake, A.J., O'Shaughnessy, P.J., Bhattacharya, S., Monteiro, A., Kerrigan, D., Goetz, S.,
et al., 2015. In utero exposure to cigarette chemicals induces sex-speciﬁc disruption
of one-carbon metabolism and DNA methylation in the human fetal liver. BMC Med.
13, 18. https://doi.org/10.1186/s12916-014-0251-x. (PMID: 25630355).
Duignan, D.B., Sipes, I.G., Leonard, T.B., Halpert, J.R., 1987. Puriﬁcation and characterization of the dog hepatic cytochrome P-450 isozyme responsible for the metabolism of 2,2′,4,4′,5,5′-hexachlorobiphenyl. Arch. Biochem. Biophys. 255, 290–303
(PMID: 3109323).
El-Saadany, S., El-Demerdash, T., Helmy, A., Mayah, W.W., El-Sayed Hussein, B.,
Hassanien, M., et al., 2018. Diagnostic value of glypican-3 for hepatocellular carcinomas. Asian Pac. J. Cancer Prev. 19, 811–817. https://doi.org/10.22034/APJCP.
2018.19.3.811. (PMID: 29582639).
Erhard, H.W., Rhind, S.M., 2004. Prenatal and postnatal exposure to environmental
pollutants in sewage sludge alters emotional reactivity and exploratory behaviour in
sheep. Sci. Total Environ. 332 (1–3), 101–108. https://doi.org/10.1016/j.scitotenv.
2004.04.012. (PMID: 15336895).
Evans, N.P., Bellingham, M., Sharpe, R.M., Cotinot, C., Rhind, S.M., Kyle, C., et al., 2014.
Reproduction symposium: does grazing on biosolids-treated pasture pose a pathophysiological risk associated with increased exposure to endocrine disrupting compounds? J. Anim. Sci. 92 (8), 3185–3198. https://doi.org/10.2527/jas.2014-7763.
(PMID: 24948646).
Filis, P., Nagrath, N., Fraser, M., Hay, D.C., Iredale, J.P., O'Shaughnessy, P., et al., 2015.
Maternal smoking dysregulates protein expression in second trimester human fetal
livers in a sex-speciﬁc manner. J. Clin. Endocrinol. Metab. 100 (6), E861–E870.
https://doi.org/10.1210/jc.2014-3941. (PMID: 25803269).
Foulds, C.E., Treviño, L.S., York, B., Walker, C.L., 2017. Endocrine-disrupting chemicals
and fatty liver disease. Nat. Rev. Endocrinol. 13 (8), 445–457. https://doi.org/10.

Conﬂict of interest
The authors declare they have no competing interests, be it ﬁnancial, personal or professional. None of the funding bodies played
any role in the design, collection, analysis and interpretation of the
data, in the writing of the manuscript, or in the decision to submit the
manuscript for publication.

Acknowledgements and funding information
This work was supported by the SRF Academic Scholarship Award
2013 (to PAF, PJOS, PF), the Wellcome Trust (080388 to PAF, CC, SMR,
RMS, NPE) and the European Community's Seventh Framework
Programme (FP7/2007-2013 to PAF, SMR, CC) under grant agreement
no. 212885.
The authors would like to thank Ms. Margaret Fraser and the
Proteomics Core Facility at the University of Aberdeen and Ms. Carol E.
Kyle and as Dr. Stewart Rhind (deceased) at James Hutton Institute,
Aberdeen, for their important contributions to this study.

