
Regional Studies in Marine Science 53 (2022) 102427

D
a

9
b

c

e
c
S
e

h
2

Contents lists available at ScienceDirect

Regional Studies inMarine Science

journal homepage: www.elsevier.com/locate/rsma

A screening study of relationships among concentrations of algal
toxins, PFAS, thiamine deficiency and biomarkers in the European
flounder from the southern Baltic Sea
Elin Dahlgren a,∗, Joacim Näslund a, Lars Förlin b, Lennart Balk c, Lillemor Asplund c,
ennis Lindqvist c

Department of Aquatic Resources, Institute of Freshwater Research, Swedish University of Agricultural Sciences, Stångholmsvägen 2, 178
3 Drottningholm, Sweden
Department of Biological and Environmental Sciences, University of Gothenburg, Box 463, 405 30, Gothenburg, Sweden
Department of Environmental Science, Stockholm University, Svante Arrhenius väg 16, Stockholm, Sweden

a r t i c l e i n f o

Article history:
Received 18 May 2021
Received in revised form 3 January 2022
Accepted 2 May 2022
Available online 10 May 2022

Keywords:
Biomarkers
Hanöbukten
Fish health
Bromophenols
Hydroxylated polybrominated diphenyl
ethers
Cyanotoxins
Perfluorinated alkyl substances
Vitamin B1

a b s t r a c t

In the disturbed Baltic Sea ecosystem, several animal species display failing health related to exposure
to toxic compounds, reduced energy metabolism and immune system disorders. In order to investigate
possible associations between fish health and exposure to chemicals affecting the energy metabolism
and immune defence, the levels of algal toxins (bromophenols, hydroxylated polybrominated diphenyl
ethers and nodularin), perfluorinated alkyl substances (PFAS) and thiamine (vitamin B1) were
determined in European flounder (Platichthys flesus). Several biomarkers indicating health status were
examined in the fish, including ethoxyresorufin-O-deethylase (EROD), and activities of glutathione
reductase, glutathione S-transferase and catalase, in addition to a large set of blood variables. The fish
were collected from Hanöbukten in the south-western parts of the Baltic Sea in late August 2018.
Regression analyses of algal toxins, PFAS and thiamine concentration displayed several significant
associations with biomarkers associated with detoxification and liver function, immune system
function and blood status of the fish.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Fish health in the Baltic sea

Baltic Sea wildlife face a disturbed ecosystem with lingering
ffects of eutrophication (Murray et al., 2019), ongoing climate
hange (Reusch et al., 2018), intense fishing pressure (Ask and
vedäng, 2019), and emissions of hazardous substances (Lehtonen
t al., 2017). Several fish species including Atlantic cod (Gadus

morhua; ‘cod’), Atlantic salmon (Salmo salar; ‘salmon’), Eurasian
perch (Perca fluviatilis; ‘perch’) and eelpout (Zoarces viviparus)
display multifaceted health disorders affecting vital traits such
as body condition (Casini et al., 2016; Engelhardt et al., 2020),
immune defence (Förlin et al., 2019; Weichert et al., 2020) and
reproduction (Åkerman and Balk, 1998; Förlin et al., 2019). The
brackish waters of the southern Baltic Sea is particularly affected
by multiple anthropogenic impacts (Korpinen et al., 2021). In
the Hanöbukten (Hanö Bay) along the south east coast of Swe-
den (Fig. 1), European flounders (Platichthys flesus; ‘flounder’)
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seem to demonstrate episodic health disorders possibly indi-
cating chemical exposure to toxic chemicals and disturbances
related to energy metabolism and immune defence (Olsson et al.,
2012). Studies of classic contaminants such as heavy metals, poly-
chlorinated biphenyls (PCBs) and pesticides, brominated flame
retardants (BFR), polyaromatic hydrocarbons (PAHs) and dioxins,
furanes and dioxin-like PCBs in this region have not revealed
any associations with the health disorders (Swedish Agency for
Marine and Water Management, 2018). Instead, environmental
stress seems to play an important role, as indicated in surveys of
other coastal fish species (Hanson et al., 2020). In perch, recent
findings reveal a possible association between elevated levels
of naturally produced bioactive brominated compounds and dis-
turbances of health biomarkers and detoxification (Förlin et al.,
2019).

