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Phthalates are plastic-derived contaminants that are ubiquitous in natural environments and function as pro-
oxidants. The extent to which phthalates bioaccumulate in wild animals and associations with oxidative stress
are poorly understood. Here, we describe relationships between maternally-derived phthalates, lipid peroxida-
tion (malondialdehyde, MDA) and the dietary antioxidant a-tocopherol in eggs of European herring gulls (Larus
argentatus) in Cornwall, UK. Up to six phthalate parent compounds and four phthalate metabolites were detected.

Egg concentrations of MDA were positively associated with dicyclohexyl phthalate (DCHP) and negatively
associated with a-tocopherol, suggesting that DCHP is associated with oxidative stress in gulls. The consequences
of phthalate exposure in ovo for offspring development warrants study.

Plastic pollution is ubiquitous in the marine environment. Indeed, an
estimated 4.8-12.7 million tonnes of plastic debris enter the ocean each
year (Jambeck et al., 2015). Mechanical effects of plastic debris on an-
imals, including entanglement and ingestion, have been well-
documented (reviewed by Laist, 1987; Senko et al., 2020). Increas-
ingly, however, it is becoming clear that plastic debris can also present
less obvious, non-mechanical threats. Chemicals bound or adsorbed to
plastic can leach into the surrounding environment, or enter tissues if
plastic is ingested, with sublethal physiological effects. One such group
of plastics additives are phthalates: organic chemicals that function as
plasticisers and are present in a multitude of products (Schettler, 2006).
Phthalates are not chemically bound to the polymer matrix, and can
therefore readily leach out into the surrounding environment during
manufacturing, use, or disposal (Hermabessiere et al., 2017). As a result,
phthalates have been found in a wide range of environmental matrices
(Net et al., 2015). This is of particular concern because phthalates are
lipophilic, and therefore have potential to bioaccumulate (Mathieu-
Denoncourt et al., 2016).

Impacts of phthalate exposure on development and reproduction
have been documented in a range of taxa in the laboratory (e.g. Aly
etal., 2016; Wu et al., 2019; Xu and Gye, 2018). One important pathway
of disruption involves phthalates acting as pro-oxidants, causing
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increased formation of reactive oxygen species (ROS) during oxidative
phosphorylation (Tetz et al., 2013). ROS are highly reactive, though
antioxidant defences normally prevent them from causing excessive
damage to important biomolecules. However, an imbalance between
ROS and antioxidants in favour of the former leads to a state of oxidative
stress, resulting in damage to DNA, lipids and proteins (Sies, 1993).
While biological effects of phthalates have been extensively studied in
the laboratory, much less is known about their impacts on wildlife, and
data for vertebrates are especially scarce (Oehlmann et al., 2009). To
date, most studies of phthalates in wildlife have focussed on doc-
umenting their presence in tissues (e.g. Baini et al., 2017; Liu et al,,
2019; Savoca et al., 2018). However, few studies have explored their
physiological effects (e.g. Martins et al., 2016).

Pollutants are commonly deposited into the eggs of oviparous species
as an unavoidable consequence of the transfer of lipids and proteins
(Pajurek et al., 2019; Verreault et al., 2006). Indeed, phthalates have
been reported in eggs of free-living reptiles (Liu et al., 2019) and sea-
birds (Huber et al., 2015). However, we are not aware of any previous
studies that have examined associations between phthalates, antioxi-
dants and oxidative damage in eggs. Such data would be informative for
two reasons. Firstly, the eggs of oviparous species are a semi-closed
system where egg contents are derived almost entirely from the
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mother. As such the composition of eggs provides a window to maternal
physiological state during breeding (Surai et al., 2016). Secondly, since
the egg contains all of the nutrients required for embryo development in
a self-contained package, egg composition can be used as a means of
examining transfer of nutrients and other constituents (e.g. pollutants)
from mother to offspring. Such data would be an important first step to
understanding whether phthalate exposure can transmit across genera-
tions (i.e. an intergenerational effect).

