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Humans and animals may be exposed on a continuous daily basis to a mixture of
environmental contaminants that may act on several organ systems through differing
mechanisms [1] resulting in adverse consequences. Environmental contamination now
constitutes a major global issue with adverse effects on health of the ecosystem and food
security. Globally, air pollution alone produces millions of premature deaths annually,
predominantly associated with from lung cancer, chronic obstructive pulmonary disease
(COPD), asthma, stroke, heart failure, and respiratory infections, according to the World
Health Organization (WHO) [2]. It is noteworthy that 99% of humanity breathes air
containing contaminants above recommended levels.

In order to mitigate contamination and diminish e our burden of pollutant -related
diseases, we need to devise target-specific strategies to prevent or decrease exposure. To
that end, risk assessment attributed to exposure to synthetic or and naturally occurring
contaminants is necessary and; thus evidence obtained from toxicity studies appears to
be of critical importance. Comprehensive efforts need to be undertaken to search for
possible underlying mechanisms of action for each pollutant to establish toxic potential
and safe limits through both in vitro and in vivo animal testing approaches. This issue
focused on environmental pollutants including heavy metals, pesticides, nanoparticles,
micro-nanoplastics, indoor air pollutants, pharmaceuticals, and industrial toxicants with
effects on human health, risk assessment, and relationship between various diseases and
environmental pollutants. Human exposure to environmental pollutants may initiate
adverse effects including neurotoxicity, carcinogenicity, infertility, and metabolic disorders.
Therefore, research into possible mechanisms of action for environmental contaminants is
of critical importance for the well-being of humans and animals [3].

Over the last couple of decades, novel in vitro and in vivo methods and techniques
were developed in the scientific discipline genotoxicology, enabling investigators to quantify
genotoxicity attributed to exposure to certain compounds [4,5]. Acute or chronic exposure
to environmental contaminants is known to be associated with several adverse health
conditions, including cancer, impaired immune and reproductive function, as well as
imbalanced gastrointestinal microbiota, which regulates a range of host metabolic and
immune processes. The aims of this topic are to present a comprehensive overview of
different studies carried out with in vivo and in vitro model organisms and the potential
risk of environmental pollutants exposure to human health. In this Topic, 20 original articles,
6 reviews and 1 communication were collected, as presented in Table 1 with a particular
focus on alcohol-based hand sanitizers, polycyclic aromatic hydrocarbons, monochromatic
light pollution, paraben as an endocrine disruptors, heavy metal pollution attributed
to antimony and arsenic of mines in the soil, water, and sediments, groundwater with
high fluoride, virus transmission from heating, ventilation, and air conditioning systems
of urban subways, chronic home radon exposure, organotin compounds, heavy metal
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pollutants including mercury, lead, cadmium, polypropylene microplastics, ventral body
wall defects in chick embryos, microcystin-LR as an aquatic toxin, N-nitroso compounds,
methylmercury as a global pollutant, triazine herbicides, persistent organic pollutants,
bisphenol A and trace metals, autophagy, nano- and micro-sized polystyrene particles,
tributyltin as an environmental contaminant, polybrominated diphenyl ethers, and per-
and polyfluoralkyl substances. Most of the examined compounds originated from natural
sources, whereas some semi-synthetic derivatives were also identified and discussed. The
most recent findings on the effects of compounds and their constituents in treating various
toxic outcomes and genotoxicity are discussed. These studies summarize our current
knowledge based upon previous in vitro and in vivo research that scrutinized the influence
of several environmental contaminants on various mammalian and non-target model
organisms at several genetic, cellular, and molecular levels, as well as potential mechanisms
underlying toxicity.

Table 1. Original articles and reviews collected in the six journals participating in the Topic using
different in vitro and in vivo model systems.

Author Journal Year DOI

Evaluation of the Safety and Efficacy of Hand Sanitizer
Products Marketed to Children Available during the [6] IJERPH 2022
COVID-19 Pandemic

https://doi.org/10.3390/ijerph192114424
(accessed on 1 February 2022)

Health Risk Assessment of Dermal Exposure to Polycyclic
Aromatic Hydrocarbons from the Use of Infant Diapers

https:/ /doi.org/10.3390/ijerph192214760

vl JERPH 2022 (accessed on 1 February 2022)

Monochromatic Light Pollution Exacerbates High-Fat
Diet-Induced Adipocytic Hypertrophy in Mice

https://doi.org/10.3390/cells11233808

18] Cells 2022 (accessed on 1 February 2022)

Impact of Paraben Exposure on Adiposity-Related
Measures: An Updated Literature Review of [9] IJERPH 2022
Population-Based Studies

https://doi.org/10.3390/ijerph192316268
(accessed on 1 February 2022)

Leaching Mechanism and Health Risk Assessment of As
and Sb in Tailings of Typical Antimony Mines: A Case [10] Toxics 2022
Study in Yunnan and Guizhou Province, Southwest China

https:/ /doi.org/10.3390/ toxics10120777
(accessed on 1 February 2022)

Relationship of Fluoride Concentration to Well Depth in
an Alluvial Aquifer in a Semiarid Area

https:
[11] Environments 2022 / /doi.org/10.3390/environments9120155
(accessed on 1 February 2022)

Reducing Virus Transmission from Heating, Ventilation,
and Air Conditioning Systems of Urban Subways

https:/ /doi.org/10.3390/toxics10120796

(12] Toxies 2022 (accessed on 1 February 2022)

Chronic Home Radon Exposure Is Associated with
Higher Inflammatory Biomarker Concentrations in [13] IJERPH 2023
Children and Adolescents

https:/ /doi.org/10.3390/ijerph20010246
(accessed on 1 February 2022)

Organotin Antifouling Compounds and Sex-Steroid
Nuclear Receptor Perturbation: Some Structural Insights

https:/ /doi.org/10.3390/toxics11010025

14] Toxies 2023 (accessed on 1 February 2022)

Health Risk Assessment for Human Exposure to Heavy
Metals via Food Consumption in Inhabitants of Middle [15] IJERPH 2023
Basin of the Atrato River in the Colombian Pacific

https:/ /doi.org/10.3390/ijerph20010435
(accessed on 1 February 2022)

Exposure to Polypropylene Microplastics via Oral

Ingestion Induces Colonic Apoptosis and Intestinal

https:/ /doi.org/10.3390/ toxics11020127

Barrier Damage through Oxidative Stress and (6] Toxics 2023 (accessed on 1 February 2022)
Inflammation in Mice
Y-27632 Impairs Angiogenesis on Extra-Embryonic [17] Toxics 2023 https:/ /doi.org/10.3390/toxics11020134

Vasculature in Post-Gastrulation Chick Embryos

(accessed on 1 February 2022)

Downregulation of LncRNA GCLC-1 Promotes
Microcystin-LR-Induced Malignant Transformation of [18] Toxics 2023
Human Liver Cells by Regulating GCLC Expression

https://doi.org/10.3390/toxics11020162
(accessed on 1 February 2022)

Association of Dietary Nitrate, Nitrite, and N-Nitroso
Compounds Intake and Gastrointestinal Cancers: A [19] Toxics 2023
Systematic Review and Meta-Analysis

https://doi.org/10.3390/toxics11020190
(accessed on 1 February 2022)

Subchronic Low-Dose Methylmercury Exposure
Accelerated Cerebral Telomere Shortening in Relevant [20] Toxics 2023
with Declined Urinary aMT6s Level in Rats

https:/ /doi.org/10.3390/toxics11020191
(accessed on 1 February 2022)
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Table 1. Cont.

Title Author Journal Year DOI
Triazine Herbicides Risk Management Strategies on . . -
Environmental and Human Health Aspects Using [21] IIMS 2023 https(;/cégsosl;;rgﬁllog:sfll/ali-m;%)ég?5691
In-Silico Methods y
Development of an Improved Sulfur-Oxidizing . . .
Bacteria-Based Ecotoxicity Test for Simple and Rapid [22] Toxics 2023 httpsééfeosls.g;ggj 2'23?)9?32{1;(;)(1(:25()1212())40352
On-Site Application y
A Realistic Mixture of Persistent Organic Pollutants . . .
Affects Zebrafish Development, Behavior, and Specifically [23] Toxics 2023 https.(/a/dm.ozlg /5213};31%2?625()1212(;40357
Eye Formation by Inhibiting the Condensin I Complex ceessed o € y
Protective Effects of Selenium Nanoparticles against . . .
Bisphenol A-Induced Toxicity in Porcine Intestinal [24] Ms 2023 B e sy
Epithelial Cells y
Drosophila as a Robust Model System for Assessing [25] Toxics 2023 https:/ /doi.org/10.3390/toxics11080682
Autophagy: A Review (accessed on 1 February 2022)
Uptake of Breathable Nano- and Micro-Sized Polystyrene . . .
Particles: Comparison of Virgin and Oxidised nPS/mPS [26] Toxics 2023 h“ps'(/ /doi.org/10.3390/ t""“;olzlzo)g%sé
in Human Alveolar Cells accessed on L February
Environmental Health and Toxicology: X . .
Immunomodulation Promoted by Endocrine-Disrupting [27] Toxics 2023 https.(/ /dm.ogg /12'?}’:3%0“0)(125012120)806%
Chemical Tributyltin accessed on L rebruary
Toxic Effects and Mechanisms of Polybrominated 28] JMS 2023 https:/ /doi.org/10.3390/ijms241713487
Diphenyl Ethers (accessed on 1 February 2022)
Maternal Serum Concentrations of Per- and . . .
Polyfluoroalkyl Substances in Early Pregnancy and Small [29] Toxics 2023 https.(//dm.o;g/i(i,?i(l/ tc;x1c25012120)90750
for Gestational Age in Southern Sweden accessed o ebruary
Transfer of Bisphenol A and Trace Metals from Plastic . . ..
Packaging to Mineral Water in Ouagadougou, [30] IJERPH 2023 http S'</a/d01'0;g /r}q'??gbor{:;irpzh 022022)06908
Burkina Faso ceessed o € y
Environmental Endocrinology: Parabens Hazardous 31] MS 2023 https://doi.org/10.3390/ijms242015246
Effects on Hypothalamic-Pituitary-Thyroid Axis (accessed on 1 February 2022)
Mixture Effects of Bisphenol A and Its Structural Analogs 132] Toxics 2023 https://doi.org/10.3390/toxics11120986

on Estrogen Receptor Transcriptional Activation

(accessed on 1 February 2022)

Table 1 schematically illustrates the content of this Topic, with all the contributions
published in the five participating journals.

Author Contributions: Writing, review and editing, E.D. and S.K. All authors have read and agreed
to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Hand sanitizer use in the United States (U.S.) increased after the SARS-CoV-2 outbreak.
The U.S. Food and Drug Administration (FDA) released temporary manufacturer guidance, changing
impurity level limits for alcohol-based hand sanitizers (ABHSs). Since the guidance took effect, the
FDA has recommended against using these hand sanitizers due to concerns over safety, efficacy,
and/or risk of incidental ingestion. To address current gaps in exposure characterization, this
study describes a survey of ABHSs marketed to children available in the U.S., as defined by several
inclusion criteria. A subset of ABHSs (1 = 31) were evaluated for ethanol and organic impurities
using a modified FDA method. Products with detectable impurity levels were compared to the
FDA's established interim limits. Seven children’s products had impurity levels exceeding the FDA’s
recommended interim limits, including benzene (up to 9.14 ppm), acetaldehyde (up to 134.12 ppm),
and acetal (up to 75.60 ppm). The total measured alcohol content ranged from 52% to 98% in all
hand sanitizers tested, ranging from 39% below, and up to 31% above, the labeled concentration.
Future studies should confirm impurity contamination sources. A risk assessment could determine
whether dermal application or incidental ingestion of impurity-containing hand sanitizers pose any
consumer risk.

Keywords: hand sanitizer; consumer products; children; impurities; ethanol; COVID-19

1. Introduction

In 2019, the emergence of the new coronavirus SARS-CoV-2 resulted in increased sales
and use of alcohol-based hand sanitizer (ABHS) because of concern of virus spread from
contaminated hand surfaces. Increased demand for ABHSs from the general public and
healthcare workers, however, led to difficulties accessing raw materials used in manu-
facturing, such as ethanol [1]. Hand sanitizers are classified as over-the-counter (OTC)
drugs, and companies that manufacture these products are regulated by the U.S. Food and
Drug Administration (FDA) [2]. To alleviate ABHS supply chain issues, the FDA allowed
additional manufacturing entities that were not currently regulated as drug manufacturers
to produce hand sanitizers, as long as the Secretary of Health and Human Services (HHS)
declared a public health emergency [3]. To outline current manufacturing requirements
for hand sanitizer production, the FDA promulgated several guidance documents [2—4]
(Figure 1). These guidance documents provided temporary policies for preparing and
manufacturing ABHS, as well as guidance for testing ethanol for contamination [5].

Per the FDA guidelines, hand sanitizers should be manufactured with no less than 94.9%
by volume (v/v) ethanol or isopropyl alcohol, in addition to glycerin, hydrogen peroxide, and
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policy for emergency
manufacture of ABHS

sterile water; the final formulation should have at least 80% ethanol (v/v) or 75% isopropyl
alcohol (v/v) in an aqueous solution [3,6]. The FDA temporarily specified that fuel or technical
grade ethanol were deemed acceptable for use in hand sanitizers. Regardless of the source,
however, the ethanol should meet the following guidelines: (a) produced using fermentation
and distillation processes “typically used for consumable goods” and contains no additives or
additional chemicals; (b) meets United States Pharmacopoeia (USP) or Food Chemical Codex
(FCC) grade requirements (including testing for impurities); and (c) screened for additional
impurities not specified by USP and FCC requirements [3] (p. 7) [4,7]. Both the FDA temporary
guidance and the World Health Organization (WHO) guidance state that hand sanitizers
should not contain other active or inactive ingredients, such as additives, gelling agents, or
fragrances to improve the smell or taste of the product, specifically “due to the risk of accidental
ingestion in children” [4,8].
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FDA issues numerous FDA withdrawing Hand sanitizers manufactured
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Figure 1. Timeline on Alcohol-Based Hand Sanitizer (ABHS)-Related U.S. Food and Drug Adminis-
tration (FDA) Actions and Policies.

Impurities may potentially be introduced to hand sanitizer formulations through
utilization of ethanol produced from fuel or technical grade ethanol via fermentation and
distillation, or via the manufacturing environment (e.g., equipment and containers) [3].
Technical grade ethanol can be produced from a variety of feedstock, such as corn, sugar
cane, sugar beet, wheat, and barley, and can contain byproducts and impurities that can
potentially produce unpleasant odors or flavors and/or cause adverse human health
effects [9]. Interim limits for specific impurities in ethanol have been provided for several
compounds, and if the concentration of these in ethanol exceeds a sum of 300 ppm, then
they must also meet interim limits for additional impurities [3]. In August 2020, FDA
developed analytical procedures in support of its guidance, providing a methodology for
manufacturers to help assure hand sanitizer products contain accurately labeled ingredients,
and a screen for potentially harmful levels of impurities. The method provides guidance
for detecting the impurities quantitatively or by using a “limit test approach”, in which an
impurity is either greater or less than the corresponding peak [10]. Impurities in alcohol
products, including methanol, acetates, aldehydes, butanols, amyl alcohols, propanols, and
pentanols, are generated during grain fermentation. These compounds can form azeotropes
that are co-distilled with the ethanol fraction, making purifying ethanol difficult [3,11].

Throughout the pandemic, the FDA tested and issued alerts for several hand sanitizer
products from domestic and international manufacturers and identified products with
unacceptable levels of methanol, 1-propanol, benzene, acetaldehyde, and acetal, and
“concerningly low levels of ethyl alcohol or isopropyl alcohol” [12]. As of 10 August 2021,
255 hand sanitizer products were listed on the do-not-use list, the majority of which were
manufactured in Mexico (1 = 201) [12]. Other countries with products recalled or listed
were China (1 = 22), Guatemala (n = 6), Turkey (n = 3), Poland (n = 3), Korea (1 = 1), and the
U.S. (n = 13). Additionally, alerts were issued for hand sanitizers packaged in containers
that resembled food pouches, water bottles, juice bottles, vodka bottles, or beer cans, as well
as those containing food flavors, as these products may lead to incidental hand sanitizer
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ingestion, especially in children [12]. These containers were also labeled with children’s
characters or movie references, including Barbie, Hot Wheels, Paw Patrol, Minions, JoJo
Siwa, and Trolls World Tour [12].

Some hand sanitizers have particular characteristics (e.g., colorful or food-like pack-
aging, cartoon characters, or candy and fruit scents) that may make them more attractive
to children [13]. Children represent a susceptible group who may be at an increased risk
of negative impacts from hand sanitizer impurities. Hand sanitizers are intended to be
applied to hand surfaces; dermal contact with potential impurities is therefore likely the
most common consumer exposure route. Intentional (as a result of substance abuse or
mental health issues) and unintentional (accidental) ingestion of alcohol-based hand san-
itizer in adults and children, however, does occur [14-16]. Increased exposure to hand
sanitizers, including ingestion, was reported in children 12 years old and younger during
the COVID-19 pandemic [2,17].

While inhalation of compounds present in hand sanitizers is possible, inhalation
would not be expected to represent a primary exposure route relative to dermal and
ingestion exposures, based on the National Poison Data System (NPDS) and the FDA
Adverse Event Reporting System (FAERS) database call frequency and type [16,18-20].
Furthermore, between January 2020 and July 2021, the American Association of Poison
Control Centers (AAPCC) [17] received thousands of accidental exposure reports of children
age 12 and younger. Certain impurities may pose acute human health risks at sufficient
doses. Methanol exposure at sufficient levels, for example, may result in metabolic acidosis,
headaches, dizziness, the inability to coordinate muscle movement (ataxia), and, in extreme
cases, blindness, coma, seizures, and death via ingestion or dermal routes [21,22]. Further,
ingesting impurities at certain levels, including benzene, acetal, acetone, ethyl acetate,
2-butanol, isobutanol, 1-butanol, isoamyl alcohol, and amyl alcohol, may result in nausea,
vomiting, diarrhea, staggering gait, drowsiness, central nervous system (CNS) depression,
loss of consciousness, altered mental status, and/or abdominal pain. Dermal exposure to
these same impurities at sufficient levels may result in irritation, redness, burning sensation,
blistering, inflammation, and /or dry skin [22-31]. Additionally, benzene and acetaldehyde
specifically are listed as “carcinogenic to humans” and “possibly carcinogenic to humans”,
respectively, by the International Agency for Research on Cancer (IARC) [32,33]. Whether
the levels potentially present in hand sanitizers and their frequency of use would pose a
risk for cancer to consumers, however, remains unknown.

This study’s primary objectives were to: (a) perform a survey of hand sanitizers mar-
keted to children available for purchase in the U.S. during the COVID-19 global pandemic,
including information on the prevalence of certain inclusion criteria that may increase
attractiveness of these products to children; (b) quantify the alcohol (ethanol) percentage
in the final formulation; and (c) determine if any impurities, such as methanol and other
organic impurities, were present in a selection of hand sanitizers marketed to children
using a modified version of FDA analytical methods.

2. Materials and Methods
2.1. Survey of Hand Sanitizers Marketed to Children

A survey of hand sanitizers marketed to children available for purchase in the U.S.
during the COVID-19 pandemic was performed between January and April 2021. Qualita-
tive data were collected for hand sanitizers marketed to children available for purchase in
‘brick and mortar’ retail stores located in California, Colorado, and Hawaii, or available
online for purchase from retailers” websites or solely online marketplaces. Store types
targeted for the market survey, either online or in-person, fell into distinct store categories,
including grocery stores, full-line discount stores, pharmacy/drug stores, specialty stores,
and department stores. In some cases, retailers fit into more than one category, having both
‘brick and mortar’ locations and functioning as an online retailer. Store type categories and
definitions are outlined in Table 1.
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Table 1. Store Type Categories and Definitions.

Store Type Definition
Brick and mortar Store with physical location that is visited in person
Typel Online retailer Store with ‘online’ presence that is visited from any device with internet access
Grocery store Store that sells primarily food for consumption
Full line discount store Store that sells various types of products, including groceries
Pharmacy/drug store Store that sells prescription drugs, ;"gfeilirel;gs, as well as medical supplies and
Type2 Distillery A place or establishment that distills liquor
Specialty store Store that carries a deep assortment of brands, styles, or models within a relatively

narrow category of goods

Department store

Retail establishment offering a wide range of consumer goods in different areas of the
store; each area (‘department’) specializes in a product category

Hand sanitizers marketed to children were defined as having one or more of the
following characteristics: (a) labeling or packaging with cartoon characters, children’s
television shows, movies, toy images or references, or other pop-culture references well-
known by children; (b) bright, colorful, or glittery packaging and/or liquid/gel; and/or
(c) scented gel or liquid, especially a food or candy scent. Descriptive information was
collected for each product, including: (a) store of purchase; (b) manufacturer name; (c)
country of manufacture; (d) lot number; (e) active ingredient type and percentage; (f) scent;
and (g) whether the product fit inclusion criteria.

2.2. Quantification of Impurities in a Selection of Hand Sanitizers Marketed to Children

A subset of 31 hand sanitizers marketed to children were purchased from ‘brick and
mortar’ or online retailers and analyzed for methanol and other organic impurities listed
in the FDA guidance (Table 2). One bottle of ABHS from an established and well-known
manufacturer was included as a control comparison, resulting in a total of 32 samples
analyzed for impurities. The control product was colorless, odorless, and did not have
any packaging characteristics (e.g., colorful packaging, scents, etc.) as defined in the
market survey methods. The test products were selected based on the following criteria:
(a) all contained alcohol [either denatured alcohol, unspecified alcohol, or ethanol (ethyl
alcohol)]; and (b) represented a variety of different manufacturers or distributors in order
to characterize the maximum number of entities. Two of each hand sanitizer product were
purchased at the same store, and one set was shipped to the laboratory for analysis. The
other set was retained in case reanalysis was needed.

Table 2. List of FDA Interim Limits and Limits of Detection/Limits of Quantification (LODs/LOQs)
for Impurities Assessed in Hand Sanitizers Marketed to Children.

Interim Limit Listed

Chemical Name CAS Number in FDA Guidance LOD/LOQ (ug/g) ©
(ppm) **

1-Propanol 71-23-8 NMT 1000 68.3
Methanol 67-56-1 NMT 630 67.2
Benzene 71-43-2 NMT 2 3.74
Acetaldehyde 75-07-0 NMT 50 30.0
Acetal 105-57-7 NMT 50 5.30
Acetone 67-64-1 NMT 4400 67.2

10
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Table 2. Cont.

Interim Limit Listed

Chemical Name CAS Number in FDA Guidance LOD/LOQ (ug/g) €
(ppm) P

Ethyl Acetate 141-78-6 NMT 2200 76.6
2-Butanol 78-92-2 NMT 6200 68.7
Isobutanol 78-83-1 NMT 21,700 68.3
1-Butanol 71-36-3 NMT 1000 68.9
Isoamy]l alcohol 123-51-3 NMT 4100 68.8
Amyl alcohol 71-41-0 NMT 4100 68.9

2 NMT = Not more than. ® Methanol, benzene, and acetaldehyde have specific individual limits. The sum of all
other impurities should not exceed 300 ppm. If the sum of all other impurities is >300 ppm, then each impurity
in this category must meet the individual limit specified above. ¢ Based on sample volume of 0.1 mL, density
0.850 g/mL.

2.3. Sample Analysis

The FDA developed an analytical method to assess the quality of finished hand sani-
tizer products entitled “Direct Injection Gas Chromatography Mass Spectrometry (GC/MS)
Method for the Detection of Listed Impurities in Hand Sanitizers” in August 2020 [10].
This procedure was intended to evaluate products formulated with either ethanol or iso-
propyl alcohol (also called isopropanol or 2-propanol) as the labeled active ingredient and
12 potential impurities (Table S1). This method was modified to include mass spectrum
matching for each analyte of interest to those contained within the NIST/EPA /NIH Mass
Spectral Library [34]. Each compound of interest was also quantified using a five-point
calibration curve produced by the analysis of analytical standards for each analyte. These
changes greatly improved identifying and quantifying compounds over the proposed
method. Quality Assurance and Quality Control (QA/QC) requirements were also modi-
fied to adhere to Good Laboratory Practices (GLP). GLP regulations are intended to assure
data quality and data integrity. Analytical equipment, procedures, QA/QC, and reporting
requirements are listed below.

All samples were analyzed on an Agilent 5975C, Quadrupole GC/MS equipped with
an Agilent 7890A Gas Chromatography and Gerstel MultiPurpose MPS2 AutoSampler
with an Agilent DB-624 Capillary GC Column, 30 m x 0.25 mm X 1.4 um. The reference
standards (purity, >95%) were purchased from Sigma Aldrich, St. Louis, MI, USA, and
the diluent acetonitrile was LCMS/HPLC grade, 99.9% (purchased from ].T. Baker in
Phillipsburg, NJ, USA). To determine the hand sanitizer sample’s density, a 200 pL sample
was weighed with an analytical balance to the nearest tenth of a milligram (0.1 mg).
Reporting units were g mL~!. To measure ethanol content, samples were prepared by
transferring 100 pL via a micropipette to a 10 mL volumetric flask containing approximately
8 mL of acetonitrile. Samples were diluted to volume with acetonitrile and mixed. Next,
100 uL of the acetonitrile mixture was transferred to a 2 mL GC vial containing 1 mL of
the internal standard (400 ng, toluene) in acetonitrile. To measure impurities, each sample
was prepared by transferring 100 pL via a micropipette to a 2 mL GC vial containing
1 mL of the internal standard (400 ng, toluene) in acetonitrile. Peak assignment for each
analyte is based on matching the chromatographic retention time to the reference standard
(Figure S1). Peak identification is determined by mass spectral matching to the reference
mass spectrum contained in NIST’s 2011 library (NIST 2021). To quantify active ingredients
and impurities, a five-point calibration curve (R? > 0.985) was used at concentrations
bracketing the compound of interest. The curves for each compound were produced by
plotting the area of each Quantitation Ion (Table S1) for the internal standard (400 ng,
toluene) and reference standards. Reporting units were pg mL~! (ppm), ug g~ ! (ppm), and
% by weight. Quantitation software (MSD ChemStation E.02.00.493, Agilent Technologies,
Inc., Santa Clara, CA, USA) was used to determine the LOQ for each compound. The limit
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of quantification (LOQ) for each impurity is shown in Table 2. The hand sanitizer active
ingredients and impurities, chromatogram peak assignments, LOQ, and calibration range
are summarized in Table S2.

A blank and a duplicate sample were analyzed with each batch of 20 or fewer hand
sanitizer samples. For samples that were measured at concentrations above the FDA interim
limit, a duplicate analysis was performed to verify the results. Additionally, some products
were chosen at random and a duplicate analysis was performed as an additional QC step. A
total of 12 samples were tested in duplicate to confirm impurity concentrations and alcohol
content. The target relative % deference (RPD) for the duplicate analysis was <30%.

2.4. Data Analysis

Contaminant concentrations reported as non-detect (ND) during sample analysis were
calculated as one half the reported LOQ (i.e., LOQ/2) when graphing data and comparing
concentrations to FDA interim limits.

Statistical analyses were conducted using SigmaPlot (SPW 14.0; Systat Software, Inc.,
San Jose, CA, USA). Briefly, normality was tested using Shapiro-Wilk test. For data
that were normally distributed (parametric), Student’s t-test (two groups) or One-Way
ANOVA (three groups) were used to deduce statistical differences. For data that were
not normally distributed (non-parametric), Mann-Whitney Rank Sum test (two groups)
or Kruskal-Wallis or One-Way ANOVA on Ranks (three groups) were used to deduce
statistical differences. Additionally, paired t-test (parametric) or Wilcoxon Signed Rank test
(non-parametric) were used to assess statistical differences between original testing and
upon repeated testing (or duplicate). Specifically, statistical differences between impurity
concentrations in U.S. and non-U.S. hand sanitizers, gel and liquid products, active ingredi-
ent type (ethyl alcohol, denatured alcohol, or “unspecified alcohol’), scented or non-scented
products, as well as between colored and non-colored hand sanitizers were examined
(Figures S2-57). In all cases, p-value < 0.05 was considered significant. The statistical tests
for all comparisons are provided in Table S2.

3. Results
3.1. Survey of Hand Sanitizers Marketed to Children Available during the COVID-19 Pandemic

A total of 139 hand sanitizers potentially marketed to children were identified in
the survey, 74 of which were available from brick and mortar stores, and 65 of which
were available from online retailers. The majority of these products (1 = 120, 87%) were
available in full line discount stores and grocery stores. The hand sanitizers marketed to
children were manufactured in the U.S. (n = 51, 37%), China (1 = 85, 61%), Turkey (n =1,
0.72%), or South Korea (1 = 2, 1.44%). The hand sanitizers contained a variety of active
ingredients, including ethyl alcohol (ethanol), ‘denatured alcohol’, “unspecified alcohol’,
chloroxylenol, or benzalkonium chloride. Ethyl alcohol was the most common active
ingredient, accounting for 64% (n = 89), and the labeled percentage of active ingredient
ranged between 62 to 80%. Gel was the most common hand sanitizer type, accounting for
78% (n = 108) of the products, and the remainder were spray (1 = 19), liquid (1 = 8), or foam
(n = 4). Almost half the hand sanitizers (n = 68, 49%) had labeling or packaging featuring
cartoon characters, children’s television shows, movies, toy references, or other well-known
pop-culture references that children would likely recognize (e.g., Disney characters). Most
of the products (1 = 105, 75%) were scented, and the rest were unscented (1 = 33, 25%). Over
50 different scents were identified (e.g., Berry; Bubble Gum; and Strawberry Pound Cake).
Three of the samples had packaging reminiscent of food packaging, such as a baby food
type pouch with a screw top or honey bear shaped bottle. Several of the hand sanitizers had
explicit instructions on the label regarding their use on or by children. These instructions
read: (a) “Not for children under 3 years. If swallowed, get medical help or contact a
Poison Control Center right away”; (b) “Keep out of reach of children”; or (c) “For children
under 8, use under adult supervision”.
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3.2. Selection of Hand Sanitizers Marketed to Children Purchased for Impurity Analysis and
Ethanol Content

Table 3 provides a summary of the subset of hand sanitizers marketed to children
sampled (n = 31), including information such as an assigned manufacturer unique identifier,
active ingredient type and percentage, scent, color, and packaging information. The
products selected for chemical analysis had similar attributes as those noted for all surveyed
hand sanitizers. All the products analyzed in this study had at least one of the inclusion
criteria that made the product potentially attractive to children, such as overt children’s
packaging with cartoon characters, food or candy scents, and/or colored gel.

The key attributes of the hand sanitizer subset selected for sampling are summarized in
Figure 2. The selected hand sanitizers were manufactured in China (n = 25, 83%), U.S. (n =4,
13%), or South Korea (1 = 2, 6%), and represented 21 separate manufacturers. The products
were labeled as containing at least one of these active ingredients: (1) ethyl alcohol (1 = 20,
65%); (2) denatured alcohol (1 = 8, 26%); or (3) unspecified alcohol (1 = 3, 9%). Denatured
alcohol and alcohol, however, are other names for ethyl alcohol. The percentage of labeled
active ingredient ranged from 62 to 80%. The products were purchased at a wide variety of
store types and locations, including at full line discount stores (1 = 18), department stores
(n =2), grocery stores (1 = 3), an online marketplace (n = 2), pharmacies/drug stores (1 = 2),
or specialty stores (1 = 4). The majority of the products were in gel form (1 = 28, 90%). The
products tested primarily had a fruit scent or fruit in combination with another scent (e.g.,
cosmic cherry; vanilla bean + coconut + sugared musk) (n= 15, 48%), followed by a dessert
or candy scent (e.g., cotton candy; creamy cappuccino) (1 = 5, 16%), and the remaining
samples had floral or herbal scents, or were labeled as unscented or unspecified (n =11,
35%). Most products had a colored gel or liquid (7 = 20, 64%). Only three of the products
had no discernable packaging that would appeal to children specifically, whereas the rest
of the products had cartoon characters or children’s TV characters on the packaging or
holders attached to the bottles themselves, food or candy images, or was a well-known
children’s brand.

Store type Country of origin Sanitizer form

= Full line discount
store (n=18)

= Grocery store

(n=3)
= Online

Marketplace (n=2) = otine (20 I = Gel (n=28)
larketplace (n=:
USA (n=4) wilad Tl
Specialty store " (n=4) - Liquid (n=3)
(n=4) = South Korea (n=2)
] Deparlment store
-Pharmacyl Drug

store (n=2)

Active ingredient Scented or unscented Colored or non-colored

. Emyl alcohol
= Scented (n=22,
= Denatured ented (n=22) = Colored (n=20)
alcohol =necentod(n=d) = Non-colored (n=11)
(n=8) = Not clear (n=5)
= Unspecified
alcohol
(n=3)

Figure 2. Key attributes of Hand Sanitizers Marketed to Children Selected for Testing.
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3.3. Impurities and Ethanol Content Measured in a Selection of Hand Sanitizers Marketed
to Children

Table 4 lists the concentrations of organic impurities and percentage of active ingredi-
ents (%) in the children’s hand sanitizer analyzed in this study. No impurities were detected
above LOQ for the control sample. Several compounds, such as 1-butanol, 1-pentanol,
2-butanol, acetone, and isoamyl alcohol, were not detected at levels above the LOQ in
all children’s samples tested. The remaining impurities were measured in some of the
products at the following concentrations: 1-propanol (1 = 4, BLOQ-651 pg/g); acetal (n =13,
BLOQ-76 ng/g); acetaldehyde (n = 4, BLOQ-134 nug/g); benzene (n = 3, BLOQ-9.14 ug/g);
ethyl acetate (n = 2, BLOQ-363 ug/g); and methanol (n = 9, BLOQ-400 ng/g). Of all
the impurities tested, the most commonly measured were acetal (42% of samples) and
methanol (29% of samples). Of the 31 children’s hand sanitizers, seven had concentrations
of impurities above the FDA interim limits. Specifically, four bottles (CCR-11, CCR-47,
CCR-59, and CCR-129) had levels of acetal higher than the FDA interim limit of 50 ppm
(ng/g). With respect to benzene, all three bottles (CCR-5, CCR-129, CCR-153) containing
measured concentrations were in exceedance of the FDA interim limit of 2 ppm (ug/g).
Further, three bottles (CCR-11, CCR-41, CCR-59) had levels of acetaldehyde higher than
the FDA interim limit of 50 ppm (ug/g). Figure 3 details a comparison between impurity
concentrations measured in hand sanitizers and FDA interim limits.

CCR-1 CCR-55 [ +]
CCR-3 CCR-59 ]
CCR-5 CCR-59t ]
CCR-5t CCR-63 |+
CCR-6 CCR-117 Bl
CCR-7 CCR-120 ]
CCR-10 CCR-120t El
CCR-11 CCR-122 E
CCR-11t CCR-128 ]
CCR-15 CCR-129

CCR-15t CCR-129t

CCR-19 CCR-133 &)
CCR-21 CCR-150 [+
CCR-21t CCR-151

CCR-22 CCR-151t

CCR-23 CCR-152 =
CCR-23t CCR-153

CCR-28 CCR-153t

CCR-32 CCR-154 E
CCR-41 CCR-155 [ 7]
CCR-41t CCR-134 =
CCR-47 LAB BLK A

CCR-47t LABBLK B

Figure 3. Impurity concentrations (expressed as percent difference relative to FDA specifications).
Duplicate samples noted with t (expressed as percent difference relative to FDA specifications). Cells

denoted with asterisks (*) refer to instances when impurity concentrations were equivalent to one
half LOQ.
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To better understand differences between impurity concentrations measured in the
children’s products and various characteristics, several statistical comparisons were made
for U.S. and non-U.S. products, clear and non-clear liquid, and original and duplicate
samples (Figures 52-S7). Samples collected from hand sanitizers manufactured in the U.S.
had higher 1-propanol and isobutanol concentrations when compared to non-U.S. brand
hand sanitizers. Additionally, acetal and methanol concentrations were higher for non-
U.S. brands when compared to U.S. brands. However, no impurity concentrations were
significantly different when comparing U.S. to non-U.S, except for methanol, which was
detected in concentrations significantly higher in non-U.S. manufactured hand sanitizers.
Further, samples collected from hand sanitizers with non-colored liquid reported higher 1-
propanol, isobutanol, and methanol concentrations when compared to hand sanitizers with
colored liquid. Additionally, acetal, benzene, and ethyl acetate concentrations were higher
for colored liquid hand sanitizers compared to non-colored hand sanitizers. All impurity
concentrations, however, were not significantly different when comparing non-colored and
colored hand sanitizer liquid. With the exception of methanol, all impurities measured
were not statistically different between duplicate samples. For sample CCR-120, methanol
had significantly higher concentrations in the duplicate compared to the original dataset.
No statistically significant differences in other analyte concentrations were seen in any of
the 12 hand sanitizer bottles that were tested in duplicate (Figure S7).

3.4. Ethanol Content Measured in a Selection of Hand Sanitizers Marketed to Children

The measured alcohol content ranged from 52% to 98% in all tested hand sanitizers
marketed to children. The alcohol percentage reported on the bottle labels, however, ranged
from 62% to 80%. Figure S8 shows a comparison between labeled and measured alcohol
concentrations for each product. Overall, when comparing the measured and labeled
alcohol ranges, the measured concentrations in the bottles ranged from 31% lower than
the labeled concentration to up to 28% higher than the labeled concentration, depending
on the product. Almost one third (n = 10) of the bottles tested had alcohol concentrations
lower than the required 60% needed for germicidal properties, as recommended by FDA
and CDC [3,22].

4. Discussion

The survey identified numerous products potentially attractive to children available
for purchase in the U.S. The majority of the products contained fragrances and coloring
additives that might increase their appeal, despite FDA recommending against these
additives because of exposure risk in children. Further, we found that products continued
to be packaged in containers resembling food or drink containers, despite FDA alerts
to similar products because of their possible accidental ingestion risk by children [12].
Hence, understanding the possible health risks associated with incidental ingestion and
dermal absorption — especially by children — of hand sanitizer impurities is needed not
only to effectively characterize potential future health risks, but also to help successfully
manage them. Tse et al. (2021) reported that, based on the toxicology of common impurities
found in technical-grade ethanol, the majority pose a low risk during normal use [35].
However, acetaldehyde and benzene, in particular, may pose a risk especially to susceptible
populations like children, and potential risk from exposure to several impurities is still
uncertain. Further, certain formulation additives (such as water or gelling agents) may
increase the risk of dermal exposure and should be studied further [35]. In a concurrent
study by Kozal et al. presented at the Society of Toxicology (SOT), a screening level risk
assessment was performed to estimate systemic exposure doses (SEDs) that may result
from repeated dermal exposure, as well as incidental ingestion of hand sanitizers, and were
compared to health-based guidance values and toxicity thresholds [36].

Numerous product recalls and alerts were issued by FDA during the COVID-19
pandemic due to methanol contamination. The full list of recalled products and associated
warning letters detailing the methanol concentrations are available on FDA website [12]. As
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an example, methanol concentrations in hand sanitizers manufactured by 4E Global SAPI
de CV were reported to range from 65% to 74% methanol v/v [37]. Although several alerts
were reported for contamination with benzene, acetaldehyde, or acetal, detailed warning
letters specifying concentrations of these contaminants were not available on FDA website.
In one alert, a product was found to contain 6 ppm benzene [38]. Therefore, it is unclear if
the concentrations reported in our study are similar to the concentrations found by FDA,
as this information is not publicly available. One of the products (CCR-129) with levels of
acetal that exceeded FDA interim limits was listed on the ‘FDA’s Do-Not-Use List’ in April
2022 due to the product being manufactured “at the same facility that produced benzene
contaminated product” [12]. Additionally, numerous products from the same distributor
as several products tested in this study were also included on the FDA list because they
were manufactured at the same facilities in which a product was found to have methanol
and benzene contamination. Another product tested in this study was recommended for
recall, and was added to an import alert in March 2022.

Several other studies have reported impurity concentrations measured in ABHSs. In
an unpublished study, 260 unique batches of hand sanitizer were analyzed and 44 batches
(17%) contained benzene at 0.1 ppm or above, while 21 batches (8%) contained benzene at
2 ppm or above [39]. The highest benzene concentration detected was 16.1 ppm, over eight
times the FDA interim limit of 2 ppm [39]. Of the 21 batches that contained >2 ppm benzene,
one batch reported 8680 ppm methanol and 147 ppm acetaldehyde, which are fourteen
and three times the FDA interim limit, respectively. Another batch contained 709 ppm
methanol [39]. In another study, 42 liquid and gel hand sanitizers were analyzed for nine
different impurities, and 11 of the samples were non-compliant with interim Health Canada
guidelines [11]. The authors noted that these samples primarily contained acetaldehyde
at levels above the Canadian interim guidance of NMT 75 ppm total acetaldehyde and
acetal [40]. In a study conducted in the U.S., 51 samples from bulk refillable hand sanitizer
dispensers at community settings, such as restaurants, malls, and fitness centers, across
the U.S., and 40 samples from a single school district in South Carolina were analyzed
for methanol, benzene, acetaldehyde, and acetal [41]. Only one sample from the school
district was positive for acetal (511 ppm) at levels above the FDA interim limit, while
35.29% (18/51), 33.33% (17/51), and 5.88% (3/51) of the community-acquired samples
had acetal, acetaldehyde, and methanol concentrations, respectively, above the FDA’s
interim limits. Benzene was not detected in any of the 91 samples [41]. Further, in a study
conducted in Malaysia, of the 121 samples purchased from retail locations, 7.4% contained
methanol above the LOD of 4.4% (v/v), while 18.8% of the 265 samples collected from
freely deployed public dispensers contained methanol above the LOD [42]. A recent study
by Pal et al. (2022) tested 200 hand sanitizers for concentrations of benzene, toluene, and
styrene [43]. Similar to our study, the authors found that a selection of products (1 = 10)
exceeded FDA interim limits for benzene (>2 ppm). It was also noted that products also
contained toluene (25%) and styrene (32%); however, these compounds have no FDA limits.
Similar to our study, the hand sanitizers purchased were primarily manufactured in the
U.S. or China; however, they also identified additional countries (such as India, Mexico,
and United Arab Emirates) that were not represented in our study. Therefore, it is possible
that there are additional impurities present in hand sanitizers that were not quantified in
our study, but their presence may differ based on the country of manufacture. Further, the
authors performed an exposure assessment and determined that the benzene exposures
would “increase the EPA’s benchmark for the de minimus cancer risk” in children, teenagers,
and adults [43].

Certain ABHSs identified in this study may possibly be less effective at preventing
SARS-CoV-2 transmission from hand surfaces due to lower ethanol content than current
regulatory standards; however, more information would be needed to verify that hypothe-
sis. Some studies have reported on ethanol content in hand sanitizer products. For example,
Tse et al. (2021) [11] reported ethanol concentrations between 63% and 90% v /v, with one
sample having ethanol content below 60%. Another study reported ethanol concentrations

20



Int. J. Environ. Res. Public Health 2022, 19, 14424

between 16.21% and 87.33% v /v, with a total of 33.62% of the samples collected (39/116)
containing under 60% ethanol [41].

