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ARTICLE INFO ABSTRACT

Handling Editor: Heather Stapleton Exposure to chlorinated (Cl), brominated (Br) and perfluoroalkyl acid (PFAA) persistent organic pollutants
(POPs) is associated with immunotoxicity and other adverse effects in humans and animals. Previous studies on

Keywords: POPs have mainly focused on single chemicals, while studies on complex mixtures are limited. Using DCF and

p2-adrenergic receptor luminol assays we examined effects on ROS generation in isolated human neutrophils, monocytes and lym-

Human leucocytes

-, phocytes, after in vitro exposure to a total mixture and sub-mixtures of 29 persistent compounds (Cl, Br, and
Immunotoxicity

Mixture toxicity PFAA). The mixtures were based on compounds prominent in blood, breast milk, and/or food. All mixture

Persistent organic pollutants combinations induced ROS production in one or several of the cell models, and in some cases even at concen-

Reactive oxygen species trations corresponding to human blood levels (compound range 1 pM — 16 nM). Whilst some interactions were
detected (assessed using a mixed linear model), halogenated subgroups mainly acted additively. Mechanistic
studies in neutrophils at 500x human levels (0.5 nM - 8 uM) indicated similar mechanisms of action for the Cl,
PFAA, the combined PFAA + Cl and total (PFAA + Br + Cl) mixtures, and ROS responses appeared to involve p2-
adrenergic receptor (B2AR) and Ca®" signalling, as well as activation of NADPH oxidases. In line with this, the
total mixture also increased cyclic AMP at levels comparable with the non-selective PAR agonist, isoproterenol.
Although the detailed mechanisms involved in these responses remain to be elucidated, our data show that POP
mixtures at concentrations found in human blood, may trigger stress responses in circulating immune cells.
Mixtures of POPs, further seemed to interfere with adrenergic pathways, indicating a novel role of BARs in POP-
induced effects.

1. Introduction of the Stockholm Convention, 2019). Whereas the highly lipophilic
chlorinated and brominated POPs accumulate mainly in lipid rich tis-

Persistent organic pollutants (POPs) are resistant to degradation, are sues such as adipose tissue and blood lipids, the perfluorinated com-
widely distributed throughout the environment, and may bioaccumulate pounds bind to proteins including plasma proteins, and are found in
in living organisms and biomagnify through the food chain (Secretariat relatively high concentrations in blood as compared to other POPs
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(range calculated average: 0,28-16.4 nM for the Scandinavian popula-
tion, Supplementary Table S1) (Jones et al., 2003; Karrman et al., 2006;
Lau and Luch, 2012). POPs may thus potentially affect circulatory im-
mune cells, however, documentation of the impact of realistic POP
mixtures on immune cells remains scarce. In a recently published sys-
tematic review, (Martin et al., 2020) reported immunotoxicological
studies to be largely underrepresented among mixture studies conducted
over the last 10 years.

Previous studies in humans and animals report adverse effects of
POPs from all three halogenated groups on immune parameters. Chlo-
rinated compounds such as polychlorinated biphenyls (PCBs) have been
reported to affect immunoglobulin concentrations in humans (Nakanishi
et al., 1985; Heilmann et al., 2006) and suppress B-cell mediated im-
munity in salmons (Arkoosh et al., 1994). Moreover, experimental data
suggest that also organochlorine pesticides may affect human immune
function, although available epidemiological studies were unable to
establish immunotoxic risk associated with pesticide exposure (Corsini
et al., 2013). The polybrominated diphenyl ether (PBDE) congener BDE-
209, at concentrations similar to levels found in occupationally exposed
workers, has been reported to adversely affect the number and func-
tionality of immune cells in mice (Zeng et al., 2014). In line with this the
sum of PBDEs was also reported to be negatively associated with
lymphocyte numbers in an epidemiological study (Leijs et al., 2009).
Increased levels of perfluoroalkyl substances have been associated with
a reduced response to vaccination in both animal studies as well as in
humans (Grandjean et al., 2012; Grandjean et al., 2017; Grandjean et al.,
2017; Abraham et al., 2020; EFSA, 2020). This effect was recently
considered by the European Food Safety Authorities (EFSA, 2020) to be
the current most critical factor for establishment of a tolerable weekly
intake for perfluoroalkyl substances in food.

The innate immune system is the first line of defence against
invading microorganisms. Immune cells such as neutrophils, monocytes
and macrophages destruct phagocytosed microorganisms through so-
called respiratory burst: production of high levels of reactive oxygen
species (ROS), predominately superoxide, within the phagosome by
membrane bound NADPH oxidase (Selvatici et al., 2006). As such,
NADPH oxidase plays a central defence function against pathogens, and
a deficiency of this system may lead to immunosuppression. However,
excess or sustained ROS production cause cellular stress, and is
considered a central factor in the development of a range of chronic and
immunological disorders (Panday et al., 2015). In contrast to the
phagocytic cells, lymphocytes, which participate in both innate (NK
cells) and adaptive (T and B cells) immunity, produce ROS mainly
through lipid metabolism, in mitochondria or via activation of NADPH
oxidase (Jackson et al., 2004). Previous studies have shown that expo-
sure to selected PCBs or PBDEs may induce ROS formation in human
neutrophils (Voie et al., 1998; Voie et al., 2000; Reistad and Mariussen,
2005; Myhre et al., 2009; Berntsen et al., 2016). Increased ROS pro-
duction was also observed in isolated human lymphocytes exposed to
perfluorooctanesulfonic acid (PFOS) (Zarei et al., 2018), and ROS for-
mation, as well as alterations in antioxidant levels, have been reported
in splenocytes and thymocytes from mice after 7 days oral exposure to
PFOS (Zhang et al., 2013).

In the current study, the probes 2'-7’dichlorofluorescin diacetate
(DCFH-DA) and luminol were used to measure cellular formation of
ROS. DCFH-DA is cell-permeable and hydrolyses intracellularly to the
DCFH carboxylate anion, which is retained within the cell. Oxidation of
DCFH by ROS results in the formation of the fluorescent dichloro-
fluorescein (DCF), which can be detected by techniques like fluorimetry.
DCFH is useful for ROS detection as it can potentially be oxidised by
several different reactive species formed by cells, including peroxyni-
trite, hydrogen peroxide (when a catalyst is present, such as a heme, a
peroxidase, or cytochrome c) and hydroxyl radicals, providing an overall
index of oxidative stress. On the other hand, it is not suitable for
detection of e.g. nitric oxide, hypochlorite or superoxide in biological
systems (Myhre et al., 2003; Wrona and Wardman, 2006; Karlsson et al.,
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2010). Experiments also show that peroxide-dependent DCF fluores-
cence is dependent on intracellular glutathione levels (Tampo et al.,
2003), catalase, hydroxyl radical scavengers and iron chelating agents
(LeBel et al., 1992). There are several limitations related to the use of
this probe. As an example, DCF may produce superoxide and hydrogen
peroxide via reaction of DCF radical with oxygen, thus increasing the
ROS formation that it is attempting to quantify. Also, transition metals
(including redox-active iron), cytochrome c, and heme peroxidases can
catalyse DCFH oxidation (LeBel et al., 1992; Kalyanaraman et al., 2012).
As a result of these limitations the use of a combination of several ROS
detection techniques is usually recommended. Luminol is also
frequently used in studies of ROS production in leucocytes. Luminol is
sensitive towards HOCI formation (Myhre et al., 2003), and it shows
increased luminescence in the presence of hydrogen peroxide when
combined with sodium hypochlorite, in addition to e.g. free metal ions,
biological complexes between metal ions and organic components and
enzymes belonging to oxidoreductases (e.g. respiratory complexes I, II
and III in mitochondria) (Khan et al., 2014). Luminol has the advantage
that it detects both intra- and extra-cellular ROS as it can diffuse into
cells (Jancinova et al., 2006).

Catecholamines such as adrenaline and noradrenaline are among the
central regulators of immune function, immune cells, and brain-immune
cross talk, acting through adrenoceptors (ARs) expressed on immune
cells (Scanzano and Cosentino, 2015). The role of adrenergic pathways
in regulating innate immunity has gained attention, and it is now clear
that BARs may suppress neutrophil migration, CD11/CD18 expression
and oxidative metabolism (Scanzano and Cosentino, 2015). Canonically,
the PARs couple to Gs proteins activating adenylyl cyclases (AC) which
results in increased intracellular cyclic adenosine monophosphate
(cAMP) (Seifert and Schultz, 1991). However, BARs can also couple to Gi
and Gq proteins in addition to p-arrestin, resulting in different responses
from those activated through Gs proteins (Wenzel-Seifert et al., 1991;
Audet and Bouvier, 2008; Drake et al., 2008; Rosenbaum et al., 2009;
Evans et al., 2010). PARs may also initiate redox signalling via
membrane-bound NADPH oxidase. While transient activation of PARs
elicits modest increases in ROS, prolonged activation has been reported
to induce high ROS levels in glial cells (Rambacher and Moniri, 2020).
Of particular interest, it has become clear that polycyclic aromatic hy-
drocarbons (PAHs) may interact directly with f2AR, and PAH-mixtures
have been shown to impair f2AR function (Factor et al., 2011; Chu et al.,
2013). Moreover, benzo[a]pyrene (BaP) was reported to bind with high
affinity to the ligand binding pocket of p2ARs, and trigger cAMP and
calcium signalling in human embryonic kidney cells, leading to subse-
quent p2AR-desensitisation by receptor endocytosis (Mayati et al., 2012;
Mayati et al., 2017). The toxicological implications of interactions be-
tween PAHs and f2ARs remain unclear, but the potential of pollutants
interfering with adrenergic pathways is concerning, given the central
role of adrenoceptors in immune regulation as well as lung and car-
diovascular disease (Bernstein et al., 2011; Scanzano and Cosentino,
2015; Le Ferrec and @Qvrevik, 2018). However, whether POPs may also
affect B2ARs remains to be determined.

