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Abstract

Agricultural fungicides are extensively used for infestation control, resulting in residues of these
compounds in food. Human exposure to environmental contaminants might occur via different routes,
such as inhalation, skin contact or ingestion. Exposure to several pesticides has been associated with
adverse human health outcomes. Our aim was to assess the stability as well as temporal trends of a
biomarker for the fungicide Chlorothalonil (CHT) in human serum. CHT has been classified a probable
human carcinogen that has shown toxicity in the environment, fish, and mice. Samples had been
collected from pregnant women (n = 1809 in Scania, Sweden, from 1997 to 2015. The concentration of
the biomarker 4-hydroxychlorothalonil (4-OH-CHT) was analysed by Occupational- and Environmental
medicine south (OEM south) in human serum using LC-MS/MS. The purpose of this study, to evaluate
temporal trends in biomarker concentrations (log-transformed) using linear regression was carried out.
A literature search was used to gather information about CHT. The biomarker of chlorothalonil (4-OH-
CHT), was detected in 100% of the population in all sampling years. The biomarker’s median
concentration was 4,1 ng/mL. No temporal trends were found for 4-OH-CHT (This means no annual
change, indicated by B, = 0,0% change/year in Table 6). This is to our best knowledge the first study
evaluating this factor in human samples. Further studies are needed to evaluate possible risks for

offspring and mothers.



Popularvetenskaplig sammanfattning

Trender av svampbekampningsmedlet Klorotalonil i gravidas blod dver en 18arsperiod

Bekampningsmedlet Klorotalonil (CHT) har funnits lange och anvants pa en méangd olika typer av
gronsaker, vilket ar forbjudet i Sverige och &ven Europa idag. Anda hittades det nyligen i gravida
skanska kvinnor och har fortsatt upptéckts i gravida kvinnors blod kontinuerligt under de senaste 18
aren. Sannolikt finns det i oss alla. Men hur hamnade det dar? Svaret pa denna fraga och fragor som
denna &r inte kanda for forskningen. Lite forskning pa méss, hundar med flera djur har utforts och det
pekar pa att CHT kan vara cancerogent for manniskor dven om det &r svart att séga nagot exakt utifran

hur djur reagerar.

Att stalla upp halterna for alla 18 ar i en lang rad gav ett ratt jamt resultat. Det skulle kunna betyda att
vi var ungefar lika utsatta for det har bekdampningsmedlet for sju ar sedan som for 25 ar sedan, men
dessa antaganden behover undersokas i vidare studier pa stabiliteten. Ingen annan har ndgonsin gjort en

sadan tidsserie vare sig for amnet i natur, djur eller manniskor, savitt vi vet.

Vidare studier skulle kunna fortsétta arbetet med att undersdka till exempel om vi i Sverige har hoga
eller laga halter i blodet i forhallande till andra lander, om de som bor néara odlingar dar amnet anvands
(utanfor Europa) har hogre halter, eller om de som dter en viss typ av grédor har hogre halter. Men, &ven

vad som kan paverka hur mycket som tas upp i ens kropp.

Viktigast av allt r dock att undersoka huruvida det alls finns koppling till ndgon halsofara orsakad av
det har amnet. Loper barnen till dessa modrar hogre risk att ligga inom spektret for nadgon specifik
diagnos exempelvis. Kan den diagnosen harledas kemiskt till nagot @mnet paverkat i barnets/mammans
kropp? Gar det att med tillracklig sakerhet saga att det har &mnet borde begransas? Det ar det vi forsoker
sitta forutsattningarna for att motivera, utifall att det skulle visa sig vara relevant for att skydda
manniskors hélsa. Forebyggande arbete nar det &r som farskast ar vad du skulle kunna fortsétta I&sa om

har.

Keywords Biomonitoring ® Human exposure ® Fungicide ® Study on pregnant women ® Chlorothalonil
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Introduction

Fungicides are a broad group of chemicals extensively used over the last century to control pest
infestations. Chlorothalonil (CHT) is a broad-spectrum organochloride fungicide that is also used in
paints. It was first developed in the US in 1966 (Kwon & Armbrust, 2006), and has since then been
applied when cultivating vegetables, including, peanuts, cabbage and tomatoes (Battaglin et al., 2008;
Hou et al., 2016; Kwon & Armbrust, 2006).

