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• An oil being synergistic in an androgenic assay was fractionated into SARA fractions.
• Synergism was lost when dosing separate fractions but combining fractions restored it.
• Synergism required testosterone, saturates and resins; thus min 3 different chemicals.
• Detailed chemical analyses could not reveal the identity of the causative compounds.
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a b s t r a c t

In a previous study, we found a dose-dependent synergistic effect in recombinant yeast stably transfected

with the human androgen receptor (AR), in response to co-exposure to testosterone and a commercially-

available lubricant (engine) oil for cars. As there is relatively little knowledge on synergistic toxic effects

and causative compounds, particularly for the androgenic system, the objective of the present study was

to investigate this oil in more detail. The oil was fractionated into SARA fractions (so-called ‘saturates’,

‘aromatics’, ‘resins’, and ‘asphaltenes’) by open column chromatography. Surprisingly, when exposing the

recombinant AR yeast to testosterone in combination with the separate SARA fractions, the synergistic

effect could not be reproduced fully. After pooling the fractions again however, the full synergism re-

turned. From subsequent exposures to combinations of two or three SARA fractions, it appeared that

both the ‘saturates’ and the ‘resins’ fraction were required for obtaining the synergistic response with

testosterone. This clearly demonstrates a synergistic effect related to the androgenic system caused by

the joint action of at least three chemically-distinct compounds, or groups of compounds (i.e. testos-

terone, ‘resins’ and ‘saturates’). Although detailed chemical analyses could not reveal the identity of the

causative compounds and the in vivo relevance of the present results remains unclear, the results do add

to the growing body of evidence on the potentially extremely complex character of mixture effects.
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. Introduction

Although humans and wildlife are exposed to complex mix-

ures of chemicals, current risk assessment practice is based on

ndividual chemicals. Generally, exposure concentrations of single

hemicals are compared to safe thresholds of the respective com-

ounds, with the most sophisticated approach being the applica-

ion of concentration addition or independent action concepts, i.e.,

he assumption that effects of separate chemicals can be added up

Backhaus et al., 2013). It is well-known however, that mixture tox-

city caused by interactive effects of multiple chemicals may po-

entially occur. For example, numerous cases of antagonism exist

n the toxicological literature, describing a joint effect of chemicals
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eing less active than expected based on the sum of the effects

f the individual chemicals. The underlying mechanism of these

ess-than-additive effects can be, for instance, receptor blockage or

nactivation; or enzyme induction (causing increased biotransfor-

ation). Chemicals may also enhance each other’s effects, leading

o a joint toxic effect being more-than-additive. Compared to an-

agonistic effects, relatively few clear examples of these obviously

nwanted and so-called synergistic effects are available in the tox-

cological literature (Boobis et al., 2011; Cedergreen, 2014). Docu-

ented cases of obvious synergism include e.g. the mixture toxic-

ty of piperonyl butoxide and pyrethroids in insects (Amweg et al.,

006) and atrazine and organophosphate insecticides in aquatic

nvertebrates (Pape-Lindstrom and Lydy, 1997; Belden and Lydy,

000). Theoretically, synergism can be caused by e.g. metabolic en-

yme induction or inhibition, leading to increased bioactivation or

educed biotransformation, respectively; chemical interactions (re-

ctions leading to more toxic end products), increased availabil-

ty/uptake (for instance by increased membrane permeability), or

nteractions between chemicals or with co-factors at the level of

he receptor. If synergistic effects are biologically-relevant, i.e., oc-

ur in biological systems under environmentally-relevant condi-

ions, the current risk assessment approach would be insufficient.

ogically, synergism has therefore recently gained increased scien-

ific, public, and regulatory interest (Backhaus et al., 2013; Ceder-

reen, 2014).