1.2. Algal toxins and thiamine

Environmental stress, caused by both abiotic and biotic factors,
is known to induce production of secondary metabolites with
toxic properties in primary producers, (Lehtimaki et al., 1997;
Ross et al., 2006; Dahlgren et al., 2015) and affects the flow of
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Map of the Southern Baltic Sea showing the Hanö Bay capture site of European flounder.
nutrients produced at the base of the food web (Ejsmond et al.,
2019; Majaneva et al., 2020). In the Baltic Sea, nodularin and toxic
halogenated phenolic compounds, e.g. bromophenols (BPs) and
hydroxylated polybrominated diphenyl ethers (OH-PBDEs), are
produced by cyanobacteria and filamentous red- and brown al-
gae respectively (Gribble, 2009; Malmvärn et al., 2008; Dahlgren
et al., 2015). Nodularin, 2,4,6-tribromophenol (TBP) and 6-OH-
BDE47 are detected throughout the Baltic food web (Sipiä et al.,
2001, 2007, 2008; Lindqvist, 2016) and the concentrations of TBP
and 6-OH-BDE47 are reportedly increasing (Faxneld et al., 2014).
Several adverse effects have been associated with TBP and OH-
PBDEs, in particular the congener 6-OH-BDE47, such as hormonal
disturbances (Meerts et al., 2001), genotoxicity (Ji et al., 2011)
and neurotoxicity (Dingemans et al., 2008). OH-PBDEs are also
known to disrupt the oxidative phosphorylation (OXPHOS) and
thereby affecting the energy metabolism (Legradi et al., 2014).
Cyanotoxins, nodularin and microcystine are primarily hepatox-
ins (Honkanen et al., 1991; Ding et al., 2000). Nodularin is also
known to cause neurotoxicity (Lehtonen et al., 2003), oxidative
stress and developmental disorders (Chen et al., 2020).

Thiamine (vitamin B1) is produced by primary producers and
function as a micronutrient for the nervous system and as an
essential cofactor for several enzymes involved in the metabolism
of carbohydrates, fatty acids and amino acids (Whitfield et al.,
2018). Lack of thiamine disrupt the energy metabolism via several
modes of actions such as reduced ATP production, reduced ox-
idative phosphorylation (cellular NADH reduction), and reduced
feeding (Balk et al., 2016; Harder et al., 2018). In the Baltic Sea,
deficiency in thiamine has been detected in three animal classes:
bivalves (Bivalvia), ray-finned fishes (Actinopterygii), and birds
(Aves) (Balk et al., 2009, 2016; Mörner et al., 2017).

Even mild deficiency of thiamine, or low exposure to energy
disrupting chemicals such as OH-PBDEs, may cause an equiv-
alent effect to starvation in marine organisms and potentially
also cause effects on the energy-demanding immune system and
central nervous system. Emerging hazardous substances, like per-
fluorinated alkyl substances (PFASs), also reportedly cause effects
on the immune system of marine organisms (Schultes et al.,
2020; Liu and Gin, 2018). The present study screen for possible

associations between biomarkers and concentrations of OXPHOS
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disruptors and immune defence suppressors in order to observe
patterns on how these compounds may affect health biomarkers
in flounder from Hanöbukten. The flounder is commonly used as a
sentinel species in the Baltic Sea with numerous studies reporting
biochemical and physiological responses (biomarkers) as means
to measure effects, including combined effects of chemical pol-
lutants (e.g. Dabrowska et al., 2014; Baršiene et al., 2014; Kopko
and Dabrowska, 2018).

2. Materials and methods

2.1. Sampling

Flounders were caught with gill nets by local fishermen in
Hanöbukten (Fig. 1) during the last week in August 2018. After
being caught, fish were carefully disentangled from the net and
kept for 2 to 3 days in corves situated at the sampling site, to
allow the fish to recover from the fishing stress. For sampling of
tissues, fish were killed by a sharp blow to the head, and blood
was drawn by caudal venepuncture, using a heparin-prepared
syringe. Fresh blood was used for measurement of the haemat-
ocrit, haemoglobin content, glucose levels and to produce blood
smears for the blood cell count. Thereafter, blood was centrifuged
for 90 s at 6000 G, and the plasma was separated and stored
at −80 ◦C. After measuring the mass and total length, the fish
was cut open and the bile collected from the gallbladder using a
syringe. The liver was excised and weighed, and one piece was
snap frozen in liquid nitrogen for preparation of measurement
of enzyme activities. Fish were weighed after dissection for the
somatic mass (‘carcass mass’). The fish carcass was frozen at
−20 ◦C and thereafter sent for storage to Swedish Environmental
Specimen Bank at the Natural History Museum in Stockholm,
Sweden. Ethical permission for the study was approved by the
animal committee in Gothenburg, Sweden under the number 5.8.
18-02260/2018 and the identification number 001380.