Most studies examining effects of POPs on the immune system use
single compounds, and often at high concentrations. However, as we are
exposed simultaneously to a large number of chemicals in real life, it is
important to study mixtures at environmentally relevant concentrations.
When chemicals cooccur, they may act additively, displaying non-
interaction effects, which is currently believed to be the most common
scenario, especially at low concentrations (Kortenkamp et al., 2009;
Martin et al., 2020). They may also in certain situations, although less
commonly observed, display interactive synergistic (more than addi-
tive) or antagonistic (less than additive) effects. Such deviations from
additivity must be investigated using an additivity model such as dose
addition, independent action or a mixed model (Kortenkamp et al.,
2009; Martin et al., 2020). It has also been observed that chemicals
acting through a similar (in comparison to dissimilar) mode of action
targeting the same signalling pathway may more potently compromise
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cellular defence and recovery mechanisms (Ermler et al., 2013; Pis-
tollato et al., 2020).

We have previously designed two different mixtures of 29 POPs
comprising the same chlorinated, brominated and perfluorinated com-
pounds for use in in vitro (named total mixture), and in vivo studies (not
used in the present study, for details see Berntsen et al. (2017)) based on
a literature review on levels of POPs from the Scandinavian population
(Berntsen et al., 2017). As we constructed two mixtures, one for incor-
poration into feed for in vivo studies, and one for use in in vitro studies,
we selected representative compounds that were prominent in either
blood, breast milk or food from the following chemical groups: chlori-
nated compounds (organochlorine pesticides and polychlorinated bi-
phenyls), brominated compounds and perfluorinated compounds. As
such the design was thus not focused on a specific mode of action. The in
vitro mixture containing all the 29 POPs (total mixture) was based on
average levels of POPs in blood from the Scandinavian population. To
allow for the study of effects attributed to a specific halogenated group,
or interactive effects between groups, we also constructed six sub-
mixtures containing only one or combinations of two chemical group
(s), for further details see Berntsen et al. (2017) and Materials and
methods Section 2.2. Using these mixtures, we have previously reported
areduction in the phagocytic capacity of isolated and monocyte-derived
macrophages, however after use of relatively high concentrations
(4000x human blood levels), which was partly associated with cyto-
toxicity (Berntsen et al., 2018). Here, we explore the effects of lower,
non-cytotoxic concentrations of these mixtures (1-500x) on production
of ROS in human leucocytes, with emphasis on the potential role of
NADPH oxidases and 2AR signalling.

2. Materials and methods
2.1. Chemicals and reagents

The chlorinated compounds and PBDE congeners used for the mix-
tures were purchased from Chiron AS (Trondheim, Norway). The per-
fluorinated compounds (with the exception of tridecafluorohexane-1-
sulfonic acid potassium salt (PFHxS)), hexabromocyclododecane
(HBCD), 5-amino-2,3-dihydro-1,4-phtalazindione (luminol; >97%),
carvedilol, dextran from Leuconostoc spp (Mr 450,000-650,000),
dimethyl sulfoxide Hybri-Max™ (DMSO; >99.7%), diphenyleneiodo-
nium chloride (DPI), (—)-isoproterenol hydrochloride (>98 %), ICI
118,551 hydrochloride (ICI; >98%), methanol (MeOH; >99.9 %), 2-
methyl-2H-pyrazole-3-carboxylic acid (2-methyl-4-o-tolylazo-phenyl)-
amide (CH-223191, >98%), Percoll® (cell culture tested), propranolol
and salmeterol xinafoate (>98%) were supplied by Sigma-Aldrich (St.
Louis, MO, USA). PFHxS (>98%) was from Santa Cruz Biotechnology,
Inc, Santa Cruz, CA, USA. Lymphoprep™ was obtained from Axis-Shield
(Oslo, Norway). 1,2-bis(o-aminophenoxy)-ethane-N,N,N’N’-tetraacetic
acid tetraacetoxymethyl ester (BAPTA-AM) was obtained from Calbio-
chem (San Diego, CA, USA). 2,7'- dichlorodihydrofluorescein diacetate
(DCFH-DA), Hanks’ Balanced Salt Solution (HBSS; 10x) and HEPES
buffer, came from GIBCO/Invitrogen (Oslo, Norway). Stock solutions of
BAPTA-AM, betanaphthoflavone, CH-223191, carvedilol, DPIL, pro-
pranolol, salmeterol and luminol were all prepared by dissolution in
DMSO and frozen and thawed before each experiment (with the
exception of luminol which was batched out into small vials for use in
each experiment), whereas ICI and isoproterenol were dissolved in
sterile water, batched into small vials, thawed before each experiment,
and diluted into relevant concentrations in supplemented HBSS. DCFH-
DA was dissolved in methanol. All other reagents used were analytical
grade laboratory chemicals from standard commercial suppliers.

The Hyperosmotic Percoll was made by mixing of 4.85 ml Percoll
with 4.15 ml autoclaved Milli-Q(MQ)-water and 1 ml of 1.6 M NaCl,
whereas the Isosmotic Percoll was composed of 4.15 ml Percoll, 4.85 ml
MQ-water, and 1 ml 1.5 M NaCl.

Environment International 158 (2022) 106900
2.2. Mixtures of POPs

The mixtures of POPs used in the present study were based on a
literature review on the most recent Scandinavian studies published
prior to 2012 reporting levels of POPs in blood, breast milk and food.
The compounds occurring at the highest levels were selected and
incorporated into the mixtures, and chemical concentrations were based
on average concentrations in Scandinavian human blood. A mean value
was calculated from several studies for each compound where these
were available (Berntsen et al., 2017). For the exact values and articles
included see Table S2, S5 and S8 of the supplementary material section
in Berntsen et al. (2017). In the few cases where no blood values were
found; these were extrapolated from values in breast milk. The stocks
used in the present study had a concentration of 1000000 x times blood
levels and were diluted down to relevant concentrations for use in the
experiments. 7 different mixtures were used; the perfluoroalkyl acid
(PFAA) mixture containing PFHxS, perfluorooctanesulfonic acid potas-
sium salt (PFOS), perfluorooctanoic acid (PFOA), perfluorononanoic
acid (PFNA), perfluorodecanoic acid (PFDA) and perfluoroundecanoic
acid (PFUnDA), the Br mixture containing polybrominated diphenyl
ethers: BDE-47, -99, -100, -153, -154 and -209 as well as HBCD, the Cl
mixture containing PCB 28, 52, 101, 118, 138, 153 and 180, p,p’-
dichlorodiphenyldichloroethylene (DDE), hexachlorobenzene (HCB),
a-chlordane, oxychlordane, trans-nonachlor, a-hexachlorocyclohexane
(HCH), p-HCH, y-HCH (lindane) and dieldrin, the Br + Cl mixture con-
taining brominated and chlorinated compounds, the PFAA + Cl mixture
containing perfluorinated and chlorinated compounds, the PFAA + Br
mixture containing perfluorinated and brominated compounds, and the
total mixture (PFAA + Br + Cl) containing all three chemical groups (see
Table 1). For construction of the 7 mixtures, all compounds were dis-
solved in appropriate volatile solvent, and the correct amounts of
compounds were added to the respective stock solution vials, followed
by evaporation of solvents under Ny-flow. The mixtures of dry powder
were ultimately dissolved in DMSO. Concentrations of single com-
pounds in the 7 mixtures were kept constant at the same dilutions across
the various mixtures, and concentrations in the stocks were measured
and verified as described in Berntsen et al. (2017) to ensure that they did
not deviate significantly from nominal concentrations. Although some
downward deviation from nominal concentrations were found; espe-
cially for the perfluorinated group, values were still within the reported
range of human values. Representative measured stock concentrations,
used for the various mixture combinations in the present study are
presented in Table 1. 1x concentrations corresponding to human blood
levels are found in Supplementary Table S1. Except for the per-
fluorinated compounds PFHxS, PFNA, PFDA and PFUnDA, most of the
compounds included in the mixtures are defined as POPs under the
Stockholm Convention on Persistent Organic Pollutants. Whereas PFHxS
is currently proposed for listing under the Stockholm Convention
(Secretariat of the Stockholm Convention, 2019), PFNA, PFDA and
PFUNDA have also been found to have long elimination half-lives in
humans (Freberg et al., 2010; Nilsson et al., 2010). Cells were exposed to
one or several concentrations of the mixtures at 1, 10, 100 and 500 or
1000x average human blood levels. Corresponding concentrations of
the various chemicals in nM and ng/ml are presented in Supplementary
Table S1.

2.3. Isolation of human blood cells:

For the isolation of human blood cells 100 ml of peripheral blood was
collected into EDTA-containing tubes (10.8 mg) (BD Vacutainer K2E, BD
Biosciences, Franklin Lakes, NJ, USA) from male human voluntaries
30-60 years of age. All participants signed an informed consent, and the
experiment was approved by the Regional Committees for Medical and
Health Research Ethics (REC 2014/1475), Norway. For use in the ex-
periments the three following cell fractions were isolated: neutrophils,
lymphocytes and monocytes.
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Table 1
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Composition of stock-concentrations in pM at 1000000x human blood levels of the seven different mixtures of persistent organic pollutants (POPs) used for exposure of
isolated human leucocytes. These stocks were diluted down, and cells were in the different experiments exposed to one or several concentrations of POPs at 1, 10, 100,
500 or 1000x the average concentration in human blood as calculated in Berntsen et al. (2017).

