
 

 

Introduction 
 
Over the last decade, perfluoroalkyl acids 
(PFAAs) have received increased attention due 
to their ubiquitous presence in the environment 
[1] and in human blood [2]. PFAAs possess 
unique properties of repelling both water and oil 
and have been widely used in industrial applica-
tions, e.g. as constituents of surface treatment 
products and as processing aids in the produc-
tion of fluoropolymers [3]. Perfluorooctane sul-
fonate (PFOS) is usually the most abundant 
PFAA in human blood samples, but perfluorooc-
tanoate (PFOA) and perfluorohexane sulfonate 
(PFHxS) are also frequently detected [2].  
 
Potential health effects of PFAAs have been 
thoroughly evaluated by others using in vitro 
experiments or animal model studies. Among 

others, changes in blood lipid levels and gene 
expressions related to the fatty acid metabolism 
have been observed in rats and chickens ex-
posed to PFOS and PFOA [4, 5]. Alterations in 
cell membrane fluidity, increased liver weight 
and increased mortality among newborn rats 
have also been associated with PFOS and PFOA 
exposure [6]. The toxicity of PFHxS has not been 
evaluated thoroughly, but reduced serum cho-
lesterol levels and increased liver weight was, 
among others, recently observed in PFHxS ex-
posed rodents [7].  
 
Several epidemiological investigations of health 
effects among highly exposed workers in fluoro-
polymer industries have also been performed [8
-11], but only a limited number of studies have 
looked into the potential health effects of PFAAs 
among the general population. Occupationally 
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exposed workers in fluoropolymer industries 
have been studied in relation to morbidity, self-
reported medical conditions and bladder cancer 
[8-10]. No association between place of work 
(as an exposure marker) and these endpoints 
was found. However, the results suggested a 
positive, although inconsistent, association be-
tween PFOA exposure, prostate cancer and dia-
betes mortality [11]. A positive relationship be-
tween serum PFOS concentrations, blood insu-
lin levels, β-cell function and insulin resistance 
status was reported in a general population, 
suggesting that some PFAAs are associated with 
the metabolic syndrome [12]. Nelson et al. [13] 
found on the other hand, no association be-
tween insulin resistance, body size and PFOS, 
PFOA, PFHxS or PFNA among the general popu-
lation from the United States (n=860). Recently, 
an association between increased PFOS and 
PFOA concentrations and increased total cho-
lesterol and LDL-cholesterol was confirmed 
among children and adolescents previously ex-
posed to PFOA contaminated drinking water 
[14]. Increased PFOA concentrations have also 
been linked to increased liver enzyme levels 
[15] and PFOS and PFOA have been associated 
with thyroid disease among 3974 adults from 
the general U.S population [16]. 
 
The effect of low-dose long term exposure to 
pollutants is often hard to investigate as the 
mechanism of action in humans is not charac-
terized. The causal relationship may in addition 
be difficult to evaluate due to a long period be-
tween exposure and outcome, large normal vari-
ability in outcome measures or the outcome 
being a complex disease (e.g. cancer). Thus, 
there is a need for sensitive methods to investi-
gate the effects of background pollutant con-
centrations on human health.  
 
Gene expression signatures of human blood or 
tissues may have large implications in epidemi-
ology as early biomarkers of disease or through 
investigations of the etiology of diseases. Ex-
pression profiles in peripheral human blood 
cells have been successfully used to assess the 
impact of environmental exposures, such as 
smoking [17], metal fumes [18], ionizing radia-
tion [19], dioxin and benzene exposure [20, 21]. 
Despite that, using blood for gene expression 
analysis is complicated by inter-individual varia-
tions in blood cell distributions and the risk of 
gene expression changes due to technical vari-
ables such as batch number, amplification date, 

collection and storage time [22-24]. However, 
Dumeaux et al. [25] showed recently that body 
mass index (BMI), smoking, fasting status, hor-
mone therapy (HT) and other medication use 
were mirrored in blood of the women included 
in the current analysis after adjustment for the 
significant effect of technical variables.  
 