2.2. Fish health

Liver samples were prepared as described in Förlin (1980).
Biochemical analysis of biomarkers included; ethoxyresorufin-
O-deethylase (EROD), activities of glutathione reductase (GR),
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lutathione S-transferase (GST) and catalase (Cat). The numbers
f immature red blood cells, thrombocytes, lymphocytes, and
ranulocytes and total amount of white blood cells were cal-
ulated from blood smears. The erythrocyte volume fractions
haematocrit) were estimated together with the haemoglobin and
lucose concentrations in blood. Levels of the ions Na+, K+, Cl−
nd Ca2+ in the blood plasma were determined. Further details on
ample preparation and methodology of fish health biomarkers
re provided in Electronic Supplementary Material (ESM).

.3. Chemical analyses

Brominated phenolic compounds and thiamine were analysed
t Stockholm University (Sweden), nodularin and microcystins
t the University of Gdansk (Poland), and PFAS at the Örebro
niversity. For details see ESM.

. Data handling

Empirical parametrization of length–mass relationships of
lounder often deviates from what is assumed in the commonly
sed ‘Fulton’ condition factor (K ) formula (Froese, 2006; FishBase,
019). Hence, residual body condition (RCF) was evaluated as the
ass deviation (residual) from the empirical log–log relationship
etween total body mass (mt) and total body length (Lt) in this
tudy [model: loge(m)∼loge(L)].
Gonad (ovary) mass was recalculated into a residual gonad in-

ex (RGI) by regressing a log–log relationship where gonad mass,
g, is dependent on somatic mass, ms [model: log e(mg)∼loge
ms)]. Residuals for each individual, representing mg deviance
rom expected values for a given ms, were used in analyses. Liver
mass, ml, was recalculated into residual liver index (RLI), derived
in the same way as RGI [model: log e(ml)∼loge(ms)]. In contrast
to the often used gonad- and liver somatic indices (GSI and LSI,
respectively), these procedures avoid introducing bias caused by
allometries in gonad- and liver mass; no size relationship remains
in the residual data (Erickson et al., 1985).

All variables were graphically evaluated using histograms
(Figures S1–S3) and data distributions with substantial positive
skew (expected when data is strictly non-negative and have
low mean value) were transformed using loge (Glu) or loge x
+ 1 (EROD, all PFAS variables, and all aromatic organohalogen
compound (OHC) variables; the two latter groups of variables
were transformed categorically as most of them showed skew).
Non-phosphorylated thiamine and thiamine monophosphate in
the liver (ThiL, TMPL) had positive skew (due to low, near-zero,
levels of these compounds), but were retained on the original
scale for consistency with other thiamine data; statistical analyses
concerning relationships among thiamine and other variables are
dependent on normality of residuals, not raw data. The reason
for transforming variables was to reduce the statistical influence
of the right distribution-tail in the correlation and regression
analyses.

4. Statistical analyses

All biomarker and toxin variables were first screened for possi-
ble relationships with total body mass, using Pearson correlations.
No significant relationships with body mass were indicated (α =

5%), see Supplement Table S1–3. Hence, body mass was not
included as an independent variable in any subsequent statistical
models.

Pearson correlation matrices, based on pairwise complete ob-
servations, were created separately for each functional group of
biomarkers (for key to abbreviations, see Table 1): blood status

+ + 2+
and ion regulation (Hb, Ht, iRBC, [K ], [Na ], [Ca ]), immune
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defence (Lym, Gra, Thr, WBC), liver function (RLI, EROD, GR, GST,
Cat), and growth and energy metabolism (RCF, RLI, RGI, Glu).
The same procedure was applied to thiamine variables: non-
phosphorylated thiamine (Thi), thiamine monophosphate (TMP),
thiamine diphosphate (TDP), SumT (Thi + TMP + TDP), and
toxicant groups: PFAS (PFOA, PFNA, PFOS, PFDA, PFUnDA), and
organohalogen compounds [OHC (TBP, TBA, 6-OH-BDE49, 2′-OH-
BDE68, 6-OH-BDE47, 6-OH-BDE90, 6-OH-BDE99, 2′-MeO-BDE68,
6-MeO-BDE47)]. These matrices provide details about covariation
among compounds within each group of biomarkers and toxins.