Mixture Cl Br PFAA Cl + Br Cl + PFAA Br + PFAA Total mixture
Chlorinated compounds

PCB 28 31 31 31 31
PCB 52 22 22 22 22
PCB 101 26 26 26 26
PCB 118 131 131 131 131
PCB 138 449 449 449 449
PCB 153 729 729 729 729
PCB 180 378 378 378 378
p.p’-DDE 1089 1089 1089 1089
HCB 235 235 235 235
o - chlordane 30 30 30 30
oxy - chlordane 33 33 33 33
trans-nonachlor 99 99 99 99
o-HCH 18 18 18 18
p-HCH 76 76 76 76
y-HCH (Lindane) 19 19 19 19
Dieldrin 62 62 62 62
Brominated compounds

BDE-47 14 14 14 14
BDE-99 6 6 6 6
BDE-100 4 4 4 4
BDE-153 1 1 1 1
BDE-154 2 2 2 2
BDE-209 9 9 9 9
HBCD 65 65 65 65
Perfluorinated compounds

PFHxS 6910 6910 6910 6910
PFOS 16,370 16,370 16,370 16,370
PFOA 6690 6690 6690 6690
PFNA 1740 1740 1740 1740
PFDA 660 660 660 660
PFUnDA 280 280 280 280

2.3.1. Isolation of human neutrophils

Isolation of human neutrophils for measurements of ROS was carried
out by dextran sedimentation and density gradient centrifugation, as
described by Boyum et al. (1991). In brief EDTA blood was mixed with 6
% dextran and left for 30 min at room temperature (RT) for the sedi-
mentation of erythrocytes. The supernatant containing neutrophils was
subjected to Lymphoprep™ density gradient centrifugation at 625g for
15 min at RT. The resulting layer of mononuclear cells, formed at the
interface between supernatant and separation fluid, was removed for
further separation of monocytes and lymphocytes, leaving a pellet of
neutrophils and erythrocytes at the bottom of the tubes. The pellets were
re-suspended in 0.83 % NH4Cl and left for 7 min at RT for lysis of
remaining erythrocytes. The tubes were thereafter centrifuged for 7 min
at 625g, the supernatant removed, and cells washed twice in 0.9 % NaCl.
The resulting pellets were re-suspended in HBSS buffer supplemented
with 4.17 mM NaHCOg, 20 mM HEPES and 5 mM glucose. Subsequently,
cell number was counted, and cells diluted in supplemented HBSS to a
concentration of 2.5 x 10 cells/ml buffer.

2.3.2. Isolation and separation of human monocytes from platelets and
dead cells

The mononuclear cells removed during the isolation of neutrophils
described above, were further isolated and separated into monocytes
and lymphocytes based on the protocol described by Repnik et al.
(2003). In brief mononuclear cells were washed with RPMI 1640 me-
dium (from now RPMI) by centrifugation at 350g for 7 min. Washing
was repeated once, and cells were re-suspended in RPMI and counted
before another centrifugation at 350g for 7 min and removal of the su-
pernatant. Subsequently, the cell pellet was re-suspended in RPMI me-
dium to a concentration of 50-70 x 10° cells/ml. 3 ml cells/tube were
thereafter layered on top of 10 ml hyperosmotic Percoll and centrifuged

at 580g for 15 min. The monocyte fraction forming at the interface after
centrifugation, was removed and washed in RPMI medium by centri-
fugation at 350g for 7 min. Subsequently, to separate monocytes from
dead cells and platelets, the cell pellet was re-suspended in 3 ml RPMI,
layered on top of 10 ml isosmotic Percoll, and centrifuged at 350g for 15
min. The resulting pellet was re-suspended in a small amount of RPMI,
transferred to a new tube, and washed in RPMI at 350g for 7 min. The
pellet was finally re-suspended in 5 ml RPMI and diluted in supple-
mented HBSS to a concentration of 1.0 x 10 cells/ml buffer.

2.3.3. Isolation of human lymphocytes

The remaining cell pellet from isolation of the monocyte fraction, on
the hyperosmotic Percoll described above, was re-suspended in 4 ml
overlying medium, and transferred to a new tube, before washing in
RPMI at 350¢g for 7 min. The resulting pellet was re-suspended in 3 ml
fresh RPMI, cells counted, and diluted in supplemented HBSS to a con-
centration of 2.5 x 10° cells/ml buffer.

2.4. Exposure of cells and assessment of ROS-production

ROS production was measured in neutrophils with two different as-
says, the luminol and the DCF assays. Since the luminol assay had higher
sensitivity for ROS detection in the present study, as well as in previous
studies (Aam and Fonnum, 2006; Myhre et al., 2009; Berntsen et al.,
2016), this assay was chosen for further mechanistic studies performed
in neutrophils as well as the measurements of ROS production in lym-
phocytes and monocytes. Neutrophils, the primary mediators of the
rapid innate host defence against most bacterial and fungal pathogens
(Malech et al., 2014), were chosen as the cell type for mechanistic
studies. The large number of neutrophils obtained during each isolation,
as compared to lymphocytes and monocytes, facilitated multiple
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analysis. To rule out autoluminescence from chemicals in the mixture
causing false positive results, 500x of the total mixture was tested in
several wells in one experiment, and no significant deviation from the
blank could be observed. Autofluorescence was ruled out in a previous
mixture study in a different cell type (primary rat cerebellar granule
neurons) using the DCF assay, where no significant ROS production or
increase in fluorescence was observed at concentrations up to 4000x
human blood levels using the same mixtures (Berntsen et al., 2021).
Blank wells containing buffer (neutrophils), or buffer/medium (mono-
cytes and lymphocytes) only were included on all plates and used for
subtraction of background noise.

2.4.1. Exposure of neutrophils, lymphocytes and monocytes, and detection
of ROS using the luminol assay

Detection of ROS formation in neutrophils, lymphocytes and
monocytes with the luminol assay was performed as described by Voie
et al. (1998) for neutrophils with minor modifications. Chem-
iluminescence (from now luminescence) in the presence of luminol,
which penetrates the cell membrane, is dependent on the myeloperox-
idase-H205 -Cl” system and reacts with hypochlorous acid (HOCI) and
other ROS, producing detectable luminescence (Dahlgren and Karlsson,
1999; Myhre et al., 2003). For the concentration-response/mechanistic
studies, the seven mixtures/mixture and pharmacological compound
combinations were added in triplicate to white 96 well-plates (Nunclon)
in 50 pl buffer, followed by 100 ul luminol (0.25 mM) and 100 pl cells
(2.5 x 10° cells/ml for the neutrophils and lymphocytes, and 1.0 x 10°
cells/ml for the monocytes). This resulted in the concentration-response
studies in exposures of 1.0 x 10° cells/ml for neutrophils/lymphocytes
(n = cells from 6 and 8 different persons, respectively), and 4.0 x 10°
cells/ml for monocytes (n = cells from 6 different persons) to concen-
trations corresponding to 1, 10, 100 and 500x average human blood
levels. Luminescence readings were started immediately after addition
of cells and were performed repeatedly for 1 h in a CLARIOstar®
microplate reader (BMG Labtech, Ortenberg, BW, Germany), with a new
reading cycle started approximately every 8.5 min. The AUC was
calculated as an expression of cumulative ROS production. For lym-
phocytes and monocytes, the slopes of the curves were still linear after 1
h. For neutrophils ROS production peaked between 30 and 60 min
depending on experiment. For consistency the area under the curve
(AUCQ) after 1 h was used for all cell types.

2.4.2. Exposure of neutrophils and detection of ROS using the DCF-assay

The assessment of ROS production with the DCF assay was carried
out mainly as described by Myhre et al. (2000). The DCF-assay is based
on the diffusion of the non-ionic probe DCFH-DA across the cell mem-
brane; and its hydrolysis to the non-fluorescent DCFH inside the cell
through the action of intracellular esterases. DCFH is oxidised to the
fluorescent DCF amongst other when ROS such as ONOO™, ‘OH and
hydrogen peroxide (H20-) are present. Cells were pre-incubated (4 ml of
cells/tube at a concentration of 2.5 x 10° cells/ml buffer) with DCFH-
DA (2 uM) for 15 min at 37 °C under light protection, followed by
centrifugation at 625g, and re-suspension of the cell pellet in 4 ml of
supplemented HBSS buffer without DCFH-DA. The 7 mixtures were
added in triplicate to black 96-well plates (Nunclon) in 150 pl buffer,
followed by addition of 100 pl of cells (2.5 x 106 cells/ml), resulting in
exposure of 1.0 x 10° cells/ml (n = cells from 4 different persons) to
concentrations corresponding to 1, 10, 100 and 1000x average human
blood levels (from now referred to as 1, 10, 100 and 1000x). DCF
fluorescence measurements were started immediately after addition of
neutrophils to the plate, and readings performed every minute for 1 h in
a VICTOR3 1420 multilabel plate reader (PerkinElmer, Inc. Waltham,
MA, USA) at 37°C, with excitation/emission wavelengths of 485/530
nm, and the AUC calculated as an expression of cumulative ROS
production.
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2.4.3. Mechanistic studies in neutrophils

For the mechanistic studies (n = cells from 4 to 6 different persons),
neutrophils were exposed to 500x human blood levels of the total
mixture and various concentrations of the following pharmacological
compounds: 10, 50 and 100 uM of the selective p2AR antagonist ICI-
118551; 1 and 10 uM of the non-selective, competitive 2 antagonists
propranolol and carvedilol; 0.1, 1, and 10 uM and 0.5, 1 and 10 pM of
the B2 agonists salmeterol and isoproterenol, respectively. Also, the ef-
fects of 5 uM of the intracellular calcium chelator BAPTA-AM and 0.1
and 1 uM of the NADPH-oxidase inhibitor DPI were analysed. Further, 1
uM of the aryl hydrocarbon receptor (AhR) antagonist CH-223191 and 1
and 5 uM of the AhR agonist betanaphthoflavone were used. 500x was
the highest mixture concentration applied in the luminol assay, which
also induced the highest increase in ROS production for most of the
mixtures. It was therefore chosen as the mixture concentration for the
mechanistic studies to optimise the chances of observing a detectable
effect with the pharmacological modulators applied. To determine if
similar mechanisms were involved after exposure to the PFAA, the Cl
and the PFAA + Cl mixtures, the mechanistic studies were repeated in
separate experiments using 500x of these mixtures or the total mixture
and 10 and 50 pM ICI, 10 uM carvedilol, 0.1 uM DPI, and 5 uM BAPTA-
AM. As negligible ROS production was observed after exposure to the Br-
mixture, the Br-containing mixtures were not chosen for further mech-
anistic studies.