This study was undertaken to assess the appli-
cability of blood gene signatures as a tool for 
exploring the effects of PFOS, PFOA and PFHxS 
exposure on the general population.  
 
Materials and methods 
 
Study participants and collection of blood 
samples 
 
The women taking part in the current study are 
all participants in the Norwegian Women And 
Cancer Study (NOWAC) [26], which consists of 
more than 170 000 women who have answered 
one to three detailed questionnaires regarding 
their diet and lifestyle. From the original cohort, 
more than 50 000 women (born between 1943 
and 1957) were randomly recruited in batches 
of 500 to the NOWAC postgenome study [27]. In 
addition to answer a two-page questionnaire 
regarding lifestyle and defined exposures, these 
women also donated a blood sample. Of a ran-
domly selected batch of 500 women, 270 
(blood drawn in 2005) fulfilled the inclusion 
criteria for the current analysis. Criteria for be-
ing included were defined as having postmeno-
pausal status, successful blood delivery in one 
PAX gene Blood RNA tube (Preanalytix, Qiagen, 
Hilden, Germany) and in one blood collection 
tube containing citrate buffer. The blood sample 
had also to be frozen within three days after 
collection. In addition, sufficient RNA quantity, 
integrity or purity was demanded, at least 40% 
of the microarray probes had to have signal to 
noise ratio (S/N) ≥3, no use of diabetes medica-
tion were allowed and the recovery of the PFAA 
analysis had to be above 60%. Investigations on 
sex hormones and blood gene expression were 
performed on the same samples; therefore the 
study group was limited to postmenopausal 
women only. 
 
Mean age among the 270 women included in 
the current study was  56 years, 26% were cur-
rent smokers, 18% used HT and 57% used 
some other medication. Mean body mass index 
(BMI) was 25.5 kg/m2 and 9% of the women 
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were fasting before blood delivery. 
 
PFAA levels and the relationship to dietary in-
take in the larger study group have previously 
been assessed by Rylander et al [28]. HT use, 
sex hormone levels and detailed information 
about the blood collection procedures have 
been reported by Waaseth et al. [29]. 
  
Chemical analysis 
 
The plasma analyses of PFAAs have been de-
scribed in detail by Rylander et al. [30]. In brief, 
plasma concentrations of PFAAs were deter-
mined using sonication facilitated liquid-liquid 
extraction, activated charcoal clean-up and 
analysis on HPLC-QTOF-MS. The quality of the 
analysis was assured through repetitive analy-
ses of blank samples and reference samples 
obtained from previous international compari-
son programs. For each batch of 30 samples, 
one reference material and two blank samples 
were prepared. Three times each year, our labo-
ratory also participates in the AMAP Ringtest for 
Persistent Organic Pollutants in Human Serum, 
an international comparison program, organized 
by Institut National de Santé Publique du Qué-
bec, Canada. Results from interlaboratory com-
parisons indicate that the uncertainties of our 
analysis are well within +/- 30% of the assigned 
values. Due to the use of mass labeled internal 
standards, there was no need for recovery cor-
rections in the samples. The recovery was, how-
ever, calculated for quality assurance purposes 
and varied between 60% and 150%. The values 
above 100% were a result of matrix induced ion 
suppression of the recovery standard signal. 
The method detection limit (LOD) was automati-
cally calculated by the quantification software 
and accounted for individual matrix effects. 
PFOS, PFOA and PFHxS were detected in <10% 
of the blank samples. If the concentration of 
these compounds in the blank samples were 
larger than the software determined LOD for 
that batch of samples, LOD was determined 
from three times the concentration of analytes 
in the blanks. 
 
Data defined as PFOS, PFOA and PFHxS are the 
sum of the linear and the dominating branched 
isomers. 
 
The plasma concentrations of fatty acids were 
analyzed at the National Institute of Nutrition 
and Seafood Research in Bergen, Norway. The 

methods used have been described elsewhere 
[28]. 
 