Regression models were used to screen for effects of toxicants
on biomarkers with biomarkers as dependent variables and toxi-
cants as independent variables. Individual models for each com-
bination of biomarker and toxicant were constructed. To screen
for relationships between levels of toxicants and biomarker re-
sponses, standardized slope coefficients and their p-values (test-
ing null-hypotheses of slope = 0) were calculated. Standardized
slope estimates were obtained by mean-centring and scaling (1
standard deviation) the independent variable (i.e. the toxicant),
using the jtools package for R (Long, 2020), and are used to make
slope-estimates on different scales comparable.

Thiamine variables were tested as dependent variables in re-
lation to both toxicants and biomarkers, using methods identical
to that of the regressions for the biomarkers.

Since particular focus was directed to cyanobacterial toxins
and thiamine variables, these are separately visualized and anal-
ysed in more detail. Nodularin from individual fish was compared
with mean values from previous surveys in the Baltic Sea basins
(Sipiä et al., 2001), to provide a view of the observed levels.
Thiamine and its derivates were similarly visualized and also
statistically analysed, comparing levels in the liver and brain of
individual fish using paired t-tests (two-sided).

Since the aim of the analyses in general is screening, with the
aim to indicate possible relationships, no p-value adjustments for
multiple testing are applied. Such a procedure would defeat the
purpose of screening for interesting correlational trends. How-
ever, due to the large number of tests, false positives (indication
of effect when there is none in reality) are likely present in the
results. Under the assumption of no false negatives and uniform
distributions of p-values when there are no real effects, the ex-
pected number of false positives were calculated for suites of
tests. All p-values between 0.1 and 1.0 were binned in 0.05 inter-
vals, and the average of the number of cases within these 18 bins
is considered as the expected number of false positives with p <
0.05. This procedure is similar to the underlying theory of false
discovery rates (Benjamini and Hochberg, 1995), but focusing on
estimating a theoretical number of false positives rather than
correcting the p-values themselves. Interpretation of the results is
focused on biological relevance of effect sizes and consistency in
patterns of effects, rather than null-hypothesis significance itself.

Analyses and figures were made in R (R Core Team, 2020),
using the packages stats (R Core Team, 2020), tidyverse (Wickham
et al., 2019), and corrplot (Wei and Simko, 2017).

5. Result

5.1. Biological variables and indexes

Apart from the expected correlation between body length and
mass, no correlations were found between variables indicating
size and energy status (Fig. 2). Examination of the relationship
between biological variables indicating blood status and immune
function showed significant positive correlations among Hb, Ht,
and Ca2+ (Fig. 2). All immune system variables were gener-
ally positively correlated (albeit non-significantly, p < 0.1, in a
few cases) (Fig. 2). Out of the variables indicating liver function
and detoxification only GR and GST demonstrated a significant
correlation, with a negative relationship (Fig. 2).
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Fig. 2. Correlation matrices for biomarkers, grouped within their functional categories, and thiamine variables.
Fig. 3. Correlation matrices for toxicants; PFAS and OHC grouped separately.
.2. Chemicals

The data of brominated phenolic compounds and MeO-PBDs,
howed significant positive relationships between the congeners
BP vs. 6-OH-BDE49, TBP vs. 6-OH-BDE90, TBP vs. 6-OH-BDE99,
-OH-BDE47 vs. 6-OH-BDE49, 2-OH-BDE49 vs. 6-OH-BDE90, and
-OH-BDE90 vs. 6-OH-BDE99 (Fig. 3).
4

All measurements of thiamine, Thi, TMP and TDP in the liver
and brain of the flounder demonstrated significant, positive cor-
relations (Fig. 2). Sum of all thiamine variables were dominated
by TDP values (see Fig. 6).