2.5. Cyclic AMP (cAMP) assay:

To further assess the involvement of the f2AR in the mixture-induced
ROS production, levels of cAMP were measured using the cAMP-Glo™
Assay kit (Promega, WI, USA) according to the manufacturer’s guide-
lines. In short, neutrophils were incubated in black 96-well plates
(Nunclon) with 0.1 % DMSO, 500x of the total mixture, or 1 uM of the
B2AR agonist isoproterenol as a positive control for 15 and 30 min. Cells
were then lysed with cAMP-Glo™ Lysis Buffer and incubated for 20 min
with cAMP Detection Solution containing Protein Kinase A at RT, before
incubation with Kinase-Glo® Reagent for another 10 min at RT. Lumi-
nescence was then measured in a CLARIOstar® microplate reader (BMG
Labtech, Ortenberg, BW, Germany), and cAMP concentrations estimated
from a cAMP standard curve (0-4.0 uM cAMP).

2.6. Assessment of cytotoxicity using the LDH-assay

The lactate dehydrogenase (LDH) assay (Biovision, Milpitas, CA, US)
was used to determine membrane leakage as a measure of cell death in
supernatant from neutrophils exposed for 2 h to 100 and 500 x human
blood levels of the Cl, PFAA, PFAA + Cl and total mixtures (n = cells
from 4 to 6 different persons). 10 pl of the cell supernatants were mixed
with 90 pl of the LDH reaction solution and incubated for 30 min.
Absorbance was read at 490 nm using a plate reader (EL808 Biotek,
Winooski, Vermont, US). Cell death was calculated relative to unex-
posed DMSO control. LDH assay was only performed with neutrophils
due to the limited number of cells received from the other cell fractions.

2.7. Statistical methods:

We fit three linear mixed models for concentration-response exper-
iments using the luminol assay, one for each cell type, all using the area
under the curve at one h for luminescence values as the dependent
variable. To account for inter-individual differences and intra-individual
correlations between observations, we included a random intercept for
person. As explanatory variables, we included the presence or absence of
each mixture (PFAA, Cl and Br), mixture concentration and whether the
observation was a buffer control. Dichotomous explanatory variables
were coded as O for absence and 1 for presence. DMSO was present at the
same concentration in all solutions except buffer, and the model reduces
to the estimated cumulative luminescence for the DMSO group when
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explanatory variables are all zero or absent. We also included two-way
interactions terms between mixtures and between each mixture and
concentration.

We selected the most parsimonious model providing the best fit as
assessed using Akaike’s information criterion (AIC). Additionally, we
inspected quantile-quantile plots and residual plots to check whether
models gravely violated normality assumptions. We applied a logarith-
mic transformation to the outcome variable to reduce hetero-
scedasticity. Starting with a maximalist model, we performed stepwise
model reduction by removing interactions and variables with non-
significant coefficients. However, we kept all terms also forming part
of any interaction included in the final model, and all interactions be-
tween mixtures and mixture concentration.

The final models were similar for all cell types. The formula for the
linear mixed models is given in Eq. (1):

InLumin; = p, + p|PFAA; + p,Cl; + p3Br;; + p,Conc;; + ps PFAA;Cly; + p PFAA;;-

+ﬂ”Ctrl,~j + bo,‘ +Eij

bo ~ N(O,o’,fu), &5~ N(0,0%) D

where i denotes the index of the person, j the index of the within-
person replication, f, the fixed intercept, and by; the random intercept
per person. PFAA, Cl, and Br are categorical variables denoting the
presence or absence of each substance; Ctrl whether the observation is a
control. Conc denotes mixture concentration, and Lumin the resulting
cumulative luminescence. &; denotes the error term. &; and b, were both
assumed to be normally distributed.

For the DCF assay experiments, there were too few persons to fit a
mixed-effects model. To obtain estimates of overall mean effects, we
hence fitted a generalised estimating equation (GEE) using an inde-
pendence covariance structure. Since model fit is not estimable for GEEs,
we specified the equation using the same independent variables as in the
final linear mixed models, assuming these would have reasonable
explanatory value also for the DCF assay. We applied a Huber-White
sandwich estimator to safeguard against misspecification of the
covariance structure (Froot, 1989; Williams, 2000).

Both for the mixed models and the GEE, we computed predicted
mean outcome values for linear combinations of explanatory variables
corresponding to the mixture and concentration combinations investi-
gated, as well as the DMSO control. To determine whether each exposed
group was significantly different from DMSO, we applied a Dunnett’s
post-hoc test. Significance levels were adjusted for multiple comparisons
using a Bonferroni-Holm correction. We likewise assessed whether a
concentration-response relationship was present for each mixture using
a Dunnett’s post-hoc test, determining whether linear combinations of
coefficients containing concentration terms applicable to each mixture
were significantly different from zero.

To estimate effects of pharmacological compounds on ROS produc-
tion in neutrophils exposed to different combinations of mixtures, we fit
a mixed-effects model using a grouping factor denoting exposure to
mixture, pharmacological compound and pharmacological compound
concentration as the explanatory variable. We included a random
intercept for person with the same rationale as above. Comparisons of
interest between estimated reductions in luminescence for mixture
combinations with or without pharmacological compounds were like-
wise done with a Dunnett’s test with Bonferroni-Holm correction, using
relevant combinations without pharmacological compounds as control.
To illustrate the magnitude of the effect of pharmacological compounds,
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we computed the corresponding relative reduction in luminescence
compared to mean values for mixture combinations without pharma-
cological compounds. The values were expressed as % reduction +95%
CL

We did all mixed-model and GEE analyses and plotting in R (R Core
Team, 2019), using the packages lme4 (Bates et al., 2014), lmerTest
(Kuznetsova et al., 2017), geepack (Yan, 2002; Yan and Fine, 2004;
Halekoh et al., 2006), multcomp (Hothorn et al., 2008), broom (Rob-
inson et al., 2019), dplyr (Wickham and Francois, 2019), data.table
(Dowle and Srinivasan, 2019) and ggplot2 (Wickham, 2016). R syntax
for the final models is provided in Supplementary material S2.

For cAMP measurements, fold change values were calculated and
expressed relative to the values in the DMSO control, and significant
differences assessed using a two-way ANOVA with a Holm-Sidak’s
multiple comparisons test.

Cell death after chemical exposure was calculated relative to

Brj + p,Cl-Br; + pyPFAA;-Conc;; + pyBr;-Concy; + 5, Cly-Conc;;

response from DMSO exposed cells in the LDH-assay, expressed as %
increase in LDH compared to DMSO control, and significant differences
from control were assessed using a one-way ANOVA.

In all the experiments conducted, a p-value of < 0.05 was regarded as
statistically significant.

3. Results
3.1. ROS production assessed using luminol-amplified chemiluminescence

3.1.1. Human neutrophils

The model for luminescence induced in neutrophils measured with
the luminol assay indicates a clear positive concentration-response
relationship for the PFAA and Cl mixtures (both, p < 0.001), but not for
Br (p = 0.30). There was a small, but significant positive interaction
between the Br and Cl mixtures (p < 0.05), indicating a minimal syn-
ergistic effect of these compounds in mixtures where both were present
(Br + Cl mixture and total mixture). Table 2 shows the model co-
efficients in bold, where values greater than 1 for interaction terms
indicate synergism and values below 1 antagonism. Concentration-
response coefficients are displayed in Table 3.

Fig. 1 shows results from post-hoc hypothesis testing for comparisons
between each tested mixture combination and DMSO control, as well as
the estimated concentration-response curves for each combination. The
Cl mixture induced significantly more luminescence at 100x (p < 0.05)
and 500x (p < 2 x 107'%) blood concentration. The Br + Cl combination
was only significantly different from DMSO at 500 blood concentration
(p < 2 x 10715). For Br alone, there was no significant effect at any
concentration. For PFAA alone and in combination with Br, there was
significantly increased ROS production compared to DMSO control at
100x and 500 blood concentration (allp < 2 x 10716 except PFAA + Br
100 x: p < 0.001). As may be seen from the plot, the estimates for
luminescence in the PFAA + Cl mixture were larger than for each single
mixture, however, we could not detect any interaction between the
mixtures. Adding Br to the mixtures had little effect. Estimates for the
PFAA + Cl mixture with or without Br added indicate that all combi-
nations induced more luminescence than DMSO control both at 100x
and 500x blood concentration (all p < 2 x 10719).

3.1.2. Human lymphocytes
Also, in lymphocytes, the model indicated a clear positive



Table 2

Estimated model coefficients for the luminol mixed models.

Model coefficients/explanatory

Granulocytes Lymphocytes Monocytes
variables
Coefficient' 95 % CI p-value Coefficient' 95 % CI p-value Coefficient' 95 % CI p-value
Intercept 226895.04100 [197479.32461, 1.06x10° ek 1185.42350 [815.65735, 4.15x10° e 1454.00872 [1189.84835, 2.58x10° e
260692.40277] 10 1722.81763] 1776.81581]
PFAA present 1.02365 [1.00938, 1.03813] 0.0964 1.01682 [0.95078, 1.08745] 0.8039 1.34986 [1.25963, 1.44655] 1.83x10° il
Cl present 0.96537 [0.95191, 0.97902] 0.0124 * 1.03479 [0.96774, 1.10649] 0.6099 1.36971 [1.27671, 1.46949] 9.96x10° bl
Br present 0.96768 [0.95419, 0.98137] 0.0197 * 0.92936 [0.86896, 0.99395] 0.2760 1.28544 [1.19927, 1.37781] 3.33x10™
Mixture concentration 1.00010 [1.00005, 1.00014] 0.0279 * 1.00079 [1.00059, 1.00099] 8.44x10° i 1.00094 [1.00073, 1.00116] 1.17x10°
Buffer control 1.02686 [1.00428, 1.04995] 0.2338 0.86316 [0.78513, 0.94894] 0.1210 1.20128 [1.08164, 1.33416] 0.081218
Interaction PFAA/Cl 1.00532 [0.99099, 1.01986] 0.7119 1.07317 [1.00158, 1.14987] 0.3068 0.78328 [0.72958, 0.84094] 6.45x10™* ik
Interaction PFAA/Br 1.01178 [0.99736, 1.02641] 0.4150 1.17769 [1.09917, 1.26181] 0.0181 * 0.92783 [0.86425, 0.99609] 0.291969
Interaction Cl/Br 1.03175 [1.01704, 1.04667] 0.0299 * 1.01140 [0.94400, 1.08361] 0.8695 0.80712 [0.75190, 0.86640] 0.002657 o
Interaction PFAA/mixture conc. 1.00098 [1.00095, 1.00102] <2x10°16 ek 1.00163 [1.00147, 1.00179] <2x10716 i 1.00177 [1.00159, 1.00194] < 2.0x10° ok
16
Interaction Cl/mixture conc. 1.00066 [1.00062, 1.00069] <2x10716 **% - 1.00115 [1.00099, 1.00131] 3.00x10° il 1.00164 [1.00147, 1.00181] < 2.0x10° il
12 16
Interaction Br/mixture conc. 0.99996 [0.99992, 0.99999] 0.2446 0.99977 [0.99961, 0.99993] 0.1490 0.99955 [0.99938, 0.99972] 0.009168 o
AIC -1164.4 569.4 329
Number of observations 558 552 412
Number of groups (persons) 6 8 6

