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Abstract Humans are constantly exposed to a significant

number of compounds and many are readily detected in

human body fluids. Worryingly, several of these compounds

are either suspected to be, or have already been shown to be

harmful to humans either individually or in combination.

However, the potential consequences of low-dose exposure

to complex mixtures remain poorly understood. We have

profiled the effects on rat blood plasma and liver homeostasis

using metabolomics and transcriptomics following 2-week

exposure to either a mixture of 14 common chemicals (Mix),

perfluorononanoic acid (PFNA) at low (0.0125 mg/kg/day)

or mid (0.25 mg/kg/day) doses, or a combination ofMix and

PFNA. In blood plasma, 63 and 64 metabolites were sig-

nificantly changed upon exposure to Mix alone or

PFNA ? Mix, respectively. Twelve of the metabolites were

identified and comprised mainly lipids, with various lipid

classes differentially affected across study groups. In the

liver, expression of 182 and 203 genes—mainly related to

energy homeostasis and lipid metabolism—were differen-

tially expressed upon exposure to PFNA alone or

PFNA ? Mix, respectively. In general, Mix alone affected

lipidmetabolism evident in blood plasma,whereas effects on

lipid metabolism in the liver were mainly driven by PFNA.

This study verifies that a chemical mixture given at high-end

human exposure levels can affect lipid homeostasis and that

the combined use of metabolomics and transcriptomics can

provide complimentary information allowing for a detailed

analysis of affected signaling pathways.

Keywords Perfluorononanoic acid � Metabolomics �
Transcriptomics � Lipid homeostasis � Mixture toxicology

1 Introduction

Humans, particularly those living in industrialized coun-

tries, are continuously exposed to a plethora of compounds

through foods, cosmetics, pharmaceuticals, air inhalation

and more (Monosson 2005). A large number of studies

have reported on the presence of multiple compounds in

human body fluids (Calafat et al. 2007; NHANES 2013),

clearly showing that they are taken up by the body through

various routes. Also, epidemiological studies have shown

strong associations between compound mixtures and dis-

eases, for instance in relation to human reproduction

(Krysiak-Baltyn et al. 2012; Taylor et al. 2014). Therefore,

since animal studies have shown effects of human relevant

mixtures of environmental compounds given at doses close

to No Observed Adverse Effect Levels (NOAELs) for

single compounds (Christiansen et al. 2008, 2012; Axelstad

et al. 2014), the presence of many of these chemicals si-

multaneously is of real concern to human health.

The traditional approach for toxicological testing aims

at understanding the effect(s) of a single compound on

biological systems, from cells (in vitro) to animals
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(in vivo). The compound is typically investigated at vary-

ing doses in order to obtain information on parameters such

as the NOAEL. A few studies on rats exposed to chemicals

or chemical mixtures at doses representing human expo-

sure levels have been reported (Moser et al. 2006; Chen

et al. 2014; Hadrup et al. 2015). These studies suggest that

even at low doses, certain compounds can have effects on

biological systems, for instance the plasma metabolome.

However, there still is a significant gap in knowledge re-

garding effects of low-dose chemical mixtures on either the

metabolome or transcriptome at the ‘omics’ level.

‘Omics’ technologies have provided new approaches to

evaluate the effects of toxic compounds. For instance,

fluorinated compounds have been shown to change the lipid

metabolism of both rats and zebrafish (Fang et al. 2012a;

Zhang et al. 2012) and endocrine disrupting compounds such

as bisphenol A have been shown to cause changes to the

metabolome even at doses far below the NOAEL (Chen et al.

2014). In general, changes in the transcriptome and meta-

bolome are detectable even after exposure to a low dose of

certain compounds, which suggests that these methods can

be valuable tools for understanding how the compounds af-

fect the organism where obvious phenotypes are absent

(Chen and Kim 2013). Furthermore, it has been shown that a

mixture of compounds at low doses can result in a marked

effect even when individual compounds show no detectable

effect and that this effect is marked even if they ‘only’ act

additively (Silva et al. 2002).

We wanted to investigate the effects of a mixture of com-

pounds (Mix) alone and together with increasing doses of the

perfluorocarboxylic acid, perfluorononanoic acid (PFNA), as

well as the effects of PFNA alone. The Mix was composed of

12 environmentally relevant endocrine disrupting compounds

at high-end human exposure levels (Christiansen et al. 2012)

and two food ingredients in doses corresponding to a high-end

daily intake of grapefruit and licorice. We hypothesized that

adverse effects would be observed with Mix alone or when

combinedwith lowdosePFNA.Byuse of twocomplementary

omics methods, metabolomics and transcriptomics, we pro-

filed the effects in blood plasma and livers of exposed rats and

compared them to adverse effects observed at higher PFNA

doses. We found significant changes both to the metabolome,

as detected in plasma, and the liver transcriptome following

exposure to Mix and PFNA.