Except for PFOA (which was of lowest concentration of all
quantified PFAS), all of the various PFAS demonstrated strong
positive correlations within the fish (Fig. 3).
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Table 1
Measured variables, with abbreviations, units, sample size (N), sample mean and standard mean deviation (SD), and functional category. PFAS = perfluorinated
lkylated substances; OHC = organohalogen compounds; gdm = gram dry mass; gwm = gram wet mass.
Biomarker variables Abbreviation Unit N Mean ± SD Functional category

Total body length Lt mm 20 318 ± 26 Size
Total wet mass mt g 20 345 ± 63 Size
Soma wet mass ms g 20 335 ± 61 Size
Gonad wet mass mg g 20 10.6 ± 3.0 Reproduction, Energy status
Liver wet mass ml g 20 10.7 ± 3.0 Liver function, Energy status
Glucose Glu mmol/l 20 4.11 ± 1.13 Energy status
Haemoglobin Hb g/l 20 64.3 ± 9.3 Blood status
Haematocrit Ht % 20 23.1 ± 3.0 Blood status
Immature red blood cells iRBC % 20 0.89 ± 0.19 Blood status
Potassium ion concentration K+ mmol/l 20 3.28 ± 0.41 Ion regulation
Sodium ion concentration Na+ mmol/l 20 147 ± 5 Ion regulation
Calcium ion concentration Ca2+ mmol/l 20 1.11 ± 0.09 Ion regulation
Lymphocytes Lym % 20 1.28 ± 0.42 Immune defence
Granulocytes Gra % 20 0.91 ± 0.32 Immune defence
Thrombocytes Thr % 20 1.11 ± 0.33 Immune defence
White blood cells WBC % 20 3.31 ± 0.84 Immune defence
Ethoxyresorufin-O-deethylase EROD pmol/mg protein x min 20 37.9 ± 29.7 Liver function, Detoxification
Glutathione reductase GR nmol/mg protein x min 20 9.69 ± 2.73 Liver function, Detoxification
Glutathione S-transferase GST µmol/mg protein x min 20 0.46 ± 0.08 Liver function, Detoxification
Catalase Cat µmol/mg protein x min 20 180 ± 52 Liver function, Detoxification

Thiamine variables

Thiamine (liver) ThiL nmol/gwm 19 0.004 ± 0.011 Thiamine
Thiamine monophosphate (liver) TMPL nmol/gwm 19 0.90 ± 0.56 Thiamine
Thiamine diphosphate (liver) TDPL nmol/gwm 19 4.54 ± 1.93 Thiamine
Thiamine (brain) ThiB nmol/gwm 20 1.08 ± 0.53 Thiamine
Thiamine monophosphate (brain) TMPB nmol/gwm 20 2.65 ± 0.71 Thiamine
Thiamine diphosphate (brain) TDPB nmol/gwm 20 11.2 ± 2.5 Thiamine

Measured toxicant variables

Nodularin Nod ng/gdm 20 8.30 ± 12.0 Cyanobacterial toxin
Microcystin Mcy ng/gdm 20 a Cyanobacterial toxin
Perfluorooctanoic acid PFOA ng/gwm 20 0.012 ± 0.013 PFAS
Perfluorononanoic acid PFNA ng/gwm 20 0.050 ± 0.061 PFAS
Perfluorooctanesulfonic acid PFOS ng/gwm 20 0.116 ± 0.091 PFAS
Perfluorodecanoic acid PFDA ng/gwm 20 0.038 ± 0.044 PFAS
Perfluoroundecanoic acid PFUnDA ng/gwm 20 0.041 ± 0.034 PFAS
Perfluorododecaoic acid PFDoDA ng/gwm 20 b PFAS
PFAS (other)a 20
2,4,6-Tribromophenol TBP pg/gwm 20 591 ± 432 OHC
2,4,6-Tribromoanisole TBA pg/gwm 20 242 ± 80 OHC
2′-OH-BDE-68 2OH68 pg/gwm 20 15.7 ± 3.6 OHC
6-OH-BDE-47 6OH47 pg/gwm 20 43.2 ± 26.2 OHC
6′-OH-BDE-49 6OH49 pg/gwm 19 7.41 ± 1.56 OHC
6-OH-BDE-90 6OH90 pg/gwm 18 12.3 ± 3.0 OHC
6-OH-BDE-99 6OH99 pg/gwm 20 12.9 ± 2.7 OHC
2′-MeO-BDE-68 2MeO68 pg/gwm 20 31.7 ± 13.7 OHC
6-MeO-BDE-47 6MeO47 pg/gwm 20 21.1 ± 15.7 OHC

aAll samples below detection limit. PFAS substances below limits of detection were: PFBA, PFPeA, PFBS, PFBS, PFHxA, PFHpA, PFHpA, PFPeS, PFHxS, PFHpS, PFOA, PFNA,
PFOS, PFDA, PFUnDA, PFNS, PFDS, PFDoDA, PFTrDA, PFDoDS, PFTDA, PFHxDA, PFOcDA, 4:2-FTSA, 6:2-FTSA, 8:2-FTSA, 5:3-FTCA, 6:2-FTUCA, 8:2-FTUCA, 10:2-FTUCA,
11ClPF3OUdS451, 9ClPF3ONS351.
bAll but three samples below detection limit, not further analysed.
i