The current study was not without limitations. One limitation included the GC/MS
analysis sensitivity for detecting benzene. The GC/MS analytical method utilized in this
study resulted in an LOQ of 0.44 pg/mL for benzene. The determined LOQ met the FDA’s
concentration ranges reported in its published method entitled “Direct Injection Gas Chro-
matography Mass Spectrometry (GC/MS) Method for the Detection of Listed Impurities
in Hand Sanitizers” (0.044-2.19 pg/mL). In terms of sensitivity, however, the determined
LOQ was one order of magnitude larger than the lowest range that FDA reported. Overall,
the determined LOQ met method specifications; however, when converting two reported
benzene non-detects from one hand sanitizer marketed to children (CCR-120 and CCR-120
duplicate) utilizing the measured sample density (0.9145 g/mL) to a ug/g value in order to
compare to the FDA interim limit, the calculated concentration appeared to be above the
FDA interim limit. All other benzene non-detects, when converted to ng/g utilizing hand
sanitizer densities measured between 0.8345-0.8865 g/mL, were below the FDA interim
limit. An additional study limitation was that our dataset provides impurity levels in the
final formulation, which contain other ingredients such as fragrances, dyes, water, and
other compounds, and not in the raw ethanol. The concentrations therefore may be higher
in the raw ethanol than reported in this study, and additional exceedances cannot be ruled
out. Further, the impurities possibly could have come from ingredients other than the
raw ethanol.

5. Conclusions

Given increased ABHS consumer use during the COVID-19 pandemic and the poten-
tial ingestion risk by children, characterization of the availability of ABHSs that may be
attractive to children proved vital. Further, due to increased reports of incidental ingestion
and potential contamination of these products with impurities and ineffective ethanol
levels, identification and quantification of potential health hazards to the public, especially
to children, who represent a unique at-risk population, was performed.

As this study shows, numerous ABHSs with labeling or packaging characteristics that
may increase their attractiveness to children are available for purchase in the U.S. Some
products were packaged in containers resembling food, which is concerning because of the
possibility of accidental ingestion. In our impurity analysis of a subset of available ABHSs
marketed to children, the majority of the products did contain measurable concentrations
of one or more organic impurities at levels above the respective LOQs. However, only
some of the products exceeded FDA interim limits for several organic impurities, such as
acetaldehyde, benzene, and acetal. All products were analyzed in their final formulation;
however, the FDA interim limits were developed to address the acceptable impurity
levels in the raw ethanol used to manufacture these products. Whether the impurity
levels seen in this study would be higher in the raw ethanol remains unclear. While we
observed exceedances, it is unclear if the impurities are present at concentrations that would
possibly pose a health risk to consumers—especially children—should dermal absorption
or accidental ingestion occur. Given the potential for exposure to children, however, and
the reported accidental poisoning increase in children following the start of the COVID-19
pandemic, this issue is concerning, and should be further evaluated.

Future studies on the potential source(s) of these impurities in ethanol and/or other
ingredients used in hand sanitizer products are thus needed. Understanding if potential
contamination was a direct result of new manufacturers and improper manufacturing
procedures during the COVID-19 pandemic would be helpful, as would knowing if the
presence of such impurities will linger even after the FDA interim limits are no longer
applicable and the ethanol shortage has diminished. Additional assessments should be
made to determine whether the criteria examined in this study, such as packaging, gel
coloring, and scent, encourage ABHS attraction, use, and potential ingestion. We can
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reasonably assume that future events may once again increase ABHS demand, and result
in supply shortages.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph192114424 /51, Table S1: Hand sanitizer active ingredients and
impurities, chromatogram peak assignments, LOQ and calibration range; Table S2: Statistical tests for
comparing impurity concentrations in U.S. and non-U.S. products; Figure S1: Total Ion Chromatogram
(TIC) of Hand Sanitizer Active Ingredients and Impurities; Figure S2: Impurity concentrations in
U.S. and non-U.S. manufactured products; Figure S3: Impurity concentrations in gel and liquid
products; Figure S4: Impurity concentrations in products by type of active ingredient; Figure S5:
Impurity concentrations in scented or non-scented products; Figure S6: Impurity concentrations
in non-colored and colored products; Figure S7: Impurity concentrations in original and duplicate
samples; Figure S8: Labeled vs. measured alcohol concentrations in hand sanitizers marketed to
children (expressed as a ratio fraction).

Author Contributions: Conceptualization, L.E.G., E.J.d.G.,, NR.B, ].K, M.V,, RZ, S.D. and S.G;
Formal Analysis, L.E.G., EJ.d.G., AM. and N.R.B.; Investigation, L.E.G., EJ.d.G., N.R.B.,, A M.,
J.K. and K.G.S.; Methodology, L.E.G., EJ.d.G., ] K, N.R.B.,, MJ.L,, M.V,,R.Z,, S.D. and S.G.; Project
Administration, L.E.G.; Resources, M.J.L., Visualization, L.E.G., EJ.d.G., N.R.B.,, AM. and M.J.L,;
Writing—Original Draft Preparation, L.E.G., EJ.d.G., N.R.B., AM. and K.G.S.; Writing—Review and
Editing, L.E.G., EJ.d.G.,, N.R.B.,, AM,, K.GS, JK,M]J.L,RZ, M.V, S.D. and S.G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Carrie Kahn (Stantec’s ChemRisk group) for
providing assistance with gathering literature, and copy editing of the manuscript.

Conflicts of Interest: Ten of the authors [L.E.G., EJ.d.G., N.R.B., K.G.S.,, AM,, JK, M.V, R.Z., S.D.
and S.G.] are currently or were formerly employed by ChemRisk (Stantec), a consulting firm that
provides scientific advice to the government, corporations, law firms, and various scientific and
professional organizations. One of the authors [M.].L.] is a marine scientist senior at the Virginia
Institute of Marine Science at the College of William and Mary. One of the authors [M.V.] has provided
consulting services for a manufacturer of hand sanitizers. Neither M.V. nor any other authors have
received any funding from hand sanitizer manufacturers in support of this manuscript.

References

1.

2.

RFA. Essential Energy: 2021 Ethanol Industry Outlook. 2021. Available online: https:/ /d35t1syewk4d42.cloudfront.net/file/314/
RFA_Outlook_2021_fin_low.pdf (accessed on 1 May 2021).

FDA. Q&A for Consumers: Hand Sanitizers and COVID-19. Content Current as of 17 May 2022. Available online: https:
/ /www.fda.gov/drugs/information-drug-class/qa-consumers-hand-sanitizers-and-covid-19 (accessed on 29 July 2022).

FDA. Temporary Policy for Preparation of Certain Alcohol-Based Hand Sanitizer Products During the Public Health Emergency
(COVID-19): Guidance for Industry. March 2020. Available online: https:/ /collections.nlm.nih.gov/catalog/nlm:nlmuid-991822
7352906676-pdf (accessed on 10 February 2021).

FDA. Temporary Policy for Manufacture of Alcohol for Incorporation into Alcohol-Based Hand Sanitizer Products during the
Public Health Emergency (COVID-19): Guidance for Industry. March 2020. Available online: https://www.regulations.gov/
document/FDA-2020-D-1106-0038 (accessed on 10 February 2021).

FDA. Policy for Testing of Alcohol (Ethanol) and Isopropyl Alcohol for Methanol, Including during the Public Health Emergency
(COVID-19): Guidance for Industry. January 2021. Available online: https:/ /www.fda.gov/regulatory-information/search-fda-
guidance-documents / policy-testing-alcohol-ethanol-and-isopropyl-alcohol-methanol-including-during-public-health (accessed
on 22 September 2022).

FDA. Policy for Temporary Compounding of Certain Alcohol-Based Hand Sanitizer Products during the Public Health and
Human Services Food and Drug Administration Center of Drug Evaluation and Research (CDER). March 2020. Available online:
https://doh.sd.gov /boards/pharmacy/assets / Temporary-Policy-Compounding-Hand-Sanitizer-Guidance.pdf (accessed on
7 August 2020).

22



Int. J. Environ. Res. Public Health 2022, 19, 14424

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

FDA. Hand Sanitizers: COVID-19. Content Current as of 10 January 2022. Available online: https://www.fda.gov/drugs/
coronavirus-covid-19-drugs/hand-sanitizers-covid-19 (accessed on 29 July 2022).

WHO. Guide to Local Production: WHO-Recommended Handrub Formulations. Available online: https://www.who.int/
publications/i/item/WHO-IER-PSP-2010.5 (accessed on 1 April 2010).

Onuki, S.; Koziel, J.A.; Jenks, W.S,; Cai, L.; Grewell, D.; van Leeuwen, ].H. Taking ethanol quality beyond fuel grade: A review. J.
Inst. Brew. 2016, 122, 588-598. [CrossRef]

FDA. Direct Injection Gas Chromatography Mass Spectrometry (GC-MS) Method for the Detection of Listed Impurities in Hand
Sanitizers. 24 August 2020. Available online: https://www.fda.gov/media/141501/download (accessed on 29 July 2022).

Tse, T.].; Nelson, F.B.; Reaney, M.].T. Analyses of commercially available alcohol-based hand rubs formulated with compliant and
non-compliant ethanol. Int ]. Environ. Res. Pub. Health 2021, 18, 3766. [CrossRef] [PubMed]

FDA. FDA Updates on Hand Sanitizers Consumers Should Use. Content Current as of 27 July 2022. Available online: https:
/ /www.fda.gov/drugs/drug-safety-and-availability / fda-updates-hand-sanitizers-consumers-should-not-use (accessed on
29 July 2022).

FDA. Safely Using Hand Sanitizer 3 November 2021. Available online: https://www.fda.gov/consumers/consumer-updates/
safely-using-hand-sanitizer (accessed on 29 July 2022).

Gormley, N.J.; Bronstein, A.C.; Rasimas, ].J.; Pao, M.; Wratney, A.T.; Sun, J.; Austin, H.A_; Suffredini, A.F. The rising incidence of
intentional ingestion of ethanol-containing hand sanitizers. Crit. Care Med. 2012, 40, 290-294. [CrossRef] [PubMed]

Mahmood, A.; Eqan, M.; Pervez, S.; Alghamdi, H.A.; Tabinda, A.B.; Yasar, A.; Brindhadevi, K.; Pugazhendhi, A. COVID-19
and frequent use of hand sanitizers; human health and environmental hazards by exposure pathways. Sci. Total Environ. 2020,
742,140561. [CrossRef] [PubMed]

Santos, C.; Kieszak, S.; Wang, A.; Law, R.; Schier, J.; Wolkin, A. Reported adverse health effects in children from ingestion of
alcohol-based hand sanitizers-United States, 2011-2014. MMWR 2017, 66, 223-226. [CrossRef] [PubMed]

AAPCC. Hand Sanitizer. Available online: https:/ /aapcc.org/track/hand-sanitizer (accessed on 29 January 2022).

Arndt, T.; Schrofel, S.; Gussregen, B.; Stemmerich, K. Inhalation but not transdermal resorption of hand sanitizer ethanol causes
positive ethyl glucuronide findings in urine. Sci. Int. 2014, 237, 126-130. [CrossRef] [PubMed]

Brewer, C.; Streel, E. Is alcohol in hand sanitizers absorbed through the skin or lungs? Implications for disulfiram treatment.
Alcohol Alcohol. 2020, 55, 354-356. [CrossRef] [PubMed]

FDA. FDA Drug Safety Communication. 16 June 2021. Available online: https://www.fda.gov/media/150127/download
(accessed on 29 July 2022).

Chan, A.P.L.; Chan, T.Y.K. Methanol as an unlisted ingredient in supposedly alcohol-based hand rub can pose serious health risk.
Int. J. Environ. Res. Public Health 2018, 15, 1440. [CrossRef] [PubMed]

NIOSH. Emergency Response Safety and Health Database: Methanol: Systemic Agent. CAS No.: 67-56-1. Page Last Reviewed
12 May 2011. Available online: https://www.cdc.gov/niosh/ershdb/emergencyresponsecard_29750029.html (accessed on
22 July 2022).

ILO. Acetal. CAS No.: 105-57-7. International Chemical Safety Card (ICSC) 1070. November 2003. Available online: https:
/ /inchem.org/documents /icsc/icsc/eics1070.htm (accessed on 20 July 2022).

ILO. Acetaldehyde. CAS No.: 75-07-0. International Chemical Safety Card (ICSC) 0009. November 2003. Available online:
https:/ /inchem.org/documents/icsc/icsc/eics0009.htm (accessed on 20 July 2022).

ILO. Isobutanol. CAS No.: 78-83-1. International Chemical Safety Card (ICSC) 0113. April 2005. Available online: https:
/ /www.ilo.org/dyn/icsc/showcard.display?p_lang=en&p_card_id=0113&p_version=2 (accessed on 20 July 2022).

ILO. 1-Butanol. CAS No.: 71-36-3. International Chemical Safety Card (ICSC) 0111. April 2005. Available online: https:
/ /www.ilo.org/dyn/icsc/showcard.display?p_lang=en&p_card_id=0111&p_version=2 (accessed on 20 July 2022).

ILO. Acetone. CAS No: 67-64-1. International Chemical Safety Card (ICSC) 0087. April 2009. Available online: https://inchem.
org/documents/icsc/icsc/eics0087.htm (accessed on 20 July 2022).

ILO. 1-Pentanol. CAS No.: 71-41-0. International Chemical Safety Card (ICSC) 0535. April 2009. Available online: https:
/ /www.ilo.org/dyn/icsc/showcard.display?p_lang=en&p_card_id=0535&p_version=2 (accessed on 20 July 2022).

ILO. Ethyl Acetate. CAS No.: 141-78-6. International Chemical Safety Card (ICSC) 0367. April 2014. Available online:
https:/ /inchem.org/documents/icsc/icsc/eics0367.htm (accessed on 20 July 2022).

ILO. Isoamyl Alcohol. CAS No.: 123-51-3. International Chemical Safety Card (ICSC) 0798. June 2015. Available online:
https:/ /www.ilo.org/dyn/icsc/showcard.display?p_lang=en&p_card_id=0798&p_version=2 (accessed on 20 July 2022).

ILO. 2-Butanol. CAS No.: 78-92-2. International Chemical Safety Card (ICSC) 0112. May 2018. Available online: https:
/ /www.ilo.org/dyn/icsc/showcard.display?p_lang=en&p_card_id=0112&p_version=2 (accessed on 20 July 2022).

IARC. International Agency for Research on Cancer (IARC)-Summaries & Evaluations: Acetaldehyde (Group 2B). CAS No.:
75-07-0. Section 5: Summary of Data Reported and Evaluation. Last Updated 12 April 1999. Available online: https:/ /inchem.
org/documents/iarc/vol71/005-acetaldehyde.html (accessed on 22 July 2022).

IARC. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Vol. 120: Benzene; International Agency for Research on
Cancer (IARC); World Health Organization (WHO): Lyon, France, 2018.

Bedner, M.; Murray, J.A.; Urbas, A.A.; MacCrehan, W.A.; Wilson, W.B. A Comparison of Measurement Methods for Alcohol-Based
Hand Sanitizers; National Institute of Standards and Technology: Gaithersburg, MD, USA, 2021; pp. 1-56. [CrossRef]

23



Int. J. Environ. Res. Public Health 2022, 19, 14424

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tse, T.].; Purdy, S.K.; Shen, J.; Nelson, EB.; Mustafa, R.; Wiens, D.J.; Reaney, M.].T. Toxicology of alcohol-based hand rubs
formulated with technical-grade ethanol. Toxicol. Rep. 2021, 8, 785-792. [CrossRef] [PubMed]

Kozal, J.S.; Vincent, M.].; Gloekler, L.E.; de Gandiaga, E.J.; Massarsky, A.; Zisook, R.E.; Binczewski, N.R.; Gibbs, K.E.; Gaffney, S.H.;
Dotson, G.S. Risk Assessment of Organic Impurities Detected in Hand Sanitizers Marketed to Children during the COVID-19
Pandemic. In Proceedings of the Society of Toxicology 61st Annual Meeting & ToxExpo, San Diego, CA, USA, 27-31 March 2022.
Abstract no. 3341.

FDA. Warning Letter 320-21-04 to J. Gonzalez Olvera, General Director, 4E Global, S.A.P.I. de C.V. MARCS-CMS 608940.
23 October 2020. Current as of 3 November 2020. Available online: https://www.fda.gov/inspections-compliance-enforcement-
and-criminal-investigations/warning-letters /4e-global-sapi-de-cv-608940-10232020 (accessed on 2 August 2022).

FDA. Warning Letter 320-22-16 to M.S. Eun, President, Mirfeel Korea Co., Ltd. MARCS-CMS 627401. 22 June 2022. Current as
of 28 June 2022. Available online: https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations /
warning-letters /mirfeel-korea-co-1td-627401-06222022 (accessed on 2 August 2022).

Light, D.; Kucera, K.; Wu, Q. Letter to FDA Re: Valisure Citizen Petition on Hand Sanitizer Products Containing Benzene
Contamination and Other Significant Issues. 24 March 2021. Available online: https:/ /assets-global.website-files.com /62150527
33f8bb8fea016220/626fee4c78a2e4769ba2b7fe_FDA-2021-P-0338-0001_attachment_1.pdf (accessed on 28 March 2021).

Health Canada. Public Advisory: Recall of Certain Hand Sanitizers That May Pose Health Risks (Part 1—17 June 2020 to 24
March 2021). 20 May 2021. Available online: https:/ /recalls-rappels.canada.ca/en/alert-recall /recall-certain-hand-sanitizers-
may-pose-health-risks-part-1-june-17-2020-march-24-2021 (accessed on 29 July 2022).

Manuel, C.S.; Yeomans, D.J.; Williams, J.A.; Fricker, C.; Kucera, K.; Light, D.; Arbogast, ].W. Presence of unsafe chemical impurities,
accelerated evaporation of alcohol, and lack of key labeling requirements are risks and concerns for some alcohol-based hand
sanitizers and dispenser practices during the COVID-19 pandemic. PLoS ONE 2022, 17, €0265519. [CrossRef] [PubMed]

Ng, J.K,; Tay, EH.; Wray, PS.; Mohd Saberi, S.S.; Ken Ting, K.K.; Khor, S.M.; Chan, K.L.A. Inexpensive Portable Infrared Device to
Detect and Quantify Alcohols in Hand Sanitizers for Public Health and Safety. Anal. Chem. 2021, 93, 15015-15023. [CrossRef]
[PubMed]

Pal, VK Lee, S.; Naidu, M.; Lee, C.; Kannan, K. Occurrence of and dermal exposure to benzene, toluene and styrene found in
hand sanitizers from the United States. Environ. Int. 2022, 167, 107449. [CrossRef] [PubMed]

24



g4

and Public Health

r 1 International Journal of

Environmental Research

Article

Health Risk Assessment of Dermal Exposure to Polycyclic
Aromatic Hydrocarbons from the Use of Infant Diapers

Alfred Bernard I'* and Vincent Dudler 2

Citation: Bernard, A.; Dudler, V.
Health Risk Assessment of Dermal
Exposure to Polycyclic Aromatic
Hydrocarbons from the Use of Infant
Diapers. Int. |. Environ. Res. Public
Health 2022, 19, 14760. https://
doi.org/10.3390/ijerph192214760

Academic Editors: Esref Demir

and Sam Kacew

Received: 11 October 2022
Accepted: 8 November 2022
Published: 10 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

Institut de Recherche Expérimentale et Clinique (IREC), Université catholique de Louvain,

74 Avenue Hippocrate, 1200 Bruxelles, Belgium

Federal Food Safety and Veterinary Office, Schwarzenburgstrasse 155, 3003 Bern, Switzerland
Correspondence: alfred.bernard@uclouvain.be

Abstract: In September 2021, the European Chemicals Agency evaluated a dossier for restricting
polycyclic aromatic hydrocarbons (PAHs) in infant diapers and concluded that risks were not demon-
strated, because of inconclusive exposure data. To fill this gap, we measured the 16 priority PAHs of
the U.S. Environmental Protection Agency in the diaper core of four brands and in the sheets and
fastening tapes of six brands of commercially available diapers. Health risks were conservatively
assessed by assuming that dermally absorbed PAHs can cause both local (skin cancer) and systemic
critical effects (neurobehavioral changes). Total concentrations of PAHs in the diaper core and top
sheet, the only significant contributors to skin exposure, averaged 26.5 ug/kg and 66.6 ug/kg, re-
spectively. Excess skin cancer risks and hazard quotients for neurobehavioral effects calculated with
the daily dose of total PAHSs from the combined diaper core and top sheet averaged 1.44 x 10~7 and
1.19 x 1072, respectively. The median daily doses of total PAHs and of its benzo[a]pyrene-equivalent
from breast milk estimated worldwide are 171 and 30 times greater than that from the combined
diaper core and top sheet, respectively. Altogether, these findings indicate that trace levels of PAHs
found in infant diapers are unlikely to pose health risks.

Keywords: diaper; polycyclic aromatic hydrocarbons; skin cancer; neurobehavioral changes

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants occurring as
complex mixtures throughout the environment. They are formed during the incomplete
combustion of fossil fuels and organic matter such as wood or tobacco. They also occur
in food as a result of environmental pollution or of some food cooking methods such as
grilling and roasting. For nonsmokers, the major sources of exposure are food and, to some
extent, polluted air [1,2].

PAHs are organic compounds consisting of multiple fused aromatic rings. The physic-
ochemical properties of PAHs that determine their potential toxicity greatly vary with
the number of rings. Two-ring PAHs and, to a lesser extent, three- and four-ring PAHs
can partly dissolve in water and are sufficiently volatile to be released in air. By contrast,
PAHs with five or more rings have a very low volatility and water solubility. These large
PAHs, therefore, are tightly adsorbed onto the surface of solid materials, which reduces
their biological accessibility. The strong hydrophobicity of these large PAHs also reduces
their solubilization into aqueous liquids while facilitating their transfer across biological
membranes and barriers [1,2].

Mixtures of PAHs have long been recognized as potent human carcinogens [3]. In
humans, as with animals, the sites of tumors induced by PAHs largely depend on the route
of exposure. By inhalation, benzo[a]pyrene (BaP), one of the most potent PAHs, induces
only respiratory tract tumors in both humans and rodents, whereas, administered orally in
animals, it causes gastro-intestinal tumors. By the dermal route, PAHs caused squamous
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cell carcinoma of the skin in humans with high occupational exposure [3]. Lifetime carcino-
genicity bioassays in several strains of mice have demonstrated that dermally applied BaP
induces only skin tumors, which, thus, should be considered as the critical effect of PAHs
by the dermal route [1-3]. This conclusion is strengthened by the fact that dermal slope
factors are more than one order of magnitude greater than oral slope factors. The formation
rate of DNA adducts is also orders of magnitude greater in the skin of mice exposed to BaP
compared to internal organs [4].

Animal studies have also shown that PAHs can cause various systemic effects includ-
ing developmental, reproductive, and immunological effects [1]. Among these effects, the
critical one occurring at the lowest exposure level is the altered neurobehavior observed in
rats following gavage or inhalation of BaP during early life. Epidemiological studies among
nonsmoking pregnant women mainly exposed to PAHs mixtures via food have reported
associations between biomarkers of BaP exposure (benzo[a]pyrene diol epoxide-DNA
adducts) and adverse birth outcomes, neurobehavioral effects, and decreased fertility [1].

Recently, public concern arose over exposure to PAHs through the use of disposable
infant diapers. A report published in 2019 by the French Agency for Food, Environmental,
and Occupational Health and Safety (ANSES), largely echoed in the media, suggested
that adverse systemic effects of PAHs, in particular, cancers and neurobehavioral changes,
cannot be excluded from the long-term [5]. Therefore, the French agency concluded the
need of regulatory actions in order to ensure the safety of diapers. In October 2020, ANSES
submitted to the European Chemical Agency (ECHA) a dossier for restricting in infant
diapers levels of several hazardous contaminants including PAHs [6]. In September 2021,
however, both the ECHA’s Committee for Risk Assessment (RAC) and the Committee for
Socio-Economic Analysis (SEAC) considered that the evidence was insufficient to conclude
that some chemicals found in diapers may pose a risk to babies [7]. In particular, RAC found
that data on the concentrations of some of these substances in diapers were inconclusive.
This was especially the case for PAHs as the risk assessment conducted by ANSES relied
on the limits of quantification of a poorly sensitive analytical method. In the absence
of accurate measurements, RAC was not in a position to completely exclude risks from
PAHs in diapers. To fill this gap, we measured PAHs in commercially available infant
diapers with an adequate analytical method. We also estimated health risks through a very
conservative approach assuming that dermally absorbed PAHs can cause both local (skin
cancer) and systemic critical effects (neurobehavioral changes).

2. Materials and Methods
2.1. Composition of Disposable Diapers

Disposable infant diapers consist of several layers of materials with different functional
properties. The most important layer in weight and volume is the diaper core, which is a
superabsorbent polymer typically made of sodium polyacrylate granules. In contact with
urine, this superabsorbent polymer forms a gel-like material that absorbs up to 30 times its
weight in liquid. The top sheet is the inner porous layer of the diaper in direct contact with
the baby’s skin. This layer is designed for a rapid transfer of the urine to the diaper core.
The back sheet is the water-proof outer layer of the diaper that prevents urine from leaking
out of the diaper. Diapers also contain various additional features such as fastening tapes
to ensure a good fit [8-10].

2.2. Measurement of PAHs

This health risk assessment is based on analyses of PAHs performed by the Swiss
Federal Institute of Metrology (METAS), which is the reference laboratory in Switzerland for
the determination of PAHs in food. The laboratory analyzed the 16 priority PAHs of the U.S.
Environmental Protection Agency (U.S. EPA) by gas chromatography—mass spectrometry
(GC-MS) using a method adapted from the European standard EN 16619:2015. PAHs were
extracted from diapers with n-hexane by liquid-pressure extraction (LPE). For each analysis,
about 2 g of material was mixed in a LPE cell with glass beads and 200 pL of a standard
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solution (mixture of deuterated PAHs). The extraction was conducted in two cycles under
the following conditions: pressure 1500 psi, temperature 100 °C, heating time 5 min, static
time 10 min, and rinsing volume 10 mL. The extract was concentrated to 5 mL with a rotary
evaporator and the analysis was performed by gas chromatography-mass spectrometry
(GC-MS). PAHs were measured in the back and top sheets and in the fastening tapes of
six international brands of diapers purchased in commercial stores in Switzerland. PAHs
were also measured in the diaper core of four of these brands. The diaper core and top
sheet had a mean weight of 13 and 4 g, respectively. Results are reported as the mean of
three measurements performed on mixtures of three to five randomly selected diapers. The
recovery of the PAHs content in the samples was determined from the deuterated labeled
PAHs according to the EN 16619:2015 standard, and was always higher than 90%. The
limit of quantification (LOQ) is sample-dependent and was measured specifically for each
PAH/sample pair. For the 16 substances considered, the range of LOQs and the average
were 0.01-2.18 pg/kg and 0.51 pg/kg, respectively. For PAHs that were not quantifiable,
we used the LOQ value divided by two to calculate the total PAHs concentrations. In the
assessment of skin cancer risks, we calculated the BaP potency equivalent concentrations
of individual and total PAHs using the same potency equivalent factors (PEF) as in the
ANSES report and our previous study [5,11,12].

2.3. Health Risk Assessment

Because the diaper core is not in direct contact with the skin, ingredients in diaper
core require urine as an aqueous carrier to reach the skin. The amount of liquid resurfacing
back to the skin is, however, strongly limited by the potent absorbency of polyacrylate that
allows the achievement of a very low rewetting fraction. In the study of Dey et al. [9], the
proportion of urine returning to the top sheet under pressure was estimated on average at
0.46% with a range of 0.32-0.66%. As in our previous study [12], we conservatively used a
rewet factor of 1%. By contrast, chemicals in the top sheet may be directly transferred to the
skin. For ingredients in the top sheet intended to be applied onto the skin (i.e., top-sheet
lotions), Odio et al. [13] estimated that less than 7% is actually transferred to the skin. For
ingredients not intended for skin care, their absorption is strongly limited by the fact these
ingredients are integrated within the polymeric matrix resin of the sheet. We nevertheless
adopted this transfer percentage of 7% as a conservative upper bound estimate of the skin
transfer of PAHs from the top sheet.

As shown previously [12], potential health risks related to infant diaper wearing
are expectedly highest in infants aged 0—6 months when the number of diapers used
per day and the surface/body weight ratio are highest. We, therefore, focused our risk
assessment on this period of age by adopting the same conservative exposure parameters
as previously [12] (7.98 diapers per day, body weight of 3.9 kg). The daily dose of PAHs
from the diaper core or the top sheet for an infant aged 0—6 months was calculated using
the following equations:

CxWxNXxRx A
SDAF
CxWxXxNxTx A ”

SDAF @
where DD is the daily dose (ug/day); C is the concentration of the chemical in the diaper
(ng/kg); W is the weight of the diaper layer (kg); N is the number of diapers used per
day; T is the fraction transferred to the skin (7%); R is the rewet factor (1%); A is the
fraction absorbed by the skin conservatively set at 100%; SDAF is the solvent-dependent
adjustment factor incorporated to adjust for the difference in bioaccessibility of PAHs from
the diaper core or top sheet when the extraction is performed with a biological fluid at
37 °C or with n-hexane at 100 °C. As there is a close inverse relationship between log Ko/w
and water solubility [14] and only a small deviation of 0.4 between log Ko/w and the
log Kn-hexane/water of alkyl-aromatic molecules [15], we adopted a SDAF of 100. This
adjustment factor of 100 can be considered conservative as it is 20 times lower than the

Diaper core : DD =

@

Top sheet: DD =
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Kow value of the most water-soluble PAH congener (naphthalene) among the 16 priority
U.S. EPA PAHs. For the top sheet in direct contact with the skin, we used a lower SDAF
to account for the fact that transfer to the skin does not require solubilization in urine.
PAHs from the top sheet can indeed directly dissolve in sweat or sebum that is present in
variable proportions at the surface of the skin. We adopted a default SDAF of 10 to take
into account that the transfer factor of 7% was derived for a product intended for skin care,
which presumably should be more easily extracted with n-hexane than PAHs embedded in
the top sheet matrix.

We also estimated the daily dose of PAHs from the diaper core on the basis of the
limits of solubility in water of individual PAHs using the following equation:

DD =C x R x V 3)

where DD is the daily dose (1g/day); C is the limit of water solubility (ug/L); R is the
rewet factor of 1%; V is the daily urine output estimated at 500 mL for a 0-6-months-old
infant. The limits of water solubility of individual PAHs were obtained from PubChem
https:/ /pubchem.ncbi.nlm.nih.gov (accessed on 1 February 2022).

Excess skin cancer risks of PAHs from the diaper core or the top sheet were calculated
by using the following equation:

DD x PEF x CSF x T
ECR = 5 %70 4)

where ECR is the excess skin cancer risk; DD is the daily dose (ug per day); PEF is the BaP
relative potency equivalent factor; CSF is the skin cancer slope factor of 3.5 (ug/cm? per
day)~! developed by Knafla et al. [4]; T is the duration of exposure (0.5 years); 70 is the
duration of lifetime conventionally set at 70 years; S is the skin surface area in contact with
the diaper (234 cm?) [16,17]. Unlike our previous study [12], we decided not to incorporate
an age-dependent adjustment factor (ADAF) in agreement with the recent opinion of the
ECHA risk assessment committee, concluding that there is no need to apply an ADAF for
PAHs in addition to the high to low dose extrapolation [18].

Although there are no experimental or epidemiological data to support an extrapola-
tion from ingestion or inhalation to the dermal route of exposure for PAHs, ANSES assumed
that PAHs from diapers can cause behavioral changes as observed in rats following oral or
inhalation exposure during early life. In case this assumption proves to be correct, we also
estimated the risks of neurobehavioral changes by calculating the hazard quotient with the

following equation:
DD

HQ = o= 6)

where HQ is the hazard quotient; DD is the daily dose and TDI is the tolerable daily intake,
both expressed in pug/kg body weight and per day, respectively. We assumed a body weight
of 3.9 kg for a 0-6-months-old infant and we used as TDI the U.S. EPA reference dose (RfD)
of 0.3 pg/kg body weight and per day as used by ANSES [5] and our previous study [12].

3. Results
3.1. Diaper Core

All investigated PAHs congeners were found in the core of the four tested diaper
brands and, depending on the brand, 38% to 81% of them were present in quantifiable
amounts (see Supplementary materials, Table S1). Of these, there were the two most
potent PAHs, BaP and dibenzo[ah]anthracene (DBA) that were quantified in three and
two brands, respectively. The concentrations of BaP and DBA, however, did not exceed
1 pg/kg at the exception of one brand that contained 1.4 pg/kg of DBA. Of note, the
concentrations and patterns of PAHs congeners were very consistent across the four brands,
being all dominated by naphthalene, which, on average, contributed to 52% of the total
PAHs concentrations. Table 1 shows the mean concentrations of PAHs in the diaper core of
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the four brands and the estimated ECR. The total PAHs concentration in the diaper core
averaged 26.5 ng/kg and 1.26 ng/kg when expressed as BaP-equivalent. The ECRs for BaP
and DBA were lower than 10~?, while the ECR for the total PAHs concentration remained
below 1078. As shown in Table 2, the hazard quotient for neurobehavioral effects of total

PAHs in the diaper core averaged 2.35 x 104,

Table 1. Excess skin cancer risks of polycyclic aromatic hydrocarbons (PAHs) in the diaper core.

Concentration p°se from D.ose from Dose from Diaper Core Excess Skin
PAHs (ng/kg) * Diaper Core PEF Diaper Core (g BaP equ./cm?/day) Cancer Risk
(ug/day) (ug BaP eqv./day)

Benzo[a]pyrene 0.55 5.65 x 1076 1 5.65 x 1076 242 %1078 6.04 x 10710
Dibenzo[a,h]anthracene 0.48 498 x 10~° 1 498 x 10~° 213 x 1078 5.32 x 1010
Benzo[g h,ilperylene 0.76 7.87 x 107° 0.01 7.87 x 1078 3.37 x 10710 8.41 x 10712
Naphtalene 13.7 142 x 1074 0.001 1.42 x 1077 6.07 x 10710 1.52 x 10~
Anthracene 0.81 8.44 x 107° 0.01 8.44 x 1078 3.61 x 10710 9.02 x 10712
Benzo[a]anthracene 0.54 5.56 x 107° 0.1 5.56 x 1077 238 x 107 594 x 10°11
Indeno[1,2,3-cd]pyrene 0.61 6.29 x 107¢ 0.1 629 x 1077 2.69 x 1077 6.72 x 1071
Chrysene 0.43 449 x 107° 0.01 449 x 1078 1.92 x 10710 4.80 x 10712
Benzo[b]fluoranthene 0.31 323 x 10°° 0.1 323 x 1077 1.38 x 107? 3.45 x 10~
Benzo[k]fluoranthene 0.51 5.24 x 107° 0.1 5.24 x 1077 224 x 107 5.60 x 1011
Acenaphthene 0.78 8.09 x 107 0.001 8.09 x 1077 346 x 1071 8.65 x 10713
Acenaphthylene 0.35 3.63 x 107° 0.001 3.63 x 1077 1.55 x 101 3.88 x 10713
Phenanthrene 3.58 371 x 1075 0.001 371 x 1078 1.59 x 10710 3.97 x 10712
Fluoranthene 1 1.04 x 1079 0.001 1.04 x 1078 443 x 1071 1.11 x 10712
Fluorene 1.37 1.42 x 107° 0.001 1.42 x 1078 6.07 x 10~11 1.52 x 10712
Pyrene 0.76 7.88 x 107° 0.001 7.88 x 1077 3.37 x 1071 8.42 x 10713
Total PAHs 26.5 1.94 x 107+ 1.31 x 107> 5.60 x 1078 1.40 x 107°

* Average of the concentrations measured in the core of four brands of diaper.

Table 2. Assessment of neurobehavioral risks of polycyclic aromatic hydrocarbons (PAHs) in the

diaper core.

Concentration Dose from Diaper .
PAHs (ug/kg) * Core (ug/kg/day) Hazard Quotient

Benzo[a]pyrene 0.545 1.45 x 107° 4.83 x 107°
Dibenzo[a,h]anthracene 0.48 1.28 x 107° 4.26 x 107°
Benzo[g h,i]perylene 0.76 2.02 x 107° 6.73 x 1076
Naphtalene 13.7 3.64 x 1075 1.21 x 1074
Anthracene 0.81 217 x 1076 722 x 1076
Benzo(a)anthracene 0.54 1.43 x 107° 475 x 1070
Indeno(1,2,3-cd)pyrene 0.61 1.61 x 107 537 x 10
Chrysene 0.43 1.15 x 107° 3.84 x 1076
Benzo[b]fluoranthene 0.31 8.27 x 10~7 2.76 x 1076
Benzo[k]fluoranthene 0.51 1.34 x 107° 448 x 1076
Acenaphthene 0.78 2.07 x 107° 6.92 x 1076
Acenaphtylene 0.35 9.31 x 1077 3.10 x 107°
Phenanthrene 3.58 9.52 x 107° 3.17 x 1075
Fluoranthene 1.00 2.66 x 107° 8.87 x 1076
Fluorene 1.37 3.64 x 107° 1.21 x 107>
Pyrene 0.76 2.02 x 107° 6.74 x 1076
Total PAHs 26.5 7.06 x 107> 235 x 1074

* Average of the concentrations measured in the core of four brands of diaper.

The importance of water solubility in reducing the skin transfer and cancer risk of
PAHs from the diaper core clearly emerges from Table 3 showing ECRs calculated with
the water solubility limits of individual PAHs. For the most potent PAHs (PEF > 0.1) with
water solubility limits lower than 10 pg/L, ECRs were all below 10~°. The water solubility
limits of the less potent PAHs (PEF 0.01 and 0.001) were much higher, ranging from 135 up
to 31,000 ug/L in the case of naphthalene. The ECR of total PAHs reached 2.52 x 1075 and

8.52 x 107° after exclusion of naphthalene.
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Table 3. Excess skin cancer risks of polycyclic aromatic hydrocarbons (PAHs) in the diaper core
calculated with their respective limit of solubility in water.

Dose from Dose from
Number of Water Dose from Diaper Core Diaper Core Excess Skin
PAHs Ri Solubility Diaper Core PEF (g BaP (ug BaP C Risk
ings (ug/L) (ug/day) * ug Ba ug 2a ancer Ris
eqv./day) eqv./cm?/day)
Benzo[a]pyrene 5 1.62 8.10 x 1073 1 8.10 x 1073 3.46 x 1075 8.65 x 1077
Dibenzo[a,h]anthracene 5 1.66 6.60 x 1073 1 6.60 x 1073 355 x 1075 8.87 x 1077
Benzo[g h,i]perylene 6 0.26 1.30 x 1073 0.01 1.30 x 107° 5.56 x 1078 1.39 x 1077
Naphthalene 2 31,000 1.55 x 10*2 0.001 1.55 x 107! 6.62 x 104 1.66 x 1072
Anthracene 3 434 217 x 1071 0.01 217 x 1073 9.27 x 107¢ 232 x 1077
Benzo[a]anthracene 4 9.4 4.70 x 1072 0.1 4.70 x 1073 2.01 x 1075 5.02 x 1077
Indeno[1,2,3-cd]pyrene 6 0.19 9.50 x 1074 0.1 9.50 x 1075 4.06 x 1077 1.01 x 10~8
Chrysene 4 2.0 1.00 x 1072 0.01 1.00 x 1074 427 x 1077 1.07 x 1078
Benzol[b]fluoranthene 5 1.5 7.50 x 1073 0.1 750 x 1074 833 x 1075 8.01 x 1078
Benzo[k]fluoranthene 5 0.8 4.00 x 1073 0.1 4.00 x 1074 8.40 x 107° 427 x 1078
Acenaphthene 3 3900 1.95 x 10! 0.001 1.95 x 10! 8.33 x 10°° 2.08 x 10°°
Acenaphthylene 3 3930 1.97 x 10! 0.001 1.97 x 10! 840 x 107° 2.10 x 10°°
Phenanthrene 3 1300 6.50 0.001 6.50 x 1073 278 x 1075 6.94 x 1077
Fluoranthene 4 260 1.30 0.001 1.30 x 1072 5.56 x 10° 1.39 x 1077
Fluorene 3 1690 8.45 0.001 8.45 x 1073 3.61 x 107° 9.03 x 1077
Pyrene 4 135 6.75 0.001 6.75 x 1073 2.88 x 10°° 721 x 1078
Total PAHs 2.11 x 102 236 x 10! 1.01 x 1072 252 x 1075
Total PAHSs without 5.64 % 101 8.07 x 102 345 x 104 8.62 106
naphthalene

* The daily dose is calculated by assuming a daily urine output of 500 mL for a 0-6-months-old infant.

3.2. Top Sheet

In contrast to the diaper core, concentrations and patterns of PAHs congeners in
the top sheet widely varied between the six tested brands (see Supplementary materials,
Table S2). Depending on the brand, 31% to 50% of PAHs congeners could be quantified.
However, only one brand contained a quantifiable amount of the two most potent PAHs
congeners (BaP). Table 4 shows the mean concentrations of PAHs in the top sheet of the six
tested brands and the associated ECR. The total PAHs concentration averaged 66.6 ug/kg
and 3.51 ug/kg when expressed as BaP-equivalent. ECRs for BaP and DBA were lower
than 10~® and the ECR for total PAHs remained below 10~7. As shown in Table 5, the
hazard quotient for neurobehavioral effects of total PAHs in the top sheet was estimated,
on average, at 1.27 x 1072,

3.3. Diaper Core Plus Top Sheet

Because of the great heterogeneity of top sheet PAHs concentrations between the
six diaper brands, we refined our risk assessment by calculating the ECR and hazard
coefficients of total PAHs from the combined core and top sheet of the four diaper brands.
As shown in Table 6, the ECR ranged from 5.1 x 10710 t0 3.1 x 10 for PAHs in the diaper
core and from 5.2 x 1078 to 2.0 x 107 for PAHs in the top sheet. The ECR for PAHs
from the combined diaper core and top sheet averaged 1.44 x 107 (range, 2.0 x 1077 to
8.60 x 10~7), while the hazard quotient for neurobehavioral changes averaged 1.19 x 1072
(range, 9.6 x 1073 to 1.41 x 1072).

3.4. Back Sheet and Fastening Tapes

Diaper materials used on the outside of the diaper chassis (e.g., back sheet and fasten-
ing tapes) have a very limited direct contact with the skin. Even though there would be
some contact with the skin, the contribution of fastening tapes and the back sheet would
be totally insignificant when one considers the very low concentrations of PAHs and the
patterns of congeners (Table S2 of Supplementary materials). The two most potent PAHs
congeners, BaP and DBA, were mostly undetectable or present in unquantifiable concen-
trations with the exception of BaP, which was quantified in one brand of fastening tape.
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Regarding other congeners, only 27% and 29% of them could be quantified in the back
sheet and fastening tapes, respectively.

Table 4. Excess skin cancer risks of polycyclic aromatic hydrocarbons (PAHs) in the top sheet

of diapers.
. Dose from .

PAHs Concentration Dose from Top PEF Top Sheet Dose from Top Sheet Excess Slfm

(ng/kg) * Sheet (ug/day) (ug BaP equ./day) (ug BaP eqv./cm?/day) Cancer Risk

Benzo[a]pyrene 1.6 358 x 1074 1 358 x 1074 153 x 107¢ 3.82 x 1078
Dibenzo[a,h]anthracene 0.73 1.63 x 107+ 1 1.63 x 107+ 6.97 x 1077 1.74 x 1078
Benzo[g,h,i]perylene 1.33 297 x 107* 0.01 2.97 x 107® 1.27 x 1078 3.17 x 10710
Naphtalene 5.19 1.15 x 1073 0.001 1.15 x 107° 496 x 1077 1.24 x 10710
Anthracene 5.61 1.25 x 1073 0.01 1.25 x 107° 5.36 x 1078 1.34 x 1077
Benzo(a)anthracene 6.74 1.51 x 1073 0.1 1.51 x 107 6.44 x 1077 1.61 x 1078
Indeno(1,2,3-cd)pyrene 0.43 9.61 x 10° 0.1 9.61 x 10° 411 x 1078 1.03 x 1077
Chrysene 3.09 6.90 x 10* 0.01 6.90 x 10° 2.95 x 1078 7.38 x 10710
Benzo[b]fluoranthene 1.66 371 x 1074 0.1 3.71 x 1075 1.59 x 1077 3.96 x 1077
Benzo[k]fluoranthene 1.54 344 x 1074 0.1 344 x 1075 147 x 1077 3.68 x 1077
Acenaphthene 8.48 1.89 x 1073 0.001 1.89 x 107° 8.10 x 107 2.02 x 10710
Acenaphtylene 8.16 1.82 x 1073 0.001 1.82 x 107° 7.79 x 107° 1.95 x 10710
Phenanthrene 2.37 530 x 104 0.001 530 x 1077 2.26 x 1077 5.66 x 1011
Fluoranthene 2.04 456 x 1074 0.001 4.56 x 1077 1.95 x 107? 4.87 x 10~11
Fluorene 14.2 317 x 1073 0.001 3.17 x 10~° 1.36 x 1078 3.30 x 1010
Pyrene 34 7.60 x 107* 0.001 7.60 x 1077 3.25 x 1077 812 x 1071
Total PAHs 66.6 1.49 x 1072 7.85 x 1074 3.35 x 107° 8.38 x 1078

* Average of the concentrations measured in the top sheet of six brands of diaper.