In this study, concentrations of phthalates were measured in eggs of
European herring gulls (Larus argentatus). We also examined associa-
tions between phthalates, and maternally-derived concentrations of the
dietary antioxidant a-tocopherol (vitamin E - the primary antioxidant in
egg yolk) and malondialdehyde (MDA - a marker of lipid peroxidation).
Herring gulls frequently encounter and ingest plastics (e.g. Caldwell
et al., 2020). They occupy a high trophic level and have a relatively long
lifespan, making them susceptible to bioaccumulation and bio-
magnification of contaminants (Burger and Gochfeld, 2004). We pre-
dicted that (i) phthalates would be present in eggs. In addition, if
phthalates are associated with oxidative stress in vivo, we predicted that
(ii) yolk concentrations of MDA would be positively related to yolk
concentrations of individual phthalates, and negatively related to yolk
concentrations of a-tocopherol (i.e. reflecting levels of oxidative stress in
the mother).

In May 2019, 13 eggs were collected from 7 nests at 3 semi-urban
sites in Cornwall, UK (Table 1). Eggs were frozen at —80 °C until
biochemical analysis. For phthalate analysis, eggs were removed from
storage and while still frozen the yolks were separated from albumen
and shell using a stainless steel knife in a Pyrex dish. Yolks were cut into
small pieces and then placed in 50 ml glass centrifuge tubes. Each yolk
sample was analysed in triplicate. To provide an internal standard, to
each ~5 g yolk aliquot, 50 pl of deuterated phthalate parent mix and 50
pl of carbon-labelled phthalate metabolite mix were added using a
Drummond micro dispenser with a glass tip. The phthalate parent mix
contained 100 ppb of D4-dimethyl phthalate (DMP), Dy-diethyl phtha-
late (DEP), D4-di-n-butyl phthalate (DnBP) and D4-bis(2-ethylhexyl)
phthalate (DEHP) in isooctane. The phthalate metabolite mix contained
100 ppb of !'3C4-monomethyl phthalate (MMP), 3C4-monoethyl
phthalate (MEP), 13C;;—monocyclohexyl phthalate (MCHP), 13C4—mono—
n-butyl phthalate (MnBP), 13C4—monobenzyl phthalate (MBzP), 13C4—
mono (2-ethylhexyl)phthalate (MEHP), 13C4-rnono (2-ethyl-5-hydrox-
yhexyl)phthalate (MEHHP), '3C4-mono (2-ethyl-5-oxyhexyl)phthalate
(MEOHP), 13C4-mono(2-ethyl-5-carboxypentyl) phthalate (MECPP),
13C4—mono—n—octyl phthalate (MnOP), 13C4—rnono(3—carboxypropyl)
phthalate (MCPP) and 13C4-mono-isononyl phthalate (MiNP) in meth-
anol. Acetonitrile (10 ml) was added to each sample using a glass
pipette, then briefly vortexed to form an emulsion. A QuEChERs
extraction kit (Agilent part number: 5982-5650) containing 4 g of
MgSOy4, 1 g NaCl, 1 g Na Citrate, and 0.5 g disodium citrate sesquihy-
drate was added to each sample. Samples were then immediately vor-
texed for 30 s, then shaken vigorously for 5 min, before being
centrifuged at 1000 rpm at 4 °C for 10 min, and finally placed in a
—20 °C freezer for at least 4 h. An aliquot of the supernatant (1 ml) was
transferred to a 2 ml autosampler vial and dried under a stream of ni-
trogen of high purity, before being reconstituted with 1 ml acetonitrile.

Table 1
Colony locations, and numbers of nests and eggs of European herring gulls
sampled in Cornwall, UK.