5.3. Relationships among biological indicators, biomarkers, and con-
taminants

In pairwise correlation analyses, several significant relation-
hips were found between the various chemical toxins. In analy-
es of methoxylated and hydroxylated polybrominated diphenyl
thers, some compounds showed a significant relationship with
iomarkers (Fig. 4, Fig S4). 2,4,6-tribromoanisole (TBA) was asso-
iated with biomarkers indicating liver function and detoxifica-
ion (GST and EROD) and TBP with biomarkers indicating effects
n the immune system (Lym and WBC). In addition, 6-OH-BDE47
emonstrated a negative association with residual gonad index.
Seven out of 30 analysed PFAS compounds were detected in

he samples, dominated by perfluorononanoic acid (PFNA) which
as present in all samples. Perfluorooctane sulfonate (PFOS) and
erfluoroundecanoic acid (PFUnDA) were detected in 19 and 17
f the samples, respectively. Concentrations varied with an order
f magnitude, with the highest levels detected for PFOS in muscle
5

tissue at 0.36 ng g−1
wm. The summarized values ranged between

0.02 and 0.95 ng g−1
wm in muscle tissue. Regression analyses (Fig. 4,

Fig. S4) demonstrated that several PFAS, including
∑

PFAS were
negatively associated with granulocytes. PFOS and PFUnDA were
significantly positively associated with immature red blood cells.

Nodularin was detected in 50% of the fish. Only two fish
individuals had levels of nodularin ≥35 ng g−1

dm , and none had
levels over 50 ng g−1

dm (Fig. 7). Nodularin was significantly positive
associated to lymphocytes (Fig. 4, Fig. S4). Microcystins were not
detected in any (0%) of the samples.

Concentrations of thiamine displayed significant associations
with several biomarkers indicating fish health (summarized in
Fig. 5; Fig S5). In regression analyses of thiamine and its derivates
TMP and TDP, as dependent on body levels of toxicants, a few
consistent patterns emerged. PFUnDA was positively associated
with all thiamine variables, both in the liver and in the brain (all
p < 0.05, except ThiL with p < 0.1; Fig. 5A). 2′-OH-BDE68 was
ndicated to have a positive relationship with levels of Thi and
L
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Fig. 4. Summary of regression analyses showing standardized slope estimates (with 95% confidence intervals) for regressions of biomarkers as dependent on levels
of toxicants in the body of mature female European flounders, Platichthys flesus. Positive and negative values denote positive and negative relationships, respectively.
tatistical significance is colour-coded as follows, red: p < 0.05; orange: 0.05 < p < 0.10; blue: p > 0.10. Slopes are standardized by mean centring and scaling (1
D) of the dependent variable in each analysis, to make the strength of the relationship visually comparable across analyses. Individual, non-standardized regressions
or analyses with p < 0.05 are visualized in Fig. S4 (supplement). Key to abbreviations is found in Table 1. (For interpretation of the references to colour in this
igure legend, the reader is referred to the web version of this article.)
a

MPL (p < 0.05), and TDPL appeared to be similarly influenced
p < 0.1) (Fig. 5A). However, this association was not detected
n brain samples (Fig. 5A). 6-OH-BDE90 was indicated to have a
6

positive relationship with TDPL (also reflected in the sum of all
liver thiamine variables; p < 0.05), but no other variables showed
similar relationship with this particular brominated phenol.
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Fig. 5. Standardized slope estimates (with 95% confidence intervals) for regressions of thiamine variables as dependent on (A) toxicants, and (B) biomarkers in
the body of mature female European flounders, Platichthys flesus. Positive and negative values denote positive and negative relationships, respectively. Statistical
ignificance is colour coded as follows, red: p < 0.05; orange: 0.05 < p < 0.10; blue: p > 0.10. Slopes are standardized by mean centring and scaling (1 SD) of
he dependent variable in each analysis, to make the strength of the relationship visually comparable across analyses. Individual, non-standardized regressions for
nalyses with p < 0.05 are visualized in Fig. S5 (supplement). Key to abbreviations is found in Table 1. (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of this article.)
Three biomarkers seemed to be associated to thiamine levels.
iver (but not brain) thiamine variables were positively associated
o iRBC (all p < 0.05, except TDPL with p < 0.1) and negatively
ssociated to relative liver size (all p < 0.05) (Fig. 5B). All thiamine

variables were negatively associated with catalase (all p < 0.05,
except TMPB with p < 0.1). In addition to general patterns, signif-
icant regressions indicated TMPB as associated with Na+ (positive
effect) and TDPB as associated with Gra (Fig. 5B).