In previous work, we exposed recombinant yeast and mam-

alian cell lines to a series of crude oils and refined petroleum

roducts, these being complex mixtures of thousands of individ-

al compounds, and observed clear mixture effects (Vrabie et al.,

009, 2010, 2011). These mostly included antagonistic effects at

he level of the Ah, estrogen, and androgen receptor. Interestingly,

ne oil (a commercial engine oil for cars) was found to cause a

lear dose-dependent synergistic effect in recombinant yeast con-

aining the human androgen receptor (AR) when co-dosed with

estosterone. Because knowledge of synergistic toxic effects and

ausative compounds is limited, in particular for the androgenic

ystem, the present study was devoted to investigating the syn-

rgistic effect of this particular petroleum product in more de-

ail. To this end, the oil was fractionated according to an open-

olumn fractionation procedure, yielding so-called SARA fractions

ontaining either ‘saturates’ (i.e. mainly aliphatic or alkylated com-

ounds), ‘aromatics’, ‘resins’ (i.e. compounds regarded as more

olar than hydrocarbons), or ‘asphaltenes’ (i.e. somewhat higher

olecular weight compounds, again of unknown character). These

ractions and combinations thereof were tested in the AR yeast as-

ay. Additionally, we applied comprehensive two dimensional gas

hromatography - mass spectrometry (GCxGC-MS), together with

ourier transform Infrared (FTIR) spectroscopy, ultraviolet–visible

UV-VIS) spectroscopy, high temperature GC-flame ionisation de-

ection (FID), and nuclear magnetic resonance (NMR) spectroscopy,

n an attempt to identify the causative synergistic compound(s).

he combined use of fractionation, toxicity testing, and analysis by

CxGC-MS has previously proved to be extremely useful for iden-

ifying toxic components in oil (e.g. Booth et al., 2007; Booth et al.,

008; Rowland et al., 2011; Scarlett et al., 2011).

. Material and methods

.1. Chemicals

Solvents used were n-hexane (Pestiscan grade; Lab Scan,

ublin, Ireland), dichloromethane and methanol (HPLC grade;

ab Scan), ethanol (LiChrosolv grade; Merck, Darmstadt, Ger-

any), and toluene (Spectranal grade; Riedel-de Haën, Seelze,
ermany). Bacto-agar, dextrose, and yeast nitrogen base without

mino acids and ammonium sulfate were purchased from Becton

ickinson (Breda, the Netherlands). Ammonium sulfate, l-leucine,

7β-estradiol, and testosterone were obtained from Sigma–Aldrich

Zwijndrecht, the Netherlands). Aluminum oxide (90 active neu-

ral) and anhydrous sodium sulfate (analytical grade) were from

erck. A commercially-available, colourless, viscous lubricant (en-

ine) oil for cars was bought at a local gas station in Wageningen,

he Netherlands (Vrabie et al., 2009).

.2. Yeast and culturing conditions

Recombinant yeast stably transfected with the human andro-

en receptor and the yeast enhanced green fluorescent protein as

reporter protein was purchased from the Institute of Food Safety

RIKILT), Wageningen, the Netherlands. A detailed description of

he recombinant yeast can be found in (Bovee et al., 2007). Three

ays prior to running an assay, cultures were prepared by inocu-

ating yeast on agar supplemented with l-leucine and incubating

t 30 °C. After 48 h, one colony of yeast was added to 15 mL of

inimal medium, containing 1.7 g/L yeast nitrogen base, 5 g/L am-

onium sulfate, 20 g/L dextrose, and 6 g/L l-leucine. The resulting

uspensions were incubated for 24 h at 30 °C on an orbital shaker

perating at 225 rpm. The cultures were then diluted in the above-

entioned medium to obtain an optical density of 0.04, as mea-

ured at 630 nm using a Shimadzu UV-160A spectrophotometer.

.3. Oil fractionation

The oil was fractionated into so-called ‘saturates’, ‘aromatics’,

resins’, and ‘asphaltenes’ (SARA fractionation) as described in de-

ail in the Supporting Information of Vrabie et al. (2012). In short,

00 mg of oil was first washed 10 times with n-hexane to precip-

tate out the asphaltenes. The asphaltenic residue was dried under

itrogen gas and dissolved in toluene. The pooled n-hexane phase

as concentrated to 1 mL using a modified Kuderna-Danish appa-

atus and nitrogen, and separated by open column chromatography

n neutral aluminum oxide into saturates, aromatics, and resins,

y using n-hexane, dichloromethane, and methanol, respectively.

n an attempt to recover any compounds left behind on the col-

mn, after the last elution step the column material was extracted

ith toluene, yielding a ‘column extract’ as an additional fraction.

ll fractions were finally exchanged to and diluted in ethanol. The

il concentrations in each of the resulting fractions obviously were

nknown, but as a result of the dilutions applied, the total concen-

ration in the pooled fractions corresponded to an exposure con-

entration (in the yeast assay) of 50 mg/L. This concentration was

hosen, because when co-dosed with the EC50 of testosterone, it

ielded a response of about 75% of the maximum testosterone re-

ponse (Vrabie et al., 2010), which can be considered a clear and

ignificant synergistic response.