RNA isolation, quality control, data capturing 
and preprocessing of data 
 
All methods for RNA analysis, data capturing 
and preprocessing of data is described in detail 
by Dumeaux et al [25]. Microarray analysis was 
performed on the 270 samples using the Ap-
plied Biosystems expression array system 
(Foster City, Louisiana, USA). Briefly, 500 ng of 
total RNA was amplified and labeled using the 
NanoAmp RT-IVT Labeling Kit for one round of 
amplification. 10 µg of DIG-labeled cRNA was 
fragmented and hybridized to AB Human Ge-
nome Survey Microarray V2.0, in accordance 
with the Chemiluminescence Detection Kit Pro-
tocol. The AB Expression System software was 
used to export signal intensities, signal to noise 
ratios (S/N), and flagging values. Gene-wise 
intensities were adjusted for technical variability 
i.e. batch number, RNA extraction date and time 
between blood collection and storage [25].  
 
Statistical analysis 
 
The freely available software R version 2.8.1 
(www.cran.r-project.org) with the Bioconductor 
packages was used for the statistical analysis. 
Study participants were divided into two groups 
(“high” and “low”) according to their concentra-
tions of PFOS, PFOA and PFHxS. All contaminant 
data were right-skewed and samples following 
the normal quantile-quantile plot (normal qq-
plot) were defined as the “low” group while sam-
ples with high, non-normal values were defined 
as the “high” group. The rationale for this group-
ing was the opportunity to compare the most 
extreme group to the rest. The cut-off values 
were determined to 30 ng/ml, 7.2 ng/ml and 
1.7 ng/ml for PFOS, PFOA and PFHxS, respec-
tively. Gene-wise linear models were used for 
evaluating differences in single gene expres-
sions between groups. Enrichment of 48 gene 
sets were evaluated for PFOS, PFOA and PFHxS, 
respectively, using the global test [31]. All 
tested gene sets had previously been linked to 
PFAA exposure and were curated from the litera-
ture, the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) [32] and Gene Ontology (GO) 
(Table S1 in the Supplemental material). The 
global test was adjusted for multiple testing 
using false discovery rates (FDR) [33]. Compara-
tive p-values were calculated for each gene set 
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and indicate the proportion of random gene 
sets of the same size as the tested gene lists 
being significant by chance.  
 
Differences in age, BMI, fasting status, HT use, 
use of other medication, smoking and the ratio 
of n-6/n-3 fatty acids between the “high” and 
“low” groups were evaluated using linear mod-
els and chi square tests. Variables that were 
significantly different between the two groups 
were adjusted for in the gene set enrichment 
analysis. The gene plot from the global test was 
used to select core genes that were most impor-
tant for explaining the differences between 
groups. Core genes were defined as genes with 
a standard deviation > 1.5 above the expected 
value under the null hypothesis of no associa-
tion between gene set expression and exposure 
group. Genes that were strongly correlated to 
the core genes (r >0.75) were further evaluated 
using functional clustering in the Database for 
Annotation, Visualization and Integrated Discov-

ery (DAVID) [34] to investigate groups of mo-
lecular pathways or processes related to PFAA 
exposure. 
 
Results 
 
In the current study group, the dominating PFAA 
was PFOS (median 19 ng/ml), followed by PFOA 
(4.4 ng/ml) and PFHxS (0.97 ng/ml) (Table 1). 
Two single genes- cytochrome C oxidase subunit 
VIb polypeptide 2 (COX6B2) (p=1.1e-5, 
FDR=0.14) and chromosome 17 open reading 
frame 74 (MGC17624) (p=1.7e-5, FDR=0.14) - 
were differentially expressed when comparing 
the “PFOS high” to the “PFOS low” group using 
gene-wise linear models. No significant single 
genes were differentially expressed according to 
PFOA and PFHxS concentrations. 
 