AIC = Akaike’s information criterion, conc. = concentration, CI = confidence interval.
Note: Separate mixed linear regression models were derived for granulocytes, lymphocytes and monocytes. Coefficients for each explanatory variable with confidence intervals and p-value are shown. To derive the
models, the outcome variable was log-transformed. To ease interpretation; the coefficients from the additive model on a logarithmic scale have been back-transformed to yield a multiplicative model. Coefficients higher
than one indicate explanatory variables associated with an increase in luminescence; those below 1 indicate variables associated with a decrease in luminescence. p-values below 0.05 are construed as indicating a
significant association between an explanatory variable and resulting luminescence. Terms shown in bold represent interactions between mixtures. Mixture concentration is a continuous variable; all other are
dichotomous. To obtain an estimate from the multiplicative model, the coefficients of dichotomous variables or interaction terms containing such should be included only when dichotomous variables are true; i.e. when all
mixtures relevant to a term are present. The first three coefficients may be construed as a shift of the intercept with the Y axis when each mixture is present, alone or in combinations. Original coefficients from the additive
model on a log scale are provided in Supplementary Table S3, corresponding to f, through g, given in Equation (1).

! Coefficient = exponentiated log value.
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Table 3
Concentration-response coefficients with 95 % confidence interval.
Compound  Assay
Luminol DCF
Granulocytes Lymphocytes Monocytes Granulocytes
Estimate CI Estimate CI Estimate CI Estimate CI
PFAA 1.083 x [9.967 x 1071.168 2.422 x [2.032 x 1073,2.812 2.707 x [2.301 x 1073,3.114 5.520 x [73.500 x 107°,1.450 x
1073 x 107%] 1073 x 107%] 1072 x 107%] 10°° 1074
al 7.570 x [6.712 x 1074,8.429 1.945 x [1.556 x 1073,2.335  2.580 x [2.168 x 1073,2.993  5.75 x [4.010 x 1075,7.480 x
107 x 1074 1072 x 1073 1073 x 107%] 10°° 107°]
Br 5.669 x [-2.915 x 107°,1.425 0.560 x [0.170 x 10’3,0.950 4.915 x [8.438 x 107°,8.985 —1.03 x [-1.650 x 1074,744040
10°° x 1074 1073 x 107%] 1074 x 1074 107* x 107%]

Estimate: Increase/decrease in log luminescence/fluorescence per increase in unit concentration, CI = 95 % confidence interval.

Cl+

Cl -

after 1
=
=
-+

- VYv4d

Luminescence (AUC

5x10°| g e
4x10° .

+Vv4d

u

1 10 100 500

1 10 100 500

Mixture concentration (x human blood levels)

& DMSO control &8 Br + & Br -

Fig. 1. Absolute luminescence values as a measure of ROS production in isolated human neutrophils measured by the luminol assay. Values were calculated as area
under the curve (AUC) after 1 h exposure to 1, 10, 100 and 500x the concentration in human blood of the PFAA, Br, Cl, PFAA + Cl, PFAA + Br and Br + ClI sub-
mixtures, as well as the total (PFAA + Br + Cl) mixture, n = cells from 6 different persons. Concentration-response curves were obtained using a linear mixed model.
Box plots represent the spread of the raw data at tested concentrations. Each panel shows a combination of sub-mixtures with (green) and without (light blue) Br. The
presence or absence of PFAA or Cl is indicated with + or —. Each box-plot spans from the first to the third quartile, the solid line on the box represents the median.
Upper whiskers show the third quartile plus 1.5x the interquartile range (IQR), lower whiskers the first quartile minus 1.5x IQR. Points outside the whiskers indicate
outliers beyond the whisker range. Significant differences between predicted mean values at tested concentrations of the mixtures and DMSO control are indicated
with *, and *** for p < 0.05 and p < 0.001, respectively. PFAA = perfluorinated compounds, Br = brominated compounds, Cl = chlorinated compounds. Values are
plotted on a logarithmic scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

concentration-response relationship for the PFAA (p < 0.001) and Cl (p
< 0.001) mixtures, and a slightly positive relationship for Br (p < 0.005)
(Table 3). There was interaction between the PFAA and the Br mixtures
(p < 0.05), indicating a synergistic effect in the mixtures containing both
(PFAA + Br/total mixture). For model coefficients, see Table 2. Fig. 2
shows the estimated concentration-response curves for each combina-
tion of mixtures, as well as results from post-hoc hypothesis tests
comparing each mixture combination with DMSO control. The Cl
mixture induced significantly more luminescence at 100x (p < 0.01)
and 500x (p < 2 x 10'16) human blood levels, whereas the combined Br
+ Cl mixture had significant impact only at 500x human blood levels (p

< 2 x 107'9). For the Br mixture alone, there was no significant effect at
any concentration. For the PFAA mixture alone, there was a difference
from DMSO control at 100x (p < 0.001) and 500x (p < 2 x 10716)
human blood levels, whereas for PFAA + Br the difference was again
only significant at the highest concentration (p < 2 x 107%6). As may be
observed from the plot, the estimates for luminescence at the two
highest concentrations for the PFAA + Cl mixture were larger than for
each single mixture. However, no interaction could be detected between
the mixtures (p = 0.31). Adding Br to the mixtures at these concentra-
tions had little effect, and the estimates for the PFAA + Cl mixture with
or without Br indicated that all combinations induced more
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Fig. 2. Absolute luminescence values as a measure of ROS production in isolated human lymphocytes measured by the luminol assay. Values were calculated as area
under the curve (AUC) after 1 h exposure to 1, 10, 100 and 500x the concentration in human blood of the PFAA, Br, Cl, PFAA + Cl, PFAA + Br and Br + ClI sub-
mixtures, as well as the total (PFAA + Br + Cl) mixture, n = cells from 8 different persons. Concentration-response curves were obtained using a linear mixed model.
Box plots represent the spread of the raw data at the tested concentrations. Each panel shows a combination of sub-mixtures with (green) and without (light blue) Br.
The presence or absence of PFAA or Cl is indicated with + or —. Each box-plot spans from the first to the third quartile, the solid line on the box represents the
median. Upper whiskers show the third quartile plus 1.5x the interquartile range (IQR), lower whiskers the first quartile minus 1.5x IQR. Points outside the whiskers
indicate outliers beyond the whisker range. Significant differences between predicted mean values at tested concentrations of the mixtures and DMSO control are
indicated with *, ** and *** for p < 0.05, p < 0.01 and p < 0.001, respectively. PFAA = perfluorinated compounds, Br = brominated compounds, Cl = chlorinated
compounds. Values are plotted on a logarithmic scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

luminescence than the DMSO control at 100x and 500x human blood
levels (all p < 2 x 10719). At the lower concentrations, 10x and 1x
human blood levels, only the total mixture (PFAA + Cl combined with
Br) induced significantly more luminescence than DMSO (p < 0.05 and
p < 0.01), whereas no difference could be detected here for the PFAA +
Cl mixture.

3.1.3. Human monocytes

For the monocytes, as for the other cell types, there was a clear
significant positive concentration-response in luminescence for both
PFAA and Cl mixtures (p < 0.001 for both), whereas clearly less pro-
nounced for the Br mixture (p < 0.05) (Table 3). There was a significant
negative interaction between the PFAA and Cl mixture (p < 0.001) and
between the Br and Cl mixture (p < 0.01), indicating antagonism in
mixtures containing these combinations of compounds (PFAA + Cl, Br +
Cl and total mixture). Model coefficients are shown in Table 2. All 7
mixture combinations significantly increased luminescence compared to
DMSO control even at concentrations corresponding to human blood
levels. Fig. 3 shows concentration-response curves for the various
mixtures, as well as p-values for difference from DMSO control at each
tested concentration.

3.2. Mixture-induced ROS production assessed with the DCF assay.

Also, in the DCF assay, there was a positive concentration-response
relationship in fluorescence in neutrophils for the Cl (p < 0.001) and

PFAA mixtures, although not reaching significance for PFAA (p = 0.33).
For the Br mixture, the concentration-response correlation was negative
(p < 0.001) (Table 3). There was positive interaction between PFAA and
Cl(p<6x 10715) and between PFAA and Br (p < 0.01). This indicates
that fluorescence was higher for the mixtures containing both groups
(PFAA + Cl, PFAA + Br and total mixture) than the sum of predicted
effects of each mixture alone. Model coefficients are in Table 4.
Comparing fluorescence values for different mixtures with DMSO
control, no significant effects were detected for the Cl mixture alone or
in combination with Br. The Br mixture on its own, however, induced
significantly less fluorescence than DMSO control at 100x (p < 0.01)
and 1000x (p < 3 x 10 7) human blood levels. The PFAA mixture alone
had no significant impact, whereas the combined PFAA + Br mixture
induced significantly more fluorescence at 1000x human blood levels
(p<8x10 -5). The combined PFAA + Cl mixture induced an increase at
1000x human blood levels (p < 2 x 10 16y, Using the total PFAA + Cl +
Br mixture, fluorescence was significantly higher than DMSO control at
100x (p < 0.05) and 1000x (p < 2 x 10 '16) human blood levels.