The mechanism of action of CHT in mold/fungi is inhibiting thiol enzymes and sulfhydryl groups. CHT
causes cell death by inhibiting the enzyme function of glutathione (GSH) (Kwon & Armbrust, 2006;
Tillman et al, 1973).

The half-life of chlorothalonil varies in different types of plants, and in different climate zones (Hou et
al, 2016). The dissipation half-life of chlorothalonil in greenhouse-grown vegetables was estimated to
5.3d (cucumber), 7.3d (pepper), 11.5 d (cherry tomato), 2.2 d (banana) and 1.8-3.2 d (spinach) (Chaves
etal., 2007; Lin et al., 2019; Ramirez et al., 2019; Valverde-Garcia et al., 1993).

Chlorothalonil has been detected in streams and rainfall (Armbrust, 2001; Battaglin et al., 2008; Sakai,
2002). It can be degraded in water under sunlight exposure, with half-lives ranging from one to 48 hours

depending on the water composition and light source (Sakkas, 2002).

CHT is moderately persistent in soil and is primarily degraded by a variety of microorganisms to 4-
hydroxychlorotalonil (4-OH-CHT) (P.Raman, 2014; Rouchaud et al., 1988; Shi et al., 2011). 4-OH-
CHT showed greater stability and wider distribution compared to other biotransformation products
(Kwon & Armbrust, 2006). Therefore, 4-OH-CHT is considered as the major threat resulting from the
CHT application in agriculture and recreational sports (Gamble et al., 2001; Xu et al., 2020). It is more
toxic to birds but less toxic to fish and aquatic invertebrates than chlorothalonil (U.S. Environmental

Protection Agency, 1999).

The U.S. Environmental Protection Agency classifies chlorothalonil as a group B2 (probable human)
carcinogen with very high toxicity to fish and aquatic invertebrates (U.S. Environmental Protection
Agency, 1999) but low toxicity to birds and mammals (Battaglin et al., 2008). Oral toxicity tests of

chlorothalonil in mice have showed a significant embryo lethality and a reduction in live fetuses (Farag


https://www-sciencedirect-com.ludwig.lub.lu.se/science/article/pii/S0304389420305641?via%3Dihub#bib0145
https://www-sciencedirect-com.ludwig.lub.lu.se/science/article/pii/S0889157521002088?via%3Dihub#bib0095

et al., 2006). 4-OH-CHT has demonstrated toxic effects on aquatic organisms, causing oxidative stress
and genetic toxicity in fish (Lopes et al., 2020). At the concentration of 50 pug/L, the fatality rate of 4-
OH-CHT to zebrafish has been shown to be 2.6 times higher than that of chlorothalonil, and 4-
hydroxychlorothalonil has also showed stronger endocrine disrupting effect in zebrafish than its parent
chlorothalonil (Quan et al., 2016).

Despite the fact that 4-OH-CHT has been released into the environment and the direct contact with 4-
OH-CHT that may happen during the agricultural and recreational activities, there is nearly no record
on the toxicity of 4-OH-CHT to human health (Xu et al., 2020).

According to a review performed by United Nations Environment Programme (UNEP), World Health
Organisation (WHO) and International Programme on Chemical Safety (IPCS) the toxicological data
for chlorothalonil revealed that the most important studies for human risk estimation was long-term
effect of chlorothalonil in dogs since this was the most representative species for humans. The
conclusions stated that the No-observed-effect-level (NOEL) of 120 mg/kg in the diet in the 2-year study
on dogs, was equivalent to 3 mg/kg body weight per day, and therefore should be used for the purpose
of human risk estimation (UNEP, WHO & IPCS) Chlorothalonil has an acceptable daily intake and a
reference dose value of 0.03 and 0.015 mg kg—1 day—1, respectively (Raman 2005).

The primary routes of exposure to CHT occur via ingestion, inhalation, dermal, and ocular contact
(P.Raman, 2014). Chlorothalonil gets rapidly absorbed when ingested and inhaled. Liver is the primary
site of metabolism of chlorothalonil via conjugation with glutathione. It is a hepato-, nephro-, neuro-,

and reproductive toxin with carcinogenic potential (P.Raman, 2014).