107

Environment International 124 (2019) 98–108

P. Filis et al.

Peters, J.A., Smith, L.M., 1964. The composition of the liver lipids of sheep and the eﬀect
of early sporidesmin poisoning. Biochem. J. 92, 379–385 (PMID: 5891251).
Petrakis, D., Vassilopoulou, L., Mamoulakis, C., Psycharakis, C., Anifantaki, A., Sifakis, S.,
et al., 2017. Endocrine disruptors leading to obesity and related diseases. Int. J.
Environ. Res. Public Health 14 (10). https://doi.org/10.3390/ijerph14101282. (pii:
E1282, PMID: 29064461).
Piagnerelli, M., Boudjeltia, K.Z., Nuyens, V., De Backer, D., Su, F., Wang, Z., et al., 2005.
Rapid alterations in transferrin sialylation during sepsis. Shock 24 (1), 48–52 (PMID:
15988320).
Rando, G., Wahli, W., 2011. Sex diﬀerences in nuclear receptor-regulated liver metabolic
pathways. Biochim. Biophys. Acta 1812 (8), 964–973. https://doi.org/10.1016/j.
bbadis.2010.12.023. (PMID: 21211563).
Rhind, S.M., Smith, A., Kyle, C.E., Telfer, G., Martin, G., Duﬀ, E., et al., 2002. Phthalate
and alkyl phenol concentrations in soil following applications of inorganic fertiliser
or sewage sludge to pasture and potential rates of ingestion by grazing ruminants. J.
Environ. Monit. 4 (1), 142–148 (PMID: 11871695).
Rhind, S.M., Kyle, C.E., Mackie, C., McDonald, L., Zhang, Z., Duﬀ, E.I., et al., 2010.
Maternal and fetal tissue accumulation of selected endocrine disrupting compounds
(EDCs) following exposure to sewage sludge-treated pastures before or after conception. J. Environ. Monit. 12 (8), 1582–1593. https://doi.org/10.1039/
c0em00009d. (PMID: 20676422).
Rhind, S.M., Kyle, C.E., Ruﬃe, H., Calmettes, E., Osprey, M., Zhang, Z.L., et al., 2013.
Short- and long-term temporal changes in soil concentrations of selected endocrine
disrupting compounds (EDCs) following single or multiple applications of sewage
sludge to pastures. Environ. Pollut. 181, 262–270. https://doi.org/10.1016/j.envpol.
2013.06.011. (PMID: 23896644).
Rondeau, P., Bourdon, E., 2011. The glycation of albumin: structural and functional
impacts. Biochimie 93 (4), 645–658. https://doi.org/10.1016/j.biochi.2010.12.003.
(PMID: 21167901).
Roy, A.K., Chatterjee, B., 1983. Sexual dimorphism in the liver. Annu. Rev. Physiol. 45,
37–50. https://doi.org/10.1146/annurev.ph.45.030183.000345. (PMID: 6189449).
Russel, A., 1991. Body condition scoring of sheep. In: Boden, E. (Ed.), Sheep and Goat
Practice. Bailliere Tindall, Philadelphia, pp. 3.
Sanz-Nebot, V., Balaguer, E., Benavente, F., Neusüss, C., Barbosa, J., 2007.
Characterization of transferrin glycoforms in human serum by CE-UV and CE-ESI-MS.
Electrophoresis 28 (12), 1949–1957. https://doi.org/10.1002/elps.200600648.
(PMID: 17523137).
Scotland, R.S., Stables, M.J., Madalli, S., Watson, P., Gilroy, D.W., 2011. Sex diﬀerences
in resident immune cell phenotype underlie more eﬃcient acute inﬂammatory responses in female mice. Blood 118, 5918–5927. https://doi.org/10.1182/blood2011-03-340281. (PMID: 21911834).
Spiegel, D.M., Breyer, J.A., 1994. Serum albumin: a predictor of long-term outcome in
peritoneal dialysis patients. Am. J. Kidney Dis. 23 (2), 283–285 (PMID: 8311088).
Stewart, J.C., 1980. Colorimetric determination of phospholipids with ammonium ferrothiocyanate. Anal. Biochem. 104 (1), 10–14 (PMID: 6892980).
Stibler, H., 1991. Carbohydrate-deﬁcient transferrin in serum: a new marker of potentially harmful alcohol consumption reviewed. Clin. Chem. 37 (12), 2029–2037
(PMID: 1764777).
Stibler, H., Allgulander, C., Borg, S., Kjellin, K.G., 1978. Abnormal microheterogeneity of
transferrin in serum and cerebrospinal ﬂuid in alcoholism. Acta Med. Scand. 204
(1–2), 49–56 (PMID: 685730).
Vabre, P., Gatimel, N., Moreau, J., Gayrard, V., Picard-Hagen, N., Parinaud, J., Leandri,
R.D., 2017. Environmental pollutants, a possible etiology for premature ovarian insuﬃciency: a narrative review of animal and human data. Environ. Health 16 (1), 37.
https://doi.org/10.1186/s12940-017-0242-4. (PMID: 28388912).
Venkatesan, A.K., Halden, R.U., 2014. Contribution of polybrominated dibenzo-p-dioxins
and dibenzofurans (PBDD/Fs) to the toxic equivalency of dioxin-like compounds in
archived biosolids from the U.S. EPA's 2001 national sewage sludge survey. Environ.
Sci. Technol. 48 (18), 10843–10849. https://doi.org/10.1021/es503110j. (PMID:
25157505).
Vives, I., Grimalt, J.O., Fernández, P., Rosseland, B., 2004. Polycyclic aromatic hydrocarbons in ﬁsh from remote and high mountain lakes in Europe and Greenland. Sci.
Total Environ. 324 (1–3), 67–77. https://doi.org/10.1016/j.scitotenv.2003.10.026.
(PMID: 15081697).
Wish, J.B., 2006. Assessing iron status: beyond serum ferritin and transferrin saturation.
Clin. J. Am. Soc. Nephrol. 1, S4–S8. https://doi.org/10.2215/CJN.01490506. (PMID:
17699374).
Wu, G., Wilson, G., Zhou, G., Hebbard, L., George, J., Qiao, L., 2015. Oct4 is a reliable
marker of liver tumor propagating cells in hepatocellular carcinoma. Discov. Med.
20, 219–229 (PMID: 26562475).
Yorita Christensen, K.L., Carrico, C.K., Sanyal, A.J., Gennings, C., 2013. Multiple classes
of environmental chemicals are associated with liver disease: NHANES 2003-2004.
Int. J. Hyg. Environ. Health 216 (6), 703–709. https://doi.org/10.1016/j.ijheh.2013.
01.005. (PMID: 23491026).
Zhang, Z., Le Velly, M., Rhind, S.M., Kyle, C.E., Hough, R.L., Duﬀ, E.I., et al., 2015. A
study on temporal trends and estimates of fate of Bisphenol A in agricultural soils
after sewage sludge amendment. Sci. Total Environ. 515-516, 1–11. https://doi.org/
10.1016/j.scitotenv.2015.01.053. (PMID: 25682473).