Levels of thiamine in the liver were in all cases (all variables
for all fish individuals) lower than in the brain, rendering all
comparisons of differences (paired t-tests) statistically clear (all p
< 0.001) (Fig. 6). Levels of thiamine in the liver (ThiL) were very
low (Fig. 6; Fig. S2; Table 1).
7

5.4. Expected number of false positives

The expected numbers of false positives (p < 0.05) were
estimated to be 1.7 for biomarker correlations (Fig. 2), 3.3 for tox-
icant correlations (Fig. 3), 17.6 for biomarker regressions (Fig. 3),
and 10.7 for thiamine regressions (Fig. 5; analyses on sums of
thiamine variables not included in calculations, as they largely
reflect TDP, see Fig. 6). The assumption of no false negatives with
p > 0.1 likely makes these estimates conservative.

6. Discussion

In the present study, regression analyses of toxic chemi-
cals and thiamine displayed significant associations with several
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Fig. 6. Levels of thiamine, thiamine monophosphate, and thiamine diphosphate in liver and brain tissue of female mature European flounder Platichthys flesus from
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iomarkers associated with fish health. As such, the results pro-
ide a guide for future investigations into these relationships,
hich could help to explain ecotoxicological issues in the Baltic
ea ecosystem.

ealth parameters
Within the Swedish National Monitoring Program (Sandström

t al., 2005), an ongoing deterioration of fish health in response
o exposure to chemical exposure has been suggested in coastal
erch and eelpout collected from reference sites with no known
ources of pollution (Förlin et al., 2019; Hanson et al., 2020). Dis-
urbance of the immune system and blood status is indicated by
ncreasing/deviating number of white blood cells (WBC) and im-
ature red blood cells (iRBC). Health disorders cannot presently
e explained by the presence of well-known chemical pollutants
easured in relation to monitoring of biomarkers (Mustamäki
t al., 2020). Recent findings in perch, collected at a site charac-
erized by no or minor local anthropogenic influences, indicated
mpaired health based on gene-expressions related to immune
nd oxidative stress (Förlin et al., 2019). Higher concentrations
f naturally produced bioactive brominated compounds, such as
rominated indoles and carbazoles were related to higher expres-
ion of the membrane transporter (MATE) and a detoxification
nzyme COMT (Förlin et al., 2019). Our study strengthens the
otion that not only anthropogenic contaminants constitutes haz-
rds to the marine environment; naturally produced compounds
ithin the aquatic environment also need to be considered.

oncentrations of algal toxins, thiamine and PFAS in flounder
Concentrations of cyanotoxins detected in the muscle tissue of

lounder were relatively low with microcystins being consistently
elow detection limits and nodularin ranging between 0–42.8 ng
−1
dm . For nodularin, muscle concentrations up to 100 ng g−1

dm
ave been detected in flounders caught from the western Gulf
f Finland in September–October (Sipiä et al., 2000).
Out of the brominated compounds detected in flounder in

his study, the plasma concentrations of 6-OH-BDE47 at 43.2
g g−1

wm is much lower than previously reported levels in perch,
here whole fish concentrations of OH-BDE-47 were found up

−1
o 13000 pg gwm during mid-August (Dahlgren et al., 2016). In

8

lood plasma, concentrations of nearly 2 ng g−1
wm are reported

in flounders from Askö in the Baltic proper, which was one
order of magnitude higher than other investigated species such
as herring (Clupea harengus), long-tailed duck (Clangula hyemalis)
and grey seals (Halichoerus grypus) (Lindqvist, 2020). The highest
concentrations of OH-PBDEs in the Baltic Sea are reported in blue
mussels (Mytilus edulis) Löfstrand et al., 2011. As blue mussels
constitute a significant part of the diet for flounder in the Baltic
Sea (Borg et al., 2014), they are likely to be exposed to high
concentrations. In general, OH-PBDEs as well as nodularin display
large seasonal variation, with peak concentrations in mussels dur-
ing June to July (Mazur-Marzec et al., 2007; Löfstrand et al., 2011).
The relatively low concentrations of algal toxins in flounder in the
present study is likely a consequence of that the sampling was
conducted during the latter part of the summer.