Two gene sets (gene set 39 & 46 in Table S1 in 
the Supporting informaion), both related to the 
citric acid cycle, were differentially expressed 

Table 1. Plasma concentrations of PFAAs in the study group 
Concentration (ng/ml) 
  Median AM Range LOD %>LOD 
PFOS           

Total sample N=270 19 21 5.7-84 0.01-2.1 100 
High group N=42 37 40 31-84     
Low group N=228 18 18 5.4-30     

PFOA           
Total sample N=270 4.4 5.1 0.79-21 0.11-1.6 100 
High group N=32 9.2 11 7.3-21     
Low group N=238 2.9 2.8 0.79-7.2     

PFHxS           
Total sample N=270 0.97 1.3 0.15-13 0.01-1.2 94 
High group N=46 2.7 3.4 1.7-13     
Low group N=224 0.87 0.9 0.15-1.6     

PFOS, Perfluorooctane sulfonate; PFOA, perfluorooctanoate; PFHxS, perfluorohexane sulfonate; AM, Arithmetic 
mean; LOD, Method limit of detection; %>LOD, Proportion of samples with concentrations > LOD 

 

Table2. Significant gene sets associated with PFOS exposure 

  
No. probes 
tested 

 p-
value 

FDR 
adjusted 

Compara-
tive p-value 

Core genes up-
regulated in the 
PFOS high group 

Core genes down-regulated 
in the PFOS high group 

Citric acid 
cycle 27 0.0393 0.37 0.18 ACO2 

SUCLA2, IDH3A, MDH1, 
PDHB, SUCLG2, SDHD, 
SDHC 

Citric acid 
cycle 10 0.0504 0.3 0.30 ACO2 NNT, PDHB, SDND, SDHC 
PFOS, perfluorooctane sulfonate; FDR, false discovery rate 
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 Figure 1. Gene plot of the 
influence of “high” vs. 
“low” PFOS on the citric 
acid cycle (gene set 39). 
Core genes are identified 
by official gene symbols. 
The x-axis shows the 
probe IDs and the y-axis 
shows the influence of 
each gene on the test 
result. 

 

Figure 2. Gene plot of the 
influence of “high” vs. 
“low” PFOS on the citric 
acid cycle (gene set 46). 
Core genes are identified 
by official gene symbols. 
The x-axis shows the 
probe IDs and the y-axis 
shows the influence of 
each gene on the test 
result. 
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between the “PFOS high” and “PFOS low” group 
(Table 2). Figures 1 and 2 show the gene plot 
for each of the significant pathways. There were 
eight core genes (NNT, PDHB, SDHD, SDHC, 
SUCLA2, IDH3A, MDH1, SUCLG2) that were 
down-regulated in the “PFOS high” group and 
one gene (ACO2) that was up-regulated (Table 
2, Figure 3). The core genes expressed in the 
citrate cycle pathway were strongly correlated to 
58 identified single genes (Table S2 in the Sup-
plemental material). Within these 58 genes, a 
functional cluster of three metabolic processes 
was identified (median FDR=2.3%, Table 3).  
 
The women in the “PFOS high” group were sig-
nificantly older and had lower ratio of n-6/n-3 
fatty acids than the women in the “PFOS low” 
group (Table 4). There were no differences in 
smoking status, BMI, fasting, medication or HT 
use between the two groups (Table 4). When 
adjusting for age and the ratio of n-6/n-3 fatty 

acids, the genes within the citrate cycle pathway 
remained differentially expressed between the 
“PFOS high” and “PFOS low” group. None of the 
tested gene sets were significantly enriched for 
PFOA or PFHxS. 
 
Discussion 
 
To the best of our knowledge, this is the first 
population based study investigating the impact 
of organic pollutants on blood gene signatures 
in humans. We have successfully used gene 
expressions in peripheral blood cells for explor-
ing the effects of PFAAs on the general popula-
tion. Our results suggest gene profiles in human 
blood have large potential for elucidating which 
biological pathways that are being affected by 
long-term, low-dose exposure to contaminants 
and could therefore serve as a more public 
health relevant alternative to already estab-
lished toxicological methods. In addition, blood 

Figure 3. The citric acid cycle pathway (reprinted from KEGG [33]). Up-regulated core genes in the “PFOS high” group 
are marked with a green star. Down-regulated core genes are marked with a red star. 
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gene signatures could be used for identifying a 
unique set of genes, differentially expressed by 
the specific pollutants or mixtures of contami-
nants, which could be further used as a diag-
nostic tool for detecting early effects of pollut-
ants. However, before that is possible, large 
amounts of gene signature data from healthy 
individuals is needed in order to explore normal 
variability. The scope of this work adds new and 
important information to this newly developed 
research field. 
 