1038/nrendo.2017.42. (PMID: 28524171).
Fowler, P.A., Dorà, N.J., McFerran, H., Amezaga, M.R., Miller, D.W., Lea, R.G., et al.,
2008. In utero exposure to low doses of environmental pollutants disrupts fetal
ovarian development in sheep. Mol. Hum. Reprod. 14 (5), 269–280. https://doi.org/
10.1093/molehr/gan020. (PMID: 18436539).
Geens, T., Neels, H., Covaci, A., 2012. Distribution of bisphenol-A, triclosan and n-nonylphenol in human adipose tissue, liver and brain. Chemosphere 87 (7), 796–802.
https://doi.org/10.1016/j.chemosphere.2012.01.002. (PMID: 22277880).
Gianazza, E., Frigerio, A., Astrua-Testori, S., Righetti, P.G., 1984. The behavior of serum
albumin upon isoelectric focusing on immobilized pH gradients. Electrophoresis 5
(5), 310–312. https://doi.org/10.1002/elps.1150050512.
Goldman, R., Enewold, L., Pellizzari, E., Beach, J.B., Bowman, E.D., Krishnan, S.S., et al.,
2001. Smoking increases carcinogenic polycyclic aromatic hydrocarbons in human
lung tissue. Cancer Res. 61 (17), 6367–6371 (PMID: 11522627).
Goreta, S.S., Dabelic, S., Dumic, J., 2012. Insights into complexity of congenital disorders
of glycosylation. Biochem. Med. 22 (2), 156–170 (PMID: 22838182, (Zagreb)).
Gornik, O., Gornik, I., Gasparović, V., Lauc, G., 2008. Change in transferrin sialylation is a
potential prognostic marker for severity of acute pancreatitis. Clin. Biochem. 41
(7–8), 504–510. https://doi.org/10.1016/j.clinbiochem.2008.01.026. (PMID:
18307987).
Heindel, J.J., Vom Saal, F.S., Blumberg, B., Bovolin, P., Calamandrei, G., Ceresini, G.,
et al., 2015. Parma consensus statement on metabolic disruptors. Environ. Health 14,
54. https://doi.org/10.1186/s12940-015-0042-7. (PMID: 26092037).
Hoefkens, P., Higgins, E.M., Ward, R.J., van Eijk, H.G., 1997. Isoforms of transferrin in
psoriasis patients abusing alcohol. Alcohol 32 (2), 195–199 (PMID: 9105514).
Hombach-Klonisch, S., Danescu, A., Begum, F., Amezaga, M.R., Rhind, S.M., Sharpe,
R.M., et al., 2013. Peri-conceptional changes in maternal exposure to sewage sludge
chemicals disturbs fetal thyroid gland development in sheep. Mol. Cell. Endocrinol.
367 (1–2), 98–108. https://doi.org/10.1016/j.mce.2012.12.022. (PMID: 23291342).
Kaminsky, L.S., Kennedy, M.W., Adams, S.M., Guengerich, F.P., 1981. Metabolism of
dichlorobiphenyls by highly puriﬁed isozymes of rat liver cytochrome P-450.
Biochemistry 20, 7379–7384 (PMID: 6798990).
Klein, S.L., 2012. Sex inﬂuences immune responses to viruses, and eﬃcacy of prophylaxis
and treatments for viral diseases. Bioessays 34, 1050–1059. https://doi.org/10.1002/
bies.201200099. (PMID: 23012250).
Lea, R.G., Amezaga, M.R., Loup, B., Mandon-Pépin, B., Stefansdottir, A., Filis, P., et al.,
2016. The fetal ovary exhibits temporal sensitivity to a 'real-life' mixture of environmental chemicals. Sci. Rep. 6, 22279. https://doi.org/10.1038/srep22279.