Concentrations of
∑

PFAS in this study at 0.3 ng g−1
wm in muscle

tissue is one order of magnitude lower than previously reported
in flounder PFAS (

∑
PFCs, PFAAs, PFHpA, PFOA, PFNA, PFDA,

PFUnA, PFDoA, PFTrA, PFTeA, PFHxS, PFHpS, PFOS, and PFDS)
from the Gulf of Finland at 5.3 ng g−1

wm (Järv et al., 2017). In the
same study, concentrations of

∑
PFAS in flounder reportedly vary

between geographical sites.
All thiamine variables were positively correlated (Fig. 2), indi-

cating consistent patterns among individuals, where low levels of
one variable signal low levels of another variable. The concentra-
tions of thiamine detected in the flounders were generally low.
Several investigations (Rindi et al., 1963; Balaghi and Pearson,
1966; Batifoulier et al., 2005; Balk et al., 2016) have advocated
that the ratio of the liver and brain

∑
Thiamine concentration

ould be used as a biomarker for thiamine status in vertebrates.
he rationale behind this biomarker is that the brain has higher
riority than the liver to not decrease, to maintain stability, in
hiamine concentration. The ratio has been 2–3 in non-thiamine-
eficient specimens, and as low as below 1 in thiamine-deficient
pecimens. The observed ratio for flounder in this study was
elow 0.5, suggesting a thiamine deficiency. Note that the sums
f all thiamine variables are dominated by TDP values (see Fig. 7).
Some of the OH-PBDEs had a significant, positive, association

ith liver concentrations of thiamine, which is likely a result of
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Fig. 7. Nodularin levels in muscle tissue of mature female European flounder
Platichthys flesus in the Hanö bay area, southern Baltic Sea, collected August
2018. Data is visualized as a boxplot where the box delimits the second and
third quartile, with median as a bold horizontal line; whiskers represent the first
and fourth quartile (lower whisker not visible). Raw-data points (hollow circles)
are presented to the right. Horizontal blue lines show, for reference, previously
measured levels in liver tissue (dry mass; ELISA) from European flounder in the
Baltic Sea, with month and year of the sampling (Sipiä et al., 2001): GF = Gulf
f Finland; GB = Gulf of Bothnia; BP = Baltic Proper; SBS = southern Baltic
ea (SD 24). Asterisk (*) denote samplings with levels below the detection limit
Sipiä et al., 2001): GB Sep ’98 (liver), GF Sep ’97 (muscle), GB Aug ’97 (muscle).

he shared origin (from primary producers) of these compounds.
here was an overall strong, positive, association between the
erflourinated compound PFUnDA and all measures of thiamine
n the flounder, a relationship lacking explanation.

The observed associations between groups of biomarkers
detoxification and liver function, immune system and blood sta-
us) and chemical compounds demonstrate complex interactions
ncluding a mix of chemical pollutants with similar biological
ctions (‘cocktail effects’, Celander, 2011). The potential associ-
tions between different groups of biomarkers and compounds
hat are indicated in this screening require further investigations.
urthermore, additive and synergistic effects need to be evalu-
ted. Possible links to oxidative stress is another area of future
nvestigations.

.1. False positives

The large number of tests applied in this study is likely to lead
o Type I errors (false positives); i.e. erroneous rejection of the
ull-hypothesis of no effect. We argue that this is not a major
roblem in a screening study where all possible associations need
o be indicated. Hence, we did not apply family-wise corrections
or multiple testing. While possible causes for the associations
re presented above, strict conclusions of effects relating to the
9

patterns presented here should be avoided. Hence, our results
should be viewed as indications of possible effects that should be
followed up by confirmatory studies (unless the effect is already
well established in previous studies).

6.2. Conclusions

In order to shed light on the cause of the deteriorating health
of fish species in the Baltic Sea, it is important to include multiple
chemical stressors, of natural as well as anthropogenic origin. Pro-
duction and flow of compounds released by primary producers
needs to be included when considering the potential cocktail of
chemicals that affect the health of all aquatic organisms in the
Baltic Sea.
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