It is important to emphasize that in the current 
work technical noise was present and largely 
corrected for as described in detail by Dumeaux 
et al. [25]. It is evident that the microarray plat-
forms currently go through rapid development. 
Future platforms will be less sensitive to techni-
cal variables which in turn will provide improved 
gene expression results and wider applications 
for gene signatures. Hence, high through put 
assays open new research fields to investigate 
the effects of pollutants on human health.  
 
Despite that a large proportion of the gene ex-
pression variability was explained by technical 

variables, the previous mentioned corrections 
made it possible to identify gene sets differen-
tially expressed between the two PFOS groups. 
Genes coding for enzymes within the citric acid 
cycle were differentially expressed between 
women with “high” PFOS concentrations (>30 
ng/ml) and women with “low” PFOS concentra-
tions (<30 ng/ml). The result indicates that the 
glucose metabolism is affected by background 
concentrations of PFOS among the general 
population. The “high” PFOS group was signifi-
cantly older and had lower ratio of n6/n3 fatty 
acids than the “low” group. The lower n6/n3 
fatty acid ratio indicated dietary differences and 
a possible higher consumption of fatty fish in 
the “high” PFOS group. There was no difference 
in smoking or fasting status or BMI between the 
“high and “low” PFOS groups. When adjusting 
the analyses for age and fatty acid ratio, the 
citric acid cycle remained differentially ex-
pressed between the groups. Lin et al. [12] re-
ported recently that PFOS (mean 24 ng/ml) and 
PFNA (0.8 ng/ml) were associated with indica-
tors of metabolic syndrome in a group of adults 
from the general population (n=969), which 
supports our finding. Nelson et al. [13] found, 

Table 3. Functional cluster of three metabolic processes, related to the 58 genes highly correlated to the 
core genes in the citrate cycle. 
Process (No. of genes in process) p-value Fold enrichment FDR (%) 

Macromolecule metabolic process (29) 0.000064 1.7 0.1 
Cellular metabolic process (29) 0.0012 1.5 2.3 
Primary metabolic process (29) 0.0013 1.5 2.4 
FDR, false discovery rate 

 

Table 4. Characteristics of the two PFOS groups 

  PFOS high (N=42) PFOS low (n=228) p-value 

Age (years) 57 55.5 0.01 
Body mass index (kg/m2) 25.4 25.5 0.92 
Smoking (Y/N) 7/35 63/164 0.19 
Hormone therapy use (Y/N) 8/32 40/185 0.91 
Medication use (Y/N) 21/20 130/94 0.52 
Fasting (Y/N) 5/35 19/196 0.66 
n-6/n-3 fatty acid ratio (mg/ml)a 5.2 6.2 0.006 
PFOS, perfluorooctane sulfonate; aInclude linolenic acid (LA)18:2n-6; eicosadienoic acid 20:2n-6; arachidonic acid 
(AA) 20:4n-6; dihomo-gamma-linolenic acid (DGLA) 20:3n-6; 16:3n-3; 16:4n-3; alpha-linolenic acid (ALA) 18:3n-3; 
stearidonic acid 18:4n-3; eicosatrienoic acid (ETE) 20:3n-3; eicosatetraenoic acid (ETA) 20:4n-3; eicosapentaenoic 
acid (EPA) C20:5n-3; docosapentaenoic acid (DPA) C22:5n-3 and docosahexaenoic acid (DHA) C22:6n-3 The p-
value indicates if there was a significant difference between the two groups. 
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on the other hand, little association between 
PFOS, PFOA, PFHxS, PFNA and body size and 
insulin resistance in a group of 860 people from 
the general population in the United States. 
They did, however, find a positive association 
between PFOS, PFOA and PFNA and cholesterol 
levels. In addition to epidemiological indica-
tions, there are also some toxicological findings 
suggesting that PFAAs may interfere with the 
carbohydrate metabolism [35] in rodents, which 
also converges in the citric acid cycle.  
 