Table 5. Assessment of neurobehavioral risks of polycyclic aromatic hydrocarbons (PAHs) in the top
sheet of diapers.

PAHs CO?:;I;:;EOH Dose(:lrgt;ll?g"/l"gfy)Sheet Hazard Quotient
Benzo[a]pyrene 1.6 9.17 x 1075 3.06 x 1074
Dibenzo[a,h]anthracene 0.73 418 x 1075 1.39 x 10~*
Benzo[gh,i]perylene 1.33 7.62 x 1075 2.54 x 1074
Naphtalene 5.19 297 x 107* 9.91 x 1074
Anthracene 5.61 321 x 1074 1.07 x 1073
Benzo(a)anthracene 6.74 3.86 x 1074 1.29 x 1073
Indeno(1,2,3-cd)pyrene 0.43 246 x 1075 821 x 1075
Chrysene 3.09 1.77 x 107* 5.90 x 1074
Benzo[b]fluoranthene 1.66 9.51 x 1075 317 x 1074
Benzo[k]fluoranthene 1.54 8.82 x 107> 294 x 1074
Acenaphthene 8.48 4.86 x 107* 1.62 x 1073
Acenaphtylene 8.16 4.68 x 1074 1.56 x 1073
Phenanthrene 237 1.36 x 104 453 x 1074
Fluoranthene 2.04 1.17 x 10~* 3.90 x 10~*
Fluorene 14.2 8.14 x 1074 271 x 1073
Pyrene 3.40 1.95 x 107* 6.49 x 1074
Total PAHs 66.6 1.49 x 1072 1.27 x 1072

* Average of the concentrations measured in the top sheet of six brands of diaper.

3.5. Comparison of the Daily Dose of PAHs from Diaper Core or Top Sheet with That from
Breast Milk

Table 7 compares the daily dose of total PAHs and of its BaP-equivalent from the
combined diaper core and top sheet with that from breast milk of non-smoking women
reported worldwide. The daily dose of total PAHs varied over two orders of magnitude
between countries and over more than three orders of magnitude when expressed as BaP-
equivalent. These wide variations in the BaP-equivalent daily dose are largely due to BaP
and DBA whose concentrations in human milk were undetectable in some studies, while
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in other studies, they could be quantified with concentrations up to 4.36 pg/kg [19]. The
median daily dose of total PAHs and of its BaP-equivalent from breast milk estimated
worldwide are 171 and 30 times greater than that from the combined diaper core and top
sheet, respectively.

Table 6. Excess skin cancer and neurobehavioral risks of polycyclic aromatic hydrocarbons (PAHs) in
the core and the top sheet of four brands of diaper, separately or combined.

Total PAHs Dose from . Dose from
. . . Excess Skin . Hazard
Brands Part of Diaper Concentration Diaper (ug BaP Cancer Risk Diaper Quotient
(ug/kg) eqv./cm?/day) (ng/kg/day)
A Top sheet 57.2 8.1 x 107° 2.0 x 1077 328 x 1073 1.09 x 1072
Core 17.8 3.0x 1078 7.6 x10~10 4.74 x 1076 1.58 x 10~°
Top sheet + core 8.0 x 10°° 2.0 x 1077 329 x 1073 1.10 x 102
B Top sheet 65.6 2.1 x107° 52 x 1078 3,74 x 1073 1.25 x 1072
Core 34.9 4.7 x 1078 12 %1077 9.28 x 107° 3.09 x 1074
Top sheet + core 2.1 x 1076 1.7 x 1077 3.84 x 1073 1.28 x 1072
C Top sheet 72.3 45x 1076 1.1 x 1077 413 x 1073 1.36 x 1072
Core 30.2 1.3 x 1077 31 %1070 8.03 x 1075 2,68 x 1074
Top sheet + core 47 x 1076 1.2 x 1077 421 x1073 1.40 x 1072
D Top sheet 494 3.4 x 1070 8.5 x 1078 282 x 1073 9.40 x 1073
Core 225 2.0 x 1078 5.1 x 10710 6.00 x 1075 2,00 x 1074
Top sheet + core 3.4 x 107° 8.6 x 1078 2.88 x 1073 9.60 x 1073
All Top sheet + core 3.79 x 1076 144 x 1077 3.56 x 1073 1.19 x 1072
Table 7. Comparison of the BaP-equivalent daily dose of PAHs from breast milk of non-smoking
women with that from diapers.
Dose of PAHs from Breast Milk * Breast Milk/Diaper Dose Ratio
Country Authors
ug/kg/Day ug BaP eqv./kg/Day ug/kg/Day ug BaP eqv./kg/Day
Colombia Torres-Moreno et al., 2022 [20] 0.62 6.13 x 1073 224 29
Portugal Oliveira et al., 2020 [21] 1.28 6.48 x 1072 462 304
USA Acharya et al., 2019 [22] 0.52 1.86 x 1072 188 87
Ghana Asamoha et al., 2019 [23] 0.43 6.14 x 1073 155 29
Italy Santonicola et al., 2017 [19] 16.1 1.00 5812 4695
Czech Republic Pulkrabova et al., 2016 [24] 0.093 953 x 1074 34 4.5
Turkey Cok et al., 2012 [25] 0.30 2.18 x 1073 108 10
USA Kim et al., 2008 [26] 0.084 290 x 107# 30 13
Italy Zanieri et al., 2007 [27] 2.58 1.16 x 1072 931 54
Japan Kishikawa et al., 2003 [28] 0.11 6.75 x 1073 40 32

* Daily dose from breast milk was calculated for an infant of 5 kg of body weight fed daily with 700 mL of maternal
milk containing 25 g/L of lipids. The daily dose from the diaper is the daily dose of PAHs from combined diaper
core and top sheet.

4. Discussion

To accurately assess exposure to PAHs from infant diapers, we measured the 16 pri-
ority U.S. EPA PAHs in the different layers of commercially available infant diapers in
Switzerland. In the diaper core and top sheet, which are the only significant contributors
to skin exposure, the proportion of quantifiable PAHs congeners varied depending on
the brand between 38% and 81%, and 31% to 50%, respectively. BaP and DBA could be
quantified in the diaper core of, respectively, 2 and 3 brands out of the four tested. In
the top sheet, only BaP could be quantified in one brand out of the six tested. Of interest,
concentrations and patterns of PAHs congeners in the diaper core were remarkably con-
sistent across the brands with a predominance of naphthalene. This consistency suggests
a common source of contamination, which is probably linked to ingredients used in the
manufacture of the diaper. A possible source of contamination might be the glue used to
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fix the core as naphthalene is a common contaminant of glues [29]. By contrast, the marked
variations in the concentrations and patterns of PAHs congeners in the diaper top sheet
suggest the existence of brand-specific sources of contamination that may come from the
ingredients, the factory environment, or the widespread environmental pollution by PAHs.

The present study confirms as anticipated [12] that ANSES has largely overestimated
cancer risks from PAHs in infant diapers. Our ECR estimates for total PAHs concentration
were lower than 1078 for the diaper core and 10~7 for the top sheet. These ECRs are more
than four orders of magnitude lower than those calculated by ANSES, which, for BaP and
DBA alone, exceeded 1073. Interestingly, our study shows that in the case of the diaper
core, such a high exceedance is impossible to achieve for a mere physical reason, which
is the very poor water solubility of HAPs and especially of BaP and DBA. The ECRs of
BaP and DBA in the diaper core calculated at their respective limit of water solubility were
indeed in the range of 10~°. Furthermore, because of the conservative assumptions made
in our study, we probably overestimated the skin exposure to PAHs from the diaper core.
Not only did we assume a dermal absorption of 100% but we also conservatively used a
SDAF value of 100, which is more than one order of magnitude lower than the lowest Kow
value of the 16 priority U.S. EPA PAHs. By incorporating a SDAF value of 100, we assume
that the bioavailability of diaper core PAHs is at least 100 times lower when the extraction is
performed with urine at 37 °C than with n-hexane at 100 °C. This assumption unavoidably
leads to an overestimation of the exposure and health risks of large (>4 rings) strongly
lipophilic PAHs, which have much higher Kow values (log Kow between 5.61 and 6.84)
and include the most potent carcinogens (PEF > 0.1). For the top sheet in direct contact
with the skin, the transport of PAHs to the skin does not require solubilization in urine.

They can be directly absorbed across the skin after solubilization in sweat or sebum
present in variable proportions at the surface of the skin. For top sheet PAHs, we adopted a
SDAF of 10 to take into account that the 7% transfer factor was established for substances
intended to be delivered to the skin and also that PAHs embedded in the top sheet are
presumably more efficiently extracted with n-hexane at 100 °C than with an aqueous solvent
at 37 °C. With a skin absorption assumed to be 100%, this SDAF results in a bioavailability
of 10%, which can be regarded conservative in regard to the experimental data in the
literature. In a human ex vivo skin model, Bourgart et al. [30], for instance, estimated the
dermal absorption of unchanged BaP at less than 5% and that of 3-hydroxybenzo[a]pyrene,
the metabolite presumably responsible for the neurobehavioral effects of BaP, at less than
0.1% [31]. Moreover, these estimates were made with BaP dissolved in acetone, i.e., under
conditions that are known to facilitate the skin absorption of BaP [1,3,4]. Recently, Luo
et al. [14] estimated at less than 6% the dermal availability of BaP adsorbed onto indoor
dust, which is presumably much more bioavailable than PAHs embedded in the matrix of
the diaper top sheet.

Our estimates of skin cancer are in accordance with epidemiological or case report
studies that provide no evidence of dermal carcinogenicity of PAHs in infant diapers. In
the hypothesis that PAHs from diapers would cause skin cancer, there is no doubt that the
critical skin site would be the highly permeable scrotum. It is difficult to believe that such
a cancer risk could have passed undetected after more than five decades of widespread
use of infant diapers [32]. Squamous cell carcinoma (SCC) is the type of scrotal malignancy
that has been reported after high occupational exposure to PAHs. Now, with the early
recognition of this hazard and implementation of preventive measures, SCC has become a
very rare cancer with a steady incidence through the 20th century. Of note also, the median
range of age at SCC diagnosis is 52-57 years, which makes it unlikely that SCC could be
initiated during infancy, even though the median SCC latency is close to 30 years [33].

The risk assessment conducted by ANSES was based on both an exposure route
and species extrapolation, assuming that dermally absorbed PAHg can cause digestive
tract tumors and neurobehavioral changes as evidenced in animals following oral and/or
inhalation early exposure. The first assumption about digestive tract cancers is strongly
challenged by experiments in rodents showing that dermally applied BaP causes only
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skin tumors. The second assumption cannot be formally refuted as developmental effects
of PAHs have not been investigated in animals by the dermal route. However, if one
assumes, as with ANSES, that PAHs absorbed by the skin can cause neurotoxic effects, our
findings clearly show that these risks are totally unlikely as the estimated absorbed doses
are about two orders of magnitude lower than the U.S. EPA reference dose. This conclusion
is indirectly supported by comparing the PAHs daily dose from diapers with that from
breast milk, which, in some countries, can be one to three orders of magnitude higher.
There is no epidemiological evidence whatsoever associating breastfeeding with increased
risks of cancer or neurotoxic effects. On the contrary, breastfeeding is well recognized as
protective against a number of diseases or disorders including cancers (e.g., leukemia) and
as beneficial to the child’s neurodevelopment, improving the IQ and reducing the risk of
behavioral disorders [34,35].

Our study presents some limitations. The first is the lack of experimental data about
the bioavailability of PAHs in the diaper core and top sheet. Because extraction was
performed with n-hexane, we had to make some conservative assumptions to adjust for
the much lower solubility of PAHs in biological fluids compared to n-hexane. One might
argue that it would have been more relevant to perform the extraction with artificial urine,
the carrier transporting PAHs from the diaper core to the skin. The issue is that given the
already very low concentrations found after n-hexane extraction, it is very likely that with
an aqueous solvent, most PAHs would have been, if not undetectable, unquantifiable. In
addition, extraction with artificial urine would have led to an underestimation of the risks of
PAHs in the top sheet, which can be directly transported to the skin without solubilization
in an aqueous carrier. Another limitation is the lack of neurotoxicity data for individual
PAHs as well as following exposure to PAHs by the dermal route. We conservatively
assumed that the 16 U.S. EPA PAHs can cause neurobehavioral changes by the dermal
route with the same neurotoxic potency as BaP, which could result in a risk overestimation.
Nevertheless, for both the carcinogenic and neurotoxic effects of PAHs, our evaluation
has inherent uncertainties due to the extrapolation between species and the possibility of
synergistic interactions between PAHs congeners. However, given the very conservative
assumptions adopted in our study, we think that these limitations and uncertainties should
not change our conclusions.

5. Conclusions

We measured the 16 priority U.S. EPA PAHs in the different layers of commercially
available infant diapers in Switzerland. In the diaper core and top sheet, the main sources of
skin exposure, the proportion of quantifiable PAHs in the different brands varied between
38% and 81%, and 31% to 50%, respectively. The concentrations and patterns of PAHs
congeners in the diaper core were remarkably consistent across the brands, which suggests a
common source of contamination probably linked to an ingredient used in the manufacture
of the diaper. By contrast, both the concentrations and patterns of PAHs congeners greatly
varied between brands, which points to different sources of contamination linked to the
ingredients and/or the environment. Excess skin cancer risks and hazard quotients for
neurobehavioral effects of total PAHs from the combined diaper core and top sheet averaged
1.44 x 1077 and 1.19 x 1072, respectively. The median daily dose of total PAHs and of
its BaP-equivalent from breast milk of non-smoking women estimated worldwide are 171
and 30 times greater than that from the combined diaper core and top sheet, respectively.
Altogether, these findings indicate that trace levels of PAHs found in infant diapers are
unlikely to pose health risks to babies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph192214760/5s1, Table S1: concentration of polycyclic aromatic
carbons (PAHs) in the diaper core of infant diapers from four brands; Table S2: concentrations of
polycyclic aromatic hydrocarbons (PAHs) in the top sheet (A), back sheet, (C) and fastening tapes (F)
of infant diapers from six brands.
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Abstract: Light pollution worldwide promotes the progression of obesity, which is widely considered
a consequence of circadian rhythm disruptions. However, the role of environmental light wavelength
in mammalian obesity is not fully understood. Herein, mice fed a normal chow diet (NCD) or a
high-fat diet (HFD) were exposed to daytime white (WL), blue (BL), green (GL), and red light (RL) for
8 weeks. Compared with WL and RL, BL significantly increased weight gain and white adipose tissue
(WAT) weight, and it disrupted glucose homeostasis in mice fed with HFD but not NCD. The analysis
of WAT found that BL significantly aggravated HFD-induced WAT hypertrophy, with a decrease
in IL-10 and an increase in NLRP3, p-P65, p-IkB, TLR4, Cd36, Chrebp, Srebp-1c, Fasn, and Cpt1f
relative to WL or RL. More interestingly, BL upregulated the expression of circadian clocks in the
WAT, including Clock, Bmall, Perl, Cryl, Cry2, Ror«, Rev-erba, and Rev-erbf3 compared with WL or
RL. However, most of the changes had no statistical difference between BL and GL. Mechanistically,
BL significantly increased plasma corticosterone (CORT) levels and glucocorticoid receptors in the
WAT, which may account for the changes in circadian clocks. Further, in vitro study confirmed that
CORT treatment did promote the expression of circadian clocks in 3T3-L1 cells, accompanied by an
increase in Chrebp, Cd36, Hsp90, P23, NLRP3, and p-P65. Thus, daily BL, rather than RL exposure-
induced CORT elevation, may drive changes in the WAT circadian clocks, ultimately exacerbating
lipid dysmetabolism and adipocytic hypertrophy in the HFD-fed mice.

Keywords: monochromatic light pollution; adipose hypertrophy; high-fat diet; circadian clocks;
corticosterone

1. Introduction

With the acceleration of urbanization, the massive introduction of artificial light at
night (LAN) has blurred the normal time division of day and night, making light pollution
a potential global health risk factor [1,2]. Meanwhile, growing exposure to light from
electronic products has also exacerbated the progress of light pollution. In modern society,
people are exposed to intelligent device screens, such as mobile phones and computers,
for a long time during the daytime, which emits blue light (BL) that is harmful to health.
The unreasonable or irregular use of artificial light may be responsible for bringing terrible
environmental disasters to the health of humans and animals.

Interestingly, the influence of light pollution on metabolic homeostasis has raised
increasing attention in recent years [3]. Irregular light exposure has been proven to be a
hazardous factor for obesity [4-6], as it promotes hepatic steatosis [7,8], increases fasting
blood glucose (FBG), and induces insulin resistance (IR) [9,10]. The effects of ambient light
exposure on metabolic homeostasis depend on light period, intensity, and wavelengths [11].
As reported, the extent to which dim LAN (dLAN) and constant light (LL) exposure
dysregulate metabolisms differs [12]. Exposure to LAN has an intensity-dependent acute
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detrimental effect on glucose metabolism [13]. However, studies on the link between
wavelength and metabolism are limited. The existing findings have not fully revealed the
role of light wavelength, barely diving into the physiological mechanisms involved in the
light wavelength’s impact at the lipid metabolism level.

There are currently more than 1.9 billion adults worldwide who are overweight
or obese. These staggering numbers continue to climb, posing inestimable health and
economic burdens [14]. The increased white adipose tissue (WAT) in obesity is a highly
active but dysfunctional metabolic organ, which is one of the main stages of complex
mechanisms that underlie the pathogenesis of obesity, namely low-grade inflammation [15].
On the contrary, thermogenic brown adipose tissue (BAT) contributes to weight loss due
to its abundant mitochondria. Nevertheless, BAT dysfunction leads to obesity, a process
linked to the “whitening” of the tissue [16]. Moreover, abnormal changes in genes involved
in lipid synthesis, transport, and oxidation can affect lipid accumulation in adipose and
lead to WAT hypertrophy or BAT whitening [17].

Notably, obesity exacerbated by light pollution is now commonly linked to the disrup-
tion of the circadian clock. In the core cycle of the circadian clock, the main components
include Circadian Locomotor Output Cycles Kaput (CLOCK), Brain and Muscle Arnt-like
Protein 1 (BMALL1), Cryptochrome (CRY1, CRY2), and Period (PER1, PER2, PER3). Ad-
ditional feedback loops include nuclear receptors retinoic acid-related orphan receptors
(RORs), REV-ERBs., etc., to maintain the robustness of the clock system [18]. The circadian
system is important for energy metabolism, which is synchronized mainly through the
standard light-dark (LD) cycle [19]. On the contrary, irregular light is transmitted to the
suprachiasmatic nucleus (SCN) via intrinsic photosensitive retinal ganglion cells (ipRGCs),
disturbing the central circadian rhythm and driving changes in peripheral circadian clocks,
which is likely to be mediated by hormone signals such as melatonin and corticosterone
(CORT) [18]. In the adipose tissue, biological clock genes in the adipose tissue regulate the
proliferation and differentiation of adipocytes, lipid metabolism, and endocrine [20,21].

Although some knowledge has been gained about the relationship between light
wavelength and obesity, the effect and mechanism on the adipose tissue remain unknown,
especially for diurnal light exposure. Therefore, this study aims to explore the effect and
potential pathways of long-term exposure to diurnal monochromatic lights on obesity in
mice from the perspective of the adipose tissue, thus providing a brand-new theoretical
reference for the prevention or treatment of obesity.

2. Materials and Methods
2.1. Animal Treatment and Light Exposure

The experiment is based on the “Guidelines for the Care and Use of Laboratory
Animals” issued by the Animal Welfare Committee of the Agricultural Research Orga-
nization, China Agricultural University (Approval No.AW18079102-1-2). Six-week-old
male C57BL/6 mice (Charles River Co., Ltd., Beijing, China) were raised under optimum
conditions (at a temperature of 21 £ 1 °C, relative humidity of 50 £ 10%, 14-h:10-h LD
cycle) and obtained food and water freely. The mice were firstly housed under white light
(WL, 400-700 nm) and a normal chow diet (NCD, 4% of energy from lipid, Charles River
Co. Ltd., Beijing, China) for 1-week adaption. Then, the mice were randomly divided into
(1) mice exposed to WL fed on NCD (WN) or on a high-fat diet (HFD, 45% of energy from
lipid, Beijing HFK Bioscience Co., Ltd., Beijing, China) (WF), (2) mice exposed to BL (peak
at 444 nm) fed on NCD (BN) or HFD (BF), (3) mice exposed to green light (GL, peak at
528 nm) fed on NCD (GN) or HFD (GF), and (4) mice exposed to red light (RL, peak at
624 nm) fed on NCD (RN) or HFD (RF). The lights were powered by a light-emitting diode
system (Zhongshan Junsheng Lighting Technology Co., Ltd. Zhongshan, China) with a
constant intensity of 150 Ix under 14-h:10-h LD cycle (lights on from 7:00 AM to 9:00 PM).
The lights” parameters are shown in Table 1. During the experiment, animal body weight,
food intake, and water drinking were recorded. After 8 weeks, the plasma and adipose
tissues were harvested for the following experiments.
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Table 1. Light parameters.

Light Exposure

Ttems WL BL GL RL
Light wavelength (nm) 400-700 Peak at 444 Peak at 528 Peak at 624
Light intensity (lux) 150 150 150 150
Light: dark cycle (h) 14:10 14:10 14:10 14:10

2.2. Glucose and Insulin Tolerance Test

After 12 h overnight, mice were intraperitoneally injected with glucose (1 g/kg body
weight, Sigma, St. Louis, MO, USA) for a glucose tolerance test (GTT). Blood samples from
the tip of the tail were measured at 0, 15, 30, 60, 90, and 120 min after glucose injection by
a portable glucose monitor (Aike, Lingrui, Hangzhou, China). The area under the curve
(AUC) was calculated by Graphpad prism (version 9.4, GraphPad Software Inc., San Diego,
CA, USA). For the insulin tolerance test (ITT), mice were fasted overnight for 6 h to inject
insulin (0.75 IU/kg, Novolin R, Novo Nordisk, Denmark), and their blood glucose was
measured as described.

2.3. Commercial Kits Detection

The concentration of CORT, melatonin, and noradrenalin in plasma samples and
the concentrations of inflammatory factors (IL-6 and IL-10) in the WAT were detected
by a competitive enzyme-linked immunosorbent assay (Uscn Life Science, Inc., Wuhan,
China). Commercial kits (Jiancheng Institute of Biotechnology, Nanjing, China) were used
to determine the plasma levels of total cholesterol (TC) and triglyceride (TG). All the tests
were carried out according to the manufacturer’s instructions.

2.4. Histology Staining

The harvested epididymis (Epi)-WAT and BAT were maintained in 4% formalin for
48 h, followed by a series of alcohol dehydrations, and finally embedded in paraffin. Epi-
WAT and BAT (5 pm) were sectioned using a semiautomatic rotary microtome, stained
with Hematoxylin and Eosindye (H&E), and observed microscopically (BX51, Olympus,
Tokyo, Japan). The density of adipocytes in WAT was measured as the ratio of the number
of cells to the total area of the section field of view. Measurement of mean adipocyte area
was found using automated Image-pro plus software (Media Cybernetics, Inc., Rockville,
MD, USA). The WAT was examined from six animals in each group.

2.5. Quantitative Real Time (RT)-PCR Analysis

We used a previously described method [22]. In short, total mRNA was first extracted
from the Epi-WAT, BAT, and cell, followed by reverse transcription to obtain cDNA. Then,
RT-PCR experiments were conducted via designed gene primers and demonstrated the
expression level of each gene with glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
as an internal control. The experiments were repeated in triplicate. The primers used are
shown in Table 2.

Table 2. Sequences of primers used for RT-PCR.

Gene Primer Sequence (5’ to 3') Product Size Accession

Cd36 F: GTGCAAAACCCAGATGACGT R: TCCAACAGACAGTGAAGGCT 180 NM_001159558.1
Chrebp F: GTGTGTGGTTTCGTGACCC R: CACTTGTGGTATTCGCGCATC 128 NM_001359237.1
Srebp-1c F: ATCGCAAACAAGCTGACCTG R: AGATCCAGGTTTGAGGTGGG 115 NM_001388389.1
Fasn F: TCCTGGAACGAGAACACGATCT R: GAGACGTGTCACTCCTGGACTTG 138 NM_007988.3
Cptlp F: GGCACCTCTTCTGCCTTTAC R: TTTGGGTCAAACATGCAGAT 136 NM_009948.2
Clock F: ATGGTGTTTACCGTAAGCTGTAG R: CTCGCGTTACCAGGAAGCAT 197 XM_011249402.3
Bmall F: CAGAGCCGGAGCAGGAAAAATAGGT R: CAGGGGGAGGCGTACTTGTGATGT 128 NM_001374642.1
Perl F: CGGATTGTCTATATTTCGGAGCA R: TGGGCAGTCGAGATGGTGTA 142 NM_001159367.2
Per2 F: GAAAGCTGTCACCACCATAGAA R: AACTCGCACTTCCTTTTCAGG 186 NM_011066.3
Cryl F: CACTGGTTCCGAAAGGGACTC R: CTGAAGCAAAAATCGCCACCT 153 NM_007771.3
Cry2 F: CACTGGTTCCGCAAAGGACTA R: CCACGGGTCGAGGATGTAGA 102 NM_009963.4
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Table 2. Cont.

Gene Primer Sequence (5' to 3') Product Size Accession

Rora F: TCCAAATCCCACCTGGAAAC R: GGAAGGTCTGCCACGTTATCTG 70 NM_001289916.1
Rve-erbo F: TACATTGGCTCTAGTGGCTCC R: CAGTAGGTGATGGTGGGAAGTA 127 NM_145434.4
Rve-erbf F: GGAAACACTCATCCGTGCACTA R: ATCGAAGATCTGGCAACTTTAGAA 101 NM_001145425.2
Ucpl F: TAAGCCGGCTGAGATCTTGT R: GGCCTCTACGACTCAGTCCA 84 NM_009463.3
Ucp3 F: CTGCACCGCCAGATGAGTIT R: ATCATGGCTTGAAATCGGACC 191 NM_009464.3
Pgc-l1ax F: TATGGAGTGACATAGAGTGTGCT R: CCACTTCAATCCACCCAGAAAG 134 NM_008904.3
Hsp70 F: CGGTGCCCGCCTACTTC R: TCCTTCTTGTGCTTCCTCTTGA 322 NM_005346.6
Hsp90 F: ACGAGGAAGAGAAGAAGAAAATGG R: GCAGGGTGAAGACACAAGCC 131 NM_001271971.2
P23 F: ATGCGTTTGGAGAAGGACAGA R: CAGGGATGAAGTGATGGTGAG 210 NM_001289785.1
Gapdh F: CCGAGAATGGGAAGCTTGTC R: TTCTCGTGGTTCACACCCATC 232 NM_001289726.1

F = forward primer; R = reverse primer.

2.6. Western Blot Analysis

Epi-WAT and cell proteins were extracted and performed western blot detection
according to the previously described method [22]. The specific antibodies and related
concentrations were as follows: NOD-like receptor thermal protein domain associated
protein 3 (NLRP3, 1:1000; CST), p-P65 (1:1000; CST), p-IxB (1:1000; CST), toll-like receptor
4 (TLR4, 1:1000; Santa Cruz, Dallas, TX, USA), circadian locomotor output cycles kaput
(CLOCK, 1:1000; Abcam, Cambridge, UK), brain and muscle arnt-like protein 1 (BMALI,
1:1000; Santa Cruz, Dallas, TX, USA), glucocorticoid receptor (GR, 1:2000; Proteintech,
Rosemont, IL, USA), and B-actin (1:8000; Proteintech, Rosemont, IL, USA) overnight
at 4 °C. The membranes were washed with Tris-buffered saline Tween and incubated
with horseradish peroxidase-conjugated goat anti-mouse/rabbit antibody (1:8000; CoWin
Biotech Co., Inc., Cambridge, MA, USA). The target band values were normalized to those
of B-actin. The results were based on three independent experiments.

2.7. Cell Culture and Treatment

3T3-L1 cell lines were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum and 4 mM l-glutamine + 100 U/mL penicillin +
100 pug/mL streptomycin + 4500 mg/L glucose, and cultured at 37 °C in a 95% air/5% CO,
humidity environment. Cells were plated at a density of 8 x 10 cells/well in 96-well plates
for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to observe
the effect of CORT on cell’s viability. Briefly, cells were seeded and cultured in 96-well
plates for 6 h. Subsequently, we replaced the complete medium with the basal medium
and continued to culture for 12 h. Then, cells were treated with various concentrations
(1 uM, 5 uM, 10 uM, 20 uM, and 30 uM) of CORT (MedChemExpress, Prinbceton, NJ,
USA) for 24 h. Next, MTT solution (5 mg/mL in PBS, Sigma, St. Louis, MO, USA) was
added and incubated for 4 h. Afterwards, the supernatant was removed and the crystals
were dissolved with 150 uL. of DMSO (Sigma, St. Louis, MO, USA). The absorbance at
490 nm was measured. The 3T3-L1 cells were then treated with 1 uM (L-CORT) and 10 uM
(H-CORT) CORT respectively for the subsequent RT-PCR and WB assay.

2.8. Statistical Analysis

Data are expressed as the mean = standard error and were analyzed using Graphpad
Prism (version 9.4, GraphPad Software Inc., San Diego, CA, USA). One-way ANOVA
was used to statistically analyze differences between groups. p < 0.05 was considered
statistically significant.

3. Results
3.1. Effects of Monochromatic Light Exposure on Metabolic Disorders in Mice

To determine the effect of different wavelengths of light exposure on body weight and
obesity, 7-week-old mice fed with NCD or HFD were respectively raised under WL, BL, GL,
and RL exposure for 8 weeks (Figure 1A). As shown in Figure 1B, there were no significant
changes in weight gain between light colors under NCD feeding (p > 0.05). However,
under HFD feeding, BL increased weight gain by 14.2% compared with WL (p < 0.05),
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while having an insignificant change with GL (p > 0.05). Consistent with the changes
in body weight gain, light colors did not change the weights of the heart (Figure 1C),
liver (Figure 1D), spleen (Figure 1E), kidney (Figure 1F), Epi-WAT (Figure 1G), inguinal
subcutaneous adipose tissue (Ing-SAT, Figure 1H), and BAT (Figure 1I) under NCD feeding.
However, in the HFD-fed groups, BL increased the weights of most of these organs. Besides,
plasma total cholesterol (TC) was significantly elevated by BL compared to WL and RL
under both NCD and HFD (p < 0.05, Figure 1J), while there was no statistical difference in
triglycerides (TG, p > 0.05, Figure 1K). To examine the effect on glucose homeostasis, we
measured the level of fasting blood glucose (FBG) and found that BL exposure accentuated
HFD-induced increases in FBG compared with WL and RL, by 31.3% and 114.6% (p < 0.01,
Figure 1L), respectively. Results of the GTT and ITT (Figure 1M-O) and AUC values further
showed that BL sharpened insulin resistance and insulin resistance impaired by HFD
compared with WL and RL (p < 0.01).
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Figure 1. Influences of monochromatic light exposure on metabolic disorders in mice. (A) Schematic
diagram of animal experiments. (B) Body weight gain (n = 7). (C-I) Weights of the heart, liver,
spleen, kidney, Epi-WAT, Ing-WAT, and BAT (n = 7). (J,K) Plasma TC and TG concentrations (1 = 5).
(L) Fasting blood glucose level (1 = 7). (M—O) GTT and ITT curve and relevant AUC (1 = 7). The
circles represent the number of samples. The results are presented as the means = SEM. * p < 0.05,
**p <0.01, *** p <0.001, *** p < 0.0001.

3.2. Effects of Monochromatic Light Exposure on WAT Hypertrophy and Inflammation in Mice

As obesity and the increased Epi-WAT weight were previously observed, we further
measured the size of adipocytes gained from the Epi-WAT sections via H&E staining
(Figure 2A). Consistently, there was also no significant change in the adipocyte density
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(p > 0.05, Figure 2B) and mean adipocyte size (p > 0.05, Figure 2C) between light colors
under NCD feeding. Nevertheless, BL reduced the adipocyte density (p < 0.001) and
enlarged the mean adipocyte size (p < 0.001) compared with WL, GL, and RL under HFD.
Based on the insignificant differences in NCD, we focused on HFD feeding in the following
study. As shown in Figure 2D-I, BL significantly inhibited the levels of IL-10 in the Epi-
WAT as compared with RL (p < 0.05), though no changes were exerted in the level of IL-6
(p > 0.05). In parallel, BL consistently increased relative protein levels of NLRP3 (p < 0.01,
Figure 2F), p-P65 (p < 0.01, Figure 2G), p-IkB (p < 0.05, Figure 2H), and TLR4 (p < 0.05,
Figure 2I) relative to WL and RL. Likewise, there was no statistical difference between BL
and GL at the level of inflammation (p > 0.05). Next, we further examined the expression of
genes related to lipid metabolism in the Epi-WAT (Figure 2J-N), including those involved
in fatty acid transporters (Cd36), de novo lipogenesis (carbohydrate response element
binding protein, Chrebp; sterol regulatory element binding protein-1C, Srebp-1c; fatty acid
synthase, Fasn), and fatty acid (FA) 3-oxidation (carnitine palmitoyl transferase 13, Cpt1p).
Compared with WL or RL, BL significantly increased the levels of Cd36, Chrebp, Srebp-1c,
Fasn, and Cpt1p (p < 0.05), while GL did not (p > 0.05).
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Figure 2. Influences of monochromatic light exposure on WAT hypertrophy and inflammation in
mice. (A) H&E staining of the Epi-WAT (scale: 50 um). (B) Adipocyte density (n = 6). (C) Mean
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adipocyte size (n = 6). (D,E) Concentrations of IL-6 and IL-10 in the Epi-WAT (1 = 6). (F-I) Relative
protein expression levels of NLRP3, p-P65, p-1kB, and TLR4 in the Epi-WAT (1 = 3). (J-N) Relative
mRNA expression levels of Cd36, Chrebp, Srebp-1c, Fasn, and Cptlp (1 = 6). The circles represent the
number of samples. The results are presented as the means & SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
% p < 0.0001.

3.3. Effects of Monochromatic Light Exposure on the Expression of Circadian Clock in the WAT

Since the metabolic abnormalities affected by light pollution may be controlled by
biological clocks, we then examined the expression of circadian-related molecules in the
WAT, including transcripts encoding Clock, Bmall, Perl1, Per2, Cry1, Cry2, Rora, Rev-erbe,
and Rev-erbf3. Compared with WL or RL, BL consistently increased the mRNA expression
levels of Clock (p < 0.001, Figure 3A), Bmall (p < 0.01, Figure 3B), Per1 (p < 0.01, Figure 3C),
Cry1 (p < 0.05, Figure 3E), Cry2 (p < 0.05, Figure 3F), Rora (p < 0.05, Figure 3G), Rev-erba
(p < 0.05, Figure 3H), and Rev-erbf3 (p < 0.05, Figure 3I), except for Per2 (p > 0.05, Figure 3D).
In parallel, BL exposure elevated the expression levels of CLOCK and BMAL1 compared to
WL or RL at the protein level (p < 0.05, Figure 3] K).
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Figure 3. Influences of monochromatic light exposure on the expression of circadian genes in the WAT.
(A-T) Relative mRNA expression levels of Clock, Bmall, Perl, Per2, Cryl, Cry2, Rorx, Rev-erba, and
Rev-erbf in the Epi-WAT (n = 6). (J K) Relative protein expression levels of CLOCK and BMAL1 in
the Epi-WAT (n = 3). The results are presented as the means + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
% < 0.0001.

3.4. Effects of Monochromatic Light Exposure on BAT Whitening and Expression Levels of
Circadian Genes in the BAT

The proper function of BAT is critical to the fight against obesity. As shown in
Figure 4A, HFD-fed mice exhibited markedly enhanced lipid accumulation (i.e., “whiten-
ing”) under WL, BL, and GL, except for RL exposure. Then we examined the expression of
genes related to lipid metabolism in the BAT. Compared to WL, BL significantly increased
the mRNA expression of uncoupling protein (Ucp) 1 (p < 0.05, Figure 4B) and Cd36 (p < 0.01,
Figure 4E), while RL significantly increased the expression of Ucp1 (p < 0.05). There were
no statistical differences in the expression of Ucp3 (p > 0.05, Figure 4C) and Cpt1f3 (p > 0.05,
Figure 4G) among the groups. Furthermore, consistent with the result in the WAT, BL
increased the expression of clock genes in the BAT compared with WL or RL, including
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Clock (p < 0.01, Figure 4H), Bmall (p < 0.05, Figure 4I), Perl (p < 0.01, Figure 4]), Rorx
(p < 0.05, Figure 4N), Rev-erbax (p < 0.01, Figure 40), and Rev-erbf (p < 0.05, Figure 4P),
except Per2 (p > 0.05, Figure 4K), Cry1 (p > 0.05, Figure 4L), Cry2 (p > 0.05, Figure 4M).

[m]
O
Z
[m]
[T
s
B s Ucpt C s Ucp3 D 4 Pgc-1a E 4 cass F s Srebp-1c
T 4 ns ns 3 ns % 3 e T o
s 2|l —ro— 2 M ——— & 3 . K e
£, ns 3 s * £ e £ ° S ™
z — ° ° z ° z F
E 3 & N * e E2 a E 29 + ¢ E .
2 = g ] i if; &= é - _I_ 2 . '_T;' 27
%1-@%3 H U EM &, _I:.. %"*c'&‘i- g, '—.I.—
g |
3 e ° L3 .% pi v 2 ® -~
————— ol [ A — [ A — o=
WF BF GF RF WF BF GF RF WF BF GF RF WF BF GF RF WF BF GF RF
G 357 g H & ciock | 79 gmant J & Pert K 3 Por2
= » - s o - =
T 28 H ) H ns 2 2
H ns H = s | — 5 g H ns ns
ES 21 § “1 _¥_ % 4 ,—|* ° <=K . § H —mr—
z 5 4 i z z b °
E . e® £ g —} £ 4 E .
s 144 ° bl e 3 - o .
f. =% £ 7 : 2 .85, 2] ., g+ i_}
(%2 pe F » 3 2 =
ol Ky :E ¥ LS T 2|l Hdeyp g |7 B
" WF BF GF RF WF BF GF RF WE BF GF RF WE BF GF RF WF BF GF RF
L 7 on M 5 o2 N > o O 4 eveorba P 257 revems
H ns $4{ ns ns 3 L 3 o . - R ..
g2 D <, < 24 T = Z s T
| L] @ z 3
tl.iwy § cE| vt i e 2 "
51-% 27 %%i 2] = ?o H ° ° 510 -iL J}}
= . 5 3 3 1 =
i LEE il A 1™ wF g S
T T — — —
WF RF WF BF GF RF WF BF GF RF WF BF GF RF WF BF GF RF

Figure 4. Influences of monochromatic light exposure on BAT whitening and expression of circadian
genes in BAT. (A) H&E staining of BAT (scale: 50 um). (B-G) Relative mRNA expression levels
of genes involved in lipid metabolism in the BAT, including Ucp1, Ucp3, Pgec-1x, Cd36, Srebp-1c,
Cptlp (n = 6). (H-P) Relative mRNA expression levels of Clock, Bmall, Perl, Per2, Cry1, Cry2, Rore,
Rev-erb, and Rev-erbf in the BAT (1 = 3). The results are presented as the means &= SEM. * p < 0.05,
**p <0.01, ** p <0.001.

3.5. The Role of CORT in Interference with the Adipose Circadian Clock

Finally, to investigate the mechanism by which light exposure influenced the adipose
circadian clock, we focused on the hormonal pathways of output and feedback of the
central circadian system. As shown in Figure 5A, the concentration of plasma CORT in
the HFD-fed group was significantly higher by 21.3% and 27.6% in BL compared with WL
and RL (p < 0.05), respectively. However, the concentrations of plasma melatonin (p > 0.05,
Figure 5B) and noradrenaline (p > 0.05, Figure 5C) were not statistically significant among
light colors under HFD feeding. Then, we investigated whether different wavelengths
affect the expression level of GR in the WAT. Consistently, the expression of GR in BL
was 65.9% more than that of RL (p < 0.05, Figure 5D). We then examined whether GR
transport was also affected. Compared with RL, BL significantly increased the expression
of Hsp90 mRNA (p < 0.05, Figure 5E), while there was no statistically significant difference
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in the expressions of Hsp70 (p > 0.05, Figure 5F) and P23 (p > 0.05, Figure 5G) mRNA.
Therefore, BL increased plasma CORT levels and enhanced GR synthesis and transport in
the HFD-fed mice.
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Figure 5. Influences of monochromatic light exposure on CORT concentrations. (A-C) Plasma
concentrations of CORT, melatonin, and noradrenaline (1 = 7). (D) Relative protein expression level
of GR in the Epi-WAT (1 = 3). (E-G) Relative mRNA expression levels of Hsp90, Hsp70, and P23 in
the Epi-WAT (n = 6). The circles represent the number of samples. The results are presented as the
means = SEM. * p < 0.05.

As CORT is one of the output and feedback signals of the central circadian system
that may drive changes in the peripheral biological clock, we hypothesized that adipose
circadian clocks may be affected by the elevated CORT. To test our hypothesis, we added
CORT to treat 3T3-L1 cell lines. As shown in Figure 6A, CORT promoted cell death in a
dose-dependent manner (p < 0.001). Compared with the control group, both L-CORT and
H-CORT increased the mRNA expression levels of Clock (Figure 6B), Perl (Figure 6D),
and Per2 (Figure 6E). Moreover, CORT increased the mRNA expression levels of Cryl
(Figure 6F) and Cry2 (Figure 6G). Besides, CORT treatment significantly increased the
mRNA expression levels of Chrebp (Figure 6K), Cd36 (Figure 6M), Hsp90 (Figure 60),
and P23 (Figure 6P), as well as increased levels of NLRP3 and p-P65 proteins (p < 0.05,
Figure 6Q-S).
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Figure 6. The role of CORT in interference with the adipose circadian rhythms. (A) Cell viability
(% of CON). (B-P) Relative mRNA expression levels of Clock, Bmall, Perl, Per2, Cryl, Cry2, Rorx,
Rev-erba, Rev-erbf3, Chrebp, Srebp-1c, Cd36, Hsp70, Hsp90, and P23 in 3T3-L1 cells treated by CORT
(n = 3). (Q-S) Relative protein levels of NLRP3 and p-P65 (1 = 3). The circles represent the number
of samples. The results are presented as the means + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
*#** p < 0.0001.

4. Discussion

The wide application of artificial lighting technology and electronic products inevitably
exposes organisms to light pollution. The effects of light pollution on metabolic diseases
such as obesity [23], impaired glucose tolerance [24], and non-alcoholic fatty liver dis-
ease [25] are partially understood, but most of this knowledge is based on nighttime WL
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exposure. There is a growing force to uncover the role and ways in which light wavelengths
in the development of obesity, especially daytime exposure.