Occupational exposure to chlorothalonil may occur through inhalation of dusts or dermal contact with
this compound at workplaces where it is produced or being used as a pesticide. The greatest potential
for dermal and inhalation exposure to chlorothalonil is expected for pesticide applicators and farm
workers who have frequent contact with products containing this compound (Raman, 2014). Contact
dermatitis has been reported for personnel working in chlorothalonil manufacturing, in farmers and in
horticultural workers (UNEP, WHO & IPCS).

At the end of 1990s the approval expired for the last product where chlorothalonil was included as active
substance in Sweden (Kemikalieinspektionen [KEMI], 2021). In 2016 the European Parliament and
Council adopted a regulation which regards maximum residue levels for chlorothalonil in products as
fruits and vegetables (Regulation 2016/67). In April 2019, the European Union did not renew the
approval of the active substance chlorothalonil (Regulation 2019/677).


https://www.sciencedirect.com/topics/medicine-and-dentistry/ingestion

Temporal time trend studies of exposure (also called Biomonitoring) can be used to surveillance
exposure levels over several years and is an important element of exposure assessment (Ganzleben et
al., 2017; Jakubowski et al., 2005; Yusa et al., 2015). Concentrations of chemical substances in human
biological samples reflect the total environmental exposure from our surroundings. Currently used
pesticides generally have short biological half-lives and are rapidly excreted in urine, even though
certain substances sometimes residues in other parts of the body. Pourchet et al., for example were able
to detect and identify 4-hydroxychlorothalonil (4-OH-CHT) in human milk with Liquid
Chromatography (LC) and Gas Chromatography (GC) in 2021. However, so far scarcely any studies on

pesticide exposure and time trends thereof have been made (Hendryx & Luo, 2018).

The objective of this study was to assess the CHT-biomarker 4-hydroxychlorotalonil (4-OH-CHT) and
its potential temporal trends (1997-2015) in maternal serum. The sample serum originated from
pregnant women in the general Scanian population (in the southernmost part of Sweden). The fungicide
was selected mainly because it has been recently detected in untargeted screening of human blood
(Plassmann, 2018). Furthermore, it is frequently used globally and has been detected in food products
sold in Sweden (Livsmedelsverket, 2014). The compound furthermore was included because it has
rarely been monitored in humans. No research has so far examined the potential for bioaccumulation of

CHT or its metabolites in humans.



Aim and research questions

The main aim is to visualize possible time trends of the substance 4-hydroxychlorothalonil in human
blood. The results from the time trend in this study and the understanding of these results may contribute
to, or possibly motivate, further studies on human exposure. Descriptive data considering toxicity
mechanisms of CHT and possible health effects will be described using previous studies. Regarding the
biomarker 4-OH-CHT, data analysis will be carried out and presented regarding possible temporal

trends. These results will be visualized by a box-plot-graph.
Chlorothalonil

» What is chlorothalonil (CHT), and what is it used for?
Toxicity mechanisms

» What is the toxicity mechanism of CHT?
> What health effects are seen in animals?

> What are the health effects in humans?
Metabolites/Biomarkers

» How can we measure metabolites with biomonitoring?
» Are there any temporal trends in maternal serum concentrations 1997-2015?

> Did the concentrations differ between the seasons?



Method

Selection of scientific studies included in the literature review

This study is intended to examine human exposure of CHT. When studies made on animal-exposure of
CHT are mentioned in this study there was a lack of studies on human exposure of CHT in science. The
studies should include effects on human exposure and health. Chlorothalonil’s effects on ecosystems,
flora and fauna will not be included in this study nor the stability of this substance in different media
such as water, air or likewise. Different exposure pathways will not be examined nor if there is a
particular one that is more likely than the others. No questionnaires will be sent out to examine factors

amongst human exposure.

The geographical limitations will be minimal as the number of studies within the subject are sparse.
Since our samples originate from Swedish participants, studies from similar conditions as these will be
prioritized if available. No limit for publication date will be set as findings dated back to the 1970’s has
shown relevant. Articles written in either Swedish or English can be included. Figures and tables from

articles are prioritized to make the text as educational and accessible to the reader as possible.