2 Materials and methods

2.1 Compounds and dosing

Compounds were selected as previously described (Hadrup

et al. 2015). Animals were dosed with a mixture of 12

compounds: bisphenol A, butylparaben, dibutyl phthalate

(DBP), bis(2-ethylhexyl)phthalate (DEHP), 4-methylben-

zylidene camphor, octyl methoxycinnamate, dichlor-

odiphenyldichloroethylene (p,p’-DDE), epoxiconazole,

linuron, prochloraz, procymidone, vinclozolin) and de-

scribed elsewhere (Christiansen et al. 2012; Hadrup et al.

2013), along with the two food components; glabridin from

licorice and bergamottin from grapefruit (Hadrup et al.

2015), both known to inhibit the activity of cytochrome

P450s (CYPs) metabolizing hormones and chemicals. The

total dose of the Mix was 2.5 mg/kg/day and the ratio of the

compounds is presented in Supplementary Table 1. The dose

of Mix was based on previously observed endocrine dis-

ruption (Christiansen et al. 2012), albeit 24-times lower

herein to reflect human exposure corrected for different body

surface areas of rat and human. In addition to Mix, animals

were exposed to three different doses of PFNA, the lowest

dose corresponding to a high-end human exposure level (Lau

et al. 2007). The two lowest doses were Low = 0.0125 mg/

kg/day and Mid = 0.25 mg/kg/day. A high dose of PFNA

(5 mg/kg/day) was part of the study as well but was excluded

from the mechanistic analyses in this paper due to the ob-

served severe toxicity (Hadrup et al. 2015) that would

hamper the interpretation of data.

2.2 Animals

The animal study has been described previously (Hadrup

et al. 2015). In brief, male Wistar Hannover Galas rats at

6 weeks of age were housed two per cage with a 12-h

light/dark cycle and ad libitum access to acidified tap water

and standard diet. The animals received vehicle (corn oil)

or test substances once daily by gavage for 14 days. Fifty-

four rats were randomly assigned into six groups (Table 1).

The last dose was administered to each animal 75–105 min

before euthanization. The rats were anaesthetized in CO2/

O2 prior to decapitation. Plasma was isolated from hep-

arinized neck blood by centrifugation at 1000g at 4 �C for

10 min and subsequently stored at -80 �C. Livers were

weighed and snap-frozen in liquid nitrogen.

2.3 Metabolomics

The procedure was as previously described (Skov et al.

2014). In brief, phospholipids were adsorbed on a

Table 1 Acronyms used for the different treatment groups and re-

spective number of animals per group

Without Mix With Mix Acronym

Control 10 8 Control/mix

0.0125 mg/kg/day 10 10 Low PFNA ± mix

0.25 mg/kg/day 8 8 Mid PFNA ± mix
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phospholipid SPE column (Supelco, Sigma-Aldrich). The

eluate was collected, dried and extracted using first 200 ll
heptane to isolate the lipids followed by 200 ll methanol to

extract the more polar compounds. The phospholipids were

eluted from the SPE column using 300 ll 10 % NH4OH in

methanol. The phospholipid, lipid and the polar fractions

were analyzed by an HPLC system combined with a Maxis

Quadrupol Time-of-flight mass spectrometer (Bruker Dal-

tonics, Bremen, Germany).

Data were analyzed with Profile Analysis 2.1 (Bruker

Daltonics, Bremen, Germany). Data were extracted using

the ‘‘find molecular features’’ algorithm in a mass range

from 50 to 1100 m/z value. The noise was reduced by

removing peaks that were present in\50 % of the samples

among all treatment groups and at the same time had a

peak intensity of B3000. The calculations were carried out

in R (R Core Team 2012). The data were uploaded to

MetaboAnalyst.ca (Xia et al. 2012) and analyzed with

t test, principal component analysis, and partial least

squares discriminant analysis (PLS-DA). The accurate

masses of significantly different metabolites were searched

for in databases such as the human metabolome database

(HMDB) (Wishart et al. 2009). The identities of the com-

pounds were verified by comparison of MS/MS patterns

with data from the databases HMDB, METLIN (www.

metlin.scripps.edu) (Smith et al. 2005), LIPID MAPS

(www.lipidmaps.org) (Sud et al. 2007) and MassBank

(www.massbank.jp) (Horai et al. 2010).