3.3. Mechanistic studies of mixture-induced ROS production in human
neutrophils

3.3.1. Effects of p-adrenergic receptor antagonists on mixture-induced and
basal ROS

Co-incubation of human neutrophils with the total (PFAA + Br + CI)
mixture and various antagonist of the P2AR resulted in significant
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Fig. 3. Absolute luminescence values as a measure of ROS production in isolated human monocytes measured by the luminol assay. Values were calculated as area
under the curve (AUC) after 1 h exposure to 1, 10, 100 and 500x the concentration in human blood of the PFAA, Br, Cl, PFAA + Cl, PFAA + Br and Br + ClI sub-
mixtures, as well as the total (PFAA + Br + Cl) mixture, n = cells from 6 different persons. Concentration-response curves were obtained using a linear mixed model.
Box plots represent the spread of the raw data at the tested concentrations. Each panel shows a combination of sub-mixtures with (green) and without (light blue) Br.
The presence or absence of PFAA or Cl is indicated with + or —. Each box-plot spans from the first to the third quartile, the solid line on the box represents the
median. Upper whiskers show the third quartile plus 1.5x the interquartile range (IQR), lower whiskers the first quartile minus 1.5x IQR. Points outside the whiskers
indicate outliers beyond the whisker range. Significant differences between predicted mean values at tested concentrations of the mixtures and DMSO control are
indicated with *, ** and *** for p < 0.05, p < 0.01 and p < 0.001, respectively. PFAA = perfluorinated compounds, Br = brominated compounds, Cl = chlorinated
compounds. Values are plotted on a logarithmic scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

reductions in cumulative luminescence as a measure of ROS production,
as compared to treatment with the mixture alone (Fig. 5). More specif-
ically, ICI reduced ROS production with 27 + 5, 64 + 8, and 98 + 6 % at
concentrations of 10, 50 and 100 pM (p < 0.001 for all), propranolol
reduced ROS production with 14 +7 and 17 £ 6 % at 1 and 10 uM (p <
0.01, and p < 0.001, respectively) and carvedilol reduced ROS with 52
+ 5% at 10 uM (p < 0.001). No effect was seen for 1 pM carvedilol.
Furthermore, 10 and 50 uM ICI reduced ROS production with 31 + 16
and 58 + 21 % for the Cl-mixture (p < 0.01, and p < 0.001, respectively)
and 20 + 9 and 56 + 11 % for the PFAA + Cl mixture (p < 0.001 for
both). 50 pM ICI reduced PFAA-induced ROS production with 51 +12 %
(p < 0.001), whereas 10 uM ICI had no significant effect. Finally, 10 pM
carvedilol significantly reduced the Cl-, PFAA- and PFAA + Cl-induced
ROS production with 48 + 16, 34 & 11 and 42 + 9 %, respectively (p <
0.001 for all). Some of the antagonists also affected basal ROS produc-
tion in DMSO treated cells. For ICI, ROS production was reduced with
46 + 18 and 40 + 22 % for 10 and 50 uM (p < 0.001 for the former and p
< 0.01 for the latter), whereas 100 uM ICI caused almost complete
obliteration of ROS production (p < 0.001). 10 uM carvedilol and pro-
pranolol significantly reduced basal ROS production with 74 £+ 17 and
29 + 18 %, respectively (p < 0.001 for the former, and p < 0.05 for the
latter). No significant effect was seen for 1 uM of the same two antag-
onists. As may be seen from Fig. 5, although some reductions in basal
ROS production could be observed in DMSO treated cells with a few of
the antagonists, the reductions in absolute luminescence values for the
total mixture treated cells largely exceeded the reductions in the DMSO

10

controls. This was also the case for the PFAA + CI mixture, whereas for
the Cl mixture the absolute reductions induced by 10 uM carvedilol and
10 pM ICI were at a similar level or were slightly exceeded by the re-
ductions in basal ROS production in the DMSO treated cells (100 714 vs
105 107 for the first, and 64 882 vs 66 071 for the latter). For the PFAA
mixture the decrease after co-treatment with 10 uM carvedilol was
somewhat exceeded by the reduction in basal luminescence (91 524 vs
105 107).

3.3.2. Effects of p-adrenergic receptor agonists on total mixture-induced
and basal ROS

Interestingly, treatment of cells with increasing concentrations of the
two p-adrenergic receptor agonists isoproterenol and salmeterol also
significantly reduced total mixture-induced ROS production. 0.5, 1 and
10 uM isoproterenol reduced ROS with28 + 8,28 + 7and 48 £+ 7% (p <
0.001 for all), whereas 0.1, 1 and 10 uM salmeterol caused reduction in
ROS of 21 £ 8,23 £ 7 and 51 + 7 % (p < 0.001 for all). The two agonists
did not significantly affect basal ROS production in DMSO-treated
controls.

3.3.3. Effects of NADPH-oxidase inhibition and intracellular calcium
chelation on ROS production

Treatment of cells with 5 uM of the intracellular calcium-chelator
BAPTA-AM caused significant reductions in ROS after co-treatment
with all the four tested mixtures, with decreases of 34 + 16, 24 + 11,
30 &+ 9 and 44 & 4 % for the Cl, PFAA, PFAA + Cl and total mixtures,
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Table 4

Estimated model coefficients for the DCF generalised estimating equation.
Model coefficients/explanatory Neutrophils
variables Coefficient' 95 % CI p-value
Intercept 22295098878.51950 [21556696523.20277, 23058794443.19930] <2 x 101° i
PFAA present 0.98155 [0.94729, 1.01705] 0.05087
Cl present 0.97313 [0.93917, 1.00833] 0.09590
Br present 0.97897 [0.94480, 1.01438] 0.03911 *
Mixture concentration 0.99988 [0.99983, 0.99993] 3.18 x 10° kol
Buffer control 1.07057 [1.01466, 1.12957] 0.12648
Interaction PFAA/Cl 1.06594 [1.03057, 1.10252] 6.22 x 107° i
Interaction PFAA/Br 1.01849 [0.98469, 1.05344] 0.00548 ok
Interaction Cl/Br 1.02076 [0.98689, 1.05579] 0.09332
Interaction PFAA/mixture conc. 1.00017 [1.00013, 1.00021] <2 x 10716 ek
Interaction Cl/mixture conc. 1.00017 [1.00014, 1.00021] 6.30 x 1012 ok
Interaction Br/mixture conc. 1.00001 [0.99998, 1.00005] 0.10136
Number of observations 359
Number of groups (persons) 4

Note: Coefficients for each explanatory variable with confidence intervals and p-value are shown. To derive the model, the outcome variable was log-transformed. To
ease interpretation; the coefficients from the additive model on a logarithmic scale have been back-transformed to yield a multiplicative model. Coefficients higher
than one indicate explanatory variables associated with an increase in fluorescence; those below 1 indicate variables associated with a decrease in fluorescence. p-
values below 0.05 are construed as indicating a significant association between an explanatory variable and resulting fluorescence. Terms shown in bold represent
interactions between mixtures. Mixture concentration is a continuous variable; all other are dichotomous. To obtain an estimate from the multiplicative model, the
coefficients of dichotomous variables or interaction terms containing such should be included only when dichotomous variables are true; i.e. when all mixtures
relevant to a term are present. The first three coefficients may be construed as a shift of the intercept with the Y axis when each mixture is present, alone or in
combinations. Original coefficients from the additive model on a log scale are provided in Supplementary Table S4.

CI = confidence interval.

! Coefficient = exponentiated log value.
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Fig. 4. Absolute fluorescence values as a measure of ROS production in isolated human neutrophils measured by the DCF assay. Values were calculated as area under
the curve (AUC) after 1 h exposure to 1, 10, 100 and 1000 x the concentration in human blood of the PFAA, Br, Cl, PFAA + Cl, PFAA + Br and Br + Cl sub-mixtures,
as well as the total (PFAA + Br + Cl) mixture, n = cells from 4 different persons. Concentration-response curves were obtained using a generalised estimating
equation. Box plots represent the spread of the raw data at the tested concentrations. Each panel shows a combination of sub-mixtures with (green) and without (light
blue) Br. The presence or absence of PFAA or Cl is indicated with + or —. Each box-plot spans from the first to the third quartile, the solid line on the box represents
the median. Upper whiskers show the third quartile plus 1.5x the interquartile range (IQR), lower whiskers the first quartile minus 1.5x IQR. Points outside the
whiskers indicate outliers beyond the whisker range. Significant differences between predicted mean values at tested concentrations of the mixtures and DMSO
control are indicated with *, ** and *** for p < 0.05, p < 0.01 and p < 0.001, respectively. PFAA = perfluorinated compounds, Br = brominated compounds, Cl =
chlorinated compounds. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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respectively (p < 0.01 for the first and p < 0.001 for the three last). 1 uM
BAPTA-AM had no effect on total mixture-induced ROS production. 0.1
uM of the NADPH-oxidase inhibitor DPI significantly reduced mixture-
induced ROS production after treatment with all the four mixtures.
The reductions were 26 + 16, 49 + 11, 53 £+ 9 and 65 4 5 % for the Cl,
PFAA, PFAA + Cl and total mixtures, respectively (p < 0.05 for the first
and p < 0.001 for the three last). Furthermore, 1 M DPI caused almost
complete obliteration of ROS production in total mixture treated cells (p
< 0.001). Both BAPTA-AM and DPI also significantly affected ROS
production in DMSO-treated controls with reductions of, 51 + 17, 71 +
17 and 51 + 18 % for 1 and 5 uM BAPTA-AM and 0.1 DPI, respectively
(p < 0.001 for all). 1 uM DPI caused almost complete obliteration of ROS
production (p < 0.001). As mentioned above for the f2AR antagonist,
the reductions in absolute luminescence values after treatment with DPI
and BAPTA-AM for most mixtures exceeded the reductions in the
luminescence values observed for the DMSO controls. The few excep-
tions were 5 uM BAPTA-AM in conjunction with the Cl and PFAA mix-
tures and 0.1 pM DPI together with the Cl mixture, where the reductions
in the DMSO control slightly exceeded those seen for these modulator-
mixture combinations, with decreases of 70 692 and 63 934 vs. 100
802 in the control for the two first, and 54 627 vs. 72 333 for the latter
(Fig. 5).