A set of 58 genes were identified as co-varying 
with the core genes in the citric acid cycle path-
way. A cluster of three metabolic processes 
were identified within that gene list, indicating 
that genes involved in the metabolism were 
differentially expressed in the “PFOS high” 
group. Eight of the nine core genes in the citrate 
cycle gene sets encode central enzymes within 
that pathway. All, except for ACO2, were down-
regulated in the “high” group. This could be a 
result of several different processes; PFOS may 
for example interfere with the citric acid cycle 
itself or it could be a result of a feedback 
mechanism induced by PFOS. The mitochon-
drion could also be affected and thereby affect-
ing metabolic processes. The effect of the direc-
tion of the expressed genes has to be eluci-
dated in future research. 
 
Our results indicate an association between 
environmental PFOS exposure and chages in 
ezyme activities within the citric acid cycle. A 
number of diseases, e.g. type II diabetes and 
Alzheimer’s disease [36] have been linked to 
citric acid cycle disorders, emphasizing the 
need for better understanding of the mecha-
nism of action for PFOS. Additionally, increased 
mortality of diabetes was observed among work-
ers “probably” exposed to APFO (precursor to 
PFOA) although that study was not consistent as 
there was no death  from  diabetes in the 
“definite” exposure group [11]. Four women 
were excluded from the analysis in the current 
study as they were using type II diabetes medi-
cine. The median PFOS concentration among 
those women was 24 ng/ml (mean 20 ng/ml) 
whereas the corresponding median concentra-
tion was 19 ng/ml (mean 21 ng/ml) for the total 
study group (n=270). Although the diabetes 
group was too small for statistical purposes, the 
potential difference in PFOS concentration be-
tween diabetes patients and healthy individuals 
should be further assessed. Currently, it is too 

early to conclude if changes in enzyme activities 
within the citric acid cycle will have any conse-
quences for public health. None of the epidemi-
ological studies on occupationally exposed 
workers have revealed any strong associations 
between severe health effects and exposure to 
PFAAs. Nevertheless, there has been an enor-
mous increase in type II diabetes incidence dur-
ing the same periods as the PFOS exposure has 
increased considerable. It is important to em-
phasize that the results from the current study 
should be confirmed or refuted in an independ-
ent data set using improved microarray tech-
niques. What is evident is that human blood 
gene signatures have an enormous and as yet 
unexplored potential in the interdisciplinary field 
of epidemiology and toxicology. 
 
There are some limitations with the current 
study. As PFAAs were present in the blood of all 
participants in the current study group, it was 
not possible to divide them into sub-groups of 
“exposed” and “non-exposed” individuals. Dif-
ferences between the “high” and “low” groups 
will therefore be small and there will be low 
chances of detecting differentially expressed 
single genes. Based on that, our analyses were 
focused on gene set enrichment instead of sin-
gle genes analyses. Surprisingly, two single 
genes (COX6B2 and MGC17624) were differen-
tially expressed between the “PFOS high” and 
the “PFOS low” group from the gene-wise linear 
analysis. This is an interesting finding, but could 
also be a result of chance.  
 
The significantly affected pathways had false 
discovery rates of 37% and 25%. Breitling et al. 
recommended that gene sets with FDR ≤ 10% 
should be considered interesting [37]. In the 
current study, we accepted higher FDR values 
since our gene sets were curated from previous 
publications and thereby supported by toxico-
logical/ epidemiological findings. In addition, 
none of the tested gene sets had comparative p
-values high enough to raise concerns for false 
positive results.  
 