2.4 Statistical analysis

Initial analyses of the metabolome data were performed on

the Metaboanalyst server (Xia et al. 2012). Here, a one-way

analysis of variance (ANOVA) comparing PFNA-treated

animals to control animals and PFNA ? Mix-treated ani-

mals to control, respectively, formed the basis for initial

selection of significantly altered metabolites. All p-values

were adjusted using false discovery rate (FDR) according to

the protocol implemented in the Metaboanalyst workflow,

and 0.05 was used as cut-off for statistical significance. The

statistically significantly altered metabolites were subse-

quently analyzed and plotted using GraphPad Prism version

5.00 for Windows (GraphPad Software, San Diego, CA,

USA, www.graphpad.com). The D’Agostino and Pearson

omnibus normality test was used to test for normality of the

data. If data were normally distributed, an ANOVA was

performed using Dunnett’s multiple comparisons test to

adjust the p-values. If data were not normally distributed,

data were log-transformed and, if normally distributed after

transformation, analyzed by ANOVA. If not normally dis-

tributed, a non-parametric Kruskal–Wallis test followed by a

Dunn’s multiple comparisons test was conducted. The cri-

teria for statistical significance was p\ 0.05, p\ 0.01 and

p\ 0.001 denoted *, ** and ***, respectively. Statistical

comparisons not applicable to ANOVA tests were carried

out using an unpaired, two-tailed Student’s t test.

2.5 Transcriptomics

Total RNA from six rat livers each from vehicle control,

Low PFNA ? Mix, and Mid PFNA ± Mix groups were

separately converted into labeled cRNA and applied to the

One-Color Microarray-Based Gene Expression Analysis

(Low Input Quick Amp Labeling) version 6.5 (Agilent

Technologies, Santa Clara, CA). Labeled cRNA from each

rat was hybridized to Agilent Whole Rat Genome Oligo

Microarrays (G4122F) for 17 h at 65 �C. The hybridized

microarrays were scanned using an Agilent DNA Mi-

croarray Scanner and evaluated using the Feature Extrac-

tion software version 10.7.3.1 according to protocol

GE1_107_Sep09 (Agilent Technologies) to generate fea-

ture extraction files for further analysis. Reads were quality

controlled by the software prior to release of the data.

Arrays that did not pass quality control were removed from

the dataset. Based on the quality control reports, two of the

six microarrays from the Mid PFNA ? Mix group were

excluded from further analysis. The remaining arrays, six

from each of control, Low PFNA ? Mix, and Mid PFNA

and the remaining four from Mid PFNA ? Mix were found

to be of high quality.

Extracted data were analyzed using the limma software

package (Smyth 2004, 2005) in R (R Core Team 2012).

Data were background corrected using the ‘normexp’

method (Ritchie et al. 2007) and normalized between ar-

rays using quantile normalization (Smyth and Speed 2003)

prior to statistical analyses. Within-array replicate probes

were replaced with the average expression level. To iden-

tify treatment-specific gene effects, we fitted a linear model

for each gene and applied empirical Bayes statistics (Smyth

2004) for each relevant two-group comparison. The FDR

was controlled using the Benjamini–Hochberg method

(Benjamini and Hochberg 1995). Reported p-values for the

significantly differentially expressed genes from the tran-

scriptomics analysis were all adjusted, and p-values B 0.05

were considered statistically significant.

2.6 Pathway analysis

Transcription data were analyzed with QIAGEN’s Inge-

nuity Pathway Analysis (IPA, QIAGEN Redwood City,

www.qiagen.com/ingenuity). IPA was used to map sig-

nificantly differentially expressed gene probes to genes,

and expression values were used for prediction of the in-

volvement of the differentially expressed genes in func-

tional networks, pathways, and diseases, and for graphical

representations. Using the Fisher’s Exact Test, we analyzed
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the overlap between the differentially expressed genes in

our dataset and genes known to be involved in disease

networks, pathways, and diseases available in the Ingenuity

Knowledgebase. p-values B 0.05 were considered statisti-

cally significant.

3 Results and discussion

3.1 Rats exposed to low/medium levels of a

14-chemical Mix, PFNA, or both displayed

no macroscopic phenotypes

Our main objective was to determine if exposure to low

doses of PFNA with or without a background exposure to a

low-dose chemical mixture (Mix) can have undesirable ef-

fects on the metabolome and transcriptome of animals

otherwise displaying little to no phenotypic abnormalities.