Previous studies suggested that BL exposure at night disrupted glucose metabolism [24,26],
and continuous BL exposure aggravated HFD-induced obesity in mice [22]. Besides,
daytime GL exposure promoted the development of hepatic steatosis and pancreatic dys-
function [27]. However, there is no direct evidence of the effect of light colors on adipose
tissues, which displayed the most immediate role in obesity. Herein, we constructed a
mouse model exposed to different diurnal light wavelengths under an NCD or HFD for
8 weeks to investigate the influence of the diurnal spectrum on adipose tissues. Our results
showed that under the NCD feeding, there were no statistical differences in body weight
gain, adipose tissue weight, and WAT expansion under different light colors. Nevertheless,
these changes could be exaggerated in the case of HFD feeding. Compared with WL or
RL, BL exposure increased body weight gain, WAT’s weight, and disrupted glucose home-
ostasis. Further analysis of WAT found that BL significantly promoted WAT hypertrophy
and inflammatory response in the HFD-fed mice, accompanied by a reduction in IL-10
and an increase in the expression of NLRP3, p-P65, p-IkB, and TLR4 in BL relative to WL
and RL. Adipocytic hypertrophy is related to the abnormal increase in lipid accumulation.
Lipid metabolism in the body involves a series of processes. Activation of transcription
factors such as Chrebp and Srebp-1c contribute to FA synthesis, which is transported by
FA transporters such as Cd36 [28]. Our results showed that BL increased the mRNA level
of Cd36, Chrebp, and Cptlf in the WAT, which may further promote lipid accumulation
and hypertrophy in the adipocyte. In parallel, BL promoted BAT whitening induced by
HFD compared with RL. However, there was no significant difference between BL and GL.
Altogether, BL may play a more critical role in adipocytic hypertrophy than WL or RL in
HFD-fed mice, and nutritional signaling may be involved in the role of synergistic light
wavelengths in mammalian lipid dysmetabolism.

To a large extent, metabolic disorders induced by irregular light have to do with
circadian clock disturbance. A normal circadian system is essential for maintaining lipid
metabolic homeostasis [29]. For instance, Clock mutant mice have a diminished daily feed-
ing rhythm and promote obesity [30]. Deletion of Bmall may induce higher or lower body
fat [31,32]. Normalization of the circadian clock in adipose tissue controls processes such
as lipogenesis and lipolysis, as many key enzymes involved in lipolysis and lipogenesis
are directly regulated by the circadian clocks [33]. In our study, BL exposure significantly
increased the expression levels of clock genes in the WAT compared with WL or RL, in-
cluding Clock, Bmall, Perl, Cry1, Cry2, Rorx, Rer-erbx, and Rer-erbf3. The same was
true in BAT, i.e., BL increased the expression of Clock, Perl, and Rer-erbx compared with
RL. Therefore, we hypothesized that changes in clock genes in the WAT may be related
to abnormalities in genes involved in lipid metabolism. In addition, differences among
light wavelengths are most likely due to the short wavelength, perceived as BL, being the
strongest synchronizer of the circadian system, which synchronizes most biological and
psychological rhythms internally [34]. However, the circadian system is less sensitive to
RL because RL cannot activate melanopsin-containing retinal ganglion cells that project to
the SCN [18,35]. Hence, BL instead of RL exposure interfered with the adipose circadian
rhythms in the HFD-fed mice, which, to some extent, may support the above results.

As thus, light color-induced disruptions in the adipose circadian clock caught further
attention. Hormonal signals, including melatonin and CORT, are one of the key pathways
that SCN controlled the peripheral clock [18,36]. Hence, we inferred that light-induced
changes in the adipose circadian clock were driven by altered central circadian clock output
hormonal signals. Through measuring plasma melatonin and CORT levels, it was found
that BL significantly increased plasma CORT compared with WL and RL, while there were
no significant effects on melatonin. In addition, the BL exposure group was accompanied
by an increase in GR synthesis and transport in the WAT. Therefore, CORT may participate
in the process of driving the biological clock changes of the WAT. To further verify the
direct effect of CORT on circadian clocks, we treated 3T3-L1 cells with CORT. Both low
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and high concentrations of CORT increased the overall expression levels of the circadian
clock in cells, including Clock, Per1, and Per2, and high CORT concentration increased
the mRNA expression levels of Cryl and Cry2. CORT treatment also increased the mRNA
levels of Chrebp, Cd36, Hsp90, and P23 mRNA, and protein levels of NLRP3 and p-P65.
Consistent in vivo and in vitro results suggest that CORT does play a vital role in disrupting
the circadian clocks of adipose tissues, which may further contribute to lipid metabolic
disorder and inflammatory response. In conclusion, in our model, long-term BL exposure
was likely to exacerbate adipose hypertrophy induced by HFD in mice, which may be
related to the change of adipose clock induced by CORT (Figure 7).
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Figure 7. A schematic of our proposed model. Effects of long daytime monochromatic light exposure
on adipose hypertrophy in mice fed with HFD. BL exposure increases the level of plasma CORT,
which disturbs the circadian clocks in the WAT. Changes in circadian clocks may further regulate the
process of lipid metabolism and ultimately lead to adipose hypertrophy. CORT, corticosterone; FA,
fatty acid; HFD, high-fat diet; TG, triglyceride; WAT, white adipose tissue.

Notably, there are still some limitations within this study. Firstly, the nocturnal rodents
used here may not fully mimic the effects of daytime spectral effects in humans, as nocturnal
rodents and diurnal humans may have different physiological responses to light exposure.
Secondly, the changes in the peripheral clocks we examined were only at one point in time
rather than at various Zeitgeber times. Furthermore, we focused on the role of CORT in
interfering with the adipose clock, yet whether the same is true in BL exposure has not been
fully established. Little is known about how diurnal monochromatic light affects CORT,
which is another shortcoming of our study.

5. Conclusions

In general, our results highlight the critical role of BL exposure in shaping obesity
in HFD-fed mice. Long-term diurnal BL exposure exacerbated adipocyte hypertrophy,
most likely due to its changes in the adipose circadian clock affected by the increased
CORT. The role of monochromatic light pollution on adipose tissue opens a new avenue
for interventions against ambient monochromatic light pollution and obesity.
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Abstract: Parabens are alkyl esters of p-hydroxybenzoic acid that are commonly used in pharma-
ceutical and cosmetic products. Humans are exposed to parabens when they use these products
and through diet. There are growing concerns that paraben exposure can adversely impact human
health. The endocrine-disrupting and obesogenic properties of parabens have been observed in
animal studies and in vitro, prompting the increase in population-based studies of paraben exposure
and adiposity-related endpoints. In this review, we summarize epidemiological studies published
between 2017 and 2022 that examined paraben exposure in utero, between birth and adolescence, and
in adulthood, in relation to adiposity-related measures. Overall, these studies provide some evidence
that suggests that paraben exposure, especially during critical development windows, is associated
with adiposity-related measures. However, we have noted several limitations in these studies, includ-
ing the predominance of cross-sectional studies, inconsistent sample collection procedures, and small
sample sizes, which should be addressed in future studies.

Keywords: parabens; human exposure; adiposity-related measures (ARM); population-based studies;
endocrine disruptors

1. Introduction

Parabens are a series of alkyl esters of p-hydroxybenzoic acid. They are low-cost, broad-
spectrum antimicrobial, and antiseptic preservatives with greater effectiveness against
Gram-positive bacteria than Gram-negative bacteria. Therefore, parabens are widely used
in cosmetics, personal-care products, and pharmaceuticals to suppress microbial growth
and extend product shelf life [1-3]. Additional paraben exposure is linked to indoor air
and dust, foodstuffs, and tap water [4]. Parabens have been detected in human serum,
umbilical cord blood, urine, milk, and placental tissues, indicating systemic and early
exposure to parabens in humans [5-11]. There is an appreciable correlation between the
urinary paraben concentrations of pregnant women and their newborn infants, indicating
the transfer of the compound from the mother to the fetus [12,13].

Parabens are endocrine disruptors with demonstrated estrogenic [14-16] and an-
tiandrogenic effects [17,18]. Parabens also activate the thyroid hormone receptor [19],
peroxisome proliferator-activated receptors (PPARs) [20,21], and glucocorticoid receptor
(GR) [22,23]. Activation of PPARs and GR correlates with their adipogenic effects. Con-
sistently, parabens have been shown to promote adipogenesis in cell models of mice and
human origins [23]. Moreover, post-weaning exposure to methylparaben increases fat pad
mass, whereas post-weaning exposure to either methylparaben or butylparaben suppresses
serum markers of bone formation in chow-fed female C57BL /6] mice [24]. Furthermore,
both parabens, butylparaben, in particular, modulate mesenchymal stem cell fates by pro-
moting the adipocyte lineage at the expense of osteocytes and chondrocytes [20]. These
in vitro and animal studies suggest the obesogenic potentials of parabens.
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In this review, we summarized population-based studies published in the past five years
to assess the association of paraben exposure with the risks of adiposity-related measures.
Studies were obtained from searches of PubMed, using search terms such as “paraben,”
“obesity,” and “BMI.” Studies were grouped according to the life stage of the study par-
ticipants during exposure from in utero, birth through to adolescence, and adulthood.
Studies that only focused on paraben biomonitoring using various biological matrices were
not included in this review. In vivo and in vitro studies of parabens’ actions, the safety of
parabens in cosmetics, and the role of parabens in reproductive systems and breast cancer have
been reviewed elsewhere [25-27]; therefore, they are not in the scope of the current review.

2. Results and Discussion
2.1. Paraben Exposure in Utero and Adiposity-Related Measures

From 2017 to 2022, 13 studies explored the association between prenatal or in-utero
paraben exposure and adiposity-related measures in children (Table 1). The majority
(11 out of 13) of the studies were prospective in design. Biological matrices were collected
at various gestational ages, with urine as the predominantly measured biological matrix. A
few studies measured paraben concentrations using placentae or amniotic fluid [28-31]. The
majority of these studies showed that parabens could cross the placental barrier [28-31].
Early life exposure to parabens is associated with increases in the gestational weight
gain (GWG) rate [32], changes in height, head, hip, or arm circumference [28,30,33,34],
z-scores of bodyweight [35], BMI or BMI z-scores [31,36,37], and overweight status in early
childhood [38], although the direction of associations depends on the type of parabens and
gender (Table 1). However, results from one large-scale (n = 1015 mother—child pairs) and
one small-scale study (n = 99 mother-newborn pairs) did not show any clear association.
In the larger study [39], most (>76%) of the children had already reached puberty at the
time the adiposity-related measures were evaluated at age 11 [39]. Because the onset of
puberty has an impact on body lean and fat mass [40], the dynamic and substantial increase
in sex hormones in the participants could mask the impact of weak exogenous chemical
exposures on body weight and fat mass. In the smaller study [29], only 20% of the amniotic
fluid samples had detectable levels of methylparaben (MeP), and all other parabens were
detected in less than 2% of the samples, reducing the statistical power of the analysis.

Table 1. Association of paraben exposure in utero and adiposity-related measures (ARM).

Year of Re- Time of Major
Study/Country Sample Size . Type of Study Sample Matrices ARM . Major Findings
cruitment . Shortcomings
Collection
High temporal -
variability in paraben NO association was
concentrations due to | identified between
Giiil- 1015 mother— the lack of serial maternal urinary
Oumrait child pairs 2003-2008 Prospective ngt and third Urine BMI; BMI urine collections over concentrations of
etal. 2022, (500 males; trimesters z-score the pregnancy; parabens and
Spain [39] 2 515 females) health effects v’vere adiposity measures of
assessed at asingle the child at 11 years
time point (11 years). | ©fage-
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Table 1. Cont.

/ . Year of Re- £ Time of . Major . .
Study/Country Sample Size cruitment Type of Study C(S,?ll:clﬁzn Matrices ARM Shortcomings Major Findings
BuP concentrations in
the amniotic fluids
were positively
associated with
weight, hip, and arm
circumference but
negatively correlated
with height, head,
and chest
circumference of the
Only women newborns. MeP
who underwent concentrations in the
C-sections were amniotic fluids were
enrolled (selection negatively associated
Newborn bias); small sample with head
v size; only one spot C{rcumference, chest,
Golestanzadeh 128 pregnant . - weight, head, hip, and arm
etal 2022,  women and 20192021 SO During Amniotic ot i sample was e b
Iran‘[28] b 142 newborns sectional C-section fluid and a'rmpc' i collected; c1rc‘}1.m erenﬁe }1t
cross-sectional p(?bmvely associated
cumference nature of the study with the height of the
design; no maternal “CWboms;.EtP .
caloric intake was concentrations in the
considered in amniotic fluids were
the analysis. negatively associated
with arm
circumference but
positively associated
with the height of the
newborns; PrP
concentrations in the
amniotic fluids were
negatively associated
with arm
circumference of
the newborns.
No information was
218 mother— al":jalgﬁbi’e foréhed_ Placental EtP
Reimann <hild pairs, Durin chds ;‘leas o a‘lr:g concentrations were
etal. 2021, an rrr\)aleslan d 2014-2017 Prospective delive% Placenta BMI z-score status, caloricintake, | hegatively associated
Belgium [31]¢ 1o RS Y or postnatal paraben | it children’s BMI
exposure; only one Z-scoTes.
spot sample was
collected.
The women enrolled
in the study were
older and more
often nulliparous
compared to the
background
population (selection Maternal urinary BuP
bias); no information cor\centiations wered
Hojsager . Fat mass, i ositively associates
et all. ZgOZl, 31.2 mother— 2010 and Prospective Ea_lrly third Urine body mass; e z]iqvaﬂqbl(ejabout &ith tota}llbody fat
a  child pairs 2012 trimester weight gain during
Demark [36] ¢ BMI z-score pregnancy; only one percentage and
spot sample was android fat
collected; childhood | Ppercentage in boys.
exposure to
parabens was not
assessed; childhood
caloric intake was
not considered in the
analysis.
Low prevalence of
parabens detected No association was
Birth in amniotic fluid; identified between )
Karzi et al. 99 mother— ) Urine/ weight, small sample size; nrl\aternall parabens in
2021, newborn Palrs Unknown Prospective Se.cond amniotic length, and only one spot elthgr urine or
Greece [29] (41 males; trimester fluid head cir- sample was amnloﬁlc fluid and
44 females) cumference collected; maternal adiposity-related

caloric intake was
not considered in
the analysis.

measures in the
newborns.
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Table 1. Cont.

Year of Re- Time of Major
Study/Country Sample Size cruitment Type of Study Samp}e Matrices ARM Shortcomings Major Findings
Collection
Lack of ability to Maternal urinary PrP
Bereer et al First and BMI, BMI assess sex-specific Cor\‘cgntratlo‘m were
202% United 209 mother- Since 1999 Prospective second Urine Zscore; over- - assodiations; positively assodiated
States 28] ¢ child pairs 3 trimesters weight/obese  childhood exposure | With BMI z-scores and
status to parabens was overweight/ OI{ESKY
not assessed. status of the child at 5
years of age.
Cross-sectional Placental total
nature of the study parab.ens were
X design; small nggatn\_/ely ass_ocnated
Vrijens et al. 142 mother— %;;;ht sample size; only Y}:’lt}éb{r th W?‘Eht and
. i i _ i s ead circumference
2020, child pairs 2014-2016 Cross During Placenta length, and  One spotsample in girls; EtP
Belgium [30] (74 males; sectional delivery head cir- was collected; /t "
i 66 females) maternal caloric concentrations were
cumference intake was not negatively associated
considered in with head
the analysis. circumference
in girls.
First-trimester MeP,
Neither the EtP, PrP, and total
frequency of use of parabens levels in the
Gestational personal care women’s urine were
Wen, et al 613 pregnant During each weight gain ~ products during positively associated
2020, wo ns eng 2014-2015 Prospective trimes%er Urine (GWG)and  pregnancy nor with an increase in
China [32] GWG rate maternal caloric the GWG rate of the
(kg/week) intake was ﬁrst-tnmes.ter{ and
considered in these associations
the analysis. were stronger than
those of the second or
third trimesters.
Maternal urinary BuP
concentrations were
positively associated
with the birth weight
Small sample size; of boys; maternal
Birth only one spot urinary PrP
Jamal et al. 189 mother- weight, sample was concentrations were
2020, (cé:li:lalrls 2016 Prospective First trimester ~ Urine length, and collected; maternal | nhegatively associated
ITran [33] » femael:s ) head cir- caloric intake was Wlﬂ? the birth length
cumference not considered in of girls; maternal
the analysis. urinary MeP and BuP
concentrations were
positively associated
with the head
circumference
in girls.
No inforAmation Maternal urinary BuP
was available for concentrations were
postnatal paraben positively associated
Leppert, 6}211.{)15““].1“_ Third exposure; only one | yith the overweight
etal. 2020, (Cl (}8 rgs‘ller:t 20062008 Prospective triI{rl;ester Urine BMI spot sample was status of the children
German [37] f 115 female/s ) Col.lected; . within the first eight
Fhlldhood caloric years of life, with a
mtakg was t_mt stronger trend
f}(\)nsndelrec} n observed in girls.
e analysis.
Maternal urinary MeP
Small sample size; Cor\@nt‘rahons were
i highly educated positively associated
Blth pregnant women V\_'lth the head
weight, were enrolled in circumference and
Chang et al. 199 mother— . bodylength, = o study (selection | Ponderal Indexin
child pairs ) . Third . head, and . . boys; maternal urinas
2019, les: 2014-2015 Prospective . Urine h . bias); only one spot yS; urinary
Taiwan [34] (99 rfna esl, trimester t or?mc cir- sample was MeP concentrations
100 females) CUMIErence;  ollected; maternal | Were negatively
Po;deral caloric intake was associated with the
Index

not considered in
the analysis.

birth weight, length,
head circumference,
and thoracic
circumference in girls.
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Table 1. Cont.

Time of

. Year of Re- . Major s e 1
Study/Country Sample Size cruitment Type of Study Samp!e Matrices ARM Shortcomings Major Findings
Collection
Maternal urinary EtP
. concentrations were
High temporal negatively associated
variability in with the weight
850 mother— paraben X z-scores of the child
Wu, etal. child pairs During each Z-scores for concentrations at birth;
2019, p i 2014-2015 Prospective uring Urine weight and throughout third-trimester
B (446 males; trimester . ) !
China [35] & A height pregnancy; urinary EtP
04 females) y Bt
postnatal paraben concentrations were
exposure was negatively associated
assessed. with the weight
z-scores at birth, 1
and 2 years in boys.
Only one spot Maternal urinar:
— ary
Wu, et al. iﬁill?im;)itier Within three Birth leneth sample was MeP concentrations
2017, 527 nfale‘ 2012-2014 Prospective days before Urine and wei ght collected; maternal | yyere positively
China [41] 489 femal/es) delivery & caloric lr}take was associated with the
not considered in birth length in boys.
the analysis.

Footnotes: @ BMI information was collected at 11 years of age; ® number of male and female newborns was not
provided; © a subset of 63 newborns was followed for 29 months to monitor BMI z-scores; d number of male
and female newborns was not provided; adiposity-related measures were assessed at 7 years of age; © number
of male and female newborns was not provided; adiposity-related measures were assessed at 5 years of age;
f newborns were followed from 1 to 8 years of age; 8 adiposity-related measures were assessed at birth, 6 months,
1, and 2 years of age.

Overall, these 13 studies suffer from methodological issues that hamper the interpre-
tation of the results. Most of the studies only collected single-spot samples. One major
weakness of all the studies is the lack of information regarding whether urine samples
were collected consistently in a defined manner or at a defined time point (for example,
first-morning fasting urine), which would help ensure measurement validity and relia-
bility. The variability in the timing of urine collection could have affected the exposure
estimation for chemicals such as parabens with short half-lives [42]. Furthermore, with
single-spot samples, the varied timing of exposure assessment in relation to gestational
age may introduce exposure bias, in that the urinary paraben concentrations measured
during the later gestational stage may not reflect the level of paraben exposure during the
earlier pregnancy [43]. The standardization of exposure assessments should be, therefore,
an important consideration in future studies. In addition, the concentrations of parabens in
a sample depend on the source of paraben exposure and the time when the last exposure
occurred before the sample collection [44]. When exposure to different parabens varies
over time, repeated measures of exposure will reduce bias in exposure estimation. Finally,
in all the studies that carried out postnatal follow-ups with the children, postnatal paraben
exposure was not measured for these children; therefore, it is unknown how postnatal
exposure of parabens might have contributed to the trajectories of adiposity measures in
these studies.

Although the overall evidence supports an association between paraben exposure
in utero and the risks of subsequent adiposity-related measures, we cannot make any
conclusions regarding potential effect modifications by factors such as gender, which have
shown conflicting results. Hu et al. reported that the adipogenic potency of parabens
depends on the length of the linear alkyl chain [23]. Longer chain parabens are also more
estrogenic compared to their shorter counterparts [45]. Estrogens play a critical role in
the development of obesity [46,47] and parabens interfere with the estrogen metabolism
pathway [48,49]. In vitro maternal butylparaben (BuP) exposure increases the weight
of female offspring, but not male offspring mice [37], which may support the observed
gender-specific effects in some of the studies, although the latter has not been consistent
(Table 1) [30,33-37,41]. Both estrogen and androgen are critical in regulating adiposity and
metabolism. The concentrations of endocrine disruptors in local tissues and organs may
determine the unbalanced steroid hormone action [50]. Therefore, the exact molecular
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mechanisms responsible for the gender-specific effects of prenatal paraben exposure on
several adiposity-related measures warrant further investigation.

It is also possible the different results from these studies are due to the heterogeneity
in paraben exposure profiles in different populations [32]. Propylparaben (PrP) was the
most relevant chemical in the mixture in Berger’s study conducted in the United States [38],
while in the Spanish Environment and Childhood project (INMA), PrP minimally con-
tributed to the mixture [39]. Paraben content can also vary substantially among different
food products [51]. Furthermore, among the early-life adiposity-related measures (for
example, gestational weight gain (GWG), GWG rates, length at birth, head, arm, hip, chest
circumference, BMI, BMI z-score and percentage of fat), the most reliable predictor(s) for
subsequent later-life health outcomes is yet to be determined [36,52-55].

The current literature suggests that prenatal exposure to parabens interferes with the
programming of endocrine signaling pathways that could lead to the observed changes
in adiposity in children. Therefore, as a precaution, pregnant women should consider
reducing their use of cosmetic products with high paraben contents, using alternative
products that do not contain parabens, and possibly reducing paraben exposure from
dietary sources [51]. Future studies on prenatal paraben exposure and adiposity-related
outcomes in children may need to quantify dietary paraben exposure and frequency of
cosmetic product applications or the type of cosmetic products used before and during
pregnancy in mothers, to improve the accuracy of exposure estimation. The collection of
data from matrices, in addition to urine, should also be considered. For instance, as the
largest fetal organ, the placenta may better reflect fetal paraben exposure [56]. Caution
is also needed when interpreting data with a low detection rate of certain parabens in
the biological samples used. In some studies, the concentrations of certain parabens in
most samples were lower than the limit of detection (LOD); therefore, dichotomization
(e.g., paraben levels were treated as a binary variable, either below LOD or above LOD)
was used for data analysis [33,35,36], leading to the loss of information and statistical
power [57]. Dichotomization may also increase the chance of false-positive findings [58]. In
addition, the threshold effects and dose-dependent associations cannot be examined when
dichotomization is applied [36]. A few studies used mixed-pollutant models to account
for the complex exposure patterns of common endocrine disruptors while controlling for
potential co-pollutant confounding [38,39]. However, models such as Bayesian hierarchical
models (BMH) and Bayesian kernel machine regression (BKMR) cannot function with
missing data and/or are sensitive to outliers [38,39,59], leading to reduced sample sizes.
Future studies should continue to develop statistical models that more accurately and
completely capture human chemical exposures.

2.2. Paraben Exposure during Adolescence and Adiposity-Related Measures

Six studies have explored the association between postnatal paraben exposure and
adiposity-related measures in children of various ages (all under 20 years of age) (Table 2).
Postnatally, pharmacological, personal-care products and dietary intake are the major
sources of paraben exposure [60]. The majority (5 out of 6) of the studies were cross-
sectional. Therefore, causal inference is limited, and the causal direction between these
factors cannot be established. A one-time urine sample was the predominant matrix,
although one study used daily intake of parabens from food sources to assess adiposity-
related measures [41,51]. Results from these studies are mixed, showing positive [41,51,61],
inverse [62,63], and null [64,65] associations. Further complicating the interpretations,
one study found an association only in boys [61], whereas another found an association
only in girls [51]. Thus, these studies do not clearly support any association between
postnatal adolescent paraben exposure and adiposity-related measures. A major challenge
with studies on adolescent exposure is the dynamic changes in sex hormones and the
circadian rhythms of other hormones during the adolescent years, which are likely to
affect paraben exposure. Standardized sample collection may help to minimize such
confounding effects. In addition, these studies relied on a single-spot urine sample, which
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is another potential source of bias. Furthermore, most postnatal exposure studies did not
collect dietary information [51,63]. If foods containing the most parabens are also the most
calorific, then dietary confounding factors would present considerable threats to causal
inference regarding paraben exposure [66].

Overall, the literature on paraben exposure and adiposity-related measures in ado-
lescents remains sparse and inconsistent. As mentioned above, both methodologic and
adolescent-specific sources of error hamper the interpretation of this literature. Prospective
studies with standardized and repeated sample collection are needed. Studies should
also capture dietary information to accurately estimate paraben exposure and identify
confounding dietary factors, such as total energy intake.

Table 2. Association of paraben exposure during adolescence and adiposity-related measures (ARM).

Time of
ARM
Study/Country (134:11“:/,;::12) Year of Re= 1y pe of Study Matrices Assess ARM Shor“gxngs Major Findings
(Years of
Age)
Only the dietary
sources of paraben
exposure were
assessed;
cross-sectional High total parabens
Monteagudo Cross- nature A"f thestudy | and MePp daily intake
etal. 2021, 585 (313/272) 2017-2018 secti 1 Food 12-16 BMI design; pafaber\ were associated with
Spain [51] sectiona concentrations high BMI in girls but
were not measured not boys.
in biological
samples; caloric
intake was not
considered in the
analysis.
Small sample size;
cross-sectional Inverse associations
Feizabadi Weight, ) 32;“5‘0;;?3 ;:;dy were identified
etal 2020, 100 (50/50) unknown Cross | Urine 12-20 BMI waist spmgsa’mpli was between urinary
Iran [62] ence collected; caloric paraben (MeP and
intake was not EtP) and BMIL.
considered in the
analysis.
. Cross-sectional No association was
Kim et al. Cross- S::g;‘:’ BMy;  hature of the study 1dgnt1f1ed belt)ween
2020,01 1418 (695/723)  2014-2015 sectional Urine 3-17 waistoir- design; on}y one 25;11%2?:;;‘;“
Canada [64] cumference zgﬁisfe[g_p ¢ was B_MI z-score Oor waist
circumference.
Negative associations
were identified
between urinary MeP,
PrP, and total parabens
concentrations and the
e Cross-sectional preva_lence odds ratios
AQF“]O,S- 1 Ie BMI z-score; nature of study of being obpsc VS.
cala et‘a y 1324 (684/640) 2007-2012 10ss” Urine 6-19 waist cir- design; only one normfall Welght_" X
2018, United sectional cumference s < < negative associations
pot sample was 1 5S(
States [63] collected. were identified
between urinary MeP,
PrP, and total parabens
concentra-tions and
waist circumference.
The associations were
stronger in girls.
Weight, Only fema]es were No association was
Deierlein height, exglléd ‘1“ the identified between
etal. 2017 waist cir- study; only one baseline total paraben
. 4 1017 (0/1017) 2004-2007 Prospective Urine 12.8-18.4 cumference, spot sample was concentrations in
United BML: collected; caloric urine and girls’
States [65]* perc;znt intake was not adiposity-related
body fat considered in the measures.
analysis.
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Table 2. Cont.

Time of
ARM
Sample Size Year of Re- . Assess- Major PSRN
Study/Country (Male/Female) cruitment Type of Study Matrices ment ARM Shortcomings Major Findings
(Years of
Age)
Urinary EtP
Weight Cross-sectional concentrations were
z-score, nature of study positively associated
Guo et al. height design; only one with weight z-scores
2017, 436 (221/215)  2012-2013 Cross- Urine 3 Zscore, spot sample was and height z-scores.
China [61] sectional weight for collected; caloric Total paraben
height z- intake was not concentrations were
score; BMI considered in the associated with
z-score analysis. anthropometric
measures only in boys.

Footnotes:  Girls were enrolled at 6-8 years of age. Adiposity-related measures were assessed yearly or biannually
until they were 15.6 years of age on average (range: 12.8-18.4 years of age); weight, height, and waist circumference
were recorded at baseline. BMI, waist circumference, and percentage of fat were measured at each visit.

2.3. Paraben Exposure during Adulthood and Adiposity-Related Measures

As in the case of adolescents, adults are also primarily exposed to parabens through
pharmacological and personal-care products (PPCPs) and dietary sources [51]. Twelve
studies in the past five years have investigated the association between the concentration
of parabens in urine and adiposity-related measures in adults (Table 3). Overall, seven
studies suggest an inverse association between paraben exposure and adiposity-related
measures (Table 3). Urinary concentration of parabens has been shown to increase with
the frequency of the use of personal-care products, specifically “leave-on products” or
products applied over a wider skin surface [67]. Urinary concentration of parabens also
varies with age, which may reflect age-related changes in lifestyle, food exposure, and
endocrine disruptor metabolism rates [60]. As urine is the most common biological matrix
in these studies, a major limitation is the lack of consistency in urine sample collection. In
some studies, participants provided first-morning/early-morning urine samples [62,68,69],
whereas, in other studies, the timing of urine collection was different, even within the
same study [65,67,70]. In some studies, fasting morning samples were collected from
at least a portion of the participants [7,67], while in other studies, no such information
was provided [29,62,64,68,71-73]. Seasonal variability in EDS concentrations in urine,
including parabens, is well documented [69,70]; however, seasonal timing of exposure was
not considered in most of these studies.

BMI and/or waist circumference (predictors of abdominal adiposity) were measured
in all twelve studies. Yet, the diet was not considered in most studies, which is an important
source of paraben exposure and a confounder when adiposity-related measures are consid-
ered. The majority (10 of 12) of these studies were cross-sectional (Table 3); therefore, the
results cannot be used to determine the causal relationship. Regarding prospective studies,
one study had a small sample size (n = 73), with a single spot-urine sample collected nine
years prior to the assessment of the adiposity-related measures [73]. Therefore, it is un-
known whether the level of paraben exposure during this 9-year period remained constant
or not. In another study, women in one group (the metabolic group) were approximately
three years older than the non-metabolic group, but the participants’ menopausal status
was not examined [73]. The menopausal transition period in aging women is strongly
associated with weight gain [74].

One-third of the studies (4 of 12) did not find an association between parabens and
BMI (Table 3), including the only study that considered dietary sources of parabens [7].
Moreover, these four studies were statistically underpowered, especially for sub-analysis
by gender or other potential effect-modifying factors. Among the remaining eight studies,
all but one [72] demonstrated an inverse relationship between paraben exposure and BMI,
or that higher baseline paraben exposure was associated with reduced weight loss in
response to a calorie-restriction intervention [75]. Interestingly, one of the largest studies,
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conducted in Korea with 3782 participants [72], showed that urinary ethylparaben (EtP)
concentrations were positively associated with BMI, whereas a study conducted in the US
using NHANES showed an inverse association [63]. The reasons for the inconsistency are
unknown. However, the relatively short half-lives of parabens, varying uses of personal-
care products by the two different populations [72], differences in the time frame during
which the participants were recruited (2007-2014 in NHANES vs. 2015-2017 in Korean
study) [63,72], the timing of sample collection, and unknown methodological issues or bias
may have affected the estimation of urinary paraben concentrations, therefore influencing
the strength and/or direction of the associations. For example, no fasting was required
for those participants with afternoon or evening appointments to provide urine in the
NHANES cohort (2007-2008) [76].

Table 3. Association of paraben exposure during adulthood and adiposity-related measures (ARM).

Sample Size Year of Re- Type of Time of ARM Major
Study/Country (Male/Femal . Matrices Assessment ARM . Major Findings
ale/Female) cruitment Study (Years of Age) Shortcomings
ge.
Small sample size;
cross-sectional
nature of the study
design; only
females were No association was
N BMI; nrolled in th identified between
{al"’. etal. 2022, 52 (0/52) 2020 Cross- Urine  18-31 waist-tohip  stud e(selectisn urinary paraben
ndia [71] sectional N rudy X
ratio (WHR)  bias); only one spot concentrations and BMI
sample was or waist-to-hip ratio.
collected; caloric
intake was not
considered in the
analysis.
Cross-sectional
nature of the study Usi e
Vindenes et al. design; only one rinary concentrations
2021, 496 2014-2015 Cross- Urine 18.1 t0 47.5 BMI spot sample was of MeP and EtP were
Norway [67] (258/238) sectional _collected; caloric ne_gahvely associated
intake was not with BML
considered in the
analysis.
Higher baseline
ist ci urinary paraben
van der Meer Prospective CBul\:Ian:vr:antem The study did not exposzreps were
etal. 2021, the 218 (70/148) 2008-2010 i.nter%ention Urine Average 52 body fat ! have a control associated with
Netherlands [75] * perc}e]ntage group- reduced weight loss
in a calorie-restriction
intervention.
Cross-sectional
nature of the study
L L2021 . c design; only one Urinary EtP
eeetal. , TOss- . spot sample was concentrations were
Korea [72] (1648/2134) 2015-2017 sectional Urine 19-86 BMI Cguected;pcaloric positively associated
intake was not with BMIL
considered in the
analysis.
Small sample
size; potential
confounding effect
caused by the
menopausal status
of the participants;
only females were
er}rolled (selection No association was
Zamora et al. BMI; waist bias); only one spot identified between
2021, 73(0/73) 2008 Prospective Urine 46.6 £ 6.3 circumfer- sample was urinary paraben
Mexico [73] ence collected; paraben concentrations and BMI
exposure was or abdominal obesity.
assessed 9 years
prior to the
measurement of
adiposity-related
outcomes; caloric
intake was not
considered in
the analysis.
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Table 3. Cont.

Sample Size Year of Re- T f Time of ARM Major
Study/Country P r ot Re ype o Matrices Assessment ARM jor Major Findings
(Male/Female)  cruitment Study Shortcomings
(Years of Age)
Small sample size;
cross-sectional
nature of the study
design; only No association was
Karzi et al. 2021 Cross- e identified between
Crowea o] 92(0/99) Unknown ol Urine  18.0t044.0 BMI enrolled (selection | rinary paraben
reece sectional blas);lonly one spot concentrations
sample was and BML
collected; caloric
intake was not
considered in the
analysis.
Negative associations
Cross-sectional ;Vetl;i 1dent1f1ed MeP
. . BMIL; waist nature of the study etween urinary vie
g;r::dtaa;éi? 20, (151 6387 /569) 2014-2015 scercot?;;nal Urine 462 +0.3 circumfer- design; only one and total parabens
ence spot sample was concentrations and
collected. obesity and waist
circumference
in women.
Small sample size;
cross-sectional
Kiani Feizabadi QZZT; Oéﬁ;e;tdy Negalive assoditions
Cross- . 4 were identified between
etal. 2020, 178 (75/103) ~ Unknown sectional Urine 437 +£11.8 BMI spot sample was urinary MeP
Iran [68] collected; caloric concentrations and BML
intake was not
considered in the
analysis.
Small sample size;
cross-sectional
nature of the study
design; only . -
Condeh et al BMI; waist females were Nega!l{;fe ZZSOC‘;:O“S
Hajizadeh etal = g5 ;95 2018 Cross- Urine 342482 circumfer-  enrolled (selection | were identified between
2020, Iran [69] sectional ence bias); only one spot | urinary EtP
sample was concentrations and BML.
collected; caloric
intake was not
considered in the
analysis.
Participants were
recruited from a
single urban area Urinary concentrations
(selection bias); of MeP and BuP were
Bethea et al. Cross- . cross-sectional negatively associated
2020, United 766 (0/766)  2010-2012 soctional Urine 23-34 BMI nature of the study | it morbid obesity
States [70] design; only one (BMI > 35kg/m?)
Spﬁt stalgple was compared to BMI < 25.
collected; no
dietary information
was available.
Cross-sectional
nature of the study
design; only one
spot sample was No correlations were
Yu et al. 2019 c ~ collected; only identified between
C‘f‘;;m ' 562(550/12)  2013-2015 ol Urine 2259 BMI 12 women were urinary concentrations
(enrgllled d stud of parabens (MP, EtP,
unbalanced study | ang prp) and BMI.
design); caloric )
intake was not
considered in the
analysis.
Urinary MeP
Only one spot conce_ntratior\s were
Quirds-Alcala BMT: waist sample was nggatlvely associated
etal. 2017, 4730 20072014 CTOS Urine  49.6+174 circumfer-  collected; e o
United (2306/2424) sectional . . ence cross-sectional ratios for obesity and

States [63]

nature of the study
design.

adiposity measures;
Stronger associations
were observed

in females.

Footnotes: @ All participants with a BMI > = 27 kg/m? were enrolled; < only pregnant women were enrolled in
these studies; 4 a study of a vulnerable population from Detroit, Michigan metropolitan area.
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The association between urinary paraben concentrations and adiposity-related mea-
sures may also depend on how urinary paraben concentrations were adjusted. Urinary
creatinine (UC), specific urinary gravity (5G), and covariate-adjusted standardization (CAS)
are methods of adjustment for urine dilution, with UC and SG being the most common.
The choice of the method should not be arbitrary; for example, in one study [72], a positive
association between EtP and BMI was revealed when CAS was used to adjust paraben
concentrations in urine but was not observed when UC or SG was used. The concentration
of urinary creatinine is influenced by age, race/ethnicity, gender, and muscle mass. Future
studies should determine if the use of the CAS adjustment method is valid across popula-
tions or race-/ethnicity-dependent. Therefore, the choice of urine normalization method
should be validated and standardized.

3. Expert Opinion and Future Directions

Early-life determination of adult health theory suggests that there is a vulnerable
biological window during which exposure to sufficient doses of endocrine disruptors is
associated with an increased risk of adverse health outcomes [77]. Results of human studies
from multiple countries indicate that parabens can cross the placental barrier [28-31].
Fetal exposure to parabens is associated with altered gestational weight gain [32], height,
head, hip, or arm circumference [28,30,33,34,41], z-scores of weight and length [35], BMI
z-scores [31,38], and overweight status in early childhood [38]. One of the most significant
challenges in the interpretation of this literature is that few studies were initially designed to
examine parabens. For instance, the environmental exposure components were often added
at a later research stage, resulting in only one single-spot urine sample, or urine samples
were missing for many study participants. Thus, estimates of paraben concentrations
from many of these studies may not be representative of exposure over the targeted time
periods. Several recent longitudinal cohort studies did not have an adequate sample size
to detect small effects or allow stratified analyses based on gender, race/ethnicity, or pre-
pregnancy BMI status [29,71,73]. Thereby, there is a great need to carry out large, long-term
cohort studies with repeated measurements of chemical exposures across a broad range of
developmental periods to elucidate their effects on childhood and adult health outcomes.

The absorption and metabolism of parabens depend on the length of the carbon chain,
which varies across the types and brands of consumer products. The composition of
paraben profiles in human samples is often population- and/or region-specific, influenced
by the local environment, how the specific pharmaceutical and personal-care products are
used, as well as by varying dietary cultures/lifestyles [51,68,72]. The existing literature
suggests several other ways that future investigations may advance the current knowledge.
For example, BMI or BMI-z scores may not be an appropriate outcome variable when
measuring body development in newborns and preadolescents [53,54]. Instead, whole-body
dual X-ray absorptiometry [36] might be more effective in estimating body composition in
these age groups.

As in adolescence, pregnancy is a biological stage characterized by dynamic changes
in circulating hormones, glucose, proteins, and kidney function, which could affect the
osmolarity of urine samples [78,79]. Urinary analyte concentrations are also susceptible to
variations by the time of the day [80] and the season when the samples are collected [69,70],
inherited inter-individual differences in toxicokinetics, and physiological characteristics of
the biomonitoring matrix [13]. Therefore, in addition to spot urine samples, these sources of
variation need to be addressed when designing future studies. Urinary creatinine remains
the most widely used method for adjusting urine dilution. Research from Lee’s group,
however, showed that different methods of urine dilution adjustment might change the
magnitude, and even the direction, of the associations between paraben exposure and
metabolic-syndrome-related components [72]. Measurement of urinary analytes over 24 h
is currently the most definitive method to quantify endocrine disruptor exposure. However,
prolonged urine collection is inconvenient and often inaccurate due to frequent collection
errors [81]. Alternatively, sampling biometrics, such as hair, may help to improve exposure
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assessment due to the accumulation of endocrine disruptors during hair growth. Hair is a
relatively easy sample to obtain and analyze [82] and can, therefore, be sampled frequently,
but the validity and repeatability of this method require further study.

Humans are exposed to multiple environmental pollutants daily. However, many
published human studies reviewed here used single-pollutant models to assess paraben
exposure and the associated health impacts. Bayesian mixture pollutant models might
be a better analytical approach to account for complex exposure patterns and potential
co-pollutant synergy [38,39]. Furthermore, many studies reported in this review measured
exposure to parabens several years ago [7,32,33,36,39,63,64,67,70,72,73], which may not ac-
curately reflect the types or levels of parabens prevalent in humans today. Paraben content
in consumer products changes over time, partially due to the rise of public awareness and
tightening regulatory guidelines in personal-care products and food [83,84]. Age, race,
location, and gender-specific associations between paraben exposure and adiposity-related
measures should be priorities of future studies due to the likelihood of higher endocrine
disruptor exposure in vulnerable populations.

Finally, increasing evidence also highlights the importance of epigenetics as a func-
tional modifier of the genome and a key determinant of disease risk [85]. For example,
it has been suggested that the interaction of leptin receptor polymorphism and dietary
intake of parabens may increase BMI [31]. Leptin receptors, together with leptin secreted
from adipocytes, serve as a signal of satiety in the central nervous system, which controls
food intake and subsequent energy expenditure. The inclusion of an epigenetic and/or
genetic polymorphism component in future population studies may help to elucidate the
interaction between paraben exposure and the key genes underlying obesity predisposition
and outcomes [31,86,87].
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O N

Abstract: The weathering and leaching of mining tailings have released large amounts of antimony
(Sb) and arsenic (As), causing serious pollution in the surrounding soil, water, and sediments. To
understand the leaching characteristics of Sb and As in mining tailings, Zuoxiguo and Qinglong
mining tailings were collected for analysis. The average content of Sb in Zuoxiguo and Qinglong
tailings was 5902.77 mg/kg and 1426.43 mg/kg, respectively, while that of As was 412.53 mg/kg
and 405.26 mg/kg, respectively, which exceeded the local background value. Furthermore, the
concentrations of Sb in the leachate of Zuoxiguo and Qinglong increased with time; the average
Sb concentration in the leachate of Zuoxiguo and Qinglong was 1470.48 pg/L and 70.20 ug/L,
respectively, while that of the As concentration was 31.20 ug/L and 6.45 ug/L, respectively. This
suggests that the concentrations of Sb and As in the leachate of Zuoxiguo are both higher than those
in the leachate of Qinglong and that the pH of the leachate of Zuoxiguo and Qinglong significantly
changed within the first day under different initial pH conditions, and tended to be between 6 and
8, after one day. The results of the average health risk index showed that As in the leachate from
Zuoxiguo and Qinglong for children was 5.67 x 1074 and 9.13 x 1075, respectively, and 4.43 x 104
and 7.16 x 1072, respectively, for adults. As in the leachate from Zuoxiguo poses serious carcinogenic
risks for residents, and in the study area, As poses a serious threat to human health. Therefore, the
local government must manage As in these areas.