Data collection

A literature search combined with data analysis will compose the method chosen. This is needed to give
a thorough description of the background of the potential time trends that will be produced. The
background material will be based on peer-reviewed scientific articles collected from the database Web
of Science (WoS) or PubMed. Nevertheless, empirical material will come from the collected maternal
serum samples (1997-2015) and the statistical analyses composed by using SPSS. AMM provide
assistance from statisticians with the opportunity to assist the study for a longer period with expertise in

SPSS analyses.

The literature search process began with a search for Chlorothalonil in WoS to provide an overview of
the subject's scope in science (709 hits on the title). Keywords were added and combined until relevant
titles and abstracts could be identified and picked out. The snowball method and search in sources of
the found material are planned to occur as more material is requested. This resulted in 28 referred articles
in this study amongst other sources of information. Table 1 shows the used search phrases, and the article

selection is presented in Table 1.



Table 1. Terms used in the research process for scientific articles.

Block Terms

Substance chlorothalonil* OR 4-hydroxychlorothalonil OR “chlorothalonil metabolite” OR chlorothalonil-4-
hydroxy OR 4-OH- chlorothalonil OR 4-OH-CHT

Metabolization | stability OR duration OR metabolization* OR metabolis* OR metabol* OR stable OR excretion OR
excreat* OR bioaccumulat* OR accumulat* OR store*

Population “pregnant women*” OR “in Sweden” OR Sweden “human exposure” OR “in humans” OR pregnant*
OR human

Biological ”human samples” OR blood OR urine OR serum OR “blood sample” OR “urine sample” OR biological

matrix matrices OR biological samples OR "breast milk”

Analytical method of 4-OH-CHT in serum
Chemicals, reagents, and materials

The analytical standard solution 4-hydroxychlorothalonil (4-OH-CHT) was purchased from Dr
Ehrenstorfer (Augsburg, Germany). Acetonitrile and Methanol (Supelco®, LiChrosolv®, hypergrade
for LC-MS), and ammonium acetate (EMSURE® ACS Reag. Ph Eur, for analysis) were from Merck
(Darmstadt, Germany). B-Glucoronidase from E. coli K12 was from Roche Diagnostics (Mannheim,
Germany). Water was from a Milli-Q® Integral 5 system (Millipore, Billerica, MA, USA). 96-well
carrier plate with 1.5 ml flat bottom glass inserts, and a 96-plug solid sealing mat (Molded Flat Mat
PTFE/Silicone White Liner); were all from the Multi-Tier™ MTP System Topas (J.G Finneran
Associates, Vineland, NJ, USA). 96-well carrier plate (Deep, PP, 1.3 ml) with 0.5 ml conical glass
inserts, and a 96-plug injectable sealing mat (Blue CapMat with Pre-Cut PTFE/Silicone Septa); were all
from the WHEATON® MicroLiter Plate Sampling System™ (DWK Life Sciences, Millville, NJ, USA).

Instrumentation

Quantitative analysis was conducted using triple quadrupole linear ion trap mass spectrometers equipped
with TurbolonSpray sources (QTRAP® 5500+, AB Sciex, Framingham, MA, USA) coupled to a liquid
chromatography system (UFLCXR, Shimadzu Corporation, Kyoto, Japan; LC/MS/MS). Nitrogen was
used as nebulizer, auxiliary, curtain, and collision gas. The MS analyses were carried out using selected
reaction monitoring (SRM) in negative ion mode. The SRM conditions are shown in Table 2. All data
acquisition was performed using Analyst 1.7.2 software and data processing was performed using
Multiquant 3.0.1 (AB Sciex, Framingham, MA, USA).


https://www.lgcstandards.com/US/en/Chlorothalonil-4-hydroxy/p/DRE-C11510400
https://www.lgcstandards.com/US/en/Chlorothalonil-4-hydroxy/p/DRE-C11510400

Calibration standards, chemical blanks, and quality control samples

Standard solutions were prepared by further dilution of diluted reference standards in acetonitrile at a
concentration of 400, 200, 100, 20, 10, 2 and 0 ng/ml. For the calibration standards, serum matrix
(human serum from healthy volunteers) was used and prepared in the same way as the samples, except
for the addition of 25 pul diluted standard solutions (i.e. after digestion step described in sample
preparation procedure). One prepared reference sample was used for quality control (QC1) by pooling
samples from individuals from our laboratory. The QC sample, four chemical blanks (water), and
calibration standards were included in each sample batch (96-well plate). No internal standard (I1S) was
available for 4-OH-CHT. The mean value of 4-OH-CHT in the control sample QC1 was 6.75 pg/L with
a coefficient of variation (CV) of only 7.25%.