For this, we chose to analyze blood and liver samples from

male rats that had been exposed to various levels of che-

micals for a period of 14 days during juvenile age. This

in vivo experiment has been described previously with a

focus on low dose hormonal changes and pathological

findings at high dose level (Hadrup et al. 2015). In the initial

assessment of the animals, exposure to high levels of PFNA,

with or without Mix, indicated hepatic steatosis of the liver;

a state of retention of lipids in the liver. Animals exposed to

lower levels of PFNA ± Mix, which encompasses the dose-

groups included in this study, showed no obvious morpho-

logical phenotypes. However, significant plasma levels of

PFNA after the exposure period were measured to be 1.1

and 30 lg/ml for Low PFNA ? Mix and Mid PFNA ?

Mix, respectively. In animals exposed to Low-, and Mid

PFNA only, plasma concentrations were 0.4 and 40 lg/ml,

respectively. The former is in the range of, or up to six times

the human high-end combined exposure to PFOA, PFNA

and PFOS (67.6–824 ng/ml) (Emmett et al. 2006; Lau et al.

2007; NHANES 2013; Hadrup et al. 2015). Thus, the ad-

dition of Mix significantly increased the plasma levels of

PFNA (2.8-fold for Low PFNA), indicating altered ADME

(absorption, distribution, metabolism, excretion) properties

of PFNA when Mix is co-administered.

The dose of Mix was calculated from a high-end ex-

posure level in the European population (Christiansen et al.

2012) and corrected for body surface area of rats compared

to humans (Hadrup et al. 2015). Surprisingly, none of the

compounds in Mix, or their corresponding metabolites,

were found when extracted ion chromatograms were cre-

ated based on their accurate mass. This could be due to

rapid metabolism of the compounds or that the levels were

below the limit of detection in the LC–MS analysis. Nev-

ertheless, as clear effects of PFNA levels were observed

when co-administered with Mix, we chose to include all

the different combinations of low- to mid-range exposure

groups in our analyses aimed at discerning more subtle

molecular phenotypes.

3.2 The blood plasma metabolome of rats exposed

to low/medium levels of chemical mixtures,

including PFNA, was significantly altered

In order to establish any potential effects caused by PFNA

exposure with or without a Mix background, any effects

caused by Mix alone was analyzed first. When compared to

control animals,Mix exposure significantly affected 63 out of

a total of 882molecular features. As shown in Fig. 1, affected

phospholipids were lysophosphatidylcholines such as (lyso-

PC)(20:4) and lyso-PC(18:2), whereas affected neutral lipids

included diacylglycerols (DG) such as DG(18:1/18:3) and

DG(18:2/16:0), all depressed in serum of exposed animals.

Plots of all significantly altered metabolites are shown in

Supplementary Figs. 1 and 2, again with most of the affected

metabolites being depressed relative to control.

Altered lipid metabolism is a common response to

xenobiotic exposure (Karami-Mohajeri and Abdollahi 2011;

Zhang et al. 2013; Androutsopoulos et al. 2013; Zhang et al.

2014). An initial stress-response to a xenobiotic insult can

increase carbohydrate metabolism to meet a changing en-

ergy requirement, subsequently met by increased lipid and

protein metabolism (Karami-Mohajeri and Abdollahi 2011).

The general decrease in plasma lipid levels observed in the

Mix-exposed rats could reflect this situation, particularly

since the exposure lasted for a prolonged period (14 days),

potentially resulting in effects such as hepatic injury. Inter-

estingly, two of our identified lysophosphatidylcholines,

lyso-PC(18:2) and lyso-PC(20:4) have both been identified

as potential blood biomarkers for drug-induced hepatic

phospholipidosis (Saito et al. 2014), and in both instances

the response is reduced levels. Then, as drug-induced

phospholipidosis has been associated with liver inflamma-

tion and fibrosis (Rigas et al. 1986; Lewis et al. 1989), it

could suggest that we are observing compromised livers in

our rats exposed to Mix, albeit not observed at the macro-

scopic level.

In animals exposed to Low PFNA only, we also ob-

served changes to the blood metabolome, albeit different to

what was observed with Mix only. Using PLS-DA of all

the three fractions, we were able to separate the various

exposure groups, with the lipid fraction depicted in Fig. 2.

There was a clear difference between Low PFNA and Mix

groups, but it was not possible to positively identify the

specific metabolites responsible for this separation.