Keywords: mining tailings; leachate; chemical Sb and As species; scanning electron microscope;
health risk assessment

1. Introduction

Mining tailings are one of the most important contributors to heavy metal pollution [1].
Indeed, mining activities increase the levels of heavy metals in agricultural soils, surface
water, groundwater, and plants in surrounding areas [2—4] and pose significant health risks
to residents and miners [5,6]. Mineral resources dominate China’s energy consumption [7];
however, despite China’s development has gained economic benefits, heavy metal pollution
has increased [8]. Heavy metals in mining tailings can be transferred through weathering
and rainfall to the surrounding soils and water bodies [9]. Liquids are a key medium
for the migration of heavy metals from tailings [10], which can be leached by rainfall
and subsequently migrate with surface runoff or leachate before being absorbed by the
mechanistic components of soils and sediments [11]. Heavy metal pollution from mining
activities, tailing weathering, and leaching is a significant challenge in southwest China [12].
The reported levels of antimony (Sb) and arsenic (As) in soil, water bodies, and vegetation
around the Xikuangshan mine, an active antimony mine located in southwest China,
exceed those of local background levels [13-15], which can adversely affect the surrounding
environment and residents.
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Sb is a heavy metal with a density of >5 g/cm? [16], while As is categorized as a heavy
metal [17]. As and Sb pollution in the natural environment is persistent, non-degradable,
and irreversible [18], which has become a major concern [19,20], especially in antimony
mining areas, where As and Sb pose a significant health risk to residents and animals [21].
Sb and As contents in hair samples from residents near antimony mine were observably
higher compared with those in non-mining areas, suggesting that the Sb and As released
from Qinglong mining areas adversely affect human health [22]. Sb has attracted significant
attention due to its toxicity and environmental pollution [23]. However, along with As,
data on Sb environmental and health risks are limited compared with other heavy metals
such as Pb, Zn, Cd, and Cu [24].

The study of the leaching characteristics of heavy metals in tailings can provide insights
into their impact on groundwater and soil [25,26]. Previous studies have identified the risks
associated with the leaching of heavy metals in tailings on the soil environment [27]. More-
over, the release of heavy metals in tailings is not only influenced by the total concentration
of heavy metals and the pH of tailings but also the chemical species of heavy metals [27,28].
In addition, the leaching of heavy metals under different environmental conditions can be
simulated [29]; hence, their threat to the ecology in the area and surrounding populations
can be assessed.

Therefore, in this study, Zuoxiguo and Qinglong antimony mines were selected in
southwest China as the study areas to: (1) investigate the total content of As and Sb in the
tailings and tailings components; (2) study the leaching characteristics of As and Sb in the
tailings based on the concentration of As and Sb in the leachate and the chemical species of
As and Sb in the tailings under different initial pH conditions; and (3) derive the health
risks following human consumption of As and Sb in the leachate and provide suggestions
to policy makers to mitigate such risks.

2. Materials and Methods
2.1. Study Area

Qinglong antimony mine (approximately 25°33'—26°11’ N, 105°01'—105°25’ E), lo-
cated in Dachang Town, Qinglong County, Guizhou Province, has an average annual
temperature of 17 °C and precipitation of approximately 1500 mm, as the area hosts a
subtropical monsoon climate. Zuoxiguo antimony mine (approximately 23°22'—23°41' N,
103°31'—103°57" E), located in Zuoxiguo Village, Beige Town, Kaiyuan City, Yunnan
Province, hosts a subtropical plateau monsoon climate, with distinct dry and wet seasons.
The area has an annual average temperature of 24.2 °C and rainfall of 1450 mm. The
mining history of these two typical Sb mines is extensive [18], posing a serious heavy metal
pollution challenge. Qinglong and Zuoxiguo antimony mines have terminated production
for many years [30,31].

2.2. Sampling and Sample Preparation

According to the different landforms of the two antimony mines, the sampling layout
in the two tailings were also different. After removing the sundries horizons from the
sampling sites, samples were drilled via the method of mixed sampling. The landform of the
Zuoxiguo antimony mine is an open-type, and heavy metals could easily migrate along the
direction of water flow; therefore, six 30 cm samples were collected from high to low using
a stainless-steel shovel in each sample square via the double diagonal five-point mixing
method. In contrast, the Qinglong antimony mine is surrounded by mountains, while the
middle is a basin where heavy metals are more likely to migrate and diffuse downwards
and are less likely to migrate over long distances. A total of one tailing sample was collected
(Figure 1). Each sample was marked with a marker pen, and the location of every sampling
site was recorded using the global positioning system (GPS). All samples were freeze-dried
for 5-7 days to prevent oxidation. Once dried, part of each sample was ground with an
agate mortar by hand, and the powdered samples were sieved through a <10-mesh sieve
for sand property determination and <200-mesh sieve for element analysis. Tailing sample
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pieces (0.05 g) were accurately weighed and dissolved in a 3 mL acid mixture with a 2:1
volume ratio of concentrated HNOj3 and concentrated HF to analyse the total content of
heavy metals. Sb and As concentrations in the extracts were analysed using an atomic
fluorescence spectrometer (AFS-8510, China).

— ] N
\
2 E
»?’e»@
o -
=
: =
© o
) &
‘h'e
aQl
Legend DEM value
® sampling site gy High: 2379.35
"= Low: 2200.89
Mineral processing mj
02040 80 120 160
0 150 300 km
P - |

Figure 1. Location of the two typical antimony mines.

2.3. Sequential Extraction and Leaching Test

Chemical species of tailings were extracted using improved sequential extraction
(BCR). Briefly, the acid-soluble fraction (F1) was extracted using 40 mL 0.11 mol-L~!
CH;3COOH; then, the reducible fraction (F2) was extracted with 40.00 mL 0.50 mol-L~?
hydroxylamine hydrochloride (NH,OH-HCI), while the oxidizable fraction (F3) was di-
gested with 10.00 mL 8.80 mol-L~! NH,OH-HCl and extracted with 50.00 mL 1.00 mol-L~}
ammonium acetate (CH;COONH,). Sb and As concentrations in F1, F2, and F3 were
measured using an atomic fluorescence spectrometer (AFS-8510, China). The residual
fraction (F4) was calculated as the difference between the concentration of the sum of the
three fractions (F1 + F2 + F3) and the total Sb and As concentrations [32].

The pH-static leaching experiments were performed for 9 days. Tailing samples
(2 +0.01 g) were placed in a 50 mL polyethylene bottle, and 40 mL of prepared extraction
was added. Separate bottles were used for each sampling to ensure identical ratios. The
pH values of 3, 5, 6.87, and 9 were to account for acidic, neutral, and basic conditions
encountered in the mining areas. Sulphuric acid and sodium hydroxide were added to
adjust the pH. The reactor was placed in a gas bath thermostatic shaker at 120 r/min. The
leachate was sampled after days 1, 3, 5, 7, and 9 and filtered through a 0.45 um membrane.
A PHS-3c pH meter was used to continuously measure the tailing supernatant three times,
and the average value was the leachate used for the analysis of Sb and As concentrations.

On the basis of the previously established standard for determining heavy metals in
soil (H]680-2013), a total of 6 samples to be analysed were inserted using a blank sample, in
accordance with the 10% standard. During analysis, procedural gaps, parallel experiments,
and soil samples (obtained as per national standard GSS-4) were considered for quality
control. The calibration curves of Sb and As standard solutions showed determination

69



Toxics 2022, 10, 777

coefficients exceeding 0.999 with recovery rates between 80.0 and 105.0%. Ultrapure water
was used as the experimental water, while all reagents utilized were guaranteed reagents.
The container was soaked in 10% HNOj3 solution for more than 24 h, rinsed with ultra-pure
water, and dried prior to use. All experimental equipment was dipped in nitric acid (12%)
for more than 24 h and washed with deionized water at least three times. Arcmap10.6,
Origin 2021, and Microsoft Excel 2017 were used for data processing and graphics drawing.

2.4. Health Risk Assessment

The human health risk assessment was divided into carcinogenic and non-carcinogenic
assessments. As is a carcinogen via the drinking route, while Sb is a non-carcinogen. In this
study, health risk was considered to the population through the drinking water route when
leachate containing As and Sb contaminates groundwater. Therefore, the carcinogenic risk
of As and the non-carcinogenic risk of Sb were analysed separately.

2.4.1. Carcinogenic Risk Model

In general, even a very small number of carcinogenic risk substances can have negative
affect on human health. The expression of the evaluation model is as follows:

Re = (D; x SF;)/70 @

where R, is the per capita carcinogenic risk generated by chemical carcinogens through the
surface of water sources, a~'; D; is the average daily exposure dose per unit of toxic sub-
stances through the surface of drinking water sources, mg~(kg~d)l ; SF; is the carcinogenic
coefficient of chemical carcinogens ingested through the surface of drinking water sources,
mg-(kg-d)~" [33].

2.4.2. Non-Carcinogenic Risk Model

Non-carcinogens are only hazardous to human health if they exceed a threshold value.
The non-carcinogenic risk is described by the commonly used risk index (HI) evaluated
as follows:

R, x 107° )

__ D
" RfD x70
where R, is the per capita annual health risk from non-carcinogenic substances exposed
through drinking water sources, a~l; D; is the average daily exposure dose per body of toxic
substances exposed through water sources, mg-(kg-d)~1; RfD is the carcinogenic coefficient
of non-carcinogenic substances ingested through drinking water sources, mg-(kg-d)~;
70 is the average life expectancy, in years [34].

The average daily exposure dose Di by the drinking water route is calculated separately
for adults and children using the following formula:

Adult : D; = 2.2C;/64.3 6)

Child : D; = (1.0C;)/22.9 4)

where C; is the concentration of the chemical carcinogen, mg/L; 2.2 is the average daily
water intake of adults, L/d; 64.3 is the average body weight of adults, in kg; 1.0 is the
average daily water intake of children, L/d; 22.9 is the average body weight of children,
in kg [34].

The classification system is based on the International Agency for Research on Carcino-
genesis (IARC) and the World Health Organization’s (WHO) comprehensive evaluation
of the carcinogenicity of chemical substances, combined with the US EPA recommended
values. Among the two toxic elements measured in this study, the carcinogenic intensity
factor SF for As was 15 mg-(kg-d) ! and the drinking water exposure reference dose RfD
for Sb was 0.004 mg-(kgd)*l. The health risk in the water environment was classified
into five levels: R./R, <1.0 x 107¢a~1, low risk; 1.0 x 107¢a=1 < R./R, < 1.0 x 1072 a1,
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Intensity(a.u.)

Intensity(a.u.)

considerable; 1.0 x 1075 a1 < R./R,, <5.0 x 107 a1, medium; 5.0 x 1072 a~! < R/R, <
1.0 x 10~* a~ 1, high risk; R¢//R, > 1.0 x 10~* a~1, serious risk [35].

3. Results and Discussion
3.1. Mineral Composition and Toxic Elements Content in Tailings

The peak XRD analysis pattern intensities primarily represent the crystallinity of
different phases; hence, the contents of different components in the samples cannot bean-
alyzed. The XRD patterns of the tailings showed different diffraction patterns (Figure 2).
The compositions of the Zuoxiguo antimony mining tailings were SiO,, CaCO3, FeS,, and
Sb,S3, a typical sulphide mining tailing. Conversely, the fractions of the Qinglong antimony
mine tailings were SiO,, CaCO3, CaSiO3, and CaAl;SigO12-2H,0. The primary component
of the tailings of both antimony mines was SiO,. Compared with the Zuoxiguo antimony
mine, the tailings of the Qinglong antimony mine contained less Sb (Table 1); therefore, no
significant peaks in the Sb phase were detected. Yet, the oxides of secondary Sb, such as
cubic SbyO3 and rhombic Sb, O3, were the most important weathering of Sb,S3 products.
The tailing sand contained SiO, and CaCOj3, which are associated with silicification and
carbonatization in wall rock alteration, respectively.

a Zuoxiguo antimony mine 1: 810,
2: CaCO;
3: FESZ
4: SbyS3
1
y 1S N U .
10 20 30 40 50 60 70 80 90
b Qinglong antimony mine 1: S8i0y
2: CaAl;Sig0172.2H,0
3: CaCO4
4: CaSiOg
1|2
N 31 4, 3 4 1
10 20 30 40 50 60 70 80 90

20 /(degree)

Figure 2. XRD pattern of two mining tailings. ((a): XRD analyse for Zuoxiguo mining tailings;
(b): XRD analyse for Qionglong mining tailings).

The tailings of Zuoxiguo and Qinglong antimony mines contained large amounts of
Sb and As (Table 1), with the contents of Sb and As in the Qinglong antimony mine being
637 and 20 times higher than the local soil background values, respectively. The average
content of Sb and As in the Zuoxiguo mine was 771 and 27 times higher than the local soil
background values, respectively. Notably, the pH of the Qinglong antimony mine tailings
was much higher than that of the Zuoxiguo tailings, which is neutral to weakly alkaline.
Meanwhile, the pH of the Zuoxiguo antimony mining tailings was acidic, which is more
conducive to the migration and transformation of heavy metals under acidic conditions [36].
This may explain the significantly higher Sb in the Zuoxiguo antimony mining tailings than
Qinglong antimony mining tailings. In addition, combined with the XRD in Figure 2, pyrite
was identified in the tailings of the Zuoxiguo antimony mine. Under natural conditions, the
pyrite in the tailings undergoes a redox reaction (2FeS, + 70, + 2H,O—2Fe; + 45042~ +4HY),
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thereby releasing a large number of hydrogen ions into the tailings [37], which lower the
pH. Heavy metals associated with pyrite are released into the environment along with
heavy metal carbonates [38], which may be another reason for the high Sb and As content
in the tailings.

Table 1. Total heavy metals in the Zuoxiguo and Qinglong mining tailings (mg/kg).

Item Sb As pH

QL 1426.43 405.26 7.38

Background value of soil in Guizhou 2.24 20.00 n.d
Z1 13,689.70 541.20 3.73

z2 9663.30 771.50 3.05

Z3 4450.90 218.00 2.99

Z4 3004.42 600.50 3.62

z5 2428.35 206.00 3.49

z6 2179.92 138.00 4.26

Background value of soil in Yunnan 7.64 14.90 n.d

n.d means that there is no pH background value in Guizhou and Yunnan.

3.2. Leaching Characteristics of Different Antimony Mining Tailings
Leaching Characteristics of Sb and As in Tailings, and pH Changes of Leachate
during Leaching

Figure 3 shows the total Sb released from each mining tailing, which, although differ-
ent, was increased with time, especially in Zuoxiguo mine tailings. The Sb release of the
Zuoxiguo mine tailings was larger than the Qinglong mine tailings.

~[}- Initial pH 3 —C - Initial pH 5 <> - Initial pH 6.87 — /- Initial pH 9
—- Initial pH 3 —@~— Initial pH 5 —&— Initial pH 6.87 —§— Initial pH 9
2500 10 100
a_ Zuoxiguo antimony mine 9 b. Qinglong antimony mine
{2000 3} 180 2
11500 § 7t 160 &
E%, E
= =
11000 3 F 140 8
s 5 =
S 5]
Q Q
1500 2 41 120 @
3
1 1 Il 1 1 0 I 1 1 I 1 O
od d 3d 5d 7d 9 0d Id 3d 5d 7d 9

Figure 3. Leached concentration changes of Sb in different mines and pH changes of the leached so-
lution (corresponding dashed labels). ((a): Sb’s leaching characteristics and pH changes in Zuoxiguo-
tailings leachate; (b): Sb’s leaching characteristics and pH changes in Qinglong-tailings leachate).

Contrarily, the pH showed different trends, changing significantly within the first day
regardless of the initial pH, and remained between 6 and 8, after one day, for days 2-9.
Regardless of the pH at the initial condition, the release of Sb in the tailings of Zuoxiguo
and Qinglong antimony mines was the highest within the first day, with an average release
rate of 37%. This indicates that the artificially given pH value within the first day helped
the Sb leaching process. Notably, the alkaline conditions were more favourable to Sb release
than acidic conditions during the leaching process of the Zuoxiguo antimony mining
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tailings [39]. The antimony mining tailings consist of pyroxene, which can dissolve in water
to form the hydroxide Sb(OH); [40], the expression of which is:

SbyS3 + 6HyO <= 2Sby (OH); + 3H,S

However, Sb(OH)3; behaves more like an acid than a hydroxide; therefore, it is often
written as H3SbOj3 (antimonous acid) and can dissociate to form an anion as follows:

H3SbO; «— H28b03_ +HT

As the pH increases, more H3SbOj is converted to the anionic form; HySbO3 ™ is very
soluble in water [41,42]. Sb in the tailings of the Qinglong antimony mine was more readily
released at an initial pH of 3. The trend of release under other pH conditions was consistent
with that of Zuoxiguo. However, the Sb release in the tailings of Zuoxiguo was higher than
that of Qinglong regardless of the initial pH conditions since the Sb content of the tailings of
Zuoxiguo antimony mine was higher than that of Qinglong. The presence of FeS, helped to
facilitate Sb release and increased th4 Sb,S; oxidation rate; therefore, in systems with more
FeS, input, Sb accumulation is increased [43]. Herein, the interaction between FeS; and
Sb,S3 increased Sb dissolution from Sb,S3. FeS; has a higher resting potential than Sb,S3,
0.66 V vs. 0.12 V, respectively [44], which may stimulate Sb,S3 to release large amounts of
Sb. Therefore, the Sb concentration in the Zuoxiguo leachate was higher than Qinglong.

Conversely, the As release differed between the Zuoxiguo mining tailings and that of
Qinglong mining tailings (Figure 4). The release of As from the Zuoxiguo mine tailings was
much higher, while As concentration in the Zuoxiguo leachate increased with time before
day 3, then decreased. Likewise, the pH showed different trends, varying significantly
within the first day regardless of the initial conditions and remained between 6 and 8, after
one day, for days 2-9.

~[} Initial pH 3 () - Initial pH 5~ > Initial pH 6.87 — / - Initial pH 9
—— Initial pH 3 —@— Initial pH 5 —— Initial pH 6.87 —W— Initial pH 9
10 100 10 20
a . . . . . .
9| - Zuoxiguo antimony mine of b_* Qinglong antimony mine 118

As concentration (pg/L)
pH

As concentration (ug/

W k= W N

Figure 4. Leached concentration changes of As in Zuoxiguo and Qinglong mines and pH changes
of the leached solution (corresponding dashed labels). ((a): As’s leaching characteristics and
pH changes in Zuoxiguo-tailings leachate; (b): As’s leaching characteristics and pH changes in
Qinglong-tailings leachate).

This suggests that the CaCO3 and other related components in the samples provided
sufficient acid neutralization and buffering capacity. The release of As in the leachates
from Zuoxiguo and Qinglong was significantly lower than that of Sb, possibly due to the
source of As being toxic sand, which decomposed more slowly than pyroxene. This may
be attributed to the formation of oxidation edges on the toxic sand particles consisting
of Fe, As, S, Sb, and Ca that slowed down dissolution, which was not observed on the
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pyroxene [45]. In addition, the S content in the tailings of the Zuoxiguo antimony mine
ranged from 3.065 g/kg to 14.718 g/kg, while the sulphur and sulphate in the tailings
supported the leaching of As. As is chemically similar to S; hence, it can replace elemental
S in sulphides, resulting in sulphides with high levels of As, such as FeAsS [46]. Reduction
zones, such as rivers, sediments, and mines, can form authigenic FeS; in which some
dissolved As is bound during the formation of these FeS, minerals; during transformation,
As is bound to FeS; and released during FeS, dissolution [47]. Compared with other initial
pH values, the release of As in the leachate from Zuoxiguo and Qinglong varied when
the initial pH was 6.87; the release of As in the leachate from Zuoxiguo began to decrease
within 1-3 days, while the release of As in the leachate from Qinglong sharply increased
within 5-7 days. This indicates that the leaching variation of As is greater under neutral
conditions, and the elemental activity is higher and easily influenced by other factors [48].

3.3. Influence of Chemical Sb and As Species in Tailings on Leaching Mechanism

The improved BCR method was used to determine the Sb and As chemical species in
the tailings of the Zuoxiguo and Qinglong antimony mines. The chemical species of Sb and
As in the Qinglong mining tailings were predominantly F4 and F2, with overall proportions
in the following order: F4 > F2 > F3 > F1. Qun et al. (2022) have reported that too high of a
residue fraction indicated high contents of elements in the lattice, such as silicate, primary
minerals, and secondary minerals. However, when the reducible was too high, elements
bound with Fe and Mn hydrated oxides showed high content and activity, which are easily
hydrolysed under pH < 7 with a certain bioavailability [49]. Figure 5 shows that F1 and F2
of Sb and As values in the Zuoxiguo mining tailings were higher than those of the Qinglong
mining tailings, indicating that Sb in the Zuoxiguo mining tailings had stronger mobility
and bioavailability.

[T F1 Mild acido-soluble fraction [[0] F2 Reducible [___]F3 Oxidisable [l F4 Residue fraction

b1oo

80

601

40

Chemical species of As (mg/kg)

20H

Z1 z2 Z3 Z4 z5 76 QL Z1 72 73 74 75 Z6

sample site sample site

QL

Figure 5. As and Sb chemical proportions at different points in tailings of Zuoxiguo and Qing-
long.((a): Proportions of chemical Sb species in tailings of Zuoxiguo; (b): Proportions of chemical As
species in tailings of Qinglong).

Hence, the release of Sb and As from the tailing sand in the leaching experiment of
Zuoxiguo was higher than that of Sb and As from the tailing sand of Qinglong. Meanwhile,
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the F4 of Sb and As in the Qinglong mining tailings was higher than that of As in the
Zuoxiguo mining tailings. The tailing sand of Qinglong had a higher binding degree with
Sb and As elements, thereby hindering migration and transformation; hence, the release of
Sb and As in the tailing sand of the Qinglong leaching experiment was significantly lower
than that of Zuoxiguo.

3.4. Surface Changing of Tailings during Leaching

The surface shape of the tailings from the scanning electron microscope (SEM) is
shown in Figure 6. The roughness of the tailing surfaces increased post leaching. The
originally smooth surface of the tailings was eroded, while small holes appeared on the
surface after 9 days of the alkaline initial leaching condition, and raised layers appeared
on the surface after 9 days of the acid initial leaching condition (Figure 6). This illustrates
that the dissolution of the tailings began with the tailing-water interface, while different
initial conditions led to different tailings changes. However, it is possible that the reaction
mechanism at the tailing—water interface is different, and so is the production under
different initial pH conditions during leaching.

20 um

Figure 6. Tailing surface morphology changes before and after leaching: (a) Zuoxiguo antimony mine
and (b) Qinglong antimony mine. Scale bar: 10 um and 20 pm.

3.5. Health Risk Assessment of Leachate

During rainfall, the tailings’ leachate flows into the river from high to low along the
terrain in the study area, which has exacerbated the negative health effects of Sb and As;
therefore, a health risk assessment of Sb and As in the leachate was conducted. The highest
leaching amount was used to calculate the health risk index under different pH conditions
(Table 2). The non-carcinogenic and carcinogenic risks of Sb and As in the leachate at
different pH were higher for children than adults. Children were at higher risk from As,
while the health risk index of As in the leaching solution of Zuoxiguo was higher than
that of Qinglong; hence, contaminated drinking water must be more strictly managed.
In Table 2, the carcinogen element As in the leachate of the Zuoxiguo antimony mining
tailings for the adult and children health risk index was higher than 1 x 107#, a serious risk
level, while the health risk index of Sb was less than 1.0 x 10~¢, a low-risk level. The health
risk index of carcinogenic As in the tailing leachate of the Qinglong antimony mine was
greater than 1 x 10~# for both adults and children at pH 6.87, a serious risk level. At pH 3,
the health risk index for adults ranged from 1.0 x 107° t0 5.0 x 107>, a medium-risk level,
while at pH 5 and 9, the health risk index for adults ranged from 5.0 x 1075 to 1.0 x 10~*
at pH 5 and 9, a high-risk level. The health risk index for children was between 5.0 x 105
to 1.0 x 10 % at pH 3,5, and 9, a high-risk level; As had the highest health risk index for
adults and children at pH 6.87, consistent with Zuoxiguo. On the contrary, the health risk
indices of Sb were less than 1.0 x 107, a low-risk level. Therefore, the non-carcinogenic
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risk of Sb in the leachate is low-risk for both adults and children, i.e., within the acceptable
range, while the carcinogenic risk of As exceeds a certain value, where As in the leachate of
Zuoxiguo is a serious risk for both adults and children, which may be associated with the
different toxicity of different heavy metals [49,50]. Therefore, it is necessary to introduce
health risk assessment into water quality monitoring and evaluation around the study area
and develop and implement appropriate contaminant control strategies.

Table 2. Annual health risks caused by Sb and As in the leachate of Zuoxiguo and Qinglong (a~1).

Sb As
Item pH
Rn Rc
3.00 2.32 x 1077 467 x 1074
Adult 5.00 245 x 1077 5.00 x 107
v 6.87 251 x 107 611 x 1074
—7 —4
Zuoxiguo 9.00 2.62 x 10 1.94 x 10
3.00 297 x 1077 6.00 x 107
) 5.00 3.12 x 1077 6.38 x 1074
Child 6.87 321 x 107 7.80 x 104
9.00 3.34 x 1077 248 x 107
3.00 1.12 x 108 4.74 x 1075
5.00 9.64 x 1077 5.07 x 1075
Adult 6.87 1.01 x 108 113 x 104
. 9.00 1.00 x 108 7.52 x 1075
inglon
Qinglong 3.00 1.43 x 1078 6.05 x 1075
) 5.00 1.23 x 108 6.47 x 107>
Child 6.87 1.29 x 108 1.44 x 10~
9.00 1.28 x 108 9.59 x 1073

4. Conclusions

In this study, Zuoxiguo and Qinglong antimony mining tailings were collected and
analysed. The total contents of As and Sb in Zuoxiguo and Qinglong tailings, as well as the
leaching mechanism of As and Sb, were determined, while the health risk evaluation of As
and Sb in the leachate was conducted. The results showed that: (1) SiO, was the main com-
ponent of the Zuoxiguo and Qinglong antimony mining tailings; notably, Sb,S; and FeS,
were identified in the tailings of the Zuoxiguo antimony mine. The average content of Sb in
the Zuoxiguo and Qinglong tailings was 5902.77 mg/kg and 1426.43 mg/kg, respectively,
while that of As was 412.53 mg/kg and 405.26 mg/kg, respectively, which were higher than
the background values. (2) The average Sb concentration in the leachate of Zuoxiguo and
Qinglong was 1470.48 ug/L and 70.20 ug/L, respectively, while that of As concentration
in the leachate of Zuoxiguo and Qinglong was 31.20 ug/L and 6.45 ug/L, respectively.
The release of Sb in the leachate of the Zuoxiguo and Qinglong tailings increased with
time; the alkaline conditions contributed to the release of Sb. The release of As in the
leachate of Zuoxiguo was first increased, then decreased, while the release of As in the
leachate of Qinglong showed an increasing trend, in which the changes in As release in
the leachate of Zuoxiguo and Qinglong at pH 6.87 differed from those of As release under
other pH conditions. (3) The health risk index showed that the average carcinogenic risk of
As in the Zuoxiguo and Qinglong leachates for children was 5.67 x 10~* and 9.13 x 1075,
respectively, and 4.43 x 10~% and 7.16 x 107> for adults, respectively, suggesting that As
has a significantly higher risk for children compared with adults. Moreover, the carcino-
genic risk index of As in the leachate of Zuoxiguo was higher than that of Qinglong. In
contrast, the average non-carcinogenic risk index of Sb in the leachate of Zuoxiguo and
Qinglong for children was 3.16 x 1077 and 1.31 x 1078, respectively, and 2.48 x 10~7 and
1.02 x 108 for adults, respectively, which were below the minimum limitation and within
the acceptable range.
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Abstract: Groundwater of northern Mexico contains high concentrations of geogenic fluoride (F~), a
contaminant known to affect human health. The origin of F~ in groundwater in this region has been
related to the weathering of rhyolite and other volcanic rocks present in the alluvium. However, the
relationship of F~ concentration to water depth has not been established. F~ concentrations, pH, and
total dissolved solids (TSD) were determined for 18 wells within the Meoqui-Delicias aquifer in 2021.
The F concentrations varied between 0.62 mg L' and 4.84 mg L™, and 61% of the wells exceeded
the 1.5 mg L~! guideline. F~ concentrations did not correlate to TDS but correlated to well depth
(r=—0.52, p < 0.05). Because of the less-than-strong correlation coefficient value obtained, a diagram
of F~ concentrations vs. well depth was constructed. The diagram showed a distinct enrichment of
F~ in shallow wells, suggesting that groundwater residence time and evaporation may be important
factors in explaining the F~ content within the aquifer. This pattern was confirmed after plotting 2003
and 2006 data for the same wells. These findings are important to better understand the distribution
of F~ in neighboring alluvial aquifers as well as in alluvial aquifers elsewhere.

Keywords: basin-fill aquifer; evaporation; fluoride; Chihuahua; groundwater withdrawal

1. Introduction

Groundwater with high fluoride (F~) concentrations occurs in regions of more than
25 countries in the world [1,2]. Recent estimates establish that 180 million people are
potentially affected by F~, most of them in Asia and Africa [2]. Although the F~ sources
are believed to be geogenic for the most part, there are notable hydrologic, climatic, and
geologic differences among the affected regions. Arid and semiarid areas are prone to
groundwater with high F~ concentrations due to prevailing conditions that favor the disso-
lution of F~, such as high pH and alkalinity, warm temperatures, well depth, mean annual
precipitation, aquifer lithology, and long residence times [2,3]. Within a particular aquifer,
there can also be variations in the F~ concentration. For example, the F~ concentration
may increase in the deeper parts of a large aquifer [3], but in other cases, it may increase
near the discharge area because of a longer residence time, and, since the water is by then
found in the shallow part of the aquifer, evaporation may also play a role [4,5]. Hence,
geogenic high F~ groundwaters have been classified into three major types [6]: high F~
in shallow groundwater, high F in deep groundwater, and high F~ in geothermal water.
Studies that narrow down the affected areas and report their F spatial distribution and the
factors responsible for their content have increased in recent years [6-9].

Ingestion of groundwater containing F~ is the most common pathway of exposure
leading to health problems [10], including a condition known as fluorosis [1,11]. The stan-
dard guideline for F~ concentration in drinking water set by the World Health Organization
and by many countries is 1.5 mg L~! F~; however, a limit of 1.0 mg L' F~ is advisable
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in places where people drink more water [1]. Ingesting water above 1.5 mg L~! F causes
teeth discoloration (dental fluorosis), whereas chronic ingestion of higher concentrations
(e.g., 4.0 mg L~! F~) has more serious consequences to human health, affecting the bones
(skeletal fluorosis) and vital organs, as well as developing neurotoxic and metabolic ef-
fects [10-12]. The health predicament complicates when arsenic (As) is found co-occurring
with F, as is the case in many regions worldwide [12-24].

The guideline in Mexico for drinking water is 1.5 mg L~! F~ [25], but in the future,
it will be 1.0 mg L'F,a change that will take a few years to be fully implemented [14].
High concentrations of F~ in the groundwater of northern Mexico are common, where
concentrations up to 28 mg L~ F have been observed [10]. Among the most affected
regions in Mexico with high F~ concentrations are the states of Chihuahua, Durango, and
Zacatecas [14]. In the state of Chihuahua, a median of 1.4 mg L~! F~ with 45% of sampled
wells exceeding the 1.5 mg L' F~ guideline was reported for samples collected in 2017~
2019 [10]. Another study, based on 445 groundwater samples from rural communities of
southeast Chihuahua, found F~ concentrations varying between 0.05 and 11.8 mg L1F-,
and 37.2% of these samples exceeded the 1.5 mg L~! F~ guideline [15]. Most of the F~
studies report the presence of both F~ and As [3,16-18,24].

In the alluvial aquifers of northern and central Mexico, the origin of F has been reported
as geogenic, associated with the weathering of silicate-rich rocks such as rhyolite and
ignimbrite [9,13,15,24]. These studies also report that the distribution of F~ concentrations
varies greatly with location [13-15]. Therefore, factors that might explain this variability
are constantly sought, among them the depth of the well, groundwater extraction, and
total dissolved solids (TDS). Well-known factors responsible for high F~ concentrations
include aridity, alkalinity, and the presence of silicate-rich rocks [2,3]. Less explored factors
include well depth, residence time, and the input of anthropogenic contaminants [10,16].
The objectives of this study were to determine the relationship between F concentration
and well depth in an alluvial aquifer in northern Mexico and to infer about the variation in
this pattern in space and time.

2. Materials and Methods
2.1. Description of the Study Area

The study area comprises the Meoqui-Delicias aquifer, an overexploited alluvial
aquifer located in the central part of the state of Chihuahua, Mexico. This aquifer underlies
a region of irrigated agriculture and dairy farm operations known as Distrito de Riego
005. The aquifer occupies a surface area of 4830 km? and has an irregular geometry, with
a maximum thickness of 500 m and an average thickness of 300 m [26]. The aquifer is
recharged primarily in the many arroyos and the alluvial fans that form at the base of hills
that rise on its western part, but a significant recharge likely occurs at the fields, which are
irrigated with surface water [26]. The local discharge areas are the Rio Conchos and Rio
San Pedro, and the regional groundwater flows in a northerly direction. Although this is a
primarily unconfined aquifer, under clay lenses, it operates as a confined aquifer.

The climate is semiarid, with an average annual precipitation of 284 mm. Most of the
precipitation occurs during the monsoon season (July to September). The aquifer provides
drinking water to several communities (total pop. ~200,000) and contributes 17% of the
water used to irrigate crops [27]. However, this amount may vary depending on the amount
of surface water available, e.g., during dry periods, when more groundwater is extracted.

2.2. Sampling and Analyses

The groundwater was sampled from 18 wells in 2021 according to standard proce-
dure [25]. The location of these wells, natural groundwater flow direction, and the prevalent
trajectory of monsoon rains are shown in Figure 1. The wells included here were selected
to match those wells for which F~ concentrations were reported in 2003 and 2006 [26]. The
major ion concentration of groundwater in these wells sampled in 2006 is shown in Figure 2
(Tables S1 and S2 in Supplementary Material).
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Temperature, pH, electrical conductivity, and TDS were measured in the field using a
HANNA HI9828 multiparameter probe. Groundwater samples were kept cool during their
transport to the laboratory, where they were analyzed for F~ concentration using a selective
ion electrode, according to the standard method [28]. All reagents were of analytical quality.
The F~ electrode and multiparameter probe were calibrated daily. The probe was calibrated
using pH 4, 7, and 10 calibrating solutions and a 1413 uS conductivity calibrating solution,
whereas the F~ electrode was calibrated using 1.0 mg/L F~ and 10 mg/L F~ standard
solutions. Replicates were determined at least every 10 samples.

The locations of the sampled wells were plotted using ArcMap with WGS 1984 co-
ordinate System and a Transverse Mercator Projection, and the map was constructed at a
1:380,000 scale. A Spearman correlation was utilized to determine the correlation between
F~ concentrations and TDS, as well as between F~ concentration and well depth.
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Figure 1. Meoqui-Delicias aquifer and location of the sampled wells. Samples are labeled using the
first letter of the nearest community (D for Delicias, M for Meoqui, R for Rosales, ] for Julimes, and S
for Saucillo) followed by a number.
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Figure 2. Piper diagram showing major ion concentration of the sampled wells.

3. Results

The results are listed in Table 1. The median of the 2021 F~ concentration values
is 1.58 mg L™! F~, and 61% of the samples exceeded the 1.5 mg L~! F~ guideline. This
result would imply health problems in the form of dental fluorosis. However, this problem
has not spread through the population because of small inverse osmosis filters fitted
to many of the wells in the city of Delicias and in most of the rural communities [27].
The water quality reflected in Figure 2 shows Ca and Na are major cations that vary
over a broad range of values and shows a similar behavior for anions SO4 and HCOj.
According to Figure 2, concentration variations seem to be independent of well depth. This
behavior is likely the result of the heterogeneity of the alluvial fill and solutes leaked down
after the intensive agricultural practices taking place on the surface (increase in TDS and
soil salinization) [26,27,29].

Table 1. Fluoride (F™) concentrations, pH, and TDS in groundwater.

. Depth F 20031 F 2006 ! F 2021 TDS 2021
Well Location nI\) mgL1 mgL1 mg L1 pH 2021 mg L1
D139 La Merced 70 1.70 1.67 1.56 7.70 794
D130 Santa Fe 320 0.67 0.82 0.94 7.30 2059
D136 Est. Armendariz 200 2.89 2.50 2.61 7.19 863
J15 Julimes 79 3.84 4.13 4.84 7.04 1193
J16 Ex-hacienda H. 15 293 3.28 3.57 7.43 890
M6 Potrero del Llano 181 3.38 3.16 3.39 791 953
M19 El Torreén 60 1.86 2.58 3.12 7.98 701
M24 Las Puentes 36 2.46 2.40 2.85 7.43 539
M26 Fco. Portillo 150 1.09 0.98 091 7.54 355
M27 Nuevo Loreto 150 1.65 1.53 1.67 7.12 675
M40 Est. Consuelo 150 1.95 1.77 1.85 7.03 398
R2 Barranco Blanco 152 1.54 1.50 1.60 7.38 587
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Table 1. Cont.

. Depth 1 1 F 2021 TDS 2021
Well Location eIEt fn::;og:il fn:;ogﬁl mg (I)fl pH 2021 mgSL*1
S47 Orrantefio 90 1.63 1.30 1.31 7.03 735
S54 Gomerfio 60 1.55 1.30 1.52 7.31 786
S56-3 Saucillo P3 185 0.20 0.70 0.75 6.74 834
S56-8 Saucillo P8 250 0.20 0.20 0.62 7.23 843
S57 Vicente Guerrero 180 1.02 1.00 0.89 7.58 456
598 Est. Saucillo 137 1.40 2.40 1.32 7.22 668

(1) F concentrations for 2003 and 2006 reported in [26].

A concentration map of each of F~ and TDS allows for a better visualization of their
concentration patterns. The spatial distributions of F~ concentration and TDS for 2021 data
are shown in Figure 3. TDS values are lower in wells within or near the natural recharge
area (wells R2, M40, M24, and M26) and increase as they approach the discharge areas.
The pronounced increase in TDS in two wells, one in the northern part of the aquifer and
one in the center of the aquifer, may be due to infiltration of irrigation return flows and
other wastes containing large amounts of dissolved salts, e.g., dairy farm effluents [29].
F~ concentrations followed a different pattern than TDS as was confirmed by their low
correlation. F~ concentrations increased at discharge areas, and their overall distribution
pattern is rather irregular, as reported in other studies in northern Mexico [14].
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Figure 3. (a) Total dissolved solids (TDS) and (b) F~ concentrations in the sampled wells.

The Spearman correlation coefficient between F~ concentrations and TDS was low
(r =0.24), and p, the probability of r being significant at 95% (c = 0.05, two tailed), was not
significant at p < 0.05. A visual comparison between the plotted concentrations (Figure 3)
shows a roughly similar pattern, except for wells M24 and D130, whose difference in
concentrations was high enough to lower the correlation coefficient below the 95% con-
fidence threshold. In contrast, the correlation coefficient between F~ concentration and
well depth was —0.52 and was significant at p < 0.05. As a way to validate the relationship
between well depth and F~ concentrations, and since the correlation was moderate and not
a strong one, the 2021 data were plotted (Figure 4). The diagram clearly shows decreasing
F~ concentrations with increasing well depth, which means that the F~ concentration is
highest in shallower wells and, for the most part, coincides with discharge areas.
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Figure 4. F~ concentration vs. well depth for 2021 data. Points with a yellow rim are located at a
discharge area.

4. Discussion

Although TDS is reportedly associated with high F~ concentrations [3], this relation-
ship was not validated in the Meoqui-Delicias aquifer. The low correlation between F~
concentrations and TDS is likely the result of human activities taking place at the surface
and the infiltration of both excess surface water used to irrigate crops and domestic and
dairy farm wastes [29]. However, F~ concentrations correlated, albeit weakly and inversely,
to water depth. Few studies report the relationship between F~ concentration and well
depth; however, high F~ concentration in the shallow part of overexploited alluvial aquifers
have been reported in the western United States [30] and in northern China [6,7,31].

The moderate correlation (correlation coefficient —0.52 for 2021 data) between F~
concentrations and well depth may be a reflection of the heterogeneity of the alluvium and
change in groundwater flow direction near some wells, as extensive extractions of ground-
water are common in overexploited aquifers such as the Meoqui-Delicias aquifer [27]. To
validate the F~—well depth association, data from 2003 and 2006 [26] were plotted. The
graphs, shown in Figure 5, indicate a behavior that is similar to the one observed for 2021.
Therefore, the higher F~ concentrations being associated with shallow wells was not a
one-time occurrence but rather a confirmed pattern.
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Figure 5. F concentration vs. well depth for 2003 and 2006 data. Points with a yellow rim are located
at a discharge area.
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The above results help develop a conceptual model for F~ concentration in ground-
water, as follows: Rain infiltrates through the arroyos and alluvial fans at the base of hills
and starts flowing as groundwater toward the discharge areas. As groundwater comes in
contact with the silicate-rich rock fragments in the alluvial material, it picks up F~ that is
naturally released via chemical weathering, incorporating it into the aquifer through the
vertical flow of F-rich water. As groundwater approaches the central part of the aquifer,
it mixes with irrigation drainage water, and the direction of flow changes according to
the new potentiometric levels created by groundwater withdrawals of some wells, result-
ing in an increase in its residence time and its F~ concentration. Once the groundwater
reaches the shallow depth near the discharge areas, evaporation further heightens the F~
concentration.

From the public health point of view, 67%, 61%, and 61% of wells surpassed the
1.5 mg L~! F~ guideline in 2003, 2006, and 2021, respectively, and only one well (J15) had a
concentration above 4 mg L.~! F~, although this occurred consistently in all sampled years.
The results obtained here agree with the F~ concentration behavior reported for other
arid areas worldwide contaminated with geogenic F~ [3-5]. Based on this information, an
effective strategy to mitigate the problem would be to direct remediation actions to wells
where the highest F~ concentrations are to be expected, including wells near groundwater
discharge areas as well as those with a historically high F~ content.

5. Conclusions

The results of the 2021 study show F~ concentrations varying between 0.62 and
4.84 mg L~ F~. Once these concentrations were plotted on a map, F~ concentrations were
lower in recharge areas and higher in discharge areas, which highlights the groundwa-
ter residence time as a controlling process to the F content in groundwater. The shallow
groundwater depth in discharge areas will also allow a further increase in F~ concentration
through evaporation. TDS in this area has a large anthropogenic component, i.e., irrigation
return flows and dairy farm effluents, which affected the correlation to F~ concentration.
Since the Spearman correlation between F~ concentrations and well depth was only mod-
erate, the data were then plotted into F~ concentrations vs. well depth, and the resulted
diagram showed F concentration decreasing with increasing depth. These results were
confirmed after comparing this graph to the graphs of 2003 and 2006 data for the same
wells. The moderate correlation coefficients and low regression values obtained for the
relation between F~ concentration and well depth could be due to the heterogeneity of the
alluvium and the changes in local water flow direction generated by irregular and often
large groundwater withdrawals in some wells used to irrigate crops, especially during
dryer years. In sum, groundwater residence time and evaporation, in this order, seemed
to be additional factors significantly affecting F~ concentration besides the well-known
factors of alluvium mineral composition and alkalinity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environments9120155/s1, Table S1: Laboratory analytical proce-
dures and Mexican technical standards describing analytical methodologies and quality controls for
the analytical determination of arsenic, fluoride, pH and physicochemical parameters of water.; Table
52: Water quality of major ions in groundwater samples collected in 2006 [26].
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Abstract: Aerosols carrying the virus inside enclosed spaces is an important mode of transmission
for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), as supported by growing evi-
dence. Urban subways are one of the most frequented enclosed spaces. The subway is a utilitarian
and low-cost transit system in modern society. However, studies are yet to demonstrate patterns of
viral transmission in subway heating, ventilation, and air conditioning (HVAC) systems. To fill this
gap, we performed a computational investigation of the airflow (and associated aerosol transmission)
in an urban subway cabin equipped with an HVAC system. We employed a transport equation for
aerosol concentration, which was added to the basic buoyant solver to resolve the aerosol transmis-
sion inside the subway cabin. This was achieved by considering the thermal, turbulent, and induced
ventilation flow effects. Using the probability of encountering aerosols on sampling surfaces crossing
the passenger breathing zones, we detected the highest infection risk zones inside the urban subway
under different settings. We proposed a novel HVAC system that can impede aerosol spread, both
vertically and horizontally, inside the cabin. In the conventional model, the maximum probability of
encountering aerosols from the breathing of infected individuals near the fresh-air ducts was equal
to 51.2%. This decreased to 3.5% in the proposed HVAC model. Overall, using the proposed HVAC
system for urban subways led to a decrease in the mean value of the probability of encountering the
aerosol by approximately 84% compared with that of the conventional system.