Sample preparation of serum samples

Samples were stored at -20°C until analysis. The thawed and homogenized samples were prepared in
96-well carrier plates with 1.5 ml flat bottom glass vials. Aliquots of 100 pl serum sample were added
with 10 pl B-glucuronidase and 10 pl 1M ammonium acetate buffer (pH 6.5). The 96-well plate was
covered with a sealing mat and samples were digested and mixed at 37°C for 90 min. Thereafter, 25 pl
acetonitrile was added to each sample, except for calibration curve matrix samples where 25 pl of the
diluted standard solution were added instead. To precipitate the proteins, 200 ul of acetonitrile was
added to all samples, the 96-well plate sealed again, followed by vigorous shaking for 30 min. The
samples were thereafter centrifuged at 2600g for 10 min. The supernatant (200 ul) was transferred to a
new 96-well plate carrier with 0.5 ml conical glass vials for analysis, covered with an injectable sealing

mat, and again centrifuged at 3000g for 10 min before analysis.

Analysis of 4-OH-CHT

An aliguot of 5ul of the supernatant was analysed on the LC/MS/MS. A Genesis Lightn C18 column, 4
pum, 50 x 2.1 mm (avantor, VWR International, Lutterworth, UK) was used for the analysis before the
injector to filter the mobile phases from contaminating substances. The analytical column was a Gemini
NX-C18, 110A, 3 um, 100 x 2.0 mm (Phenomenex, Torrance, CA, USA). The mobile phases were A)
5mM ammonium acetate in water and B) methanol. The flow rate was 0.6 mL/min, the column was
maintained at 55°C and the total analytical run-time was 8.2 min. The analysis was performed in
negative ionisation mode, the DP was -80V, the ion source temperature was set at 600°C and the ion
spray voltage was -4500V. Table 2 shows the technical details, such as the quantifier ions and qualifier
ions) Q1-Q3) as well as, dwell times, collision energies (CE) and declustering potentials (DP) for 4-OH-
CHT.



Table 2. SRM conditions and fragments of 4-OH-C.

ID Q1 (Da) Q3 (Da) Dwell time (msec) CE (V) DP (V)
4-OH-CHT (1) 246.2 35.0 8.0 -68 -80
4-OH-CHT (2) 245.0 35.0 8.0 -68 -80
4-OH-CHT (3) 245.0 175.0 8.0 -38 -80
4-OH-CHT (4) 245.0 210.0 8.0 -34 -80
4-OH-CHT (5) 245.0 182.0 8.0 -40 -80

SPSS-analysis

IBM SPSS (version 27.0) was the software of choice used for the statistical analysis. 100% of the serum
concentrations lied above the limit of detection. In this dataset the continuous (Numeric) variable was
the concentration of 4-OH-CHT (ng/mL). The concentration of 4-OH-CHT did not follow a normal
distribution according to Kolmogorov-Smirnov Test for Normality. To improve the normality the data
was Log-transformed. Still a Kolmogorov-Smirnov Test for Normality didn’t approve of normality. The
categorical variable for time was Date. It represented each samples report-date (Sampling occurred 5-7
weeks before the report-date). Preferably Date would have been collection date, date of sampling.
Unfortunately, only report-date is available and therefore only year was extracted to the continuous

variables that were used and reported here.

Since the data was not normally distributed the descriptive statistics were done through nonparametric
statistics. For each sampling year n, median and P25-P75 were described. To explore and visualize
possible trends over time boxplots of log-transformed biomarker concentrations were plotted against
calendar year. Possible seasonal and/or monthly trends were examined in the same way but plotted
against non-transformed 4-OH-CHT values. The seasons were categorized as "Winter” — December,
January, February, ”Spring” — Mars, April, May, “Summer” — June, July, August and “Autumn” as
September, October and November. Lastly, linear regressions with all observations included were
performed. A R? (coefficient of determination) was included for the regression model, with the purpose
of indicating what amount of the variance in concentration was explained by other factors than calendar
year. For the non-parametric data a non-parametric test of the median values was made to expose

possible significant differences in seasonal exposure.
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Figure 1. Understanding boxplots. Extreme outliers are data points that are more extreme than Q1 - 3 * IQR or Q3 + 3 * IQR
(compared to mild/normal outliers shown as green dots in this illustration). Extreme outliers are marked with an asterisk (*) on
the boxplot. Sourse: Galarnyk 2018.