In all 30 metabolites separated Mix-exposed animals

from animals exposed to Low PFNA (Supplementary

Fig. 1). Mix alone altered 22 of these metabolites. For 6 out

of 22 metabolites the concomitant exposure to Low PFNA

1454 K. Skov et al.
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enhanced the effect on the metabolites. In the animals si-

multaneously exposed to Low PFNA and Mix, we observed

a general depression of lipid concentrations in blood plasma,

primarily diacylglycerols and the free fatty acid lignoceric

acid (Fig. 3a, b). The only metabolite directly affected by

Low PFNA, but not by Mix was the steroid hormone cor-

ticosterone, which was significantly elevated compared to

control animals (Fig. 3c). PFNA-exposure has previously

been shown to elevate plasma levels of both adrenocorti-

cotropic hormone and cortisol in mice, though only at the

highest dose of 5 mg/kg/day (Fang et al. 2008). Although it

is not clear why adrenocorticotropic hormone, and subse-

quently glucocorticoids, are elevated by PFNA-exposure, it

could be an inflammatory response, as PFNA can induce

immunotoxic responses (Fang et al. 2008), and elevated

endogenous glucocorticoid levels can subsequently suppress

the innate immune response (Liberman et al. 2007). None of

the metabolites that were altered by Mix and not by Low

PFNA ? Mix were identified.

We next performed the same analyses on animals having

been exposed to Mid PFNA doses with or without Mix.

Within these groups, we identified 24 metabolites with

Fig. 1 The six most significantly different metabolites in the Mix

group compared to the control group. In total, the levels of 63

metabolites were found to be significantly different between the two

groups (t test). The depicted metabolites belong to two metabolite

classes, diacylglycerols (DG) and lyso-phosphatidylcholines (lyso-

PC)

Fig. 2 PLS-DA plot of the

heptane fraction correlating the

four groups Control (n = 10),

Low PFNA (n = 10), Low

PFNA ? Mix (n = 10) and

Mix (n = 8). The plot illustrates

that Mix accounts for a major

part of the variance in the

dataset
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significantly changed plasma concentrations, out of which

17 were altered by Mix alone (Supplementary Fig. 2).

Three representative metabolites that were significantly

changed between groups are shown in Fig. 3d–f. As shown,

there was an increase in the plasma level of lyso-PC(20:4)

in Mid PFNA exposed animals, but not in those exposed by

Mix alone. Exposure to Mix depressed plasma levels of the

diacylated phospholipids PC(18:0/16:1), which was further

depressed by the simultaneous exposure to PFNA despite

Mid PFNA exposure alone not affecting levels of these

metabolites (Fig. 3e).

To further investigate the contribution of Mix towards the

PFNA-induced effects, we compared the significant metabo-

lites resulting from statistical analysis of Mix versus control

(t test) and PFNA ? Mix versus control (ANOVA). We ob-

served that 24metabolites were affected by all treatments, out

of which 12 were positively identified (Supplementary

Fig. 3). These 12metabolites comprised neutral short-chained

lipids such as monoacylglycerols and phospholipids. Mix

alone affected the diacylglycerols, whereas the PFNA ? Mix

groups affected the diacylated phospholipids. Surprisingly,

lyso-PC(20:4) and lyso-PC(18:1) were depressed by Mix

exposure, elevated by Mid PFNA exposure, but depressed

beyond Mix alone when simultaneously exposed to Mid

PFNA and Mix (Fig. 3d, f). Similarly, although not elevated

byMidPFNAexposure, blood plasma levels of lyso-PC(18:0)

and lyso-PC(16:1) appeared to be depressed more when ex-

posed to Mid PFNA ? Mix than when exposed to Mix alone

(Fig. 3e). It is difficult to discern a putativemechanismbehind

these observations, but it likely reflects the complex regula-

tory mechanisms underpinning organismal homeostasis,

highlighting the importanceof employing systems approaches

when analyzing effects caused by mixtures of compounds.

However, in some ways these metabolite changes are similar

to those associated with metabolic syndrome.

Over the last decades, there has been a worldwide in-

crease in metabolic syndrome (World Health Organization

2000), carrying with it an increased risk of developing

diabetes and cardiovascular disease. Some studies have

shown decreased phospholipid levels in blood plasma of

diabetics (Wang et al. 2005; Liu et al. 2013) and an ab-

normal ratio between lyso-PC and PC levels, which may

indicate a systemic change in relation to diabetes (Altmaier

et al. 2008). PCs are involved in the biosynthesis of mul-

tiple compounds and a decrease in PC levels can reflect

increased biosynthesis of lipids such as triacylglycerols

DDG(22:5/18:3)
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Fig. 3 Representative metabolite changes in the Low PFNA ? Mix

group. The plotted metabolites belong to two metabolite classes; PC

(phosphatidylcholine) and DG (diacylglycerol). Metabolite levels

were analyzed statistically for each group by comparison to control

(t test). For corticosterone (c) and lyso-PC(20:4) (d), PFNA alone

caused an increased metabolite level, whereas the combination of Mix

and PFNA generally caused a decreased metabolite level (DG(22:5/

18:3 (a) and PC(18:0/16:1) (e)). For lignoceric acid (b) and lyso-

PC(18:1) (f) the effect by Mix ? PFNA is stronger than the effect of

Mix or PFNA alone. #p-value of 0.053
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(Lagace and Ridgway 2013). Thus, the changes we ob-

served in the metabolome in rats following exposure to

Mix alone and PFNA ? Mix were comparable to the dif-

ferences observed in patients with metabolic syndrome

(Ferrannini et al. 2013). Also, lyso-PCs have been shown to

be elevated in metabolic syndrome patients (Chen et al.