(PMID: 26931299).
Lee, Y.H., Kown, M.H., Kim, K.J., Lee, E.Y., Kim, D., Lee, B.W., et al., 2014. Inverse
association between glycated albumin and insulin secretory function may explain
higher levels of glycated albumin in subjects with longer duration of diabetes. PLoS
One 9 (9), e108772. https://doi.org/10.1371/journal.pone.0108772. (PMID:
25265016).
Leonetti, C., Butt, C.M., Hoﬀman, K., Hammel, S.C., Miranda, M.L., Stapleton, H.M., 2016.
Brominated ﬂame retardants in placental tissues: associations with infant sex and
thyroid hormone endpoints. Environ. Health 15 (1), 113. https://doi.org/10.1186/
s12940-016-0199-8. (PMID: 27884139).
Lind, P.M., Gustafsson, M., Hermsen, S.A., Larsson, S., Kyle, C.E., Orberg, J., et al., 2009.
Exposure to pastures fertilised with sewage sludge disrupts bone tissue homeostasis in
sheep. Sci. Total Environ. 407 (7), 2200–2208. https://doi.org/10.1016/j.scitotenv.
2008.12.035. (PMID: 19162300).
McNeil, C.J., Hay, S.M., Rucklidge, G., Reid, M., Duncan, G., Maloney, C.A., et al., 2008.
Disruption of lipid metabolism in the liver of the pregnant rat fed folate deﬁcient and
methyl donor deﬁcient diets. Br. J. Nutr. 99 (2), 262–271. https://doi.org/10.1017/
S0007114507798999. (PMID: 17697402).
Modis, Y., Wierenga, R.K., 1999. A biosynthetic thiolase in complex with a reaction intermediate: the crystal structure provides new insights into the catalytic mechanism.
Structure 7, 1279–1290 (PMID: 10545327).
Moshage, H.J., Janssen, J.A., Franssen, J.H., Hafkenscheid, J.C., Yap, S.H., 1987. Study of
the molecular mechanism of decreased liver synthesis of albumin in inﬂammation. J.
Clin. Invest. 79 (6), 1635–1641. https://doi.org/10.1172/JCI113000. (PMID:
3584463).
Nicholson, J.P., Wolmarans, M.R., Park, G.R., 2000. The role of albumin in critical illness.
Br. J. Anaesth. 85 (4), 599–610 (PMID: 11064620).
Noble, R.C., Steele, W., Moore, J.H., 1971. Fatty acid composition of liver lipids of young
lambs. Br. J. Nutr. 26, 97–105 (PMID: 5090700).
O'Shaughnessy, P.J., Monteiro, A., Bhattacharya, S., Fowler, P.A., 2011. Maternal
smoking and fetal sex signiﬁcantly aﬀect metabolic enzyme expression in the human
fetal liver. J. Clin. Endocrinol. Metab. 96 (9), 2851–2860. https://doi.org/10.1210/
jc.2011-1437. (PMID: 21715529).
O'Shaughnessy, P.J., Monteiro, A., Bhattacharya, S., Fraser, M.J., Fowler, P.A., 2013.
Steroidogenic enzyme expression in the human fetal liver and potential role in the
endocrinology of pregnancy. Mol. Hum. Reprod. 19 (3), 177–187. https://doi.org/10.
1093/molehr/gas059. (PMID: 23197595).
Paul, C., Rhind, S.M., Kyle, C.E., Scott, H., McKinnell, C., Sharpe, R.M., 2005. Cellular and
hormonal disruption of fetal testis development in sheep reared on pasture treated
with sewage sludge. Environ. Health Perspect. 113 (11), 1580–1587 (PMID:
16263515).

108