.4. Yeast exposure

For the experiments exposing yeast to pure oil or testosterone

nly (see Fig. 1), 200 μL of yeast suspension was pipetted into

he inner 60 wells of a Greiner V bottom-shaped 96-well plate.

ext, 2 μL of test solution containing either oil or testosterone

n ethanol was added to each well. The outer wells received

00 μL of sterile water. In case of combination experiments (i.e.,

xposure to oil (fractions) plus testosterone), the yeast suspension
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Fig. 1. Responses of recombinant yeast stably transfected with the human androgen

receptor exposed to a concentration range of testosterone (0.002–0.6 mg/L; solid

squares), a concentration range of engine oil (5–200 mg/L; open circles), and a com-

bination of a fixed concentration of testosterone (EC50; 0.01 mg/L) and a concentra-

tion range of engine oil (5–200 mg/L; open triangles). Error bars represent standard

deviations (n = 3; intraplate variation of the experiment presented).
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Fig. 2. Responses of recombinant yeast stably transfected with the human androgen

receptor to the EC100 (0.6 mg/L) and EC50 (0.01 mg/L) of testosterone (black bars),

a combination of the EC50 of testosterone and unfractionated engine oil (50 mg/L;

dark grey bar), and a combination of the EC50 of testosterone and individual oil frac-

tions obtained by SARA fractionation (light grey bars). Error bars represent standard

deviations (n = 3; intraplate variation of the experiment presented). Explanation

of abbreviations: T = testosterone; S = saturates fraction; Ar = aromatic fraction;

R = resin fraction; As = asphaltenic fraction; CE = column extract.
already contained 40 nM (0.01 mg/L) of testosterone, i.e., the com-

pound’s EC50. In both experiments, the final ethanol concentration

(<2%) was below cytotoxic thresholds and did not cause interfer-

ence with later fluorescence measurements. Each plate included a

full concentration range of testosterone (6–2000 nM, i.e., 0.002–

0.6 mg/L; positive control), solvent controls (1 or 2% of ethanol),

medium controls, and negative controls (0.6 nM of 17β-estradiol).

Each sample, control, or standard concentration was tested in trip-

licate and the experiments were replicated three times. After dos-

ing, the plates were incubated at 30 °C and 225 rpm for 24 h. Then,

fluorescence was excited at 485 nm and measured at 530 nm on a

Polar Star Galaxy fluorescence plate reader (BMG Labtech).

Results were expressed as percentage fluorescence formation

relative to the maximal response induced by testosterone (EC100)

after subtracting the background (solvent control) response. Re-

sponses to the procedural (fractionation) blanks were all below 1%

(results not shown) and were not adjusted for. Testosterone and oil

data were analyzed with Prism GraphPad 4 software, using nonlin-

ear regression according to a sigmoidal dose–response curve with

variable slope. Data involving single concentration experiments (oil

fractions with testosterone) were analyzed with GraphPad 4, us-

ing a two sample Student’s t-test, assuming equal variances (α =
0.05).

2.5. Chemical analyses

GCxGC-MS analyses were conducted similarly to those re-

ported by West et al. (2013). A full description is given in

the supplementary information. Fourier Transform infrared (FT-IR)

spectroscopy of the saturates fraction was performed with a Bruker

Optics Alpha FT-IR spectrometer. Ultraviolet–visible (UV-VIS) spec-

tra of solutions of the saturates fraction in dichloromethane

were recorded on an Agilent/Hewlett Packard model 8453 spec-

trophotometer (Agilent Technologies, Waldbronn, Germany), using

a wavelength range between 190 and 1100 nm, and a slit width of

1 nm. High temperature GC-flame ionisation detection (FID) was

conducted as detailed by Sutton et al. (2010). 1H and 13C nu-

clear magnetic resonance (NMR) spectra of the saturates fraction

were obtained in deuterated chloroform and the chemical shifts
ere measured relative to the solvent (CDCl3; 1H: 7.24 ppm; 13C:

7.0 ppm), using a JEOL ECP-400 NMR spectrometer.