2011).We observed elevated lyso-PCs for Mid PFNA ex-

posure, but not for the other exposure groups. This could

suggest that Mix, or components therein, protects against

some of the effects caused by PFNA. However, a more

likely scenario is that Mix exposure causes systemic

changes that lead to a metabolic response in order to

maintain tissue/serum homeostasis or to a suppressed im-

mune response, which subsequently leads to differing re-

sponses to PFNA.

The effects observed on lipid homeostasis following

exposure to Mix with or without PFNA may be attributed

to the presence of glabridin, a naturally occurring iso-

flavonoid from licorice that has been shown to inhibit the

activity of CYP2C9 in the liver (Kent et al. 2002). Studies

have shown that CYP2C9 is involved in the regulation of

lipid metabolism in the body (Kent et al. 2002; Kirchheiner

et al. 2003). Furthermore, people carrying a polymorphism

in CYP2C9 have a tendency towards having lower levels of

the lipid carriers LDL and HDL (Kirchheiner et al. 2003).

A decrease in LDL and HDL may result in decreased levels

of plasma lipids, including cholesterol and cholesterol

derivatives, as these are carrying lipids in the blood stream

(Kent et al. 2002). It could also be attributed to PFNA

inhibiting the activity of CYP2C9 similarly to glabridin (U.

S. Environmental Protection Agency 2014).

3.3 The liver transcriptome of rats was affected

by exposure to chemical mixtures, including

PFNA

For global gene expression analyses, we selected to study

the livers of animals exposed to Low PFNA ? Mix and

Mid PFNA with or without Mix relative to control, as we

expected little changes in the Mix alone group. As evident

in Supplementary Table 3, we observed no statistically

significant (p B 0.05) changes in transcript levels of any

gene in livers from Low PFNA ? Mix exposed rats. Fur-

ther, few genes in these groups displayed significant fold-

change differences in transcript abundance, with only three

genes displaying more than 1.5-fold difference: Cyp4a11

1.6-fold, Cyp2b6 2.0-fold and Acot1 2.1-fold. Allowing for

an adjusted p-value B 0.1 without a fold-change cut-off

value, 31 genes could be identified as differentially ex-

pressed between the exposed and control rat livers, and are

included in Table 2, which lists differentially expressed

genes related to energy homeostasis. The remaining genes

are listed in Supplementary Table 3.

Next we analyzed the transcriptome of livers obtained

from rats exposed to Mid PFNA ± Mix. Here, only an-

notated genes contained in the IPA database were included

when compiling lists of differentially expressed genes, thus

excluding most expressed sequence tags and genes without

adequate literature-based information for robust down-

stream analysis. At the statistically significant level of

p B 0.05, 203 genes from the PFNA ? Mix group and 182

genes from the PFNA only group were annotated as dif-

ferentially expressed (Supplementary Table 2). Of these,

the majority showed an upregulation in the exposed groups

as compared to controls.

Based on functional annotation of genes dysregulated in

the PFNA ± Mix dosing groups, fatty acid metabolism

was the main biochemical function affected (Table 2). For

instance, upregulated genes such as Crot, Crat, Acox1,

Ehhadh, Hadha, Hadhb, Decr2, Eci2, Ech1, are all in-

volved in peroxisomal fatty acid b-oxidation, whereas

Cpt2, Slc25a20, Acad11, Acadl, Acadm, Acads, Acadvl are

all involved in mitochondrial b-oxidation. Genes associ-

ated with lipid transport, fatty acid activation, and per-

oxisomal transport (Apoa2, Abcd3, Cd36, Slc27a2) were

also upregulated. Amongst the downregulated genes was

Fatty acid binding protein 5 (Fabp5). Similar effects on

lipid homeostasis have been shown in other studies (Gu-

ruge et al. 2006; Rosen et al. 2007; Fang et al. 2012a, b, c).

Here, the effects on lipid metabolism seem to be mainly

driven by PFNA exposure, as the effects are comparable

between animals exposed to Mid PFNA only and Mid

PFNA ? Mix.