We found no significantly enriched pathways for 
PFOA or PFHxS in this study group, which could 
be a result of low and uniform concentrations of 
the analytes within the population studied. Al-
though PFOA and PFOS have been identified as 
potent peroxisome proliferators in rodents [6], 
the PPAR pathway was not enriched for any of 
the investigated PFAAs. A number of factors, 
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including species-specific differences, could be 
the reason for the lack of differentially ex-
pressed genes within that biological pathway. 
Additionally, effects of PFOS and PFOA are 
mainly seen in the liver among test animals, 
and less pronounced effects in blood cells are 
therefore expected.  
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Table S1. Gene sets tested in gene set enrichment analysis 

Gene set ID number Description Number of genes Reference 
1 Beta oxidation of fatty acids 46 KEGG 
2 Fatty acid beta oxidation 24 GO 
3 Genes linked to PFOS and PFOA exposure in chickens 36 [1] 
4 Gap junction intracellular communication 96 KEGG 
5 Genes linked to oxidative stress in hepatocytes from 

freshwater tilapia after PFOS and PFOA exposure 
17 [2] 

6 Oxidative stress 94 GO 
7 Regulation of fatty acid oxidation 18 GO 
8 Steroid metabolism 11 KEGG 
9 Cholesterol biosynthesis  9 KEGG 
10 Cholesterol metabolism 44 GO 
11 Steroid biosynthesis 17 KEGG 
12 Cholesterol biosynthesis 9 GO 
13 Genes linked to PFOS exposure in rat 19 [3] 
14 Genes linked to PFOS and PFOA exposure in rat 13 [3] 
15 Xenobiotic metabolic process 13 GO 
16 Xenobiotic metabolism 70 KEGG 
17 Synthesis and degradation of ketone bodies 9 KEGG 
18 Fatty acid elongation 10 KEGG 
19 Fatty acid metabolic process 134 GO 
20 Unsaturated fatty acid biosynthesis 22 KEGG 
21 Fatty acid biosynthesis 7 KEGG 
22 Fatty acid biosynthesis and regulation 19 GO 
23 Apoptosis 88 KEGG 
24 Genes linked to PFOS exposure in zebrafish 6 [4] 
25 Bile acid biosynthesis 16 KEGG 
26 Bile acid metabolic process 11 GO 
27 
 

Genes linked to PFOS exposure in rat liver 24 [5] 

28 Genes linked to PFOS exposure in hepatocytes from 
Atlantic salmon 

27 [6] 

29 Genes linked to PFOS exposure in carp 20 [7] 
30 Genes linked to PFOS exposure in chicken embryo 

hepatocytes 
6 [8] 

31 Genes linked to PFOS exposure in bottlenose dolphin 8 [9] 
32 Genes linked to PFOS exposure in rats 4 [10] 
33 Genes linked to PFOS exposure in mouse 8 [11] 
34 Glycolysis 63 KEGG 
35 Glucose metabolic process 57 GO 
36 Diabetes 2 44 KEGG 
37 Genes linked to PFOA exposure in rat 76 [3] 
38 Leukocyte transendothelial migration 116 KEGG 
39 Citric cycle 32 KEGG 
40 Genes linked to PFOA exposure in mouse liver 4 [12] 
41 Retinol metabolism 64 KEGG 
42 PPAR 69 KEGG 
43 Insulin signaling 138 KEGG 
44 Glucose homeostasis 22 GO 
45 Retinol metabolic process 7 GO 
46 Citric acid cycle 7 GO 
47 Insulin receptor signaling pathway 33 GO 
48 Lipid transport 95 GO 
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Table S2. Genes highly correlated (r >0.75) to the core genes from gene set 39 and 46 (citric acid 
cycle). 
Official gene symbol 
CYCS, PNRC2, HMGN1, ARPC5, GRPEL1, SLBP, SLTM, HNRPH3, SMT3, SPCS2, C9orf156, DDX1, 
CRLF3, CDKN1B, RAB1A, CALM2, HNRPA1, ACTR1B, CCAR1, FLJ20647, RBBP7, PPP1CC, PPCS, 
PSMC2, HMGN1, COX5A, GTF2A2, HMGN3, LMBRD1, MORF4L2, NDNL2, MGC12981, VDAC2, SELT, 
ARL2BP, MIS12, CEBPZ, XPA, GOLGA7, BXDC5, MGC4767, NIF3L1, SFRS10, CNOT8, C1orf108, 
OCIAD1, IGBP1, RPP38, PHGDHL1, SSB, PMPCB, PDHA1, TMED10, ZNF9, YWHAZ, C2orf25, 
MORF4L1, HNRPA1P4 
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