. Results and discussion

.1. Responses to unfractionated oil

Dose-response curves determined in the present study for AR

east exposed to testosterone, the engine oil, and the combination

f both, are presented in Fig. 1. The sigmoidal curve for testos-

erone demonstrates the validity of the assay (Bovee et al., 2007)

nd indicates the experiments were performed correctly (closed

quares in Fig. 1). The absence of a clear dose–response curve for

he oil tested alone (i.e., a response hardly surpassing the back-

round value over the entire concentration range tested) therefore

uggests that the petroleum product does not contain AR agonists

open circles in Fig. 1), at least not ones being active at the con-

entration range tested. Exposure of the yeast to the combination

f a fixed concentration of testosterone (the EC50) and a concentra-

ion range of the engine oil however resulted in a sigmoidal dose–

esponse relationship (open triangles in Fig. 1). This observation

learly demonstrates the synergistic potency of the oil and con-

rms our previous results (Vrabie et al., 2010). Since the oil does

ot contain AR agonists, in case of additivity a more or less straight

ine around the 50% response level would have been observed for

he entire oil concentration range investigated. To obtain more in-

ormation on the chemical nature of the synergistic compound(s),

he oil was fractionated.

.2. Responses to separate SARA fractions

The oil fractionation yielded five fractions, which were dosed to

he yeast at a single concentration, each in combination with the

C50 of testosterone. The results of the experiment are shown in

ig. 2. Remarkably, none of the exposures resulted in a response

hat came close to the response observed upon exposure to the

ombination of unfractionated oil plus testosterone (indicated by

he dark grey bar), although exposure to the saturates fraction and

estosterone gave a response that was significantly higher than the

esponse to testosterone (EC50) alone. In other words, the syner-
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istic response as observed in Fig. 1 could not be fully reproduced

fter fractionation.

The reduction (saturates fraction) or loss of synergism may

e explained in two ways. First, the causative compound(s) may

e lost during the fractionation work, for instance by sorption to

lassware or evaporation during concentration steps. Second, mul-

iple compounds from different fractions may be needed for the

verall synergistic response to occur. To investigate these possi-

ilities, aliquots of the fractions were combined again to obtain a

omposite oil sample. This sample was combined with the EC50 of

estosterone and dosed to the yeast. As shown in Fig. 3, (dark grey

ar) this exposure caused a response that was close to the original

esult (see dark grey bar in Fig. 2), supporting the hypothesis that

he synergistic response is caused by compounds present in dif-

erent fractions. Although the response of the combined fractions

70.6 ± 4.7%) was somewhat (but not significantly) lower than the

riginal one (79.0 ± 6.0%), the EC50 response of testosterone in the

ssay (Fig. 3) was also (significantly; t-test) lower at 44.8 ± 0.03%,

ompared to 49.7 ± 1.2% previously (Fig. 2). This lower response

imply indicates a somewhat lower sensitivity of the first assay

within the natural variation), and this presumably compensates

or the apparent loss in synergistic responses in the consecutive

xperiments. On the other hand, some losses of synergistic com-

ounds during fractionation cannot fully be excluded. In order to

nvestigate which fractions are involved in the synergism, combi-

ations of two or three different separate fractions were prepared,

hich were subsequently combined with the testosterone EC50 and

osed to the yeast. Combining the fractions was done such that the

xposure concentrations were the same as when dosing the sepa-

ate fractions (i.e., by adapting the dilution factors).

.3. Responses to combined SARA fractions

The results of the exposures to the pooled fractions are pre-

ented in Fig. 3. When combining the results of this figure and

hose of Fig. 2, it can be deduced that the synergistic compounds

re not associated with the aromatic, asphaltene, or column ex-

ract fractions. Instead, as already discussed above, the saturates

raction seems to contain the compound(s) that contribute most

o the overall synergistic response. The presence of the resin frac-
ig. 3. Responses of recombinant yeast stably transfected with the human andro-

en receptor to the EC100 (0.6 mg/L) and EC50 (0.01 mg/L) of testosterone (black

ars), composite oil (all fractions combined) plus the EC50 of testosterone (dark grey

ar), and combinations of two or three SARA fractions plus the EC50 of testosterone

light grey bars). Error bars represent standard deviations (n = 3; intraplate varia-

ion of the experiment presented). Explanation of abbreviations: T = testosterone;