3.3.4. Effects on the aryl hydrocarbon receptor (AhR)

No significant effects on total mixture-induced ROS production could
be observed after co-treatment of cells with the mixture and the AhR
antagonist CH-223191 or the agonist betanaphthoflavone. Similarly,
these chemicals did not affect basal ROS production in DMSO-treated
cells (Fig. 5).

3.4. Total mixture-induced effects on cAMP levels

B2ARs signal partly via cAMP. Thus, to further assess the potential
activation of PARs, we explored effects on cAMP levels (n = cells from 7
different persons). Isolated human neutrophils were exposed to the total
mixture for 15 and 30 min. The non-selective BAR agonist isoproterenol
was used as positive control. Both the total mixture and isoproterenol
induced statistically significant and comparably large increases in cAMP
at both the examined time points (Fig. 6). On average, the mixture-
exposure induced a 19 % increase in cAMP after 15 min (non-signifi-
cant) and a 24 % increase after 30 min, while isoproterenol-exposure
induced a 23 % increase after 15 min and a 20 % increase after 30
min. Furthermore, an increase in cAMP levels after exposure to the total
mixture was observed at both time points in cells from all donors, except
one. Importantly, in cells from this non-responding donor the positive
control, isoproterenol, failed to increase cAMP levels, but rather reduced
levels compared to the control after both 15- and 30-min exposure (not
shown). Preliminary studies showed that the p2AR antagonist ICI-
118551 (100 uM), caused approximately 40 % reduction in cAMP
levels induced after 30 min exposure to the total mixture, while the
f2AR antagonist caused a corresponding increase in cAMP at the earlier
time point (Supplementary Fig. S5).

3.5. LDH assay

No significant damage to the granulocyte cell membrane could be
detected using the LDH assay after 2 h exposure to 100 and 500x of the
PFAA, Cl, PFAA + Cl or total mixture (data not shown).

4. Discussion

In the present study we show that mixtures of halogenated POPs
relevant to human environmental exposure induce ROS production in
vitro in the three forms of human leucocytes most prevalent in peripheral
blood, pertaining both to myeloid and lymphoid lines. Results from
experiments with pharmacological modulators suggest involvement of
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the B2AR, cAMP, as well as Ca?t and NADPH-oxidase in mixture-
induced ROS production in neutrophils. LDH assay in neutrophils
further indicated that the mixture-induced ROS production was a result
of activation and production of ROS in viable cells.

4.1. POP-induced ROS production in neutrophils: Potential mechanisms
of action

Mechanistic studies in neutrophils, applying pharmacological mod-
ulators, indicated that similar mechanisms for ROS production may be
present after exposure to the single Cl and PFAA-, the combined PFAA +
ClL, and the total mixtures (Fig. 5). In all cases, the f2AR, intracellular
Ca2+, and NADPH oxidase seemed to be involved. Some of the modu-
lators also affected basal ROS production. As previously discussed in
Berntsen et al. (2016) and Berntsen et al. (2017), one cannot rule out
that some activation of neutrophils may occur during the isolation
process, resulting in ROS production through similar mechanisms as
after mixture exposure. However, the decreases in ROS production after
modulator treatment in unstimulated cells were considerably smaller
than the decreases in total mixture-treated and mostly also in sub-
mixture-treated cells (Fig. 5). This indicates that modulator effects
would not be due to action on basal ROS only, but also on mixture-
induced ROS production.

There exists extensive evidence of a crucial role for adrenergic
mechanisms in the regulation of innate immunity. In human neutro-
phils, adrenaline and noradrenaline inhibit migration, CD11b/CD18
expression, and oxidative metabolism, possibly through BAR signalling
(Scanzano and Cosentino, 2015). Exposure to the POP mixture induced
NADPH oxidase-dependent ROS formation, which appeared to be
dependent of the pP2AR, as three different antagonists inhibited this
response (Fig. 5). The POP mixture also increased cAMP formation in
neutrophils to a level comparable with the non-selective AR-agonist
isoproterenol, further indicating that POP-exposure may actually acti-
vate BARs (see Fig. 7). In addition, preliminary studies showed that the
B2AR antagonist ICI-118551, reduced cAMP levels after 30 min expo-
sure to the total mixture, while it caused a corresponding increase in
cAMP after 15 min (Supplementary Fig. S5). The reason for this biphasic
effect of ICI-118551 remains unclear. The role of toll-like receptors
(TLR), especially TLR4, in radical cycling induced by environmental
pollutants is well established (Lucas and Maes, 2013). Conceivably, the
observed involvement of f2AR in POP-induced ROS, could also involve
crosstalk with TLR-signalling as has been reported for TLR4 (Kizaki
et al., 2008). To our knowledge, this is the first study indicating that also
POPs may interfere with adrenergic pathways and extends previous
reports of interactions between PAHs and p2AR (Bernstein et al., 2011;
Cazzola et al., 2011; Mayati et al., 2012; Mayati et al., 2014; Scanzano
and Cosentino, 2015; Mayati et al., 2017). Moreover, the involvement of
the B2AR in pollutant-induced respiratory burst in human neutrophils
also represents a novel finding. Although the mechanisms of these re-
sponses remain to be clarified, studies in other tissues support our
findings by showing that mice with transgenic p2AR overexpression
provoked NADPH oxidase-derived ROS production in the heart (Xu
et al., 2011). This was mainly caused by up-regulation of reduced
NADPH oxidase (Nox) 2 and 4 and accompanied by p38 mitogen-
activated protein kinase activation, fibrosis, apoptosis and cardiac
dysfunction (Di Lisa et al., 2011).

In our study, in contrast to the POP mixtures, exposure to the se-
lective P2AR agonist salmeterol and the non-selective PAR-agonist
isoproterenol did not lead to ROS formation, but rather inhibited ROS
production. This resembles previous studies reporting that f2AR ago-
nists suppress ROS-generation in neutrophils (Opdahl et al., 1993; Bar-
nett et al., 1997). Thus, the observed p2AR-dependency of the POP-
mixture induced ROS-response may appear somewhat contradictory.
However, it should be emphasised that G protein-coupled receptor
(GPCR)-signalling is highly complex and does not operate in a simple
two-state (on/off) mode. Activation/inactivation involves both
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Fig. 6. Alteration in intracellular cAMP levels in isolated human neutrophils.
Cells from individual donors were exposed to the total mixture (PFAA + Br +
Cl) at 500x human blood levels or isoproterenol (1 pM) as positive control.
cAMP concentrations were measured in cell lysates as described under Mate-
rials and methods. *Significantly different from vehicle (DMSO) controls (p <
0.05), n = cells from 6 to 7 different persons.

traditional (orthosteric) interactions at the ligand binding pocket as well
as allosteric activation/modulation through interactions with other
parts of the receptor structure, and multiple receptor configurations
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allows a continuum of different signalling outcomes from GPCR ligation
(Salon et al., 2011). It remains to clarify the precise role of f2AR in POP-
induced ROS-formation, but an intriguing possibility is that persistent
B2AR-activation may be required to induce oxidative stress, as pointed
out by others (Rambacher and Moniri, 2020). It is also suggested that
there might be a reciprocal interplay between the p2AR and ROS, with
self-regulation of signalling efficacy and ligand binding, that may be
unfavourably altered in pathological states (Rambacher and Moniri,
2020).

It is well known that f2AR stimulation by agonists commonly leads
to activation of AC via Gs proteins and subsequently increases the pro-
duction of cAMP (Deupi and Kobilka, 2010), known to directly activate
protein kinase A (PKA) and phosphodiesterases. Phosphodiesterases
catalyse the hydrolysis of the 3’ cyclic phosphate bond of cyclic nucle-
otides like cAMP (Gimenez et al., 2015) (see Fig. 7). Although the
mechanisms behind a possible desensitisation of p2ARs after exposure to
the two agonists salmeterol and isoproterenol in our study are unknown,
we speculate that this may depend on either retrograde phosphorylation
and inhibition of the P2AR (Gimenez et al., 2015), or by a Ca?*-
dependent mechanism as suggested for PAHs (Mayati et al., 2012). In a
previous study, BaP was found to bind to p2ARs in vitro and to conse-
quently activate a G protein/adenylyl cyclase/cAMP/Epac-1/1P3
pathway, which in turn resulted in increased intracellular Ca%* from
endoplasmic reticulum (ER) (Mayati et al., 2012). Also, a mixture of
brominated flame retardants induced respiratory burst in human neu-
trophils in vitro via PI3kinase and intracellular Ca?* release (Reistad and
Mariussen, 2005). One potential hypothesis may thus be that the inhi-
bition of POP-induced ROS formation by BAPTA-AM in our study may be
due to chelation of Ca®" release from ER, and subsequently decreased
activation of MAP kinases like p38 (Di Lisa et al., 2011; Futosi et al.,
2013) and ERK upstream of the NADPH oxidase. This is in line with
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Fig. 7. Putative mechanisms for possible involvement of B2AR signalling pathways in ROS formation from the NADPH oxidase complex in human neutrophils after
exposure to the POP mixtures (orange arrows and boxes illustrate endpoints measured or pharmacological modulators used, question marks or stippled lines indicate
speculative mechanisms). A potent NADPH oxidase dependent ROS formation was inhibited by the p2AR antagonists ICI-118551, propranolol, and carvedilol. DPI
inhibited ROS formation, showing that the NADPH oxidase was the primary source of ROS. The POP mixture and the p2AR agonist isoproterenol increased formation
of intracellular cAMP, known to activate protein kinase A. The Gs (stimulatory G protein)-adenylyl cyclase-protein kinase A pathway may on one hand lead to
phosphorylation of the f2AR and partial uncoupling (and inhibition), and phosphodiesterase activation. Phosphodiesterases catalyse the hydrolysis of the 3’ cyclic
phosphate bond of cyclic nucleotides like cCAMP. Activation of p2AR-cAMP-protein kinase A pathway may alternatively lead to release of Ca%* from endoplasmic
reticulum (ER) and further activation of p38 and Erk1/2 MAPK, resulting in assembly of the NADPH oxidase complex and ROS formation. In contrast to the POP
mixtures, salmeterol and isoproterenol did not induce ROS formation in the neutrophils, possibly due to retrograde phosphorylation and inhibition of the 2AR
(Gimenez et al., 2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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previous studies where ERK1/2 kinases and p38MAPK were involved in
ROS formation in neutrophils exposed in vitro to a mixture or single
congeners of PCBs (Myhre et al., 2009; Berntsen et al., 2016). Co-
exposure of cells to the POP mixture with the NADPH oxidase inhibi-
tor DPI (Buck et al., 2019) diminished most of the ROS formation,
showing that activation of the NADPH oxidase was the major source of
the ROS formation in neutrophils after exposure to the total mixture
(Figs. 5 and 7).