With regards to aerobic respiration, a different tran-

scriptional profile was observed for Mid PFNA ? Mix

compared to Mid PFNA alone (Table 2). For instance, the

citric acid cycle enzymes, aconitase 2 (Aco2), isocitrate

dehydrogenase 3 (NAD?) beta (Idh3b), and succinate-CoA

ligase (Sucla2 and Suclg1) were significantly upregulated

by Mid PFNA, but not by Mid PFNA ? Mix. Only Aco2

and Suclg1 were upregulated in both groups relative to

control. Similarly, for enzymes in the electron transport

chain (Ndufa10, Ndufab1, Ndufs3 (complex I), and Sdhb

(complex II)) only Ndufa10 was significantly upregulated

in both groups. The other enzymes were only upregulated

in the Mid PFNA group. Finally, expression of genes en-

coding enzymes involved in glucose metabolism were

mainly disrupted by Mid PFNA ? Mix, except for a few

genes such as phosphofructokinase (Pfkm) that were only

significant with Mid PFNA and carbonic anhydrase VII

(Ca7) and STEAP family member 4 (Steap4), which were

differentially expressed by both groups. Thus, the tran-

scriptional profiles of Mid PFNA ± Mix are relatively

similar with only subtle differences observed based on

z-scores and p-values. Notably, a statistical comparison

between Mid PFNA and Mid PFNA ? Mix did not yield

Exposure to perfluorononanoic acid combined with a low-dose mixture… 1457
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any differentially expressed genes, hence further studies

with larger sample sizes are required to verify some of the

subtle differences indicated by this study.

The IPA has a function to predict the activity of po-

tential upstream regulators based on differentially ex-

pressed genes. Using our dataset, we could predict an

increased activity of several transcription factors and other

central proteins in livers from exposed animals (Table 3).

Downstream of the differentially expressed genes, IPA

predicts regulatory effects such as diseases and functions

likely to be perturbed due to the changes in gene expres-

sion. As illustrated in Fig. 4, activation of the upstream

regulators PPARa, PPARc, PPARd, RXRa, PPARgc1a,

and MED1 results in altered gene expression (Table 2) that

subsequently leads to increased oxidation of lipids, in

particular fatty acids. This, in turn, protects against accu-

mulation of lipids in the liver and therefore also against

hepatic steatosis. This is consistent with our observations in

livers from rats having been exposed to Low- and Mid

PFNA doses, with no indications of lipid accumulation,

increased cell size, or compromised cell borders (Hadrup

et al. 2015). However, as exposure to high PFNA doses

causes adverse effects such as steatosis (Hadrup et al.

2015), it can be speculated that livers from at least the Mid

PFNA exposed rats could become affected over time. The

fact that hepatic steatosis was evident at the high PFNA

dose (5 mg/kg/day) and that signs of protection against

hepatic steatosis was observed at the mid PFNA dose

(0.25 mg/kg/day) illustrates the problem of extrapolating

from toxicological observations at higher doses to effects at

lower doses, which is common practice in risk assessment

of chemicals.

PPARs are known regulators of fatty acid b-oxidation
(Kanehisa and Goto 2000), and increased b-oxidation re-

sults in decreased plasma lipid concentration (Lau 2012).

Then, as perfluorinated alkyl acids are known PPAR-acti-

vators (Vanden Heuvel et al. 2006; Lau 2012; U. S. Envi-

ronmental Protection Agency 2014), effects observed in

livers from the PFNA groups could, at least in part, be

explained by this regulatory pathway. Further, the Mix

contains two phthalates, DBP and DEHP, which are both

known PPAR activators (Desvergne et al. 2009), poten-

tially adding to the effect in the PFNA ? Mix groups. In

fact, additional compounds in the Mix such as butyl-

paraben, linuron, and vinclozolin, can stimulate PPAR-

dependent transcription (U. S. Environmental Protection

Agency 2014), further adding to the overall effect. How-

ever, at the doses used in our study, the contribution of Mix

Table 3 Upstream regulators predicted to regulate effects caused by Mid-PFNA ± Mix

Upstream regulator Mid PFNA ? Mix Mid PFNA Genes

z-score p-value z-score p-value

PPARa Peroxisome proliferator-

activated receptor a
5.3 2e–24 5.1 5e–28 Abcd3, Acaa1, Acaa2a, Acadl, Acadm, Acads, Acadvl,