Colony (UK grid reference) Nest N eggs

SW7933 1
SW7933 2
SW7932 3
SW8261 4
SW8261 5
SW8261 6
SW8261 7

N WNDN==N
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An aliquot (800 pl) of each sample was transferred to a 15 ml glass
centrifuge tube, to which an Agilent d-SPE clean-up kit was added
(Agilent Part number 5982-5122CH) containing 50 mg of PSA, 50 mg of
C18EC, and 150 mg of MgSO4. Samples were vortexed for 30 s and then
shaken vigorously for 5 min, before being centrifuged at 4000 rpm at
4 °C for 10 min. An aliquot (200 pl) of the supernatant was then
transferred to an autosampler vial, evaporated under a gentle stream of
high-purity nitrogen and reconstituted in 100 pl of isooctane containing
40 ppb 13C12—PCB141 as an instrument standard for monitoring the in-
strument performance and calculating the recoveries of the spiked in-
ternal standards. For phthalate parent compounds, samples were
analysed using a Q Exactive™ GC Orbitrap™ (Thermo Fisher Scientific
Inc., Mass., USA) in electron impact ionisation mode, with the resolution
set to 60,000 and the scan range set from 50 to 750 m z~ . Injection of
samples occurred in splitless mode, with the injection port at 250 °C. The
transfer line and source were maintained at 280 °C. A TraceGOLD™ TG-
5SiIMS column (30 m x 0.25 mm x 0.25 pm, Thermo Scientific™) was
used, with helium as the carrier gas at a flow rate of 1 ml min~'. For each
target analyte and internal standard, 2 fragments were monitored: one
for quantification and one for confirmation. For quantification of
phthalate metabolites, a 1 ml solution of acetonitrile containing 0.1%
formic acid was added to a 3 ml captiva non-drip liquid column (Agilent
part number A5300635). The remaining 200 pl of reconstituted sample
was added, and the solution was then filtered through a 13 mm PTFE 0.2
pm syringe filter (Agilent part number 5190-5265) into a glass screw-
capped vial before being centrifuged for 10 min at 3283 x g and 4 °C.
This was then evaporated under a stream of high-purity nitrogen until
near dryness. The sample was reconstituted using 100 pl of 20% MeOH
in water, and transferred to an autosampler vial. Samples were analysed
using a UHPLC system (Shimadzu, Nexera 2 UHPLC system, Kyoto,
Japan) coupled with a tandem mass spectrometer equipped with an
IonDrive source (SCIEX QTRAP® 6500+, Ontario, Canada). A Kinetex®
F5 column (2.6 pm) was used. Oven temperature was kept constant at
45 °C. Two mobile phases were used, consisting of 1% MeOH and 0.1%
acetic acid in MilliQ water (solvent A) and 95% MeOH and 0.1% acetic
acid in MilliQ water (solvent B). The binary eluting gradient was 10%
solvent B from O to 1 min, increasing to 75% solvent B from 1 to 11.5 min
and to 98% until 14 min. This was then decreased to 10% solvent B until
14.1 min and held for 1.5 min. The mass spectrometer was operated with
scheduled multiple reaction monitoring (sMRM). The source tempera-
ture was 430 °C and the ionspray voltage was set to —4500. Two ion
transitions were monitored for each target analyte and internal
standard.

Initial target compounds included 8 phthalate parent compounds
and 13 phthalate metabolites (Table S1). Strict quality assurance/con-
trol (QA/QC) procedures were conducted including background level
examination, and analytical precision and accuracy assessment. 6 parent
phthalate compounds and 5 phthalate metabolites were considered to
have passed the QA/QC criteria. Details of QA/QC including blank
concentration, method detection limit (MDL), and analytical accuracy
and precision are provided in the SI.

Quantification of MDA was performed by HPLC, as previously
described with some modifications (Plummer et al., 2013). An aliquot
(40-50 mg) of yolk was placed in phosphate-buffered saline solution at
5% w v~1, then homogenised for 30 s with a T18 Basic Ultra-Turrax®
homogeniser (IKA® England LTD). An aliquot of the homogenate (200
pl) was transferred to a reaction tube. Samples were vortexed for 5 s,
then placed on a hot plate at 37 °C standing on a shaker set at 100 rpm
for 20 min. Following this, the samples were cooled on ice for 5 min.
After cooling, a 20 pl aliquot was transferred to a reaction tube pre-
loaded with 20 pl of butylated hydroxytoluene (BHT). To this were
added 40 pl of thiobarbituric acid (TBA) and 160 pl of phosphoric acid.
These reaction tubes were vortexed for 5 s, and then placed in a dry heat
bath at 100 °C for 1 h, before being cooled on ice. After cooling, 100 pl of
butanol was added and samples were vortexed for 20 s, then centrifuged
at 4 °C at 12,000 xg for 3 min. An aliquot (60 pl) of the upper phase,
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which contained MDA-TBA adducts, was drawn off ready for HPLC,
which was carried out as described previously (Plummer et al., 2013).

For a-tocopherol analysis, 40-50 mg of yolk was vortexed in 0.7 ml
of 5% NaCl solution for 5 s. This was then homogenised with 1 ml EtOH
for 20 s before the addition of 1.5 ml hexane, followed by further ho-
mogenisation for 10 s. Samples were then centrifuged for 4 min at 8000
xg. The hexane phase containing the antioxidants was then drawn off
and reserved, while a further 1.5 ml of hexane was added to the
remaining precipitate for a second extraction. The two hexane extracts
were combined, and a 500 pl aliquot was dried under a stream of high
purity nitrogen before being re-dissolved in 150 pul DCM and 150 pl
MeOH ready for HPLC, which was carried out as described previously
(Plummer et al., 2013).