4.2. Mixture-induced ROS production in leucocytes:

We have previously shown that ROS production was induced in
human neutrophils after exposure to the single PCB congeners 52, 153
and 180 from 2.5 uM and above (Berntsen et al., 2016) and that the PCB
mixture Arochlor 1242 induced ROS production from 6 pM and above
(Myhre et al., 2009). Further, DCF-detected NADPH oxidase-dependent
ROS production has been reported in the human monocytic cell line
THP-1 after treatment with 10 pM trans-nonachlor and dieldrin (Man-
gum et al., 2015). For trans-nonachlor no response was observed at a
concentrations below 2.5 uM. p,p’-DDE had no effect on ROS production
even at a concentration of 10 uM (Mangum et al., 2015). In Reistad and
Mariussen (2005) the BDE mixture DE-71 induced significant ROS
production assessed by lucigenin-amplified chemiluminescence from 4
uM and above; whereas no effects were detected using the luminol or
DCF assays, indicating that ROS production was primarily extracellular
(Reistad and Mariussen, 2005). Also, the single congener BDE-47
induced ROS production from 6 uM and above, whereas commercial
mixtures of octaBDE and decaBDE, as well as HBCD had no effects
(Reistad and Mariussen, 2005). For the perfluorinated compounds, Zarei
et al. (2018) found PFOS-induced DCF-detected ROS production in
isolated human lymphocytes at concentrations from 150 uM and 75 uM
and above after 2 and 4 h exposure; respectively, but not at lower
concentrations.

We have previously reported that luminol in neutrophils is made
chemiluminescent by HOCI, but not by nitric oxide (NO") or ‘OH. DCFH,
on the other hand, was sensitive towards oxidation by ONOO™, H,0 (in
combination with cellular peroxidases) and ‘OH, whilst not suitable for
measurement of NO°, HOCI, or Oy" in biological systems (Myhre et al.,
2003). In neutrophils and monocytes, the myeloperoxidase (MPO) sys-
tem efficiently uses HyO2, generated from the NADPH oxidase system,
and chloride to generate the potent oxidant HOC] with a strong bacte-
ricidal action in vitro (Harrison and Schultz, 1976). When monocytes are
released into the circulation, they turn off MPO synthesis, which is
further downregulated during their differentiation into macrophages
(Tobler et al., 1988; Gullberg et al., 1999; Okada et al., 2016). However,
although neutrophils and macrophages, the terminal forms of myeloid
differentiation, express negligible amounts of MPO mRNA, they have
abundant MPO proteins (Yamada and Kurahashi, 1984; Sagoh and
Yamada, 1988; Tobler et al., 1988). Neutrophils are the main source of
MPO (Schultz and Kaminker, 1962), but although it was previously
suggested that MPO is only produced by myeloid-lineage cells, Okada
and collaborators identified MPO in peritoneal murine lymphocytes as
well as in human lymphocytes from peripheral blood (de Araujo et al.,
2013; Okada et al., 2016).

Results from the luminol experiments indicate that the PFAA and Cl-
containing sub-mixtures induce a concentration-dependent increase in
ROS production in human leucocytes. For neutrophils and lymphocytes,
the increase was only significant at levels exceeding average exposure
levels in the Scandinavian population. The Br mixture had little impact
alone, but contributed to ROS production in combined mixtures. Indeed,
lymphocytes exposed to the total mixture (PFAA + Cl + Br) produced
more ROS than DMSO control even at the lowest concentration applied,
corresponding to levels of these mixtures documented in blood samples
from Scandinavians. Monocytes exhibited a significant increase in ROS
production for all mixtures, even at the lowest concentrations
(Figs. 1-3).
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In the DCF experiments, the same tendencies were found in neutro-
phils for the PFAA and Cl mixtures. However, the increase in ROS pro-
duction induced by the PFAA and Cl mixtures alone did not reach
statistical significance even at the highest concentrations tested (Fig. 4).
We believe this to be a power issue, since fewer replications of the DCF
experiments were performed. Another explanation could be that the two
methods detect different ROS (Myhre et al., 2003). Notably, the Br
mixture alone seemed to have a concentration-dependent negative effect
on ROS production in the DCF assay, whereas no significant effect of Br
mixture alone could be detected for neutrophils in the luminol assay.
This does not rule out that a true negative effect was present also in the
luminol assay, although it may have been too small to detect.

The failure to detect increased ROS applying the probes luminol and
DCF in neutrophils by Reistad and Mariussen (2005) mentioned above is
interesting and may be a potential explanation also for the lack of ROS
detection for the brominated mixture in the present study. However; as
the concentrations of individual brominated mixture components in our
study are mostly 1000 times lower than concentrations in the Reistad
and Mariussen (2005) study (see Supplementary Table S1) even at our
current highest tested concentration of 1000x human blood levels
(range: 1-65 nM), it is unlikely that an effect would have been observed
for the brominated mixture also with the application of a different assay
such as the lucigenin assay. We could not find published studies on ROS
production in blood cells for all the single components of the mixtures.
However, across all halogenated groups, concentrations of individual
compounds in our mixtures (Supplementary Table S1) were far lower
than concentrations of single compounds inducing effects on ROS pro-
duction in previously published studies. In comparison to the above-
mentioned studies on single compounds, the range for compounds at
1x human blood levels where effects were currently observed in lym-
phocytes and monocytes were 0.018-1.1 nM for the chlorinated,
0.001-0.065 nM for the brominated and 0.28-16.4 nM for the per-
fluorinated compounds. In neutrophils significant ROS production was
only observed from 100x the average blood levels calculated for the
Scandinavian population (range: 1.8-109 nM for chlorinated, 0.1-6.5
nM for brominated and 28-1637 nM for perfluorinated compounds).
One should bear in mind however, that blood levels for the various
compounds may vary with geographical location and certain pop-
ulations with a diet based on fish and game, people living close to POP-
contaminated areas or occupationally exposed workers may exhibit
higher body burdens of POPs.

We found slight synergy between Br and Cl mixture components in
the luminol-granulocyte model, between PFAA and Br in the luminol-
lymphocyte model (Table 2), as well as between PFAA/Br and PFAA/
Cl in the DCF-granulocyte model (Table 4). In monocytes, however, all
interactions terms were negative — mixture combinations yielded less
ROS production than the sum of expected effect of each mixture alone
(Table 2). Nevertheless, the combined effect of the different halogenated
groups in the POP mixtures were mostly additive. Recent reviews
concluded that synergisms or antagonisms are relatively rare and sup-
port the use of dose addition as the default concept for anticipating the
combined effects of chemicals unless there is specific evidence that in-
teractions might be relevant (Martin et al., 2020). In a recent study on
the same POP mixture, additive responses were generally observed on
different developmental neurotoxicity endpoints, however a potentiated
effect in particular by the combination of PFAA + Br and Br + Cl mix-
tures were in fact observed for the end-points synaptogenesis (number of
synapses) and neurite outgrowth (neurite length) (Davidsen et al.,
2021). This is the same tendency as we observed in the luminol-
granulocyte model, the luminol-lymphocyte model and partly the
DCF-granulocyte model. Although the present paper was not focused on
identifying active compounds within the mixtures, this represent inter-
esting future studies, which could be conducted using single compounds.

It should be noted that cells in the present study were exposed in
vitro, and also that the halogenated compounds of the mixtures in blood
tend to accumulate in lipids or bind to plasma proteins, so the fraction of
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compounds actually available for interaction with cells is uncertain.
Despite this, the fact that these mixtures induced ROS production at
levels found in human blood, and also that compounds from different
halogenated groups seemed to act additively, is concerning. Taken into
consideration the fact that we find a large number of anthropogenic
chemicals in human blood, it is not unlikely that other compounds may
potentially also add to POP-induced ROS production in blood cells.

4.3. Model considerations:

For the DCF assay, we did not have enough data to fit a linear mixed
model. We applied a sandwich estimator to safeguard against type one
errors in case the covariance structure was misspecified. However, with
few groups, the GEE procedure may produce overly narrow confidence
intervals. Nevertheless, since findings from the DCF assay correspond
closely to those from the luminol assay, we do not believe our findings
are spurious.

5. Conclusion

Using a linear mixed model, we show that a human relevant mixture
and sub-mixtures of halogenated POPs induce concentration-dependent
ROS production in three different types of human leucocytes in vitro.
Importantly, increased ROS production was observed at concentrations
corresponding to levels reported in human blood, underscoring that
these effects may potentially be relevant also for real life exposure sce-
narios. Although some interactions were detected, our results support
that halogenated subgroups of POPs mainly act additively. Furthermore,
the POP-mixture-induced ROS responses in neutrophils appeared to
involve activation of p2ARs. Even though more in-depth studies would
be required to elucidate the role of f2ARs in these responses, our find-
ings extend previous studies on PAH-induced B2AR impairment, sug-
gesting that a broad range of environmental pollutants may interfere
with adrenergic pathways. Given the central role of PARs in regulating
cardiopulmonary function, immune responses and homeostasis, we
believe that the potential impact of pollutants on the adrenergic system
requires further attention.
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