Keywords: indoor air quality; air circulation; aerosol; OpenFOAM; SARS-CoV-2; urban subway;
ventilation

1. Introduction

Since December 2019, the novel coronavirus disease (COVID-19) has emerged as a
significant global concern. It has led to 6,299,323 deaths worldwide as of 6 June 2022 and
has evoked an urgent response from all disciplines to control the crisis [1-5]. Airborne
transmission through droplet nuclei (aerosols) is an important mode of transmission of
SARS-CoV-2 [6]. Airborne transmission depends on the distance traveled by the aerosol,
congregation density of people, and ambient conditions, such as wind speed, temperature,
relative humidity, particle size, and particle shape. Respiratory droplets and aerosols can
be exhaled during coughing, sneezing, talking, or breathing [7-27]. To date, studies have
evaluated SARS-CoV-2 spread through heating, ventilation, and air conditioning (HVAC)
systems in various practical settings, such as underground car parks [28], restaurants [29],
restrooms [30-32], elevators [33], public spaces [34], cleanrooms [35], urban buses [36],
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classrooms [37-41], cafeterias [42], airplanes [43], dental clinics [44,45], escalators [46], or-
chestral wind instrument performances [47], and other confined spaces [48,49]. Many stud-
ies have been conducted to investigate airborne transmission and develop appropriate mit-
igation strategies [50-52]. However, investigation of airborne transmission in subways is
lacking. Subways are potential hotspots for airborne transmission, considering the high
passenger density. Contact tracing has revealed cases where the infection transmission
likely occurred during the subway transition [53].

Subway HVAC systems have been utilized to ventilate cabins for thermal
comfort [53-56]. The conventional ventilation system of an urban subway comprises sup-
ply and exhaust ducts spanning the cabin ceiling and a mechanism for moving pollutants,
such as breath aerosols toward the exhaust and recirculated-air ducts. Air is recycled
through high-efficiency particulate air (HEPA) filters at the recirculation ducts. Air is con-
stantly sucked up through vents, cooled, and filtered before being pushed back through
supply air ducts [55]. Chang et al. demonstrated that such a subway HVAC system ex-
hibits poor thermal comfort and energy-utilization efficiency and proposed a novel hybrid
ventilation model to solve these problems [54]. Subway HVAC systems based on conven-
tional exhaust ducts can spread respiratory droplets in the airflow direction and increase
the risk of viral transmission. The number of passengers in the subway car and the exhaust
duct configuration affect the risk of viral transmission. Given the characteristics of respi-
ratory aerosol transmission on the HVAC streamline pattern, the virus can spread within
an urban subway when a COVID-19 patient releases respiratory aerosols near the supply
duct [53,55]. Urban subway ventilation redesign and passenger behavior modifications
have rarely been studied directly in this setting.

Nazari et al. proposed antiviral adaptations for ventilation systems using jet fans in-
side underground car parks, focusing on the spread of respiratory droplets and aerosols
and recommended several learning points to reduce the risk of viral transmission in this
setting [28]. Liu et al. evaluated the effects of indoor airflow and associated aerosol trans-
port on the risk of airborne viral transmission in a restaurant setting [29]. They identified
that aerosols returning from HVAC systems, owing to low-efficiency filtration, can expose
individuals near the outlet ducts to the possibility of infection. Dbouk and Drikakis [33]
studied the impact of air-ventilation systems on airborne viral transmission in elevators
and confined spaces. They concluded that the position of the inlets and outlets signifi-
cantly influences the flow circulation and aerosol dispersion inside an elevator and indi-
cated that using a single pair of inlet and outlet reduces droplet dispersion. Zhang et al.
investigated the effects of wearing a face mask, opening windows and doors, and using
an HVAC system on the aerosol spread inside an urban bus, and found that by opening
doors and windows, the concentration of aerosols was reduced by approximately 50% [36].
Foster and Kinzel [41] estimated the risk of SARS-CoV-2 transmission in a classroom set-
ting using computational fluid dynamics (CFD) and the Wells-Riley model. They showed
that a well-designed HVAC system, face mask usage, reduction in the exposure time, and
number of occupants are more important parameters than physical distancing. Wu et al.
numerically studied virus dispersion from sneezing inside a cafeteria and stated that main-
taining a safe distance in small indoor spaces (such as cafeterias) does not offer sufficient
protection for activities without wearing face masks [42].

This study aimed to (i) provide a deep understanding of the routes of viral transmis-
sion in an urban subway setting, (ii) delineate the flaws of conventional subway HVAC sys-
tems and measures that enhance the transmissibility of virus-containing aerosols inside the
cabin, and (iii) present mitigation strategies, including the design of a novel HVAC system
to reduce the risk of viral transmission inside urban subways. We assumed the complete
efficiency of HEPA filters inside the recirculation ducts in eliminating airborne viruses and
focus on the airflow pattern inside the cabin and exhaust duct configuration. In the current
study, we performed the simulations at a constant supply velocity within the range of typ-
ical values used in practical settings with various configurations of the breathing source.
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2. Numerical Method and Simulation Setup
2.1. Formulation of the Subway HVAC Air Flows in the Cabin

The ventilation process of the urban subway HVAC system was modeled assuming
continuous and incompressible air flow. To track the viral dynamics, the concentration
equation was added to the basic solver to model the interactions between the fluid flow
of the HVAC system and created aerosol concentration. In other words, the movement of
small respiratory particles (<5 um) originate from the continuous deformation of the cloud
of respiratory particles with a shear flow interface induced by the HVAC system air. By
solving the concentration transport equation, we achieved appropriate results for small
respiratory particles (neglecting coughing and sneezing), considering gravity, drag, and
temperature-dependent thermophoresis. Recently, Zhang et al. [36] and Nazari et al. [28]
applied a concentration equation to simulate particle movement during human breathing.
The relevant equations of motion are the continuity equation, momentum conservation
law, and temperature equation, in their incompressible forms [28,36,39] as expressed in
the following equations:
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where p, po, p, u, C, T, k, and D, ¢ are the density, reference density, dynamic pressure,
velocity, aerosol concentration, temperature, thermal conductivity, and diffusivity of the
fluid, respectively. In Equation (3), the Boussinesq approximation is used for the momen-
tum equation. In addition, in Equation (4), Dgff = SLCtg + &, where Sc; and Sc are the tur-
bulent and laminar Schmidt numbers, respectively, and Sc; = Sc =1 [36]. In this study,
a filter-based approach is used, which combines parts from both large eddy simulation
(LES) and Reynolds-averaged Navier-Stokes equations (RANS) and compares the length
of the characteristic with the mesh size-spatial filter to re-establish the turbulent viscosity

as follows: )

k
pe=FCup—, 6]

where k and ¢ are the turbulent kinetic energy and the turbulent kinetic dissipation rate, re-
spectively, and are derived directly from the standard k— two-equation turbulence closure
model. Variable F is the filter function, which is defined in terms of filter size A as

F= min(l,C3E§). (6)
3

Substituting Equation (6) into Equation (5), we have

. Ae. k2
e = C;,m1n(1,C3£—§)p—. 7)
k2 ¢

The filter used in Equation (6) modifies the standard k-¢ model for a coarse filter size.

In the far-field zone, the filter produces a hybrid RANS- LES behavior by allowing the

development of length scales comparable to the grid resolution, and the turbulent viscosity
is given as follows:

i = CuCacbpVk, ®)
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where C3¢ =1 in the present case. To ensure that the numerically resolvable scale is com-
patible with the filtering process, the lower bound of the filter is set as A4, where Ag, i =

(AxAyAz) % The standard k-¢ turbulence model is used in the following equations:
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where C, = 0.09, 03 = 1.00,0¢ = 1.30, C1¢ = 1.44 and Cp. = 1.92. The RSM turbulence
model was used, as shown in equation (11). The following formula represents the partial
differential equation (transport equation) for the stress tensor, which is derived from the
Navier-Stokes equation as
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where Cj; is the convection term; Dr; is the turbulent diffusion term; Dy j; is the molecu-

lar diffusion term; Pij is the stress production term; G,'j is the buoyancy production term;

@jj is the pressure strain term; ¢;; is the dissipation term; and Fj; is the production by the

system rotation.

The particles potentially carrying SARS-CoV-2 have a size of 1-4 um [57,58]. Aerosols
within this size range have sufficient viral loads, and the effect of Brownian motion on
aerosol movement is negligible [58]. Li et al. showed that Brownian force decreases rapidly
with increasing particle diameter [59]. Moreover, they showed that the Brownian force be-
comes important only when the particle diameter is less than 0.3 um. This feature can pro-
mote irregular movement of particles in space and enhance their diffusion ability. Some
researchers have neglected Brownian motion to predict particle concentration distributions
in rooms and obtained satisfactory results under flow settings similar to our current con-
figuration [36,43]. To ignore the Brownian motion effect on aerosol diffusion, we assumed
a Schmidt number equal to 1. This means that aerosols diffuse at the same rate as the mo-
mentum for 1-10 um particles in the breathing model. This assumption is also used in the
design of HVAC systems for clean rooms.

In the present study, we ignored the effects of spike-like structures (located at the vi-
ral surface) on viral transmission inside the urban subway because they are too small to
affect the flow. Spike-like structures on the surface of SARS-CoV-2 may affect the dynam-
ics of respiratory droplets if they are large [60]. Kanso et al. studied the effects of spike-like
structures present on the surface of SARS-CoV-2 and their rotational diffusivity to attack
a target cell. This study showed that the triangularity of the coronavirus spike bulb de-
creased its rotational diffusivity by 39%. They stated that SARS-CoV-2 particles rely on
collisions with their surroundings to move into target cells. Kanso and co-workers studied
a range of possible shapes of SARS-CoV-2 based on the virus size range and considered
the rotational diffusivity and collision between them [60,61]. The applied concentration
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method for aerosol transmission inside an urban subway can encompass virus dispersion
inside a confined space.

2.2. Numerical Technique and Boundary Conditions

In this study, we used the open-source field operation and manipulation (OpenFOAM)
for computational fluid dynamics (CFD) software package version 5 to perform the numer-
ical simulations. The OpenFOAM code is written in the C++ programming language and
uses a finite-volume numerical technique to solve the conservation of mass, energy, mo-
mentum, and concentration equations, along with the equation of state, in their Reynolds-
averaged forms.

Numerical simulations were performed for the configuration of the ducts of an urban
subway car, as shown in Figure 1. We applied a three-dimensional Cartesian coordinate
system to govern the equations. The y-direction was set parallel to the length of the subway
car; the z-direction was set opposite the direction of gravity; and the x-direction was set
perpendicular to the subway car length (parallel to the width). The origin was located at the
left corner of the subway car. The length, width, and height of the subway car were 21.14
m, 2.95 m, and 2.87 m, respectively. The heights of the standing and sitting mannequins
in the simulations were set as 2 m and 1.4 m, respectively.

supply air duct

recrculated air duct

il

Figure 1. Schematic of a conventional urban subway car having supply air ducts, exhaust ducts,
recirculated air ducts, and seats.

A Gaussian upwind scheme was used to handle the convective terms. A Gaussian
linear-limited approach was employed to address the diffusion terms. The PIMPLE algo-
rithm was applied to couple pressure and velocity. In addition, the maximum residuals
for the convergence of pressure, velocity, temperature, and concentration were 1075, 1078,
1077, and 1078, respectively. To simulate aerosol movement within the urban subway,
we ignored (i) the generation and (ii) interaction (collision) of particles due to the cloudy
behavior of breath aerosols. The aerosol concentration is sensitive to the HVAC-induced
airflow pattern, temperature, and ambient pressure. Among these environmental factors,
relative humidity is a determinant parameter that strongly influences respiratory particle
size during breathing. Various studies, such as those by Zhang et al. [36] and Liu et al. [29],
demonstrated the traveling distance of respiratory particles based on their weight and size.
The smallest particles were neutrally buoyant at a relative humidity of 20% and moved
passively with the carrier fluid. Therefore, we ignored the Brownian motion of the parti-
cles and used a buoyant solver in OpenFOAM. In this method, gravity effects are consid-
ered instead of using the Lagrangian particle transport equation with Brownian motion.
Zhang et al. [36] applied the buoyancy method to demonstrate respiratory particle trans-
mission. However, both approaches are suitable.

Figure 1 represents the three-dimensional (3D) duct configuration of an urban subway.
Figure 2 shows the standing and sitting mannequins within the urban subway cabin hav-
ing continuous breathing. In this study, we determined the standing and sitting sampling
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surfaces to calculate aerosol encounter probability (Figure 2). The sampling surfaces cross
the centers of the passenger’s breathing zone hemispheres. The hemispherical breathing
zone, having a radius of 300 mm, was defined as the area surrounding a healthy person’s
nose and mouth, from which most of the air is drawn into the lungs [62]. These surfaces
were used to calculate the probability of an aerosol encounter, which was used as a metric
to compare the performances of different duct configurations. To apply the breath source,
we used CreateBaffles utility in OpenFOAM. The upper part of Figure 2 shows the uniformly
structured elements for the course, fine, and fine meshes. Fixed-value porous and fixed-
flux pressure conditions were imposed on the supply air ducts. The atmospheric value and
inlet-outlet conditions were employed to model the exhaust and recirculated air ducts, re-
spectively. Based on the DIN EN-14750-1:2006 standard [63], the vehicle classification for
urban and suburban rolling stock was divided into two categories: A and B. In type A,
the standing members were higher than 4 passengers/m?; for category B, this value was
lower or equal to 4 passengers/m?. The DIN EN-14750-1:2006 standard notes that the min-
imum fresh air rate for categories A and B are 14 and 10 hr 1, respectively. Furthermore,
the Ashrae standard [64] determined that the air quality inside urban subway should be
kept within the ranges of 10 to 13 hr~! to provide adequate protection for public health.
In this paper, category B satisfied our passengers’ configurations. In this study, the air
change rate (ACR) of the urban cabin was 10 hr~!. The temperature values of the supply
air, human breath, ambiance, and other cabin interior surfaces (such as mannequins, seats,
and walls) were set at 20 °C, 30 °C, 25 °C, and 27 °C, respectively. The supply temper-
ature was selected based on the standard ambient temperature for summer season. The
temperature of a healthy human being is approximately 37 °C, while the exhaled breath
temperature varies between 30 °C to 34 °C [65]; we set the human breath temperature to
the lower temperature (30 °C) of this range to consider a lower evaporation of aerosols.
The ambiance was set to the standard temperature and pressure (STP) conditions, and the
thermally active surface temperature was set at 27 °C [66]. We defined thermally active
surfaces in various HVAC systems as surfaces that are in direct contact with people or
their respiratory flows. Figure 3 shows different views of the mesh configuration. Figure 4
shows mannequin meshing, which uses the snappyHexMesh utility in OpenFOAM. Fig-
ure 5 shows the schematic of the six cases. Red, yellow, and green mannequins represent
infected individuals standing or sitting at the center (under combined exhaust and fresh
air ducts), under the fresh air ducts, and under the recirculated ducts of the subway, re-
spectively. The cell sizes of the mouth domain and ventilation ducts were 2 x 1073 m and
5 x 102 m, respectively. The main input characteristics of the evaluated case studies are
demonstrated in Table 1.

Coarse Fine Finest

Infected individual

Breathing source

Standing sampling surface

Figure 2. Schematic of a breathing source within the urban subway cabin, showing two mannequins
(one standing and one seated) representing infected passengers.
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Figure 3. Schematic of mesh configuration for the present work. (a,b) are side views of urban subway

fine mesh, (c) is the back view of fine mesh, and (d) is the front view of fine mesh.
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(b)

Figure 4. Schematic of mesh configuration for the present work, showing two mannequins. (a) the

front view of the meshed mannequins, (b) the back view of meshed mannequins.

Case study 1
Case study 3
Case study 5

Case study 6

Figure 5. Positions and locations of the evaluated cases.
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Table 1. The main characteristics of the evaluated case studies.

No. Case Study

Different Inputs Common Inputs

The conventional HVAC system
(Case studies 1, 2, 3,4, 5 and 6)

The proposed HVAC system

(Case studies 1, 2, 3, 4, 5 and 6)

Air change rate is 10 hr 1.

The temperature values of the supply air,
human breath, ambiance, and other cabin
interior surfaces (such as mannequins, seats,
and walls) are set at 20 °C, 30 °C, 25 °C, and
27 °C, respectively.
v=15x 107> m?/s, T0=20°C, p =3 x 1072
K1, Pr=0.71, Prt=0.9, g=9.81 m/s? Sc=1,
Sct =1, clothing insulation of mannequins is
0.60 clo.

The length and width of exhaust ducts are
2.5m and 1.6 m, respectively. The number
of exhaust ducts is 6,

The length and width of exhaust ducts are
4 m and 0.6 m, respectively. The number of
ducts is 12.

In this numerical work, we considered the sedentary activity for the external human
body with no movement inside the urban subway. The value of clothing insulation was
set at 0.60 clo. The Clo is a non-systematic unit for clothing insulation, determined as
0.155 °Cm?/W [67,68]. In other words, we supposed that mannequins’ clothing level is
trousers with a long-sleeve shirt. In this simulation, we used the fixed temperature bound-
ary condition over the mannequins selected from Angelova’s work [69].

2.3. Numerical Technique and Boundary Conditions

Table 2 compares our data with the experimental visualizations presented by Tao et al.
for the 3D numerical simulation of the discharge velocity of the supply air [56]. The supply
air of the urban subway passes through a porous media. The equation for the pressure drop
through the porous media at the supply ducts is:

Ap = %Csznvz + gAnv, (12)

where i is the aerodynamic viscosity, which is set at 1.8 x 10~7; v is the air velocity; and An
represents the thickness of the supply panel. To obtain accurate results, a porous bound-
ary condition was applied to the supply air ducts. The values of C, and % were set at
150,000 m~ ! and 1.5 x 10° m~2, respectively. The calculated points were positioned at the
two ends and in the middle of the subway cabin and averaged in the z-direction. We calcu-
lated the average velocity and temperature in the passenger compartment of the subway
at three horizontal measurement points and compared the findings with those from the
experimental work of Tao et al. (v, and T,) [56]. Additionally, the maximum differences
in the horizontal (v and Ty) and vertical (v, and T) velocities and temperatures were
calculated and compared. The maximum relative deviations of the velocity and temper-
ature for the two cases in Table 2 were approximately 1.2% and 1.79%, respectively. The
maximum temperature and velocity differences were used as evaluation metrics for the
air distribution performance. These values were calculated using specific points along the
x- and z-directions of the subway cabin. The European norm DIN EN-14750-1:2006 stan-
dard was applied to calculate the temperature and velocity differences and define specific
points [63]. In addition, a new index, namely, the aerosol encounter probability inside an
urban subway was defined to quantitatively evaluate the degree of the suppression effect
of the HVAC system on airborne transmission. A grid independence test was performed
to compute the required number of numerical cells to obtain convergent results. To obtain
grid-independent results, simulations were performed on three different mesh topologies.
A numerical grid with 900,000 cells for one core of the parallel solution was selected which
had a convergent solution with an optimized computational cost (Figure 6). The maximum
skewness of the grid was 0.3, which was suitable for obtaining accurate results. The num-
ber of grid points over the mannequin in the fine mesh was 8000. The Y* values were well
below 1.0 over most regions of the mannequin surface and were limited to a maximum of
3.0, and the maximum value of x* and z* on any part of the mannequin was 2.0. The mesh
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quality influences the detailed flow in the vicinity of the complex geometry. However, as
shown in our mesh independent test, selection of a suitable wall function near the wall lim-
its the influence of mesh conditions on aerosol behavior. In addition, we selected a time
step of 1070 s to obtain an appropriate and convergent solution. The time-step size was set
based on a maximum Courant number of 10. The results show that both the standard k—¢
and RNG k-¢ models can accurately simulate the fluid flow and temperature inside an ur-
ban subway HVAC system. The RSM turbulent approach had similar results to k-¢ for the
velocity parameter, but for temperature fields, the RSM results were significantly closer to
Tao et al.’s study [56]. The results of the k-¢ model were closer to the experimental data.
A comparison of the four turbulence models is presented in Table 2. In addition, the stan-
dard wall function was applied to predict the near-wall turbulence. A no-slip boundary
condition was applied to all solid surfaces (except the vents). The maximum velocity rate
at the supply duct inlet was 4.2 m-s~!, and recirculated air and exhaust ducts circulated
75% of aerosols exiting through the HVAC system. A ZeroGradient boundary condition
was applied at the exhaust ducts.

Table 2. Comparison of the velocity and temperature with the results of the study by Tao et al. [56].

Experimental Present Work Present Work Present Work Present Work Present Work

Values Data (RSM) (k—e) (k-e RNG) (k-w) (kw SST)
v, (average velocity) 0.170 0.168 0.168 0.168 0.160 0.161
vy (horizontal velocity) 0.250 0.248 0.248 0.247 0.240 0.242
v, (vertical velocity) 0.590 0.578 0.578 0.578 0.562 0.560
T, (average temperature) 26.90 26.85 27.00 27.00 24.00 24.00
T, (horizontal temperature) 06.68 06.65 06.80 06.80 05.71 05.81
T vertical temperature) 06.94 06.94 07.02 07.02 06.07 06.20

1.5

|- e 1300000 cells
900000 cells
500000 cells

log, (DR}

=

o
0 0.5 1 1.5 2 2.5
Height (m)

Figure 6. Logio(DR) at 20 cm in front of mouth vs position along the height of urban subway ob-
tained using coarse mesh 500,000, fine mesh 900,000, and finest mesh 1,300,000 (the structures of
these meshes are shown in Figure 3). DR is the ratio of the continuous breathing source concentra-
tion to the initial concentration in the subway cabin.
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2.4. Modelling of Aerosol

The temporal average was used to investigate the urban subway flow structure and
is defined as [29]

17
- / odt, (13)
1

where t; is the time in which all aerosols reach a dynamic balance in the simulation, and t,
is selected based on the traveling time of the urban subway between stations. The diffusion
of aerosols from the infected person’s mouth to the subway domain occurs close to equi-
librium conditions only if the environmental concentration is minimal. Nonequilibrium
diffusion occurs in environmental flows with high concentrations. A healthy individual
inside an urban subway may create such environmental flows. We used a suitable initial
condition to simulate aerosol transport to determine if all aerosols reached a dynamic bal-
ance. The equation DR = C%' which is used in the probability of an aerosol encounter, is
the ratio of continuous breathing source concentration to initial concentration in the sub-
way cabin. The initial concentration cannot be equal to zero. The minimal concentration
(equilibrium flow) value should be used to start the simulation. If we solved it with a
higher concentration, the problem would not be related to the present work; it would be
related to the science of aerosol interaction (nonequilibrium flow). Some researchers have
used appropriate initial conditions in their simulations to ensure an equilibrium flow field
and obtained satisfactory results [70,71]. Based on the typical temperature and ventila-

tion velocity in an urban subway, the Wells-Riley equation,P = 1 — eD*?%t, may be used
for aerosol encounter probability, where q is the quantum generation rate for an infected
person (quanta-s~1) [49]. A higher DR value in a certain zone indicates a higher risk of
transmission [28]. The number of ejected particles is defined [36] as

N=Ycv, (14)
0

where t and V are the exposure time and human breathing rate, assumed in this study to
be equal to 180 s and 0.00033 m3-s~1, respectively [36]. In this study, we assumed continu-
ous flow at the breathing sources inside the cabin. Besides, we assumed that the air at the
individuals” mouths is constantly outward at a breathing frequency of 0.2 breaths/s (res-
piratory period of ~5 s and 12 breathing per minute). The simulation time is sufficiently
long; such periodic effects can be neglected because our focus is on airborne transmission
far from the emission source. The continuous breathing model is suitable for analyzing
virus movement inside an urban subway cabin over exposure time. Therefore, the pul-
satile nature of breathing was neglected. Instead, we used a steady flow velocity that was
equivalent to the average velocity of the entire respiratory period. This length of time is
mandatory for an exhalation-based viral load and essential for simulating aerosol disper-
sion in a specific confined space. Some researchers used this assumption (continuous flow
at the breathing sources) to simulate aerosol extraction by breathing and achieved satisfac-
tory results under flow settings similar to our current configuration [72,73]. The modeled
breathing source had a hydraulic diameter of 0.04 m.

Experimental studies have shown that coughing and sneezing have a higher risk of
causing infection owing to the intensity of the created particles [74]. However, sneezing or
coughing was not simulated in this study. To date, no study has determined the number of
viral particles required to infect an individual. Therefore, the number of particle encoun-
ters required to get infected was assumed to be 50, based on the studies by Zhang et al. [36]
and Kolinski and Schneider [75]. To simulate the breath source, a source inside an urban
subway cabin was applied for each case. Fixed flux and constant value conditions were
used for velocity and concentration at the source, respectively. The variation in aerosol
concentration with temperature was considered in this study. Given the complex velocity
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distributions and temperature gradients inside a cabin, averaging the temperature and ve-
locity values is essential. The present analysis considered thermal gradients by solving the
energy equation to refine the results. Solving the energy equation can influence the second
term of the Navier-Stokes equation (Equation (2)/ g-xV(pﬂo ).

The density directly affects the aerosol behavior under gravitational force. Gravita-
tional force is an important parameter that determines the traveling direction of the aerosol
cloud inside the urban subway cabin, similar to buoyancy. Bhardwaj and Agrawal [76] in-
troduced the diffusion coefficient as a function of environmental temperature as follows:

Desp = 2.5 x 10 *exp (—%). (15)

The energy equation was solved to determine the thermal gradient and its effects on

the aerosol motion to track aerosol clouds in the context of diffusion through the urban
subway. The thermal gradients affect the density, hence, the gravitational force. The in-
terplay between gravitational force, Stokes drag force, and Brownian motion affects the
behavior of an aerosol cloud inside an urban subway. The induced ventilation force con-
sists of the mean flow velocity, turbulent fluctuation, mean aerosol velocity, and fluctu-
ating aerosol velocity effects [29]. The sum of these four effects is known as the Stokes
drag force [18,29,77]. Moreover, because a buoyant solver was applied, the effect of Brow-
nian motion was ignored in this study. Therefore, the aerosols resulting from continuous
breathing were assumed to be transported by induced ventilation and gravitational forces.

3. Results and Discussion

The spread of particles (such as SARS-CoV-2-containing aerosols) increases when the
infected individual breathes near the supply air ducts. In this section, we describe the
concentration contours for six distinct breathing sources at different exposure times. A
significant feature of subway transport is the regular stopping of subway trains for pas-
senger boarding and disembarking, further increasing the risk of viral transmission. The
proposed HVAC system for urban subways helps to reduce suspended aerosols in the
cabin and mitigates the risk of viral transmission. The distance between the stations of the
urban subway considerably affected the exposure time. A 3D schematic of the proposed
HVAC system is depicted on the right side of Figure 7. According to this figure, the only
difference between a conventional subway HVAC system (left side of Figure 7) and the
proposed system is the application of a longitudinal exhaust duct along the cabin floor,
instead of the ceiling, to reduce aerosol concentration.

Exhaust Ducts Longitudinal Exhaust Ducts

Figure 7. Comparison between a conventional (left side) and the proposed (right side) HVAC sys-
tems for an urban subway cabin.

Figure 7 shows a schematic of the computational domain, including the supply air
ducts, exhaust ducts, and recirculated air ducts. In Figure 8, the airflow patterns of the
conventional and proposed HVAC systems are compared. To compare the two HVAC
systems, the areas of the exhaust ducts were made equal. As shown in Figure 8, the airflow
of the proposed HVAC system was mostly downward, which did not permit the aerosols
to spread horizontally.
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Figure 8. Comparison between the streamlines of a conventional (a) and the proposed (b) urban
subway HVAC systems. The velocity contours shown are in the mid-planes.

3.1. Infected Individual Breathing near the Supply and Exhaust Ducts (Cases 1 and 2)

The flow pattern is complex at the center of an urban subway cabin because of the
upward flow toward the exhaust ducts and downward flow of fresh air induced by the
porous boundary. When an infected individual breathes near the exhaust ducts, the virus
can readily exit the cabin. However, the downward flow of fresh air disperses aerosols
to a certain extent. The flow pattern around the exhaust duct was not smooth, causing a
more complex flow around the aerosol cloud. The breathing flow was much weaker than
the ventilation flow; therefore, the ventilation flow can remove exhaled aerosols from the
infected passenger. Figures 9 and 10 show the counters of log;o(DR) when the infected in-
dividual was standing and sitting, respectively (Cases 1 and 2). The left column (a) shows
the proposed HVAC system, and the right column (b) shows the conventional HVAC sys-
tem of the urban subway. As shown in Figure 9, when the infected individual was standing
and breathing near the exhaust and fresh-air ducts at the center of the cabin, the viral load
was maintained than that of the proposed HVAC system over time. In the proposed HVAC
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system, the aerosol concentration near the floor of the subway cabin was, at times, higher
than that of the conventional system.

log10 (DR)
2 4 6 8 10
[ ] D —
a) Proposed HVAC b) Conventional HVAC

/ t= 40 S

/ t=80s

/ t=120 s
P=6.1 % /
P=5.2 %

\ t=160 s

Figure 9. Time evolution of the counters of log;o(DR) when the infected individual was standing
near the supply and recirculated air ducts of the proposed (a) and conventional (b) HVAC systems
(Case 1).

To better understand the behavior of aerosols inside the urban subway, the average
value of logjo(DR) along the sampling surfaces is shown in Figures 9 and 10. Logarithmic
scales were used to delineate concentration figures. As shown in Figure 9, the average
aerosol concentration along the standing sampling surface of the proposed HVAC system
was lower than that of the conventional HVAC system. In addition, the average aerosol
concentration along the sitting sampling surface for the proposed HVAC system was much
lower than that of the conventional HVAC system. The main difference between the pro-
posed HVAC system and conventional HVAC system was the flow pattern inside the urban
subway. The longitudinal ventilation flows of the conventional HVAC system dispersed
the aerosols more than those of the proposed HVAC system. The probability of aerosol

-
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encounters over the sampling surfaces for Case 1 is shown in Figure 9. The highest value
of the aerosol encounter probability corresponding to the sitting sampling surface of the
conventional HVAC system was 32.1%. This rate was 83.8% higher than that for the same
surface in the proposed HVAC system.

log10 (DR)
2 4 6 8 10
— | —
a) Proposed HVAC b) Conventional HVAC

> /

. /

t=120's W P=325 %
t=160 s //

Figure 10. Time evolution of the counters of log;o(DR) when the infected individual was sitting
near the supply air and recirculated ducts of the proposed (a) and conventional (b) HVAC systems
(Case 2).

Figure 10 shows the time evolution of the counters of log;o(DR) for case 2, in which the
infected individual was sitting near the exhaust and fresh-air ducts. The left column shows
that in the case of the proposed system, a higher proportion of the aerosol cloud moved
toward the cabin floor. The remaining part was dispersed in the surrounding spaces follow-
ing the ventilation flows. However, in the case of the conventional HVAC system, aerosol
clouds dispersed upward and affected a more extensive zone. The right side of the cabin,
where the infected passenger was seated, contained a higher concentration of aerosols in
both the HVAC systems. The aerosol concentrations in the standing/sitting surfaces of the
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conventional HVAC system were higher than those on the same surfaces in the proposed
model. The probability of aerosol encounters at each sampling surface in Case 2 is shown
in Figure 4. In the conventional model, the maximum aerosol encounter probability was
39.2% for the sitting sampling surface. This rate was 6.125 times higher than that of the
proposed model. The lowest rates were on the surface in both models, and the rate for
the proposed HVAC system was significantly lower, i.e., 4.2%. Impeding aerosols from
rising inside a subway cabin is crucial to reduce the probability of aerosol encounters. By
locating exhaust ducts near the floor of the subway, the overall aerosol concentration can
be reduced through the suppression effect, which is defined as the rapid removal of indoor
air pollutants by ventilation in a short pathway. This concept was considered in the devel-
opment of the proposed model. However, some amount of aerosol continues to rise within
the proposed HVAC system owing to the velocity distribution irregularities and position
of the recirculated air ducts along the ceiling.

Different ventilation arrangements alter the flow circulation and therefore influence
aerosol dispersion. The airflow circulation inside a subway cabin stems from the porous
boundary of the HVAC system and secondary induced flow. Therefore, given a fixed posi-
tion for the passengers, the smooth airflow part under the fresh-air ducts is an appropriate
location for standing and sitting, whereas near the exhaust ducts is an inappropriate lo-
cation. However, the movement of passengers inside the cabin may perturb the airflow
pattern and disperse particles, thus increasing the risk of transmission.

The entering airflow pattern of an urban subway HVAC system depends on the poros-
ity parameters. The interaction between the entering and exiting airflows with recirculated
air ducts at the center of the urban subway increases the irregularity of the flow pattern at
the aforementioned locations. The proposed HVAC system can suppress breath particles
at the center of the urban subway HVAC system. In the proposed model, the concentration
of particles and area of their spread were lower than those in a conventional HVAC system.

The conventional subway HVAC system can readily spread viruses in the top part
of the subway cabin owing to its continuous flow and inconvenient exhaust duct config-
uration. For example, when an infected individual breathes near the supply air ducts,
respiratory particles spread through the airflow, and a healthy standing passenger near
the exhaust ducts can be infected.

3.2. Infected Individual Breathing near the Fresh-Air Ducts (Cases 3 and 4)

Aerosol dispersion inside an urban subway depends on the airflow pattern of the
HVAC system. When an infected individual breathes near the supply ducts, viral parti-
cles take the longest path before being removed by the exhaust ducts. In this case, the
viral particles remain suspended for an extended period, increasing the risk of infection
(Figures 11 and 12). This risk is further increased if the infected person remains in the
subway cabin for a longer time during the boarding and disembarking of passengers. In
this case, we assumed that the infected individual and healthy individuals remain in a
fixed location during the subway movement. By determining the safe zones and sitting
on seats in those zones in the urban subway, the risk of transmission can be minimized.
The crucial protective effect of face masks against SARS-CoV-2 has been highlighted by
scientific authorities [18,20,57]. People inside the urban subway should wear face masks
and sit on seats with appropriate social distancing. Airflow within the urban subway car-
ries aerosols from breath source(s), which are then expelled from recirculated air ducts
or atmospheric exhaust ducts. Furthermore, the application of HEPA filters and ultravi-
olet light emitters inside the recirculated air ducts decreased the virus concentration. In
reality, aerosol movement resulting from ventilation flows may behave like a cloud flow,
especially at small shear stresses of fresh air. The conventional HVAC system gives rise
to higher log1o (DR) values than the proposed HVAC system. The distribution patterns of
breath aerosols demonstrate that when an infected individual breathes under the fresh-air
ducts of the cabin, the conventional HVAC system airflow carries these particles to the ex-
haust ducts. In this case, the traveling aerosol pathways are near the standing sampling
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surface and traverse a long distance toward the exhaust ducts, thus increasing the aerosol
encounter probability.

log10 (DR)
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Figure 11. Time evolution of the counters of log;o(DR) when the infected individual is standing near
the supply air ducts of the proposed (a) and conventional (b) HVAC systems (Case 3).

Figure 12 shows the effect of the HVAC system type on aerosol dispersion for an
infected passenger seated under a fresh-air ducts. With the conventional HVAC system
configuration, the results show that aerosols spend a long time in suspended condition
before reaching the exhaust duct when the infected person sits under the fresh-air duct.
The aerosol concentration on the same side of the cabin as that of the infected passenger
was higher than that of the other side. In contrast, for the proposed HVAC system, the
aerosol concentration is considerably lower, given that exhaust ducts near the floor of the
cabin can quickly remove aerosols and suppress suspended aerosols to reduce the spread
of particles inside the cabin. Figure 12a shows the aerosol concentration counters when an
infected individual was seated and breathing near the supply ducts in the proposed model.
The aerosol path to the longitudinal exhaust ducts was narrow and continuous. Figure 11a
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shows the aerosol concentration for an infected individual standing and breathing contin-
uously near the supply ducts in the proposed model, assuming a location similar to that
in the sitting case. In this case, the flow pattern of aerosols is narrow and linear, which in-
dicates that the aerosol spread mitigation efficiency is higher than that of the conventional
HVAC system.

log10 (DR)
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Figure 12. Time evolution of the counters of logjo(DR) when the infected individual is sitting near
the supply air ducts of the proposed (a) and conventional (b) HVAC systems (Case 4).

3.3. Infected Individual Breathes near the Recirculated Ducts (Cases 5 and 6)

Figures 13 and 14 show the aerosol concentrations in cases 5 and 6, in which the in-
fected individual is standing and sitting near the recirculated air ducts, respectively. By
comparing the logjo(DR) counters of cases 5 and 6, we can conclude that a uniform air
distribution reduces the suspension of aerosols under the recirculated and return ducts
inside the subway cabin. The horizontal spreading of aerosols was minimal in the pro-
posed model. The proposed HVAC system results in a lower aerosol concentration than
that of the conventional model if the infected individual is in a standing position. The
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highest probability of aerosol encounters in the proposed HVAC system was 8.2% for the
sitting sampling surface, which was 68.09% lower than that of the conventional HVAC sys-
tem (Figure 13). Based on Figure 13, the highest aerosol encounter probabilities for the
seated case near the recirculated ducts in the proposed and conventional HVAC systems
were 8.2% and 25.7%, respectively. Our study shows that conventional HVAC systems
can propagate airborne virus-bearing aerosols near recirculated ducts on the top side of
the cabin, which can increase the transmission risk. In other words, the infected person
may stand under the exhaust ducts, and the flow pattern expels particles in the conven-
tional HVAC system. The log1o(DR) variations over the sampling surfaces for Cases 5 and
6 are shown in Figures 13 and 14, respectively.

log10 (DR)
2 4 6 8 10
— : U —
a) Proposed HVAC b) Conventional HVAC
/ t=40 s
/ t=80's
/ . P=243 %
P=7.31% l P=25.7 %
P=8.2 %
\ =160 s

Figure 13. Time evolution of the counters of log;o(DR) when the infected individual is standing near
the recirculated ducts of the proposed (a) and conventional (b) HVAC systems (Case 5).
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Figure 14. Time evolution of the counters of log;p(DR) when the infected individual is sitting near
the recirculated ducts of the proposed (a) and conventional (b) HVAC systems (Case 6).

3.4. General Comparison of Cases 1 to 6

Figure 15 summarizes the aerosol encounter probabilities (%) from the aforementioned
simulated cases. The y-axis indicates the probability of an aerosol encounter, and the x-axis
shows the sampling surfaces of both conventional and proposed HVAC systems. The verti-
cal distribution of aerosols is shown for each case and can be used to understand the trans-
mission risk of each sampling surface. The aerosol encounter probability is an index that
can determine the exhaled aerosol behavior inside an urban subway. The values shown
in Figure 9 are temporally averaged. The aerosol dynamics were plotted only for points
along the sampling surfaces; otherwise, the values were set to 0. The spatial values of the
surfaces were calculated for each time point. The average time for aerosol encounter proba-
bility was then calculated. The aerosol encounter probability at the standing surface of the
urban subway for each HVAC model was higher than those for the other surfaces. This im-
plies that when an infected person stands inside an urban subway cabin, the risk of aerosol
transmission increases. The highest probability of aerosol encounter for the two sampling
surfaces corresponds to the conventional HVAC system in Case 3. In this case, the infected
individual stands under the cabin’s fresh-air duct, where the incoming air flows with small
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shear stress and spreads the aerosol throughout the cabin toward the exhaust ducts. Irregu-
larities in the velocity distribution caused by porous boundary conditions intensify the risk
of transmission. However, for the proposed HVAC system, exhaust ducts were installed
near the cabin floor, which could transfer aerosols via a short and safe pathway. Overall,
the proposed HVAC system was more efficient in the rapid removal of aerosols through
a safe pathway. The maximum viral transmission probability in the proposed HVAC sys-
tem occurred in Case 5, with a rate of 8.2%, which was 68% less than that under similar
conditions in the conventional model. In other words, by applying the introduced HVAC
system to urban subways, the mean values of the aerosol encounter probability decreased
by approximately 84% compared to those of the conventional system.

Aerosol encounter probability (%)
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Figure 15. Comparison of aerosol encounter probability for cases 1 to 6.

An important result of this study was the determination of the transmission pathway
of aerosols inside urban subways and the corresponding hazard zones (i.e., the space with
higher probability of infection) under conventional subway HVAC settings. Assuming that
an ample space of the urban subway is under fresh air injection, aerosols can spread both
vertically and horizontally inside the conventional cabin. Based on our results, aerosols
can move along a conventional urban subway and then rise to exit from the exhaust and
recirculated ducts. During that time, healthy passengers who stand or sit near the exhaust
and recirculated ducts are more vulnerable to viral particles compared to other locations.
The unsafe zones of conventional urban subways with a higher probability of aerosol en-
counters can be calculated using equation (16) [28]

Zpunsafe,i X Sunsafe,i
Stot

Prot = (16)
where Piot, Stot, Punsafei and Sypsafe,i are the total probability of aerosol encounter, total
sampling surface, unsafe probability of aerosol encounter of each case, and unsafe area of
each case, respectively. Using Equation (16) and passenger breathing zones, unsafe areas
(defined as zones with high aerosol concentration [28], high aerosol retention time [29], and
high vertical aerosol spreading) for each source of breathing were determined. Notably,
the region near the recirculated duct yielded a significantly higher probability of aerosol
encounters. A healthy person standing in a hot spot under the recirculated duct is exposed
to several times higher aerosol concentration than a person in a safe area (under fresh air
ducts). The proposed HVAC system for an urban subway can eliminate unsafe hot spots
existing in the conventional HVAC system by effectively minimizing the aerosol travel time
and path lengths when those are being extracted by the ventilation system.
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3.5. Effect of Supply Temperature of HVAC for Case 3

Based on the above analysis, when an infected individual is standing near the supply
air ducts, the probability of aerosol encountering is high. In this study, we assumed four
temperatures (18 °C, 20 °C, 26 °C, and 28 °C) to better understand aerosol transmission
inside urban subways and calculate aerosol encounter probabilities. The present study
considered the effects of temperature on aerosol behavior. The supply air temperature dif-
fered between winter and summer, with a higher thermal gradient in winter. The higher
temperature of the induced air supply in winter leads to higher interaction between the
thermal gradient and aerosol clouds. Under these conditions, the surficial evaporation
of aerosol clouds inside urban subways decreases the probability of aerosol encounters.
The aerosol concentrations over the sampling surfaces at various temperatures are shown
in Figure 16. The calculated probabilities of aerosol encounter of standing sampling sur-
face for 18 °C, 20 °C, 26 °C, and 28 °C temperatures of supply ducts were 55.32%, 51.2%,
39.2%, and 30.1%, respectively; the values for sitting sampling surface were 49.89%, 48.3%,
40.2%, and 33.2%, respectively. The interplay between the continuous temperature gra-
dient of the induced air supply and buoyancy affects the aerosol cloud diffusion process
inside the urban subway. The larger the difference between the ambient air and respira-
tory flow (containing aerosol cloud), the higher the buoyancy of the respiratory flow and
lower the lateral dispersion of aerosols. The increase in aerosol-cloud buoyancy decreases
virus transmission owing to the interaction between up-direction buoyant flow and down-
direction shear flow of fresh air. The interaction between aerosol clouds and ambient air
is an important mechanism for decreasing viral transmission. These results are consistent
with those of He et al. [39], Nazari et al. [18], and Rezaei et al. [35]. At lower temperatures
of the induced air flow, the effects of the mentioned aerosol buoyancy decrease, which can
help disperse the viruses more with the induced air supply. We discuss the importance
of this study from the perspective of reducing the aerosol encounter probability inside ur-
ban subways using HVAC system duct configuration, supply air temperature, and ACR.
Breathing aerosol lifetime is an important parameter that reflects the duration over which
a healthy individual can get infected if one encounters an induced aerosol.