Statistical analyses were performed using R version 4.0.1 (R Core
Team, 2020). As metabolites are unlikely to be independent of parent
compounds (Hu et al., 2016), inferential statistical tests were performed
using parent compounds only. To maximise statistical power, only
phthalate parent compounds with sufficient data points (n > 10) were
included to test for their associations with MDA and a-tocopherol. The
compounds modelled were dicyclohexyl phthalate (DCHP), benzyl butyl
phthalate (BBzP), and diisobutyl phthalate (DiBP). Relationships be-
tween phthalates, MDA and o-tocopherol were assessed using linear
mixed-effects models in the R package ‘lme4’, where MDA was the
response variable, and phthalate and a-Tocopherol concentrations (and
their interaction) were included as predictors. Nest of origin was
included as a random factor to control for non-independence of samples
from the same nests. Models were developed by backwards elimination
of non-significant (p < 0.05) terms, starting with the interaction.

Phthalate parent compounds and phthalate metabolites were present
at concentrations greater than the MDL in all 13 eggs. All phthalate
parent compounds were found in at least 1 egg at concentrations greater
than the MDL (Fig. 1). The mean (+SE) concentrations of phthalate

420

415

40

35

30 —— °

25

20

Mean Concentration (ng/g yolk)

10 n=11

BBzP DBP DCHP DEHP DiBP DnOP

Phthalate Parent Compound

Fig. 1. Concentrations of phthalate parent compound in the yolks of eggs
collected from three sites in Cornwall, UK. Points represent the mean concen-
tration for each phthalate, while error bars denote the range of values detected
across eggs. Sample sizes represent the number of eggs where the measured
concentration was greater than the MDL.
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metabolites were 12.89 + 1.17 ng g~ for MnBP (found in 12 eggs), 0.32
+ 0.06 ng g ! for MECPP (found in all 13 eggs), and 31.10 + 3.07 ng g~ *
for Monoisobutyl phthalate (MiBP, found in all 13 eggs). MnOP was only
present in 1 egg at a concentration of 0.20 ng g’l. MBzP and MEOHP
were either not present in eggs, or only present at concentrations lower
than the MDL. The metabolite MEHP was only present at concentrations
lower than the MDL.

Yolk concentrations of MDA were not significantly predicted by BBzP
or a-tocopherol (BBzP: le =0.19, p = 0.66; a-tocopherol: le =274,p
= 0.10; BBzP x a-tocopherol interaction: X21 = 0.00, p = 0.97). Simi-
larly, there was no significant relationship between yolk levels of MDA
and DiBP or a-tocopherol (DiBP: X21 =1.26, p = 0.26; a-tocopherol: le
=0.02, p=0.88; DiBP x a-tocopherol interaction: y%; = 0.97, p = 0.33).
However, yolk MDA was positively associated with DCHP (%, = 7.94, p
= 0.01; Fig. 2a) and negatively associated with a-tocopherol
(o-tocopherol: ¥?; = 5.64, p = 0.02, Fig. 2b; DCHP x a-tocopherol
interaction: le = 0.0047, p = 0.95).

Overall, a combination of up to 6 phthalate parent compounds
(BBzP, DnBP, DCHP, DEHP, DiBP, DnOP) and up to 4 phthalate
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Fig. 2. Relationships between yolk concentrations of malondialdehyde (MDA)
and: A) DCHP; and B) a-tocopherol, based on linear mixed-effects models. Data
points represent individual herring gull eggs (n = 13) collected in Cornwall, UK.
Shaded areas represent the 95% confidence interval of the model estimates.
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metabolites (MnBP, MECPP, MiBP, MnOP) were present in herring gull
eggs. MnBP was present in 12 eggs, but its parent compound DnBP was
present in only 3 eggs. Similarly, DiBP was detected in 3 eggs while its
metabolite MiBP was found in all eggs. This could at least in part be due
to the relatively high MDLs of these parent compounds compared to
their metabolites, but may also indicate that phthalate parent com-
pounds were metabolised in female gulls in vivo. Biotransformation of
phthalates has been reported in mammals (Albro and Lavenhar, 1989)
and fish (Barron et al., 1995). Biotransformation time differs between
compounds, but available data indicate a relatively fast biotransforma-
tion of DnBP (Seckin et al., 2009). Alternatively, phthalate metabolites
could have been sequestered by gulls in their diet and transferred
directly to their eggs.