Acat1, Acot1a, Acot2, Acox1, Adtrp, Cd36, Cpt2,

Crot, Cyp2b6, Cyp4a11, Cyp4a14, Decr1, Decr2,

Ech1, Eci2, Ehhadh, Fabp5, Gpd1, Hadh, Hadha,

Hadhb, Rt1-Baa, Hmgcs2, Mlycd, Pex11a, Plin5,

Slc25a20, Slc27a2, Vnn1, Aadacb, Apoa2b, Cfhb,

Ftcdb, H2afzb

KLF15 Krüppel-like factor 5 3.2 3e–18 3.0 5e–17 Acadl, Acadm, Acadvl, Acot1a, Acox1, Cd36, Cpt2,

Decr1, Ehhadh, Fabp5, Hadha, Hadhb, Mlycd,

Slc25a20

ACOX1 :Peroxisomal acyl-

coenzyme A oxidase 1

-2.4 5e–15 -2.474 3e–13 Abcd3, Acaa1, Acadl, Acadm, Acadvl, Acot2, Acox1,

Aig1, Cd36, Crat, Cyp4a11, Cyp4a14, Ehhadh, Rt1-

Baa, Hsd11b1a, Pex11a, Slc27a2, Tnfrsf10aa, Hspa5b

PPARc Peroxisome proliferator-

activated receptor a
3.9 8e–14 3.3 1e–13 Acaa1, Acaa2a, Acadl, Acadm, Acads, Acox1, Adrb3a,

Cd36, Cpt2, Crat, Cyp4a11, Cyp4a14, Ehhadh, Fabp5,

Fbp2a, Gpd1, Hadha, Hadhb, Hmgcs2, Mlycd, Pepd,

Pex11a, Plin5, Slc25a20, Vnn1, Apoa2b, Sdc1b

EHHADH :Enoyl-coenzyme A,

hydratase/3-hydroxyacyl

coenzyme A dehydrogenase

-2.8 1e–12 -2.8 6e–13 Abcd3, Acaa1, Acot2, Acox1, Cd36, Cyp4a11,

Cyp4a14, Pex11a

HSD17B4 :Peroxisomal

multifunctional enzyme type 2

-3.0 1e–12 -2.8 4e–11 Abcd3, Acaa1, Acot2, Acox1, Cd36, Cyp4a11,

Cyp4a14, Hoxd13a, Pex11a

An arrow indicating up- or downregulation marks upstream regulators that are differentially expressed genes. Negative z-scores indicate that the

upstream regulator is inactivated, whereas positive z-scores indicate activation
a DEG only present in Mid PFNA ? Mix
b DEG only present in Mid PFNA
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towards PPAR activation is likely minor since (i) we ob-

served very small differences in transcript levels between

the Mid PFNA and Mid PFNA ? Mix groups, and (ii) we

did not observe any significant changes in gene expression

in animals exposed to Low PFNA ? Mix.

A summary of the functions of the Mid PFNA ± Mix is

given in Supplementary Table 4, together with genes that

displayed highest fold-change difference in transcript

levels between Mid PFNA ? Mix and Mid PFNA alone.

As discussed, altered CYP2C9 activity might play a role in

the changed plasma lipid concentrations. However, our

data do not suggest downregulation of the rat CYP2C9

homologue, Cyp2c11. On the other hand, the HDL-con-

stituent, apolipoprotein A-II (encoded by Apoa2) is

upregulated by PFNA but not by PFNA ? Mix. The effects

observed for Mix and PFNA ? Mix might therefore be

caused by a combination of decreased CYP2C9 activity

and PPAR activation.

4 Concluding remarks

The characterization of potential toxic effects caused by

prolonged exposure to various compounds can be a chal-

lenge. When a large number of compounds are present at

the same time, as in humans, the challenge is even greater.

In an effort to better understand the complex interaction

between multiple exogenous compounds and the living

organism, we profiled the plasma metabolome and the liver

transcriptome in rats after exposure to a low dose of

bioavailable chemicals. We observed that a mixture of 14

chemicals at high-end human exposure levels (Mix), low-

to mid-range doses of PFNA, or a combination of the two,

had the potential to alter the blood plasma levels of

diacylglycerols, PCs, and cholesterol derivatives, mimick-

ing some of the features of metabolic syndrome. These

effects can also suggest an inflammatory response, but in

either case warrant further investigations. We also ob-

served more subtle changes to the liver transcriptome fol-

lowing Mid PFNA exposure irrespective of Mix,

suggesting that the hepatic effects were driven by PFNA. In

conclusion, this study demonstrates that low-dose exposure

to chemical mixtures can affect the metabolome and cause

disturbed lipid homeostasis, and that ‘omics’ approaches

are powerful tools to detect smaller changes not readily

observable at the macroscopic level.
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