;}

T=18 °C T=20 °C

Figure 16. Evolution of the counters of logio(DR) when the infected individual is standing near

log10 (DR)
6

Summer

Winter

the supply air ducts of the conventional HVAC systems (Case 3) at the time of 180 s for various
temperatures (summer and winter season).
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3.6. Effect of Supply Air change Rate (ACR) of HVAC for Case 3

This section investigates the effect of fresh air ACR inside urban subways on aerosol
spread for case 3. Four ACRs were selected, and the aerosol encounter probabilities were
calculated. To quantify the ACR effect, simulations were conducted using ACR values of
10,11, 12, and 13 hr~ 1. Based on Figure 11, an ACR of 10 hr~! with an induced temperature
of 20 °C represents the worst-case scenario. In this case, aerosol propagation on both sam-
pling surfaces was higher than that on the same surfaces in the conventional HVAC system.
An essential method to reduce aerosol encounter is to increase the fresh air velocity, which
can be achieved by increasing the ACR. The HVAC system consumes higher energy with
an increase in the ACR value. The calculated probabilities of the standing sampling surface
aerosol encounters for 10, 11, 12, and 13 hr~! were 51.2%, 42.3%, 35.2%, and 30.1%, respec-
tively; the corresponding values for sitting sampling surface were 48.3%, 40.9%, 30.5%, and
25.4%, respectively. The aerosol concentrations over the sampling surfaces for the various
ACRs are shown in Figure 17.

log10 (DR)
2 4 6

— ’

8
!

10
 —

ACR=13,,

Figure 17. Evolution of the counters of log;o(DR) when the infected individual was standing near
the supply air ducts of the conventional HVAC systems (Case 3) at the time of 180 s for various
well-ventilated air change rates.

In some cases, the supply air ducts cannot inject appropriate amount of fresh air into
the subway cabin. To consider this scenario, poorly ventilated ACRs were investigated.
Figure 18 shows the effects of ACRs of 4, 5, 6, and 7 hr~! with an induced temperature
of 20 °C on the breathing aerosol spreading inside the cabin. In a poorly ventilated ACR,
the weak shear flow cannot overcome the aerosol cloud to change its path and direct it
toward the exhaust ducts. The zone with high concentrations of aerosol encounter levels
were created in the poorly ventilated scenario, which corresponded to the locations where
virus transmission was greater than that in other places. These zones were spread in the
longitudinal direction of the cabin, allowing the breathing aerosols to move in any desired
direction. The calculated probabilities of the standing sampling surface aerosol encounters
for4,5,6, and 7 hr ! were 76.1%, 74.4%, 68 %, and 65.1%, respectively; the corresponding
values for sitting sampling surface were 71%, 70.2%, 62.2%, and 60.3%, respectively.
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Figure 18. Evolution of the counters of log;o(DR) when the infected individual was standing near the
supply air ducts of the conventional HVAC systems (Case 3) at the time of 180 s for various poorly
ventilated air change rates.

3.7. Effect of Imperfect Filtration of HVAC for Case 3

In all the sections mentioned above, filters inside the ducts were assumed to elimi-
nate all airborne viruses. To simplify the simulations, we ignored the conditions that lack
HEPA filters and assumed that the aerosol concentration in the injected fresh air was near
zero. With the constant use of filters over time, some features of these filters change and
lose their effectiveness, and aerosols can penetrate the cabin. A common index of HEPA
filters, namely, removed particle present (RPP), was used to rate the efficiency of the filters.
In the HVAC system of an urban subway, fresh outdoor air flows through the supply air
duct, combines with recirculated airflow, and then flows through the supply air duct to
the cabin. Part of the indoor air returns to the exhaust air duct and then enters the outdoor
atmosphere. Because recirculated air and exhaust ducts circulate 75% of aerosols exiting
through the HVAC system, HEPA filters are placed in all ducts to clean the air entering
the cabin. To quantify the RPP effect, simulations were conducted with the RPP values of
50, 60, 70, and 80, and corresponding aerosol encounter probabilities were calculated. No-
tably, the worst case (case 3) with imperfect filtration in a conventional HVAC system was
selected. The probability of aerosol encounters at each sampling surface in Case 3, with
imperfect filtration, is shown in Figure 19. The highest aerosol encounter probability for
an RPP of 50% was 89.9%. When the air supply blows at a particle number of 20, exhaled
air interacts with fresh air. The mixing of these concentrated flows intensifies aerosol trans-
mission in the vertical direction of the cabin. The effect of imperfect filtration was studied
by changing the concentration in the fresh air ducts based on the following equation:

C -C
RPP = beyond front % 100, a7)
Cbeyond

where Cheyond and Cgont are the concentrations of particulate matter outside and in front
of the filter, respectively.
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Figure 19. Evolution of the counters of log;o(DR) when the infected individual was standing near
the supply air ducts of the conventional HVAC systems (Case 3) with imperfect filtration at the time
of 180 s for various removed particle present (RPP).

4. Conclusions

In this study, we computationally investigated the effects of a proposed HVAC sys-
tem on the spread of viruses, such as SARS-CoV-2 inside an urban subway system. We em-
ployed a transport equation for the concentration, which was added to the basic buoyant
solver to resolve aerosol transmission inside the urban subway by considering the thermal,
turbulent, and induced ventilation flow effects. The mechanisms of virus spread through
the movement of virus-containing aerosols were investigated using the OpenFOAM C++
libraries. Our simulation approach was validated using experimental data by applying
a porous boundary condition to fresh-air ducts. Subsequently, we used a numerical ap-
proach to investigate the airborne transmission pattern and the associated infection risk
for different ventilation designs and source locations. The exhaust ducts of a conventional
HVAC system are located along the cabin ceiling and near the fresh-air ducts. These config-
urations create longitudinal ventilation flows inside the cabin and remove aerosols along
long paths. This study introduced aerosol encounter probability to represent the probabil-
ity of infection during airborne transmission. An increase in the aerosol encounter proba-
bility owing to the flow pattern depends on the exhaust configuration. To suppress aerosol
encounter probability, we changed the exhaust duct location from near the cabin ceiling
to near the floor. Our results show a remarkable relationship between regions with a high
aerosol encounter probability and airflow patterns in urban subway cabins, adding to our
understanding of aerosol transmission. The proposed ventilation design showed a signif-
icant improvement in mitigating the infection risk associated with airborne transmission
in a subway, in comparison with the commonly used ventilation designs, for all the source
locations simulated in this study. To calculate the aerosol encounter probability inside the
urban subway, we selected two surfaces that crossed the center of the passengers’ breath-
ing zone hemisphere. For the case of the infected individual breathing near the fresh-air
ducts, the conventional HVAC system design led to the largest spread and highest aerosol
encounter probability (51.2% on the sitting sampling surface), but in the proposed design,
this value was decreased to 3.5%. In the case of infected individuals breathing near the
fresh-air ducts, the proposed design showed the most noticeable improvement compared
to the conventional design. Based on our findings, we propose the following recommen-
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dations for risk mitigation in the subway considering that the ventilation design of the
subway cannot be changed over a short period.

4.1. Concluding Remarks

1. Owing to the airflow directions, the safe zone is near the supply air ducts, and
the hazardous zones are near the exhaust and recirculated ducts. Therefore, passengers
should sit close to the air supply ducts and not stand inside the cabin. In other words, they
should sit away from the exhaust and recirculate ducts.

2. With increased temperature and ACR of the supply air, the probabilities of aerosol
encounter for all cases reduce.

3. Imperfect filtration of air in the HVAC system increase the probability for risk of
aerosol encounter inside the urban subway.

4.2. Practical Recommendations

1. Based on the probabilities of encountering aerosols in the conventional HVAC sys-
tem, authorities may provide alarm signs near an urban subway’s exhaust and recirculated
ducts. To minimize face-to-face contact and reduce the risk of cross-infection, we propose
providing separate doors for passengers entering or exiting the cabin. In some parts of
the study, we assumed that the HEPA filter could capture all the viral particles. Regularly
changing the HEPA filters is suggested to maintain their efficacy.

2. The authors encourage wearing a face mask to prevent the spread of respiratory droplets
and aerosols within the urban subway and maintain social distancing while sitting.

The current study has several limitations. For the proposed HVAC system, we did not
consider the dispersion of aerosols because of sneezing or coughing inside the cabin. Fur-
ther research is required to better understand virus transmission via respiratory droplets
in both HVAC systems. Researchers may focus on the head’s direction during coughing
or sneezing inside the urban subway and study the high-value size of respiratory particles.
An improved HVAC system model is required for future subway designs to manage viral
transmission, keeping in mind the comfort of the passengers. Further research is needed to
illustrate the energy consumption, thermal comfort, and aerodynamic behavior of urban
subways. An improved HVAC system is necessary to mitigate aerosol transmission inside
urban subways. To this end, this basic study must be experimentally validated.
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Abstract: Children are particularly vulnerable to the deleterious impacts of toxic environmental
exposures, though the effects of some rather ubiquitous toxins have yet to be characterized in youths.
One such toxin, radon gas, is known to accumulate to hazardous levels in homes, and has been linked
with the incidence of lung cancer in aging adults. However, the degree to which chronic home radon
exposure may impact risk for health problems earlier in life is unknown. Herein, we explored the
degree to which chronic home radon exposure relates to biomarkers of low-grade inflammation in
68 youths ages 6- to 14 years old residing in an area of the United States prone to high home radon
concentrations. Parents completed a home radon test kit, and youths provided a saliva sample to
assess concentrations of five biomarkers. Using a multiple regression approach, we found that greater
radon exposure was specifically associated with higher levels of C-reactive protein (§ = 0.31, p = 0.007)
and interleukin-1f ( = 0.33, p = 0.016). The data suggested specificity in associations between chronic
home radon exposure and different biomarkers of inflammatory activity and highlight a pathway
which may confer risk for future mental and physical health maladies.

Keywords: CRP; IL-1f; neurotoxicity; environmental exposure; immune dysregulation; youth

1. Introduction

Exposures to environmental toxins can cause a host of acute- and long-term conse-
quences on brain structure and function, which can have cascading effects on cognition,
behavior, and mental wellness. This is especially true for children and adolescents [1,2].
It is well-established that youths face unique, sometimes more severe costs relative to
adults following exposure to toxicants due to modes of toxicant delivery and consumption,
breathing and eating habits, and biological vulnerability during periods of rapid devel-
opment [1,3]. Indeed, a growing body of work has linked exposure to various toxicants,
ranging from ingested heavy metals (e.g., lead) to inhaled pollutants (e.g., particulate
matter), with sensory dysfunction [4], atypical patterns of structural brain development [5],
incidence of specific neurodevelopmental disorders like attention-deficit/hyperactivity
disorder (ADHD; [6,7]), cognitive delays and deficits [8,9], and risk for mood and anxiety
disorders [10,11]. The field of research understanding the neurotoxic effects of environmen-
tal exposures on children is rapidly growing; that said, certain toxins that are known to be
readily present in commonly inhabited environments have been seldom studied for their
impacts on youths.

One understudied, but ubiquitous environmental toxin is radon gas. Radon is a natu-
rally occurring, radioactive byproduct of uranium decay in soil, and is a well-established
carcinogen [12-14]. In fact, radon inhalation is a leading cause of lung cancer globally, sec-
ond only to cigarette smoking [15]. In well-ventilated environments like outdoors, as radon
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gas rises from the soil and enters the air, it quickly dissipates and spreads to non-injurious
levels [16]. However, it is surprisingly common for radon to accumulate to hazardous
concentrations over time in less well-ventilated environments like inside homes and other
structures [17,18]. This issue is critically important when considering the well-established
linear dose-response effect of radon exposure, whereby increased dosage and chronicity of
exposure predictably relates to increasing pathophysiological consequences [13,19].

Across the United States (US), 1 in every 15 homes is expected to have indoor radon
concentrations exceeding the action limit for mitigation defined by the US Environmental
Protection Agency; this limit, established in the 1980s at or above 4 pCi/L, is the carcino-
genic equivalent of smoking 10 cigarettes per day [12,16]. That said, certain areas of the
country where uranium deposits in soil are greater are expected to have even further ele-
vated risks of high radon concentrations. For instance, across eastern Nebraska and through
the entire state of Iowa, at least 50% of all homes are expected to test above the action limit
for indoor radon concentrations [20]. Despite the known pathophysiological risks, and the
well-established pattern of high radon concentrations in many parts of the country, much
of the general public is unaware of the potential consequences of radon [15,21,22]. Thus,
many domiciles remain untested and unmitigated for radon, leaving dwellers chronically
exposed to potentially high doses of this ubiquitous environmental toxin.

Studies in rodent models and in adult humans have repeatedly shown that alpha
radiation enters the respiratory tract when radon gas is inhaled, inducing mutagenic
cellular changes to mucosal tissues lining the tract and subsequently promoting upreg-
ulation of proinflammatory activities [23,24]. Studies exploring the patterns of immune
dysregulation associated with radon inhalation are varied and minimal to date, though
researchers have reported upregulation of an array of inflammatory proteins including sev-
eral interleukins [25-27], and tumor necrosis factor-alpha (TNF-c; [28]). Chronic increases
in circulating proinflammatory biomarkers have been associated with cascading effects
on the brain, cognition, behavior, and mental and physical illness [29-33]. These effects
can be particularly detrimental among children and adolescents, for whom the brain is
highly plastic and vulnerable to physiological stress signals [34-36]. These associations are
well-established in many contexts, but research has yet to explore the degree to which expo-
sure to radon gas may be associated with inflammatory activity in youths and potentially
increasing their risk for downstream deficits in mental and physical wellness.

The present study explored the extent to which chronic home radon exposure was as-
sociated with alterations in inflammatory activity among children and adolescents. Herein,
we focus on a sample of typically developing youths residing in eastern Nebraska and
western lowa, where radon concentrations are expected to exceed the US EPA action limit
for mitigation in at least 50% of dwellings [16,20]. Families completed a home radon test
kit to measure individual-level home radon concentrations, and they provided information
about the dwelling itself and how long the family has lived in the tested residence. Youths
also provided saliva samples from which we measured concentrations of five different
inflammatory biomarkers. Because of our unique interest in potential impacts on the
brain, we focused on biomarkers of inflammation that have been previously implicated in
structural and functional neural outcomes. We also controlled for a number of anthropo-
metric, maturational, and socioeconomic factors that are known to influence inflammatory
activity. We anticipated that, above and beyond potential confounding factors, increasing
radon exposure, defined as the combination of home radon concentrations and duration of
exposure, would be associated with higher levels of in inflammatory biomarkers in youths.
We did not have hypotheses about specific markers that may be more strongly linked with
radon given the limited literature.

2. Materials and Methods
2.1. Participants

Children and adolescents who were part of an ongoing observational study of neu-
rocognitive development were invited to participate in the current protocol. A total of
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68 youths ages 6 to 14 years-old (M = 10.27 years, SD = 2.59; 33 male) consented to the study,
and their families completed a home radon test kit. Youths included in this investigation
did not differ from those in the larger study on the basis of age (t = —1.93, p = 0.06), SES
(t=—0.96, p = 0.34), sex (x> = 1.01, p = 0.32), race (x> = 4.60, p = 0.20), or ethnicity (x* = 3.03,
p = 0.22). Exclusion criteria included history of head trauma, neurological disorder or other
medical illness affecting brain function, current substance abuse, and standard neuroimag-
ing exclusions (e.g., dental braces, other non-removable ferromagnetic materials on the
body). All parents of child participants provided signed informed consent, and youth
participants gave signed assent to participate in the study. All procedures were approved
by the local Institutional Review Board.

2.2. Home Radon Testing

Families were provided with a commercial short-term home radon testing kit (https:
//www.radon.com/ , Accessed on 19 October 2022). The test kit is a standard carbon-based
envelope that hangs on an interior wall on the lowest livable level of the home for three to
seven days. After the testing period, the envelope is sealed and dropped in the mail for
processing at the commercial lab. Parents were given the test kit along with instructions
from the commercial vendor for proper exposure. We instructed families to leave the kit
exposed for approximately four days. Our lab and the family each received a copy of the
home radon results. In the case that a result exceeded the EPA action limit for mitigation
(>4 pCi/L), the principal investigator called the family to ensure they understood the
results and provided additional information on radon safety and local resources.

Given prior work suggesting that radon concentrations significantly vary seasonally,
we provided a subset of 21 families with two radon kits. One kit was completed during
summer months (June through September), and one during winter months (December
through March). We compared the radon concentrations yielded from the two measurement
periods to determine whether there was significant variability using a Wilcoxon Z test
given the non-normal distribution of radon concentrations.

2.3. Questionnaires and Biometrics

Youths assessed for height and weight during a regularly scheduled lab visit. Height
in centimeters and weight in kilograms were recorded for each child and used to compute
each individual’s body mass index (BMI) in accordance with standard procedures.

To assess pubertal development, youths or parents were asked to complete the Pubertal
Development Scale (PDS; [37]). Specifically, if the child was under the age of 11 years
old, we asked the parent to complete the survey. Youths who were 11 years old and older
completed the survey themselves. Surveys were completed in a private room on a computer.
A trained research assistant was available to answer any questions. We computed a pubertal
development stage from the PDS in accordance with recommendations by Shirtcliff, Dahl,
and Pollak [38], the end result being a score parallel to Tanner staging.

Parents were asked to complete a brief questionnaire when they began their home
radon testing for the study. The custom-designed questionnaire asked for details about
the construction of the home (e.g., how many stories, type of foundation, location of chil-
dren’s bedrooms), how long the family lived in the home, whether the home had ever
been tested /mitigated for radon, and whether anyone in the home smoked cigarettes.
The questionnaire was completed remotely at the parent’s convenience via the Collabora-
tive Informatics and Neuroimaging Suite (https://coins.trendscenter.org/ , Accessed on
19 October 2022).

In addition to the custom radon questionnaire, parents completed the Barratt Sim-
plified Measure of Social Status [39], which assesses parental education and occupation
to provide a numeric index of socioeconomic status. Scores can range from 17 to 66,
with higher scores indicating higher SES. This survey was completed during a visit to
the laboratory.
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2.4. Computing a Radon Exposure Index

Because the effects of radon exposure are cumulative, we computed a radon exposure
index per participant. The index was defined as the child’s home radon concentration (in
pCi/L) obtained from the home testing kit multiplied by the amount of time they lived in
that home (in years). That value was natural log transformed (see Equation (1)), providing
us with a normally distributed index of chronic radon exposure in their current home. Of
note, we achieved similar results when computing the radon index with exposure time
computed in months versus years.

Radon Exposure Index = In ([radon concentration x exposure time] + 1) (@]

2.5. Saliva Sample Acquisition and Analysis

During a visit to the laboratory, youths were asked to provide a saliva sample. As
such, children were told to refrain from eating, drinking, or chewing gum for at least an
hour prior to sample collection. Participants were instructed to passively drool into an
Oragene DISCOVER (OGR-500; www.dnagenotek.com, Accessed on 19 October 2022) until
liquid (not bubble) saliva reached the indicated fill line on the tube. Thus, we collected at
least 2 mL of whole unstimulated saliva from each child. Samples were stored at —20 °C
until processing at the University of Nebraska Lincoln Salivary Biosciences Laboratory
(https://cb3.unl.edu/sbl/ , Accessed on 19 October 2022). Samples were processed for
concentrations of CRP, interleukin (IL)-1p, IL-6, IL-8, and TNF-« using commercially
available assay kits (Salimetrics; www.salimetrics.com). We specifically used Meso Scale
Discovery electrochemiluminescence cytokine assay kits for the interleukins and TNF-
«, which provided additional sensitivity for cytokines that are naturally low in healthy
populations. All assays were completed in duplicate, and the average of the two measures
was used for analyses. Sensitivity, analytic range, and inter- and intra-assay coefficients
of variability for each assay are listed in Table 1. In the case that a result was below the
functional sensitivity for the assay, we replaced the value with half the lower limit of
quantification (CRP: n =7, IL-6: n = 1, and TNF-o: 1 = 1). The final values were then natural
log transformed (In [value + 1]) and inspected for normality. Log-transformed values
exceeding three standard deviations above the group mean were excluded as outliers (CRP:
n=1,1L-8n=1).

Table 1. Characteristics of assays for inflammatory markers in the current study.

Assay Range Analytical Functional Intra-Assay Inter-Assay
Sensitivity Sensitivity cv cv
CRP 25-1600 pg/mL 0.042 pg/mL 19.44 pg/mL 1.93% 3.58%
IL-1p 0.646-375 pg/mL 0.05 pg/mL 0.646 pg/mL 2.65% 4.98%
IL-6 0.633-488 pg/mL 0.06 pg/mL 0.633 pg/mL 3.85% 2.88%
1L-8 0.591-375 pg/mL 0.07 pg/mL 0.591 pg/mL 1.31% 3.12%
TNF-o 0.690-248 pg/mL 0.04 pg/mL 0.690 pg/mL 4.90% 3.19%

2.6. Statistical Analysis

The main goal of the current study was to quantify the degree to which home radon
exposure is associated with inflammation in children and adolescents. To address this aim,
we constructed a multiple regression type model in which the radon exposure index was
modeled as a predictor of each of the inflammatory markers (CRP, IL-1p, IL-6, IL-8, and
TNF-o). All inflammatory markers were allowed to freely correlate. Statistical significance
of hypothesized associations (i.e., those between radon exposure and each inflammatory
biomarker) was determined using an « < 0.05 threshold after correction for multiple com-
parisons via false discovery rate (FDR). We included age, sex, BMI, and SES as control
variables on each of the inflammatory measures of interest. Of note, we did attempt an
alternative model in which all control variables were enforced on the radon exposure index
as well, but there were no significant effects of any control variables on radon exposure.
Thus, we report the model without control variables imposed on radon exposure in favor
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of the more parsimonious model. The conceptual model is shown in Figure 1. Several in-
flammatory markers were missing across participants for various reasons including outlier
data, contaminated saliva samples (i.e., food residue present in sample), or inadequate
saliva sample volume to complete all assays. Thus, the model was tested with and without
missing data estimation using full-information maximum likelihood (FIML). Because the
conclusions were the same regardless, we report the results from the analysis using FIML
for robustness. As an exploratory follow-up to compare parameter estimates, we computed
Z scores based on the unstandardized beta and standard error of the associations of interest
(Z = [b1-b2]/+/ISE1? + SE,?]). All parameters were freely estimated using Mplus version 8.1.
An a priori power analysis for a multiple regression with 6 predictors, power = 0.80, « = 0.05,
and small effect size of > = 0.15 suggested a minimum sample size of 55 participants, thus
we were sufficiently powered to conduct our analyses and detect relatively small effects.

Sex SES
o f
PDS
IL-1B ||
Age [\ \
IL-6 < N
Radon \ /|
Exposure /
IL-8 |
/
TNF-a P

Figure 1. Conceptual model. Radon exposure is modeled as a predictor of each of the inflamma-
tory markers of interest. Age, sex, SES, pubertal development, and BMI serve as control variables
on all inflammatory markers. Single-headed arrows indicate directional, predictive relationships.
Double-headed curved arrows show correlations. For clarity, control associations are shown in gray,
and predictive relationships of interest are shown in black. Sex was dummy coded as 0 = “male”,
1 = “female”. “BMI” = body mass index; “CRP” = c-reactive protein; “IL” = interleukin; “PDS” = pu-
bertal development stage; “SES” = socioeconomic status; “TNF-«a” = tumor necrosis factor alpha.

3. Results
3.1. Sample Characteristics

Of the 68 youths who consented to the study, 10 did not successfully complete the
home radon testing. Two of the tests were exposed for too long (i.e., longer than seven
days), and the other eight took more than 11 days after completing the test exposure to
arrive at the lab for processing. As such, the results from these test kits were unreliable.
Additionally, one child who completed the radon testing did not provide a saliva sample.
Thus, the final sample was comprised of 57 youths between the ages of 6 and 14 years-old
(Mage = 10.57 years, SD = 2.55; 28 male). Youths” BMIs were generally healthy, though there
was notable variability as would be expected in the study sample age range (M = 19.04,
SD =5.07). SES as indexed by the BSMSS suggested that the sample was largely comprised
of middle- to upper-class families, with scores ranging from 31.67 to 64.50 (M = 47.82,
SD =7.26). Of note, one family did report that one person in the home smoked cigarettes.

3.2. Radon and Inflammation Descriptives

Home radon test kits were exposed in participants” homes for an average of 113.95 h
(SD =26.25). As expected, over half of homes tested in the current study (67%) had radon
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concentrations above the EPA action limit for mitigation (Figure 1). Radon levels ranged
from <0.3 to 33.3 pCi/L (M = 6.60 pCi/L, SD = 7.43). As mentioned previously, a subset of
21 families completed two radon test kits: one during summer months, and one during
winter months. Two of the families did take action to mitigate radon between test periods.
However, even including these families in the analysis, we did not detect any significant
difference in home radon concentrations acquired during summer (mean rank = 11.05,
M =853 pCi/L, SD = 8.10, range = 2.0-32.1 pCi/L) versus winter (mean rank = 9.95,
M =6.14pCi/L, SD =5.59, range = 0.3-18.0 pCi/L), Wilcoxon Z = —0.21, p = .84.

Youths in the study lived in their homes for 3.62 years on average (SD = 3.27). We used
these data to compute our radon exposure index (In ([radon concentration X exposure time]
+ 1)). The final index capturing chronic home radon exposure was normally distributed
(M =2.37,SD =1.29; Figure 2). Finally, descriptive statistics for each of the inflammatory
markers are reported in Table 2. Note that we report data prior to, as well as after natural
log transformation.
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Figure 2. Histogram of acquired home radon concentrations (a) and of the computed radon exposure
index (b). The left histogram is marked with the WHO and the US EPA action limits for indoor radon
concentrations (at or above 2.7 and 4.0 pCi/L, respectively). The radon exposure index, calculated at
the natural log of home radon concentrations multiplied by the amount of time the person has lived
in their home (+1), is relatively normally distributed.

Table 2. Descriptive statistics for each of the inflammatory markers (pg/mL) before and after natural

log transformation.

Original (pg/mL) Natural Log Transformed
M SD Range M SD Range
CRP 319.74 1651.54 9.72-12,466.16 3.96 1.36 2.37-9.43
IL-13 115.00 134.32 24.03-791.56 443 0.75 3.22-6.68
IL-6 721 10.23 0.32-58.79 1.67 0.86 0.27-4.09
IL-8 881.89 675.63 280.02-4292.42 6.62 0.54 5.64-8.36
TNF-a 5.10 5.18 0.35-25.76 1.58 0.65 0.30-3.29

3.3. Associations between Radon and Inflammation

We tested the degree to which the radon exposure index, a measure of chronic home
radon exposure, was associated with each of the inflammatory markers while controlling
for the potentially confounding effects of age, sex, and SES. A complete correlation matrix
of the variables included in the final model is provided in Table 3. Above and beyond
the effects of key demographic factors, radon exposure was significantly associated with
both CRP (B = 0.31, b = 0.28, p = 0.007, prpr = 0.035) and IL-13 (B = 0.33, b = 0.19,
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p = 0.016, prpr = 0.040; Figure 3 and Table 4). The data suggested that youths with
greater radon exposure tended to have higher concentrations of these two inflammatory
markers (Figure 3). There was a small, but non-statistically significant association between
radon exposure and TNF-« ( = 0.22, b = 0.11, p = 0.104, pppr = 0.173), and associations
with both IL-8 and IL-6 were near zero. Finally, follow-up comparison of the parameter
estimates showed that the relationship between radon exposure and CRP was significantly
stronger than the association between radon exposure and IL-8 (Z = 2.10, p = 0.035), and
was marginally stronger than the association between radon exposure and IL-6 (Z = 1.81,
p = 0.070).

Table 3. Correlations among all variables included in the model.

1 2 3 4 5 6 7 8 9 10 11
1. Radon Exposure -
2. CRP 0.34 -
3. IL-1B 0.28 0.32 -
4.1L-6 0.10 0.20 0.40 -
5. IL-8 0.12 0.33 0.53 0.45 -
6. TNF-o 0.28 0.21 0.79 0.58 0.68 -
7. Age 0.20 0.21 0.13 0.10 —0.08 —0.04 -
8. PDS 0.13 0.36 0.17 —0.02 —0.05 —0.12 0.72 -
9. Sex —0.10 0.10 —0.03 —0.07 -0.27 —0.29 0.08 0.40 -
10. SES —0.18 —0.01 —0.28 —0.29 —0.08 —0.34 —0.14 —0.05 —0.01 -
11. BMI 0.12 0.51 0.17 —0.04 —0.01 —0.06 0.46 0.64 0.25 —0.11 -

Radon
Exposure

Note: All inflammatory markers were natural log transformed; Sex was dummy coded as 0 = “male”, 1 = “female”.
“BMI” = body mass index; “CRP” = c-reactive protein; “IL” = interleukin; “PDS” = pubertal development stage;
“SES” = socioeconomic status; “TNF-a” = tumor necrosis factor alpha.

Sex SES \ 7 .
CRP \
IL-1B
IL-6
IL-8
‘\-‘-‘ TNF_u Ra:enExviwm!ndu

Figure 3. Model results. For simplicity, only associations of interest between radon exposure and
inflammatory markers (regardless of statistical significance), and other effects significant at the
prDR < 0.05 level are shown. All inflammatory markers were natural log transformed. All parame-
ters reported in the figure are standardized coefficients. Solid lines indicate statistically significant
associations at the pppr < 0.05 level, and dashed lines show non-statistically significant associations
(prDR > 0.05). Scatterplots show the statistically significant associations between the radon exposure
index and natural log transformed CRP (top), and IL-1f (bottom) after adjusting for the effects of
age, sex, pubertal development, BMI, and SES. Sex was dummy coded as 0 = “male”, 1 = “female”.
“BMI” = body mass index; “CRP” = c-reactive protein; “IL” = interleukin; “PDS” = pubertal develop-
ment stage; “SES” = socioeconomic status; “TNF-«” = tumor necrosis factor alpha. Scatterplots of
significant associations between radon exposure and inflammatory markers.
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Table 4. Complete model results exploring associations between radon exposure and inflammatory
markers, controlling for age, sex, SES, BMI, and PDS.

Path B b SE b/SE 4
CRP On
Radon Exposure 0.307 0.277 0.103 2.682 0.007
Age —0.176 —0.080 0.076 —1.053 0.292
Sex —0.040 —0.093 0.290 —0.322 0.747
SES 0.076 0.012 0.018 0.686 0.492
PDS 0.169 0.160 0.193 0.827 0.408
BMI 0.466 0.106 0.032 3.264 0.001
IL-B on
Radon Exposure 0.328 0.191 0.079 2.405 0.016
Age —0.158 —0.046 0.079 —0.583 0.560
Sex —0.102 —0.152 0.297 —0.512 0.609
SES —0.225 —0.023 0.016 —1.455 0.146
PDS 0.246 0.150 0.192 0.783 0.434
BMI 0.047 0.007 0.025 0.274 0.784
IL-6 on
Radon Exposure 0.044 0.028 0.090 0.322 0.747
Age 0.133 0.045 0.066 0.675 0.499
Sex —0.035 —0.061 0.262 —0.231 0.817
SES —0.279 —0.033 0.016 —2121 0.034
PDS —0.061 —0.043 0.168 —0.254 0.799
BMI —0.086 —0.014 0.028 —0.515 0.606
IL-8 on
Radon Exposure 0.087 0.030 0.057 0.532 0.595
Age —0.287 —0.050 0.048 —1.044 0.297
Sex —3.49 —0.313 0.186 —1.686 0.092
SES —0.092 —0.006 0.010 —0.565 0.572
PDS 0.272 0.100 0.119 0.837 0.403
BMI 0.011 0.001 0.019 0.054 0.957
TNF-o on
Radon Exposure 0.217 0.105 0.064 1.626 0.104
Age —0.146 —0.036 0.064 —0.559 0.576
Sex —0.284 —0.352 0.230 —1.535 0.125
SES —0.326 —0.028 0.012 —2.241 0.025
PDS 0.073 0.037 0.154 0.240 0.811
BMI —0.029 —0.003 0.020 —0.173 0.863
CRP with
IL-1B 0.186 0.114 0.103 1.107 0.268
IL-6 0.299 0.225 0.107 2.095 0.036
IL-8 0.390 0.152 0.068 2.232 0.026
TNF-« 0.256 0.127 0.082 1.550 0.121
IL-1B with
IL-6 0.376 0.201 0.095 2111 0.035
IL-8 0.539 0.149 0.054 2.747 0.006
TNF-a 0.807 0.284 0.077 3.668 <0.001
IL-6 with
IL-8 0.471 0.161 0.063 2.539 0.011
TNF- 0.561 0.243 0.079 3.091 0.002
IL-8 with
TNF- 0.675 0.152 0.048 3.190 0.001

Note: Sex was dummy coded as 0 = “male”, 1 = “female”; “BMI” = body mass index; “CRP” = c-reactive protein;
“IL” = interleukin; “PDS” = pubertal development stage; “SES” = socioeconomic status; “TNF-«” = tumor necrosis
factor alpha all inflammatory markers were natural log transformed; statistically significant effects at the p < 0.05
level are bolded for clarity.

4. Discussion

The present investigation explored the association between chronic radon exposure
and inflammatory activity in a sample of typically developing youths residing in a region
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of the US that is expected to have high indoor radon concentrations. In line with EPA
estimates, over half of households tested in the present study did have radon concentrations
exceeding the action limit at or above 4 pCi/L. Further, our key finding was that greater
radon exposure, defined as the combination of home radon concentration and chronicity
of exposure, was associated with higher concentrations of both CRP and IL-13. We also
detected a similar, trending association between radon exposure and TNF-o«. We discuss
the implications below.

Overall, the data at least partially supported our primary hypothesis that chronic
radon exposure would be associated with higher inflammatory activity in children and
adolescents. This was well-aligned with prior works showing that inhaled environmental
toxicants (e.g., ultrafine particulate matter) tend to stimulate inflammatory activities [40,41].
Interestingly, we demonstrated specificity in the inflammatory markers with only CRP
and IL-1p significantly increasing as a function of increasing home radon exposure. There
was also a trending association with TNF-«, which may be significant with a larger study
sample. Importantly, these associations were detected above and beyond the effects of
socioeconomic, anthropometric, and maturational effects that are known to covary with
levels of circulating inflammatory activity [42—44]. These findings generate many new
hypotheses as they suggest a potential role of home radon exposure on oral inflammation
in youths, which could have implications for neural development, psychological well-being,
and overall physical health.

Both CRP and IL-1p have been implicated in the pathophysiology of psychological
conditions, particularly major depressive disorders [45—47]. For instance, a longitudinal
study in adults showed that individuals with greater levels of circulating CRP at the
start of the study had more severe depressive symptomology, and were more likely to
have experienced a major depressive relapse nine years later [47]. In another study using
rodent models, Fourrier and colleagues [48] demonstrated that overexpression of IL-1f3
and TNF-a was associated with disrupted learning and memory, both of which play a
major role in psychiatric health. The authors suggested that the effects may be explained
by alterations to neural tissues, with demonstrated reductions in synaptic plasticity in the
hippocampus [48]. Numerous studies have explored the links between neuroinflammatory
activities and structural brain health. Indeed, research has shown that higher levels of
both CRP and IL-1f are associated with atherosclerosis in the brain, reduced white matter
fractional anisotropy (i.e., microstructural integrity), and impaired synaptic plasticity and
neurogenesis [48-52]. Further, studies have also shown altered functional neural activity
coupled with inflammatory activity in circulation [53-55], which is also associated with
decrements in cognition and psychological wellness. Of note, all of these studies have
focused on systemic inflammatory activity, and it remains unclear whether the patterns we
observed here—in oral tissue—would have similar consequences for the brain.

Recent reviews do suggest that chronically elevated inflammatory activity early in life
can and often does have long-term consequences [35,56]. This is critical when considering
a new and burgeoning line of research linking chronic radon exposure to neurodegener-
ative diseases later in life, including multiple sclerosis, Alzheimer’s Disease and related
dementias, and Parkinson’s Disease [57-60]. It is possible that chronic radon exposure
starting early in life may, at least in part, contribute to later life neuropathologies due
to continuously elevated inflammation. Further work is needed to understand if and
how neuroinflammatory profiles may mediate long-term effects of radon exposure on
neurological health.

With respect to physical health, inflammation induced by radon exposure, among
other potential pollutants, is known to cause cascading effects on immune health overall
and can confer risk for physical illnesses [61,62]. For instance, given the damage caused
to respiratory epithelium, inhaled radon gas has been linked to the incidence of numer-
ous respiratory diseases in childhood well before any type of carcinogenesis is detected;
among the most common health maladies are asthma and chronic obstructive pulmonary
disease (COPD) [62,63]. Such illnesses are associated with increasing lifetime burdens for
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the individual and for society, including school- and work-related losses, medical costs,
limitation of physical activities, and overall lower quality of life [64]. Importantly, these
chronic conditions are known to be exacerbated in the context of combined exposures to
radon and other pollutants (e.g., phthalates, secondhand smoke; [65]). Given that radon is
easily mitigated from homes, this seems an easy target to potentially quell the impacts of
these lifelong conditions and improve quality of life for a large sect of the population.

In contrast to prior work [25-27], we did not detect associations between radon
exposure and either IL-6 or IL-8. Typically, IL-6 has been associated with radon exposure
under extreme circumstances. For example, Leng et al. [25] explored IL-6 as a promotor of
lung squamous cell carcinoma in former uranium miners who would have been chronically
exposed to extreme levels of radon and other potentially toxic compounds in their working
environment. Similarly, Narayanan and colleagues [27] studies IL-8 in vitro in alpha-
irradiated lung fibroblasts. Such conditions are not necessarily representative of effects in
living humans, nor do they reflect the more normative, domestic radon exposure effects that
we studied herein. Even so, future works should still consider IL-6 and IL-8 in the context
of radon exposure given their known responses to other forms of ionizing radiation [66]. It
is possible that the model we tested in our study did not adequately capture the roles of
these interleukins. Van Der Meeren and colleagues [67] suggested that IL-6 and IL-8 might
be better described as inflammatory mediators, serving as an important process linking
environmental exposures and other downstream proinflammatory activities. More recent
works have also demonstrated unique and interactive effects of different isoforms of CRP
with both IL-6 and IL-8 [68]. Future works would require larger samples to adequately
model the potentially complex mediating and moderating effects of different inflammatory
activities following chronic home radon exposure.

Another contrasting body of work using controlled dosing in rodent models suggests
that radon inhalation may actually inhibit proinflammatory activities by increasing the
body’s production of reactive oxygen species (ROS; e.g., [69,70]). Indeed, some work
suggests potential therapeutic effects of brief, low-level radon exposures in specialized
radon spas, particularly for relieving symptoms of inflammatory conditions like rheumatoid
arthritis [71,72]. From this and dissenting literature, it is clear that the effects of radon on
the body are complex in nature and may vary based on dosage, frequency, and mode of
exposure (i.e., inhaled, ingested, etc). Further work is needed to better characterize the full
effects of radon exposure on the human immune system.

Generally speaking, the literature provides sound evidence for the biological plau-
sibility that cytokines may circulate in higher quantities in the presence of persistent
environmental stressors (e.g., [73,74], including exposure to inhaled toxicants like radon
(e.g.,[25,27,28]). That said, increases in circulating cytokines is likely not the complete story.
Biochemically, many cytokines, including those measured in the current investigation,
have relatively short half-lives ranging from 18 min to roughly 30 h depending on the
model organism and measurement modality [75,76]. Although the continued exposure
to radon gas would likely perpetuate the production of these inflammatory biomarkers,
their effects downstream on other biochemical processes like oxidative stress and damage
to DNA [60,70,77,78] likely also play important roles in any noted effects of radon on the
functioning system/ Future investigations should incorporate additional measurements of
the biological impacts of radon exposure in vivo in children.

Before closing, it is important to recognize the limitations of the study. First off, radon
was only assessed through short-term home radon test kits (three- to seven-day measure-
ment period). Although the kits utilized herein are generally reliable, they are susceptible
to inaccuracies due to intermediary factors including adverse weather at the time of testing,
open doors or windows during the exposure period, and damp conditions in the location of
the test. Further, historical ecidence suggests that radon concentrations vary across seasons,
which would not be captured with such short-term measurements. Although we did not
detect seasonal variability in the subset of participants who completed tests in both summer
and winter months, this was a small sample and requires additional verification. Deploying

130



Int. J. Environ. Res. Public Health 2023, 20, 246

multiple test kits simultaneously during multiple seasons would help solidify the relia-
bility of measurements obtained, and help clarify the degree of seasonal variability in the
local area; this is a study design limitation that could be easily addressed in future works.
Alternatively, studies do suggest that longer-term kits exposed anywhere from 30 days to
one year can more accurately measure radon concentrations within a dwelling [21], and
these tests do tend to be quite robust against the aforementioned conditions. Second, the
test kits used herein only assessed current home radon concentrations. Although we did
approximate cumulative exposure based on the current home radon concentration and the
amount of time the child had lived in the home, there may be better ways to assess lifetime
exposure more accurately, especially if the child has lived in multiple homes for which we
had no radon data. It is possible with specialized equipment to measure historic home
radon concentrations if the family is able to provide a sample of glass that has been in the
dwelling for the desired timeframe (i.e., the child’s lifetime; [79-81]). Another limitation is
that we only measured radon concentrations in homes. Although the home is the greatest
source of indoor radon exposure for most people [82], children are exposed to radon in
other venues including schools. Future studies may consider adding measurements of
other commonly occupied facilities as well.

Aside from the radon measurements, there were several other limitations to this study.
The investigation was cross-sectional, but a longitudinal design would allow for clearer
linkages between the chronicity of radon exposure and inflammatory activity. Additionally,
inflammatory markers were only assessed using saliva samples, which can be contaminated
by oral health, and whose relevance for brain development and psychiatric illness is
less clear. Future investigations can address these issues by measuring inflammatory
biomarkers in circulating blood, or in biopsied tissue procured medical procedures (e.g.,
bronchoscopy). Finally, we did not have information on potential physical comorbidities
that could have impacted inflammation and/or the effects of radon (e.g., asthma), and
we did not control for other pollutants like secondhand smoke exposure (note that only
one family reported any smokers in the home). Future investigations would benefit from
additional controls for such comorbidities and concomitant exposure.