= saturates fraction; Ar = aromatic fraction; R = resin fraction; As = asphaltenic

raction; CE = column extract.
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t

a

d

(

ion (which neither is able to produce a synergistic response by

tself, nor in combination with the aromatic fraction) is however

equired in order to significantly further increase the response and

btain the full synergistic level. The addition of the other fractions

oes not further (significantly) increase the response. In conclu-

ion, compounds from the saturates and the resin fraction seem to

e able to interact and jointly increase the response of the AR yeast

o testosterone. This conclusion implies that at least three chemi-

ally distinct (classes of) compounds are involved in the response:

he natural hormone and agonist of the receptor (testosterone),

compound (or compounds) from the saturates fraction, and a

esin-type compound (or compounds). Because the fractions con-

ain thousands of individual compounds, three compounds should

e considered the minimum.

The conclusion that not two, but more compounds can jointly

ause synergism is not unique. Synergism caused by multiple com-

ounds for instance has been observed by Kunz and Fent (2006) in

east stably expressing the human estrogen receptor. These authors

owever studied combinations of chemically similar compounds

UV filters), and to the best of our knowledge the present paper is

he first demonstrating synergistic effects related to the androgenic

ystem most probably caused by multiple compounds belonging to

ifferent chemical classes. Furthermore, the synergistic effects ob-

erved by Kunz and Fent amounted to about 10% of basal activity,

hereas the present synergism (oil plus EC50 of testosterone) in-

reased up to the full EC100 of testosterone (see Fig. 1). Also, be-

ause of the inclusion of the natural AR agonist, the present exper-

ments might be considered relatively representative of the natural

ituation in the body.

Although the present individual saturates and resins fractions

ere not further fractionated preparatively (e.g. by HPLC in an

ffects-directed approach; Brack, 2003), the presumption that the

aturates fraction contains chemically-distinct compounds from

hat of the resins fraction directly follows from the experimental

ractionation procedure. The saturates and the resins fractions are

luted by solvents with very different polarities (n-hexane for the

aturates and methanol for the resins) and these are separated by

n aromatics fraction eluted with dichloromethane. It is therefore

ery unlikely that the causative compounds from the resins frac-

ion are saturate-like compounds (methanol is a very poor solvent

or many hydrocarbons). Similarly, it is unlikely that the causative

ompounds from the saturates fraction are polar resin-like com-

ounds.

The ultimate question of the present study obviously relates to

he exact chemical nature of the causative compounds in the sat-

rates and resins fractions of the oil tested. Of the 11 crude oils

nd petroleum products tested previously, the commercial engine

il investigated here was the only oil causing synergism (Vrabie

t al., 2011). Engine oils are typically produced from a base hy-

rocarbon feedstock, modified by the addition of synthetic addi-

ives to modify properties such as viscosity. The additives tend

o be proprietary and known only to particular manufacturers, al-

hough the general classes of many additives have been described

e.g. Pourhossaini et al., 2005). An additive (or additives) specific to

his particular product may be one of the potential candidates for

ausing the synergism. Since the saturates fraction produced the

iggest synergistic effect (Figs. 2 and 3), we concentrated efforts

n characterisation of this fraction.

Examination of the saturates fraction by FTIR spectroscopy in-

icated spectral characteristics typical of saturated hydrocarbons

Fig. S1), consistent with the elution in the saturates SARA fraction.

owever, UV-VIS spectrophotometry of a concentrated solution of

he saturates fraction also revealed characteristics more typical of

romatic hydrocarbons, such as alkylbenzenes (Fig. S2). Such hy-

rocarbons have combined aromatic and ‘alkyl’ or non-aromatic

saturate-like) chromatographic properties, consistent with their
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presence in this nominally saturated hydrocarbon SARA fraction.