Ethical reflection

This study mainly concerns human samples for the preventive purpose of the health of future
generations. In the best-case scenario, there is clear reliable research that 4-OH-CHT is a suitable
biomarker over time that does not interact with the body in a harmful way or accumulates or can be
transmitted to a child from the mother. However, a stable biomarker could be used to observe possible
time trends, at best showing a decrease in exposure to the fungicide chlorothalonil in Swedish pregnant
women since the introduction of the ban in 1990. In this way, it might confirm that the ban had the
intended effect.

Ethical approval has been granted (DNR 2015/221 - environmental toxins as risk factors for autism)



Results

The analytical method was validated and performed well with a limit of detection (LOD) of 0.1 ng/ml.
The levels ranged from 0.16 to 38 ng/ml serum with a median level of 4.1 ng/ml. The biomarker 4-OH-
CHT was found in serum in concentrations above LOD in 100% of the population in all sampling years.
A boxplot of 4-OH-CHT (log transformed) concentrations versus sampling year is shown in Fig. 2.
Descriptive statistics (i.e., n, median and P25-P75) are listed in Table 5 for each sampling year. After
log transformation the 4-OH-CHT-concentrations met the assumptions for linearity, and could be
evaluated using linear regression, shown in Fig. 2 and Table 6. No temporal trend was observed for the
biomarker in the regression model, Fig. 2.

Table 5. Descriptive statistics of 4-OH CHT in blood sample concentrations.

Sampling N Median P25-P75
year (ng/mL)

1997 5 3.68 2.66-3.79
1998 31 3.50 2.09-4.43
1999 38 3.66 2.39-4.60
2000 40 3.19 1.99-4.60
2001 77 3.51 2.64-4.86
2002 84 3.85 3.12-4.57
2003 145 4.30 3.19-5.68
2004 111 4.49 3.21-5.75
2005 137 4.62 3.29-6.73
2006 151 4.52 3.31-6.49
2007 154 5.15 3.86-6.81
2008 189 4.76 2.81-7.35
2009 189 3.62 2.37-5.37
2010 160 3.70 2.53-5.29
2011 142 3.40 2.50-5.11
2012 88 3.71 2.65-5.09
2013 62 4.29 2.88-5.51
2014 5 4.77 2.52-7.31
2015 2 5.34 2.90-5.34 (P25-P50)

12
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Figure 2. Timeline series (1997-2015) of blood serum concentrations of 4-OH-Chlorothalonil [ng/mL] (log-scale) in pregnant

Swedish women in Scania plotted against sampling year (all values included).

Table 6. Analysis of temporal trend through linear regression

Annual change (B, % per year) in concentrations (log-transformed) of 4-OH-Clorothalonil in blood serum samples in
pregnant Swedish women in Scania 1997-2015, for all samples. Not statistically significant (p<0.05). The coefficient of
determination (R?) was 0,000 for the regression model, indicating that the variance in concentration is explained by factors
other than calendar year.

Biomarker B 95 CI (%) p R?
4-OH-CHT 0,000 -0,003, 0,003 0,908 0,000

A boxplot of 4-OH-CHT (non-transformed) visualizing the concentrations variations each month is
shown in Fig. 3. and one showing seasonal changes is shown in Fig. 4. For the seasons significant
differences in median concentrations were observed for all combinations except winter-summer (sign.
differences seen between summer-spring, spring-winter, winter-autumn, autumn-spring, and autumn-

summer), Fig. 4.
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Figure 3. Timeline series (1997-2015) of blood serum concentrations of 4-OH-Chlorothalonil [ng/mL] (non-transformed) in

pregnant Swedish women in Scania plotted against month (all values included). 1 represents January, 2 February and so on.
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Figure 4. Timeline series (1997-2015) of blood serum concentrations of 4-OH-Chlorothalonil [ng/mL] (non-transformed) in
pregnant Swedish women in Scania plotted against season (all values included). 1 represents the winter-distribution, 2 spring,

3 summer and 4 autumn.
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Discussion

Time trend and concentrations of 4-OH-CHT in serum samples

Detection of 4-OH-CHT in serum of pregnant women from the years 1997 to 2015 was not expected, as
use of chlorothalonil has not been approved for plant protection in Sweden since 1990. Even though
CHT has been found in a few imported EU-grown vegetables during the period of the sampling it is
most unlikely to be the cause of these results. Unfortunately the concentrations are not comparable due
to different measurement methods and thus units but CHT found in one or two products one or two times
(There is not data for all of these eighteen years) must be considered to be highly unlikely to impact
100% of the samples over 18 years of time (Livsmedelsverket, 2014).