Phthalates have been detected in several prey species of the herring
gull, including fishes, crabs, and shrimps (Munshi et al., 2013). Lipo-
philic molecules such as phthalates may be readily co-acquired with
lipids in the diet, and thus transferred through the food chain. In addi-
tion, gulls may directly acquire phthalates by ingesting plastics. Like
other seabirds, gulls are known to ingest microplastic particles and even
relatively large plastic items such as fragments of discarded fishing net
(Lindborg et al., 2012). Interestingly, a previous study of phthalates in
herring gull eggs collected at two remote colonies in Norway found
DEHP in all 18 eggs sampled (Huber et al., 2015), whereas we detected
DEHP in only 1 of 13 eggs. It is clear that phthalate ingestion and
deposition in gull eggs can vary over macro- and even microgeographic
scales, likely due to differences in local phthalate exposure and/or
foraging preferences.

The extent to which phthalates bioaccumulate in birds, or bio-
magnify across food chains, is poorly understood (Net et al., 2015).
Bioaccumulation and biomagnification of chemically similar com-
pounds such as polychlorinated biphenyls (PCBs) have been linked to
deleterious health effects in many marine top predators (e.g. Desforges
et al., 2016; Jepson et al., 2016). Since herring gulls occupy a relatively
high trophic position, they may be at greater risk of phthalate bio-
accumulation than species at lower trophic levels. Several factors must
be quantified in order to estimate bioaccumulation of phthalates,
including retention times of plastics and species' ability to excrete these
compounds. Similarly, how concentrations of phthalates deposited into
egg yolk compare with concentrations of the same compounds in
mothers awaits study. Nevertheless, as for nutrients and some other
xenobiotics (e.g. Blount et al., 2002; Li et al., 2019; Zheng et al., 2018), it
seems unlikely that mothers are able to adjust levels of phthalates
deposited into eggs independently of levels in their own tissues and in
circulation. Indeed, gulls extensively catabolise stored lipids and pro-
teins in order to produce a clutch of eggs (Blount et al., 2002). As such,
the phenotype of newly laid eggs and the concentrations of pollutants in
them reflect maternal physiological state.

There was a significant positive association between yolk concen-
trations of MDA and DCHP. DCHP is considered a substance of very high
concern by the EU due to its endocrine-disrupting properties and
reproductive toxicity (Bienkowska, 2018). Exposure to DCHP in utero
caused downstream genotoxic effects and apoptosis in testicular cells
during puberty in rats (Ahbab et al., 2014), and DCHP was associated
with oxidative stress in goldfish (Carassius auratus) (Qu et al., 2015). It is
therefore possible that DCHP exposure in ovo may have deleterious ef-
fects on health in gulls.

Oxidative damage to lipids may be especially likely to occur during
egg production, when metabolic demands are at their highest (e.g.
Vézina and Williams, 2002). Therefore, gulls exposed to DCHP may
experience even greater oxidative stress than would normally be asso-
ciated with reproduction. This could result in reduced levels of
a-tocopherol and increased levels of MDA in maternal circulation and
deposited into egg yolk. Malondialdehyde (MDA) is highly reactive, and
its deposition in egg yolk could trigger oxidative stress during embryo-
genesis. A combination of poor antioxidant protection and high expo-
sure to maternally-derived MDA could be especially damaging for the
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development and survival of offspring, since avian hatchlings are
inherently susceptible to oxidative stress upon exposure to atmospheric
concentrations of oxygen at hatching (Surai et al., 2016). The presence
of phthalates in egg yolk — perhaps especially DCHP - may present an
additional risk of invoking oxidative stress in offspring.

Aside from DCHP, we found no other significant relationships be-
tween yolk levels of phthalates and MDA. However, other studies have
found effects of such phthalates on tissue levels of oxidative stress at
concentrations comparable to those observed in egg yolk in this study (e.
g. Franken et al., 2017; Van'T Erve et al., 2019; Xu and Gye, 2018). The
consequences of phthalate exposure for the health and fecundity of
breeding gulls, and intergenerational impacts on hatchlings, warrant
further study.
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