In order to examine this result in more detail, GCxGC-MS was

applied. This technique is a powerful method for fractionation of

compounds over a carbon number range of about C8-40 (or greater

if high temperature GC columns are used; Dutriez et al., 2009). The

analysis revealed the presence of about 1600 resolved compounds

(see Supplementary Information), most of which were tentatively

assigned as linear and branched alkanes (viz: ‘saturates’), but

which also included the alkylbenzenes suggested by UV-VIS spec-

trophotometry (Fig. S3), as well as bibenzyl (1,2-dihydrostilbene;

diphenylethane). This last compound was however also present in

the procedural blank at about the same concentration and thus is

likely to have been introduced during the fractionation procedure.

As such, it can be ruled out as a causative compound (it does not

originate from the oil). Most, if not all, of the other compounds

identified by FTIR, UV-VIS, and GCxGC-MS are common in oils, in-

cluding the oils tested previously, which showed no synergistic ac-

tivity. Hence, we eliminated these as the major causative agents as

well.

To examine the possibility that compounds with molecular

weights exceeding those detectable by GCxGC-MS were present,

we additionally examined the saturates fraction by high temper-

ature GC. No such compounds up to about C100, were detected

however (Fig. S4). This suggests that the causative synergistic com-

pound(s) were not amenable to even high temperature GC meth-

ods. Some viscosity index modifiers used in lubricating oils, such

as the oil described here, have a wide range of molecular weights

and average molecular weights far exceeding those amenable to

HTGC. Several are oligomers, polymers, or co-polymers of hy-

drocarbons, such as ethene, propene and isobutene (e.g. Mortier

et al., 2009; Rudick, 2013), sometimes with further modifications.

Since they are all highly alkylated, some lower molecular weight

(but > C100) proportion of these might reasonably be soluble in

hexane and be expected to elute in a saturates SARA fraction. We

therefore finally examined the saturates fraction by NMR spec-

troscopy. The resultant NMR (1H and 13C) spectra were typical

of those of saturated hydrocarbons admixed with a small propor-

tion of alkylaromatics, including the bibenzyl introduced from the

procedures (Figs. S 5-7). No evidence of, for example, alkene co-

polymers or other viscosity modifiers (Mortier et al., 2009), was

found, but this might be difficult to obtain due to the overwhelm-

ing number of saturated C, H atoms relative to other moieties, in

typical modifiers (e.g. Mortier et al., 2009). Therefore, whilst noth-

ing was revealed by NMR spectroscopy, which suggested that a

commercial additive (or proportion of an additive mixture) eluted

in the saturates fraction, this could not be entirely ruled out. In

summary, despite the extensive chemical investigations, the com-

pound(s) causing, or contributing to, the synergistic effect remain a

mystery at this point. Additional analyses using liquid chromatog-

raphy – mass spectrometry with a range of ionization techniques

suitable for detection of hydrophobic compounds e.g. electrospray

ionization, atmospheric pressure chemical ionization, and atmo-

spheric pressure photoionization (Rowland et al., 2014) could be

employed to search for compounds not amenable to GC.

The mechanism underlying the synergistic response is also un-

clear. Petrochemical compounds from the oil may for instance be

bioactivated by enzymatic actions to become AR agonists, act at

the level of the AR, making it more receptive to testosterone, stim-

ulate protein kinases (if present) in yeast, or increase the availabil-

ity of testosterone, e.g., by increasing its solubility or enhancing

yeast cell wall permeability. Because yeast is devoid of other recep-

tors normally present in mammalian cells and has low biotrans-

formation capacity (Bovee et al., 2007), the first hypothetical ex-

planation is not very likely. This however leaves multiple alterna-

tive explanations and the actual mechanism of the synergistic re-

sponse remains unknown. It also remains uncertain whether or not
he results are biologically-relevant; mammalian in vitro AR assays

nd/or in vivo experiments would be required to disclose any bi-

logical responses due to overstimulation of the AR by the engine

il. The latter experiments would also be required to test whether

r not the petrochemical compounds are bioavailable in vivo, i.e.,

re taken up from the gut and are transported to the cellular re-

eptors. Obviously, the present in vitro experiments did not pro-

ide any information on these pharmacological processes and ac-

ompanying realistic (internal) exposure scenarios, but strictly fo-

used on toxicological aspects (receptor activation).

Anyhow, our results do illustrate the potentially highly complex

ature of mixture effects. They underline the fact that risk assess-

ent of mixtures is challenging and may be hard to generalize.
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