An interpretation of the seasonal and monthly analysis can be made first after more research regarding
possible factors impacting exposure during different months and seasons has been carried out. This is
interesting because there are significant differences between for ex. spring and autumn concentrations
throughout the serum samples, but not summer-winter. The high detection frequency (100% >LOD) of
4-OH-CHT in this population of pregnant women from Sweden 1997-2015 indicates exposure to the
fungicide CHT or its breakdown product 4-OH-CHT.

While the use of CHT for agricultural purposes is banned, it is still allowed (in small concentrations) as
paint additive and wood preservative (Pesticide Properties DataBase (PPDB), 2022; The Californian
Office of Environmental Health Hazard Assessment (OEHHA), 2022). Additionally, it was still allowed
in many countries inside and outside the EU during the serum sampling of this study (where it was first
banned 2019) (Regulation 2019/677). CHT in serum might therefore be connected to the consumption
of imported food or products from abroad containing CHT. Further, the National Food Agency in
Sweden has reported that chlorothalonil occasionally exceeded the maximum permitted level in some

imported fruit (Livsmedelsverket, 2014).

In the environment, 4-OH-CHT appears to be more persistent, mobile, and toxic than CHT [Chaves
2008, Cox 1997]. It has been reported to be slightly toxic to aquatic organisms and moderately toxic to
birds and mammals [Raman 2014]. Possibly, humans are expose not to CHT, but to its metabolite 4-
OH-CHT. This might occur if CHT brakes down in foodstuff or products containing CHT before human
exposure occurs. More research is needed to further explore possible sources of exposure to CHT and
4-OH-CHT.
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Strengths and limitations of the study

This study is unique in covering human serum concentrations of the fungicide CHT over an extensive
period of 18 years in pregnant women. It is a large study that includes biological samples from many
individuals from the population. The long-sample storage up to 25 (samples analysed in 2022) years
could impact the quality of the samples and the stability of the biomarker. This data may imply that the
biomarker 4-OH-CHT may be stable at —20 °C for at least 25 years allowing its use as a specific
biomarker for CHT exposure, but this needs to be examined by measuring 4-OH-CHT at sampling or
any reference point to be able to compare the concentrations. A possible degradation in concentration

will thus show at a later measurement.

Only pregnant women were recruited during the 18 sampling years. It is plausible that the exposure
levels of other females and/or men might differ from those of pregnant women. It is possible that women
in general eat more fruits and vegetables compared to men (Wallstorm, 2000). Pregnant women might
even eat healthier compared to non-pregnant women. Therefore, we cannot claim that our population
presents the general population. However, to the best of our knowledge, this is the first report on 4-OH-
CHT in human serum. While non-targeted screening approaches have revealed the presence of 4-OH-
CHT in human blood [Plassmann, 2018] and in breast milk [Baduel, 2015; Pourchet, 2021], this is the
first biomonitoring study of a CHT metabolite in humans.



Conclusion

Unexpectedly, we detected the biomarker 4-OH-CHT in measurable concentrations in 100% of blood
serum samples, even though CHT has not been permitted for agricultural use in Sweden since the 1990s.
This indicates a widespread and continuous exposure of at least parts of the Swedish population.
Furthermore, we found no time trend for 4-OH-CHT over time according to year. There is a seasonal
difference in concentration median for all seasons except summer-winter. Swedish pregnant women
have a continuous exposure of CHT or its metabolite 4-OH-CHT which seems stable over time (1997-
2015). This population has a median concentration of 4,1 ng 4-OH-CHT/mL serum. Comparable
measurements of the metabolite 4-OH-CHT in human samples have, to our knowledge, not been
published elsewhere.
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