5. Conclusions

To conclude, the findings of the present study contribute to a growing body of work
exploring the inflammatory consequences of an array of environmental toxic exposures.
The work we presented herein focused on the inflammatory effects of a specific toxin, home
radon, which has been sorely understudied for its potential effects on developing youths.
We found significantly elevated concentrations of multiple inflammatory biomarkers as a
function of increasing home radon exposure. These data provide insight into the biological
effects of chronic radon exposure and support the need for further characterization of the
effects of this ubiquitous environmental toxin on the developing body.
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Abstract: Organotin compounds (OTCs) are a commercially important group of organometallic
compounds of tin used globally as polyvinyl chloride stabilizers and marine antifouling biocides.
Worldwide use of OTCs has resulted in their ubiquitous presence in ecosystems across all the conti-
nents. OTCs have metabolic and endocrine disrupting effects in marine and terrestrial organisms.
Thus, harmful OTCs (tributyltin) have been banned by the International Convention on the Control
of Harmful Antifouling Systems since 2008. However, continued manufacturing by non-member
countries poses a substantial risk for animal and human health. In this study, structural binding of
common commercial OTCs, tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT), triphenyltin
(TPT), diphenyltin (DPT), monophenyltin (MPT), and azocyclotin (ACT) against sex-steroid nu-
clear receptors, androgen receptor (AR), and estrogen receptors (ERe, ERB) was performed using
molecular docking and MD simulation. TBT, DBT, DPT, and MPT bound deep within the binding
sites of AR, ER«, and Erf3, showing good dock score, binding energy and dissociation constants
that were comparable to bound native ligands, testosterone and estradiol. The stability of docking
complex was shown by MD simulation of organotin/receptor complex with RMSD, RMSF, Rg, and
SASA plots showing stable interaction, low deviation, and compactness of the complex. A high
commonality (50-100%) of interacting residues of ERx and ERP for the docked ligands and bound
native ligand (estradiol) indicated that the organotin compounds bound in the same binding site of
the receptor as the native ligand. The results suggested that organotins may interfere with the natural
steroid /receptor binding and perturb steroid signaling.

Keywords: organotins; butyltin; phenyltin; azocyclotin; androgen receptor; estrogen receptor;
molecular docking; MD simulation; endocrine disruption

1. Introduction

Organotin compounds (OTCs), also called as stannanes, are a large class of organometal-
lic compounds having at least one tin atom covalently bound to a carbon atom with a
general formula ‘RSnX’ where ‘R’ represents an organic group, i.e., alkyl, pheny], etc., and
X" an anion such as chloride, fluoride, oxide, etc. [1-5]. Tin metal and its alloys have been
used by humans for more than 6000 years, however, the first OTC was synthesized only
about 175 years back in the year 1853, and, for nearly another 100 years, OTCs were not
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found to have any industrial utility for want of commercial applications [5,6]. As of now,
there are more than 800 OTCs known, and, barring a few, all of them are anthropogenic [7].
OTCs constitute one the largest group of organometallic compounds in commercial use
globally, and the United States and China are the largest consumers of OTCs, followed by
Western Europe, the Middle East, and others [8]. The downside of the increased industrial
applications and use has been that considerable amounts of OTCs have entered various
ecosystems, and OTCs are now ubiquitous in the environment. The worldwide higher use
and demand have resulted in an increase in global production of OTCs during the last
several decades. Overall, the maximum utilization of OTCs is as polyvinyl chloride (PVC)
stabilizers (about 70-80% of global consumption) and remaining as biocides [5,6,9].

OTCs are classified according to the number of organic functional groups on the tin
atom or the number of ‘carbon-tin” bonds, e.g., mono-, di-, tri-, and tetra-organotin com-
pounds [5]. Generally, mono- and di-substituted OTCs, e.g., dibutyltin (DBT), diphenyltin
(DPT), etc., are used as heat stabilizers for PVC plastics, lubricating oils, hydrogen perox-
ide, and polyolefins and as catalysts in the production of polyurethane foam, polymers,
esters, plastisol prints, rubber, adhesives, etc., with applications in apparel and footwear
industries [2,5]. Tri-substituted OTCs, e.g., tributyltin (TBT), triphenyltin (TPT), etc., have
been used extensively as biocides, such as antifouling paints for boats, timber preservatives,
preservatives in textiles, leathers and synthetic leathers, fungicides in crops including
potatoes, sugar beets, and pecans, and as pesticides [2,5,10]. OTCs are also utilized in
silicone-based finishes having elastomeric and water repellency properties. The seven most
common OTCs commercially available for a variety of industrial applications are TBT, DBT,
monobutyltin (MBT), TPT, DPT, monophenyltin (MPT), and azocyclotin (ACT).

Environmental contamination with OTCs has been reported to be mainly through
agricultural runoffs and marine aquatic environment due to leaching from antifouling
paints, treated timber, PVC pipes, and other contaminated material [4,5,10]. Biodegradation
half-lives of organotins are generally shorter in tri-substituted organotins compared to
di-substituted organotins, whereas monosubstituted organotins have the longest half-lives.
The half-lives are longer in both seawater and soil/sediment than in fresh water and can
range from six months to 15 years [5]. The ‘C-Sn” bond of organotins is comparatively
stable, as the anionic group is reported to dissociate easily on hydrolysis in water. Human
exposure occurs through drinking water and eating food, especially aquatic food such as
fish and other marine animals. The global terrestrial and aquatic contamination and the
adverse effects on non-target organisms including abnormalities in shell calcification in
oysters and the masculinization of female gastropods—imposex has resulted in outlawing
the use of OTs, especially tributyltin in marine paints in 2008 under the International
Convention on the Control of Harmful Antifouling Systems on Ships and World Health
Organization [5,10,11]. However, developing nations that are not members of the Interna-
tional Maritime Organization are still permitted to use OTCs for industrial and agricultural
purposes. Organotins have been found in household dust in many countries, including
the United States and Germany [12,13]. Due to an increase in the usage of antifouling
paints containing organotin compounds, organotin contaminations have also been observed
in Saudi Arabia in recent years in fishing harbors of various coastal sites in the Eastern
Province (Jubail, Khobar, and Qatif) [14,15]; the estimations of the contamination have
shown more phenyltins than other organotins. The detection of high concentrations of
hazardous triorganotins in the commercially important fish species caught from Arabian
Gulf is of particular concern for human health in Saudi Arabia [16].

Limited epidemiological studies have been reported on the exposure of humans to
organotin toxicity. In the United States, MBT, DBT, and TBT were detected in 70% of the hu-
man blood samples that were tested [17]. The potential toxicological significance of OTCs to
humans on the basis of animal experiments indicates diverse health problems including im-
munosuppression, endocrine problems, neurotoxicity, metabolic and enzymatic problems,
ocular, cardiovascular, gastrointestinal, reproductive, developmental, and several other
problems [18]. OTCs cause morphological and functional changes in a number of tissues in

138



Toxics 2023, 11, 25

animals that are involved in the regulation of endocrine function and metabolism in mam-
mals, including the hypothalamus, pituitary, pancreas, gonads, adipose tissue, adrenal, and
thyroid glands [19,20]. In regard to reproductive problems in humans, organotin exposure
has been associated with congenital abnormalities in neonates such as cryptorchidism and
hormone disbalance for LH and testosterone in newborn boys [21]. Organotins have been
also reported to cause metabolic dysfunction in animal models similar to polycystic ovarian
syndrome (PCOS) in women [22]. In animals, organotin exposure leads to phenotypic
abnormalities, aberrant changes in hormones, transcriptome and proteome modifications,
behavioral changes, and characteristic sexual organ masculinization called imposex, in
which female gastropods develop penile structure and vas deferens [23,24]. In rats, organ-
otins are associated with reduced sperm viability and motility, abnormalities of spermatids
and spermatozoa, testicular necrosis, changes in the blood—testicular barrier, and hormone
disbalance in males [24-26], as well as delayed follicular development, irregular estrous
cycles, alterations in steroidogenic enzymes, abnormal adipogenesis, decline in fertility,
failure of implantation, lower chances of conception, and other reproductive abnormalities
in females [27-29].

The available literature indicates that very few epidemiological or clinical studies
have been reported on the effects of organotins on human health despite the overwhelm-
ing evidence of the adverse effects on laboratory and marine species. Computational
methods have been increasingly used for the prediction of binding pose and molecular
interactions of ligands with their target protein molecules for the characterization of in-
teractions, designing novel inhibitors, and/or as an aid for designing experimental and
clinical studies [30-32]. The present study was performed to characterize the structural
binding interactions of seven commonly available OTCs, viz., TBT, DBT, MBT, TPT, DPT,
MPT, and ACT, against sex-steroid nuclear receptors, i.e., androgen receptor (AR) and
estrogen receptors (ER, ER). AR and ER are soluble proteins and function as intracellular
transcription factors. Testosterone and dihydrotestosterone are the main steroid ligands
of AR. In addition to the development of male sexual organs, maturation of male sexual
organs and spermatogenesis, AR signaling plays a crucial role in a number of physiological
and developmental processes related to male physiology. ER regulates the transcription of
numerous genes, and its primary role is in the development of female phenotype, develop-
ment of female reproductive tract, regulation of folliculogenesis, uterine development, and
in other processes related to reproductive cycle. The suggested hypothesis is that OTCs
may interfere with the natural interaction between ligands and proteins by binding to sex
steroid nuclear receptors in the body, which might result in dysfunction of sex steroids
target organs.

2. Materials and Methods
2.1. Data Retrieval

The three-dimensional crystal structures of the human sex-steroid hormone receptors
were retrieved from the Protein Data Bank (PDB; https://www.rcsb.org, accessed on
4 December 2022) as AR (PDB ID: 2AMY), ER« (PDB ID: 5DXB), and ERf (PDB ID: 5TOA).
The two-dimensional structures of OTCs (TBT, DBT, MBT, TPT, DPT, MPT, and ACT)
as illustrated (Figure 1) were retrieved from the PubChem database (https://pubchem.
ncbi.nlm.nih.gov, accessed on 4 December 2022). PyMOL graphic interface was used for
illustration and analysis of hormone receptors with their bound native ligands and binding
pocket studies [33].
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Figure 1. Two-dimensional structures of organotin compounds.

2.2. Molecular Docking

Molecular docking of the organotin compounds in the ligand binding sites of AR,
ER«, and ERP was carried out using Dock v.6.5 [34]. The initial structure preparation
of the ligands and the receptors was performed using Chimera v.1.6.2 [35]. The native
bound ligands were used as clue for the binding site and the residues around 10 A of the
native ligands were used as the binding site region for generating docking grid. Finally, the
molecular docking of the compounds was performed using the rigid ligand docking option
with default parameters and the docking poses and predicted results were generated, as
detailed previously [36].

2.3. Protein-Ligand Complex Analysis

Discovery Studio (https://www.3ds.com/products-services/biovia/, accessed on
4 December 2022) was exploited for binding pose analysis and the illustrations of two-
dimensional ligand-receptor interactions were prepared. The binding analysis of a two-
dimensional interpretation of interacting residues and interfaces with high-quality protein
and ligand contacts was generated in BIOVIA (https://www.3ds.com/products-services/
biovia/, accessed on 4 December 2022) [37]. The result was an instructive depiction
of the intermolecular interactions and their strengths, which included hydrogen bonds,
hydrophobic contacts, and atom accessibilities.

2.4. Binding Energy and Dissociation Constant

The dock score is the score obtained directly from the docking software Dock v. 6.9
used in this study and demonstrates how fit the ligand is in the binding site. In addition to
the dock score, the binding energy and dissociation constant terms were also evaluated for
the ligand—protein complexes using another software, X-Score v. 1.2.11 [38].

2.5. Binding-Pose Comparison Analyses

The binding poses of the organotin compounds were compared to that of the native
ligands in order to check if the docked organotin ligands were bound to the same ligand
binding sites of AR, ERa, and ER where the respective native ligand were bound. The
3D structure of AR, ERx, and ERf proteins had bound ligands (native) whose binding
pocket ensured that the docking site chosen was unerring. Further, within the binding
site, the interacting residues common for the organotin compounds and the native ligand
were compared.
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2.6. Molecular Dynamics (MD) Simulation Analysis

MD simulation was carried out with the Schrodinger Desmond tool [39] to obtain
an insight into the binding stability of the docked complex of AR and TBT. Prior to MD
simulation, docked complex structures were minimized using the protein preparation
wizard of Schrodinger where the hydrogen bond network was optimized at pH 7.4, and
final restrained minimization was performed using the OPLS3e force field [39]. Further
minimized structures were incorporated within an orthorhombic box solvated with a TIP3P
water model using a system builder module, and then 0.15 M NaCl counter ions were added
to neutralize the system. All prepared systems were relaxed before the MD simulation by
a series of energy minimization and short MD simulations. Finally, the MD simulations
were subjected to a 100 ns time period for individual systems, and the coordinates were
saved at an interval of 50 ps at 300 K temperature with 1.0325 bar pressure. The simulation
event analysis module in Desmond was utilized further to analyze the simulation results.
The dynamic profile of the AR/TBT complex was assessed by root mean square deviation
(RMSD) from the 100 ns trajectory. Root mean square fluctuation, i.e., protein residue
fluctuation, of the AR/TBT complex was monitored. In addition, a radius of gyration (Rg)
calculation over MD simulation was performed, which is a major indication of structural
compactness. Finally, an estimation of the total change in solvent accessibility surface area
(SASA) of AR/TBT complex simulation was performed. The method has been detailed
previously [40,41].

3. Results
3.1. Molecular Docking Analyses

The crystal structures of sex steroid hormone receptors, AR, ER«x, and ERj3, containing
the bound native ligands in the respective binding sites are presented in Figure 2. The
analysis of binding strength scores of the organotins, i.e., TBT, DBT, MBT, TPT, DPT, MPT,
and ACT in the present study with sex steroid receptors, AR, ERa, and ERf and the
interaction analysis of the ligand—protein complexes showed that four of seven organotin
ligands bound well within the binding sites of the receptors (Table 1). The exception was
MBT, which showed a negative but low value of dock score for all the three receptors,
indicating a weak binding. Further analysis for other parameters for this organotin was
not performed. In addition, TPT showed a high positive value of dock score for all the
three receptors, indicating that it did bind to the receptors (a good binding is indicated
by a higher negative dock score) and, lastly, ACT somehow could not be docked even
after varying the default parameters. Therefore, MBT, TPT, and ACT were not considered
for molecular interactions and binding pose analysis with the three receptors. Only four
organotins, i.e., TBT, DBT, DPT, and MPT, were included in further analysis.

3.2. Molecular Docking of Organotin Compounds with AR

Intermolecular interactions of four organotin ligands, i.e., TBT, DBT, DPT, and MPT
in complex with AR were analyzed and identified. All docked ligands were found to
have similar binding poses to the native ligand, thus providing credence to the docking
accuracy. All the organotin ligands bound well within the binding site of AR. The values
for the dock score, binding energy, and dissociation constant were comparable among the
ligands and were lower but close to native ligand, testosterone, indicating tight binding
and similar binding strength to AR (Table 1). The two-dimensional interaction maps of
amino acid residues of AR interacting with four organotin ligands and native bound ligand,
testosterone, are illustrated in Figure 3.
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Figure 2. Surface representation of crystal structure of sex steroid hormone receptors containing
the bound native ligands in the respective binding sites. Panel (A): crystal structure of human
androgen receptor (AR) ligand binding domain in complex with testosterone; Panel (B): crystal
structure of human estrogen receptor o (ERx) ligand binding domain in complex with estradiol; and
Panel (C): crystal structure of human estrogen receptor 3 (ERp) ligand binding domain in complex
with estradiol.

The amino-acid residue interactions in the docking poses of organotin ligands, TBT,
DBT, DPT, and MPT with AR are presented (Figure 3A-D). The docking pose analysis
revealed that TBT interacted with nine amino acid residues of AR, i.e., Leu-701, Leu-707,
Met-745, Val-746, Met-749, Phe-764, Met-780, Met-787, and Phe-876, and DBT interacted
with six amino-acid residues of AR, i.e., Val-746, Met-749, Phe-764, Met-780, Leu-873, and
Phe-876. In addition, DPT interacted with four amino acid residues of AR, i.e., Leu-704,
Leu-707, Met-742, and Met-745, whereas MPT interacted with one amino acid residue
(Leu-704) of AR. These residues were significantly important for the AR/organotin ligand
bonding interaction in the active sites. The true conformation of bound native ligand
testosterone in the binding site of AR is shown (Figure 2A), and the interacting amino acid
residues are illustrated (Figure 3E). For testosterone, 10 amino acid residues were interacting
with AR, i.e., Leu-704, Asn-705, GIn-711, Trp-741, Met-742, Met-745, Arg-752, Met-780,
Leu-873, and Thr-877. Four hydrogen bonds were formed by Asn-705, GIn-711, Arg-752,
and Thr-877, in addition to various other molecular interactions. When the interacting
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amino acid residues of AR for each of the four organotins were compared with those for
native ligand (testosterone), two of nine interacting residues (Met-745, Met-780) for TBT,
two of six interacting residues for DBT, three of four interacting residues for DPT, and the
single interacting residue for MPT, were common between indicated organotin ligands
and testosterone (Table 2). This suggested that the organotin ligands are bound in the
same ligand binding pocket as the native ligand. Thus, on a preliminary basis, organotins
have the potential to interfere with the binding of testosterone to AR and act as interfering
compounds for androgen signaling.

Table 1. The binding strength scores, i.e., dock score, binding energy (BE), and dissociation constant
(pKg) for organotin compounds with androgen receptor, estrogen receptor «, and estrogen receptor
3. The BE and pKq4 values were calculated using X-Score. Lower (more negative) BE or dock score
and higher pK4 denote better docking. Monobutyltin showed a weak binding (low dock score), and
further analysis was not performed for its any other parameters. Triphenyltin did not bind to any of
the receptors (high positive dock score), and azocyclotin could not be docked even after varying the
default parameters.

Organotin
Compounds Androgen Receptor Estrogen Receptor o Estrogen Receptor 3
Dock BE X Dock BE K Dock BE K
Score (Kcal/mol) pXa Score (Kcal/mol) PRd Score (Kcal/mol) Pfd
Tributyltin —30.18 —7.82 5.73 —31.26 —7.67 5.62 —30.80 —7.69 5.64
Dibutyltin —27.79 —6.81 4.99 —26.79 —6.72 493 —27.68 —6.78 497
Diphenyltin —28.40 —8.17 5.99 —27.64 —8.10 5.94 —22.76 —8.13 5.96
Monophenyltin —23.93 —7.60 5.57 —25.67 —7.63 5.59 —24.75 —7.66 5.61
Native ligand - —10.36 7.60 - -9.78 7.17 - —9.95 7.29
No analysis was No analysis was No analysis was
Monobutyltin —16.96 performed due to low —16.94 performed due to low —16.67 performed due to low
dock score dock score dock score
s No binding to receptor No binding to receptor
Triphenyltin 772.83 No binding to receptor 122.80 (dock score high 176.40 (dock score high
(dock score high positive) o o
positive) positive)
Azocyclotin Could not be docked even after varying the default parameters.

3.3. Molecular Docking of Organotin Compounds with ERx

Intermolecular interactions of four organotin ligands, i.e., TBT, DBT, DPT, and MPT in
complex with ERx were analyzed and identified. All docked ligands were found to have
similar binding poses to the native ligand, thus providing credence to the docking accuracy.
All the organotin ligands bound well within the binding site of ERx. The values for the
dock score, binding energy, and dissociation constant were comparable among the ligands
and were lower but close to native ligand, estradiol, indicating tight binding and similar
binding strength to ERx (Table 1). The two-dimensional interaction maps of amino acid
residues of ER« interacting with four organotin ligands and native bound ligand, estradiol,
are illustrated in Figure 4.

The amino-acid residue interactions in the docking poses of organotin ligands, TBT,
DBT, DPT, and MPT with ER« are presented (Figure 4A-D). The docking pose analysis
revealed that TBT interacted with eight amino acid residues of ER«, i.e., Leu-349, Ala-350,
Trp-383, Phe-404, Met-421, Ile-424, His-524, and Leu-525, and DBT interacted with six
amino-acid residues of ER«, i.e., Met-343, Leu-349, Ala-350, Phe-404, Met-421, and His-524.
In addition, DPT interacted with seven amino acid residues of ERq, i.e., Met-343, Leu-346,
Ala-350, Leu-387, Leu-391, Phe-404, and Leu-525, whereas MPT interacted with five amino
acid residues of ERq, i.e., Ala-350, Leu-384, Leu-387, Leu-391, and Phe-404. These residues
were significantly important for the ERx/organotin ligand bonding interaction in the active
sites. The true conformation of the bound native ligand estradiol in the binding site of ER«
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is shown (Figure 2B), and the interacting amino acid residues are illustrated (Figure 4E). For
estradiol, 12 amino acid residues were interacting with ERe, i.e., Leu-346, Ala-350, Glu-353,
Leu-384, Leu-38&, Met-388, Leu-391, Arg-394, Phe-404, Ile-424, His-524, and Leu-525. Three
hydrogen bonds were formed by Arg-394, GIn-353, and His-524, in addition to various
other molecular interactions. When the interacting amino acid residues of ER« for each of
the four organotins were compared with those for bound native ligand (estradiol), five of
eight (62%) interacting residues for TBT, three of six (50%) interacting residues for DBT, six
of seven (86%) interacting residues for DPT, and the five of five (100%) interacting residue
for MPT, were common between indicated organotin ligands and estradiol (Table 3). This
suggested that the indicated four organotin ligands potentially bind in the same binding
pocket of ER«x as the native ligand estradiol. Thus, these compounds may interfere with
the binding of estradiol to its receptor and cause dysfunction of estradiol signaling.

AT B: DBT
® oS0
> “%‘

O

C: DPT D: MPT

oo W

E: Testosterone

Interactions
' - Conventional Hydrogen Bond

e : - Pi-Pi T-shaped

/L =__{ Al
.-.....:._D J y :ﬁ. Ell Pi—:.lkyi

K :I Metal-Acceptor
. |:| Pi-5ulfur

Figure 3. Two-dimensional interaction maps of amino acid residues of androgen receptor (AR)

interacting with four organotin ligands during molecular docking in the ligand-binding site of AR.
Amino acid residue interactions of the bound native ligand of AR (testosterone) are also shown.
Tributyltin (TBT, Panel A); dibutyltin (DBT, Panel B); diphenyltin (DPT; Panel C); monophenyltin
(MPT, Panel D); and testosterone (Panel E). Amino acid residues with alkyl or pi-alkyl bonds are
indicated in light pink color, an amino acid with pi-sulfur bond is indicated in yellow color, and an
amino acid with a metal acceptor bond is indicated in grey color. Interactions box: the depicted colors
for interaction legends apply to all five interaction maps in the figure.
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Table 2. Comparative list of amino acid residues of androgen receptor interacting with bound native
ligand (testosterone), tributyltin, dibutyltin, diphenyltin, and monophenyltin. Residues within a row
among native ligand and organotin ligands are overlapping interacting residues for the compounds.

Native (Testosterone) Tributyltin Dibutyltin Diphenyltin ~ Monophenyltin
- Leu-701 - - -
Leu-704 - - Leu-704 Leu-704

Asn-705 - - - -

- Leu-707 - Leu-707 -
GIn-711 - - - -
Trp-741 - - - -
Met-742 - - Met-742 -
Met-745 Met-745 - Met-745 -

- Val-746 Val-746 - -

- Val-749 Met-749 - -
Arg-752 - - - -

- Phe-764 Phe-764 - -
Met-780 Met-780 Met-780 - -

Met-787
Leu-873 - Leu-873 - -

- Phe-876 Phe-876 - -

Thr-877 - - - -

3.4. Molecular Docking of Organotin Compounds with ERp

Intermolecular interactions of four organotin ligands, i.e., TBT, DBT, DPT, and MPT in
complex with ER3 were analyzed and identified. All docked ligands were found to have
similar binding poses to the native ligand, thus providing credence to the docking accuracy.
All the organotin ligands bound well within the binding site of ERf. The values for the
dock score, binding energy, and dissociation constant were comparable among the ligands
and were lower but close to native ligand, estradiol, indicating tight binding and similar
binding strength to ER( (Table 1). The two-dimensional interaction maps of interacting
amino acid residues of ERf3 with four organotin ligands and native bound ligand, estradiol,
are illustrated in Figure 5.

The amino-acid residue interactions in the docking poses of organotin ligands, TBT,
DBT, DPT, and MPT with ERf are presented (Figure 5A-D). The docking pose analysis
revealed that TBT interacted with eight amino acid residues of ERf, i.e., Met-295, Leu-298,
Leu-301, Leu-339, Leu-343, Phe-356, Ile-373, His-475, and Leu-476, and DBT interacted
with four amino-acid residues of ER(, i.e., Leu-301, Leu-339, Phe-356, and His-475. In
addition, DPT interacted with eight amino acid residues of ERp, i.e., Met-295, Leu-298,
Ala-302, Met-336, Leu-339, Leu-343, Phe-356, and Leu-476, whereas MPT interacted with
four amino acid residues of ERf, i.e., Ala-302, Met-336, Leu-339, and Phe-356. These
residues were significantly important for the ER(3 /organotin ligand bonding interactions in
the active sites. The true conformation of the bound native ligand estradiol in the binding
site of ERf is shown (Figure 2C), and the interacting amino acid residues are illustrated
(Figure 5E). For estradiol, 11 amino acids were interacting with ERf, i.e., Leu-298, Ala-302,
Glu-305, Met-336, Leu-339, Met-340, Phe-356, Ile-376, Gly-472, His-475, and Leu-476. Three
hydrogen bonds were formed by GIn-305, Gly-472, and His-475, in addition to various other
molecular interactions. When the interacting amino acid residues of ER for each of the four
organotins were compared with those for bound native ligand (estradiol), five of nine (56%)
interacting residues for TBT, three of four (75%) interacting residues for DBT, six of eight
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(75%) interacting residues for DPT, and the four of four (100%) interacting residue for MPT,
were common between indicated organotin ligands and estradiol (Table 4). This suggested
that the indicated four organotin ligands potentially bind in the same binding pocket of
ERp as the bound native ligand estradiol. Thus, these compounds may interfere with the
binding of estradiol to its receptor (ER3) and cause dysfunction of estradiol signaling.
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Figure 4. Two-dimensional interaction maps of amino acid residues of estrogen receptor (ERo)

interacting with four organotin ligands during molecular docking in the ligand-binding site of
ERo. Amino acid residue interactions of the bound native ligand of ER« (estradiol) are also shown.
Tributyltin (TBT, Panel A); dibutyltin (DBT, Panel B); diphenyltin (DPT; Panel C); monophenyltin
(MPT, Panel D); and estradiol (Panel E). Amino acid residues with alkyl or pi-alkyl bonds are indicated
in light pink color, an amino acid with pi-sulfur bond is indicated in yellow color, amino acids with
pi-pi T-shaped bond are indicated in dark pink color, and an amino acid with a metal acceptor bond
is indicated in grey color. Interactions box: the depicted colors for interaction legends apply to all
five interaction maps in the figure.
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Table 3. Comparative list of amino acid residues of estrogen receptor « interacting with bound native
ligand (estradiol), tributyltin, dibutyltin, diphenyltin, and monophenyltin. Residues within a row
among native ligand and organotin ligands are overlapping interacting residues for the compounds.

Native (Estradiol) Tributyltin Dibutyltin Diphenyltin ~ Monophenyltin

- - Met-343 Met-343 -
Leu-346 - - Leu-346 -

- Leu-349 Leu-349 - -
Ala-350 Ala-350 Ala-350 Ala-350 Ala-350
Glu-353 - - - -
Leu-384 - - - Leu-384

- Trp-383 - - -
Leu-387 - - Leu-387 Leu-387
Met-388 - - - -
Leu-391 - - Leu-391 Leu-391
Arg-394 - - - -
Phe-404 Phe-404 Phe-404 Phe-404 Phe-404

- Met-421 Met-421 - -

Tle-424 Tle-424 - - -
His-524 His-524 His-524 - -
Leu-525 Leu-525 - Leu-525 -

3.5. Molecular Dynamics (MD) Simulation

In order to obtain an insight into protein-ligand complex stability, we performed an
all-atomic molecular dynamics simulation of a 100 ns time period for AR and TBT complex.
The dynamic profile of the complex was assessed by RMSD from the 100 ns trajectory. The
results of the RMSD plot indicated that the AR/TBT ligand complex showed a stable inter-
action throughout MD simulation, and the system achieved equilibrium during the early
period of MD simulation i.e., after 10 ns (Figure 6A). Both AR and TBT showed less devia-
tion throughout MD simulation, which was 2.6 & 0.22 and 2.6 & 0.62, respectively. RMSE,
i.e., protein residue fluctuation was also monitored during MD simulation (Figure 6B).
Similarly, a Rg calculation over MD simulation, which is a major indication of structural
compactness, was performed (Figure 6C). The Rg results showed that the AR/TBT complex
maintains its compactness throughout and does not fluctuate much, and the average Rg
was 19 + 0.06 A. Further, we estimated the total change in SASA of AR/TBT complex
simulation (Figure 6D). The results showed that the SASA profile did not change during
the whole simulation period indicating no huge structural deviation during MD simulation.
Thus, the results indicate good stability of the AR/TBT protein-ligand complex.

Table 4. Comparative list of amino acid residues of estrogen receptor 3 interacting with bound native
ligand (estradiol), tributyltin, dibutyltin, diphenyltin, and monophenyltin. Residues within a row
among native ligand and organotin ligands are overlapping interacting residues for the compounds.

(Els\i:;idvif)l) Tributyltin Dibutyltin Diphenyltin Monophenyltin
- Met-295 - Met-295 -
Leu-298 Leu-298 - Leu-298 -
- Leu-301 Leu-301 - -
Ala-302 - - Ala-302 Ala-302
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Table 4. Cont.

Native

(Estradiol) Tributyltin Dibutyltin Diphenyltin Monophenyltin
Glu-305 - - - -
Met-336 - - Met-336 Met-336
Leu-339 Leu-339 Leu-339 Leu-339 Leu-339
Met-340 - - - -

- Leu-343 - Leu-343 -
Phe-356 Phe-356 Phe-356 Phe-356 Phe-356

- Ile-373 - - -

1le-376 - - -

Gly-472 - - - -

His-475 His-475 His-475 - -

Leu-476 Leu-476 - Leu-476 -

A: TBT B: DBT

C: DPT D: MPT

()

- Conventional Hydrogen Bond

- Pi-Pi T-shaped

[ Ay
|:] Pi-Alkyl
. """ :. D Metal-Acceptor

[ Pisuifur

‘ - Pi-Sigma

Figure 5. Two-dimensional interaction maps of amino acid residues of estrogen receptor 3 (ERp)
interacting with four organotin ligands during molecular docking in the ligand-binding site of
ERpB. Amino acid residue interactions of the bound native ligand of ER (estradiol) are also shown.
Tributyltin (TBT, Panel A); dibutyltin (DBT, Panel B); diphenyltin (DPT; Panel C); monophenyltin
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(MPT, Panel D); and estradiol (Panel E). Amino acid residues with alkyl or pi-alkyl bonds are
indicated in light pink color, an amino acid with pi-sulfur bond is indicated in yellow color, amino
acids with pi-pi T-shaped bonds are indicated in dark pink color, an amino acid with a metal acceptor
bond is indicated in grey color, and an amino acid with pi-sigma bond is indicated in purple color.
Interactions box: the depicted colors for interaction legends apply to all five interaction maps in

the figure.
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Figure 6. Molecular dynamics simulation analysis of androgen receptor in complex with tributyltin.
Panel (A): root mean square deviation plot; Panel (B): root mean square fluctuation analysis; Panel (C):
radius of gyration; and Panel (D): solvent accessible surface area.

4. Discussion

The objective of this study was to characterize the structural binding interactions of
seven commonly available OTCs, viz., TBT, DBT, MBT, TPT, DPT, MPT, and ACT, against
sex-steroid nuclear receptors, i.e., AR, ERx, and ERf. As already indicated, docking
analysis showed that four of seven organotin ligands, i.e., TBT, DBT, DPT, and MPT,
bound well within the binding sites of the three receptors. The remaining three organotin
ligands, MBT, TPT, and ACT, showed a weak binding or did not bind with the receptors
and, hence, further analysis of these ligands for molecular interactions and binding pose
analysis was not considered. The dock score, binding energy, and dissociation constants for
the four organotins with AR, ER«, and ERf indicated good docking and binding within
the ligand binding sites of the receptors. Similar binding poses of the organotin ligands
and the respective bound native ligands along with close similarity in binding energies
indicated good binding and thus provided credence to the docking accuracy. In addition,
high overlapping/commonality of interacting residues of each receptor for the docked
ligands and respective native ligands provided further support for good docking. This was
especially true for the interacting residues of ER«, and ERf for the organotin ligands and
native ligands as ER«, and ER3 showed better structural binding characteristics compared
to AR. The good docking and stability of docking complex was further supported by the
results of MD simulation of a representative organotin/receptor complex (TBT/AR), with
a RMSD plot showing a stable interaction of TBT with AR with low deviation of ligand
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within good acceptable range. In addition, RMSF and Rg plots showed maintenance of
compactness of the complex along with no change in the SASA profile during the whole
simulation period. Thus, the MD simulation also provided support and indicated good
stability of the receptor-ligand complex. Taken together, all the above results suggested
that the organotin ligands are bound tightly in the same ligand binding pockets of AR, ER«,
and ERp as their respective bound native ligands, testosterone and estradiol, especially
for the ER, and ERpB. Thus, the suggested hypothesis that OTCs may interfere with
the natural interaction between sex steroids and their receptors by binding to sex steroid
nuclear receptors was supported. Hence, the indicated organotins have the potential to
interfere with the binding of testosterone and estradiol17f3 to their respective receptors and
result in dysfunction of steroid receptor signaling.

Previous reports on the in silico studies of organotins with sex steroid nuclear receptors
are not available to the best of our knowledge. However, organotins, TBT and TPT, were
shown to have competitive binding antagonistic activity against human ER in vitro [42].
The inhibitory effect on ER similar to other ER antagonists, such as 4-hydroxytamoxifen,
was shown on ER-dependent reporter gene transcriptional activation by TBT and TPT at
very low concentrations by interactions between human ERf3 LBD and the co-activator
SRC1 in a yeast two-hybrid detection system. In addition, TBT and TPT stimulated LA16
cells (that stably expressed androgen-responsive luciferase reporter gene and proliferates
in response to androgen) and enhanced both AR-dependent transcription of luciferase
gene and cell growth similar to dihydrotestosterone [43]. Simultaneous treatment of LA16
cells with dihydrotestosterone and TBT or TPT caused synergistic effects on AR activa-
tion, but an androgen antagonist, flutamide, did not inhibit the TBT- or TPT-induced AR
activation, suggesting a novel mechanism other than the ligand-binding site of AR. TBT
and TPT were also shown to interact with other nuclear receptors, e.g., as nanomolar
agonists of retinoid X receptor (RXR) and peroxisome proliferator-activated receptor y
(PPARY). In this regard, TBT and TPT exposure to a RXR-transfected human choriocar-
cinoma cell line (JEG-3 cells) stimulated luciferase expression, indicating activation of
RXR [44]. In vivo and in vitro studies on organotins in marine invertebrates, fish, mam-
mals, and laboratory animals have shown the profound endocrine disruption effects of
organotins on reproductive and other functions. Development of imposex in mollusks
even with exposure to very low TBT concentrations is the most sensitive and well known
reproductive phenotypic effect of endocrine disruption [6]. The endocrine disruption
by organotins in various species is believed to occur through three main mechanisms,
i.e., (1) increased testosterone—organotins cause an androgen abundance by inhibiting
the aromatase in females [45], (2) the APGWamide neuropeptide activation—organotins
induce abnormally high levels of peptide APGWamide, which cause the development
of male-like tissues subsequently producing androgens to promote the male-like sexual
growth, and (3) the RXR agonism /activation—organotins cause abnormal activation of the
RXR signaling pathway through ligand binding or by increasing the retinoid [23]. RXRs
in association with other nuclear receptors, such as PPAR, etc., regulate cellular develop-
ment and differentiation, metabolism, and cell death. In addition, recently inactivation
of UDP-glucuronosyltransferases (UGTs) was also proposed to be another mechanism by
which organotins can cause abnormal reproductive health effects; UGTs regulate metabolic
inactivation of many endogenous hormones [46]. Inhibition of UGTs, including UGT2B15
(regulates catalysis of dihydrotestosterone glucuronidation) and UGT1AL1 (regulates cataly-
sis of estradiol-3-O-glucuronidation) by organotins such as TBT and TPT, may interfere with
glucuronidation of endogenous sex hormones and thus inhibit their termination, resulting
in abnormal endocrine actions [46]. The endocrine disruption mechanism of organotins in
humans is not clear but has been postulated to most likely involve increased testosterone [4].
In addition, the potential for TBT and other organotins to act as obesogens in humans and
to interfere with endocrine regulation of adipogenesis such as stimulation of preadipocyte
differentiation into adipocytes in a PPARy-dependent manner is also very concerning.
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Very limited epidemiological studies have been reported on the association of organ-
otin exposure and human reproductive problems. Several reports have mentioned general
toxic effects associated with acute human organotin exposure, such as seizures, visual
disturbances, paraparesis, forgetfulness, fatigue, weakness, loss of motivation, depression,
and attacks of rage; some symptoms persist for at least three years [2,47,48]. Information
associated with long term exposure is not reported. In other studies, severe toxicity of
TPT showed neurotoxic symptoms, such as cerebellar syndrome, hearing impairment,
and loss of consciousness with paroxysmal activity on electroencephalography [49]. In
general population, significant levels of the organotins TBT and TPT have been detected
in the blood of human male and female volunteers [50]. In another study, triorganotins,
such as TBT and TPT, were detected in 37% and 99% of the placental tissues of women in
Denmark and Finland, respectively, and a positive correlation between organotin (DBTCI)
levels in the human placenta and incidence of cryptorchidism was reported in newborns in
Denmark [21]. In addition, in the same study, the blood LH levels in four-month-old boys
were negatively correlated, whereas the inhibin B levels were positively correlated with
TBTCl in the placenta of women from Finland.

Several studies have reported adverse effects of organotins in male reproductive func-
tion in laboratory species [4,27]. In this regard, rat testes were reported to accumulate tin
after three days of TBT exposure, resulting in reproductive abnormalities [25]. TBT induced
weight gain and improved the food efficiency of male rats [51]. In another study [52], TPT
resulted in decreased sperm count and motility in a dose-dependent manner, an impaired
sperm histone—protamine replacement process, and significantly increased incidence of
sperm deformities, as well as impaired proliferation of spermatogonia in adult male rats. In
a recent study, TBT exposure decreased the number of Leydig cells and inhibited androgen
production in rats [53]. In male mice, TBT exposure early after birth was associated with
reduction in the weight of testis, epididymis, prostate, and seminal vesicles [54,55]. In
zebra fish, TBT exposure during early development induced male bias and reduced or
completely inhibited sperm motility, caused the absence of flagella, and resulted in only
abnormal spermatozoa in semen in the exposed male offspring [56]. Similarly, exposure of
ACT to adult male and female zebra fish altered the gene expression related to reproductive
function, such as for LH in pituitary and for aromatase in gonads, along with reductions
in estrogen in both sexes [57]. In addition, ACT exposure was associated with impaired
spermatogenesis in males.

In addition to in vivo studies, in vitro studies have shown that TPT exerted inhibitory
effects on the activity of human blood steroidogenic enzymes, i.e., 5-alpha-reductase type 2,
cytochrome P450 aromatase, 17-beta-HSD type 3, 3-beta-HSD type 2, and 17-beta-HSD
type 1 through the interaction with critical cysteine residues [50]. TBT, DBT and TPT
salts were shown to inhibit human 5-alpha-reductase type 1 and 5-alpha-reductase type 2
enzymes, which are required for activation of androgens [58]. In vitro acute or short-term
exposure of bovine sperm to TBT was associated with decrease in total motility, progressive
motility, curvilinear velocity, and beat-cross frequency, along with a lower mitochondrial
membrane potential [26]. In addition, TBT-exposed sperm resulted in a reduced cleavage
rate and a lower rate of 8-16 cell morula development compared to embryos from unex-
posed sperms. DBT decreased the production of androgens from rat immature Leydig
cells both under basal and LH stimulated conditions [59]. In another study [53], TBT
exposure of immature rat Leydig cells in vitro reduced androgen production, cell viability,
and cell cycle progression, while increasing reactive oxygen species (ROS) and apoptosis.
Similarly, exposure of rat Leydig cells and Sertoli cells to TPT induced a significant decrease
in the expression of steroidogenic and apoptotic indicators; similar exposure did not affect
spermatogonia cells [52].

In female animals, organotin exposure was associated with toxicity of female repro-
ductive system [3,27]. The most well known effect of many organotins, such as TBT and
TPT, is the development of imposex in female gastropods, which refers to the development
of male sexual organs in females, such as the penis and vas deferens [60-62]. In many
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laboratory mammalian animal models, TBT exposure was associated with reproductive,
metabolic, and cardiovascular abnormalities, including hyperandrogenism, cystic ovarian
follicles, irregular estrous cycle, elevated levels of LH, obesity, abnormal lipid profiles,
glucose metabolism, and insulin resistance similar to those found in polycystic ovarian
syndrome (PCOS) in women and animal models of PCOS [22,63-65]. In this regard, TBT
exposure in female rats induced body weight gain and adiposity [66]. Exposure to TBT
disrupts the proper functioning of the HPG axis of the female rats, probably in part through
causing abnormal KISS and GnRH action, which regulate the reproductive axis of the
hypothalamus and pituitary [64]. In this regard, TBT exposure in female rats caused ir-
regular estrous cycles, downregulated hypothalamic GnRH mRNA expression, decreased
exogenous KISS response, decreased basal and surge levels of LH, reduced exogenous
GnRH responsiveness, decreased pituitary expression of both ERx and Erf3, increased
testosterone, ovarian and uterine fibrosis, and decreased fertility. In mice and rats, TBT
disrupts ovarian reserve, development of germ cells, folliculogenesis, steroidogenesis,
ovulation, and CL formation [67]. In addition, in utero TBT exposure was associated
with abnormal number and morphology of gonocytes with lipid droplets accumulating
in the endoplasmic reticulum in the female rat offspring. In this regard, the placenta has
been shown to accumulates the organotins, as exposure to TBT resulted in rat placental
TBT levels that were five times higher than those found in maternal blood and ten times
higher than those found in milk [68]. In other studies, TBT caused irregular estrous cycles,
disturbed ovarian development, including increased presence of atretic and cystic folli-
cles, fewer CLs, antral follicles and increased levels of atretic follicles, hyperandrogenism,
high levels of serum LH, and decreased levels of serum sex hormone-binding globulin, in
addition to an increase in the RXR/PPAR signaling pathway and other proteins that are
involved in androgen biosynthesis [65,69]. Exposure to ACT in adult female zebra fish was
associated with alterations in the reproductive related gene expression, reduced estrogen,
and increased testosterone in females [57]. Increased accumulation of ACT in F1 eggs and
embryonic abnormalities were also found after parental exposure.

In vitro studies have also demonstrated effects of organotin on female hypothalamic-
gonadal-axis and ovarian cells similar to in vivo effects. TBT exposure of ovarian theca
cells from five species (human, sheep, cow, pig, and mouse) affected cholesterol trafficking,
luteinization, and steroidogenesis in all five species [70]. The effect was, in part, through
modulation of RXR, as shown by RXR antagonist and RXR« knockdown. In human
granulosa-like tumor cell line KGN, TBT exposure reduced the mRNA expression of
aromatase and its activity by 30% compared to control cells [71]. In addition, exposure
to higher TBT concentrations resulted in KGN cell death within 24 h, whereas lower TBT
concentration promoted apoptosis. Exposure of TBT in bovine cumulus-oocyte complex
cultures reduced estrogen and testosterone levels along with expression of aromatase and
3-beta-HSD mRNA [72]. In addition, TBT exposure inhibited LH stimulated estrogen
synthesis in follicular granulosa cells. TBT and DBT acted as partial competitive inhibitors
of aromatase enzyme in human placenta and showed inhibition of human 3-beta HSD type
I activity [73].

Taken together, the results of our in silico structural interactions of organotin ligands
with sex steroid receptors support the previously reported adverse effects, as discussed
above, for in vivo and in vitro studies in human and laboratory animals. The morpho-
physiological, hormonal, and molecular impairments discussed support our suggested
hypothesis of perturbation of natural interaction between native ligands and sex steroid
nuclear receptors leading to impaired reproductive function.

5. Conclusions

In the present study, molecular docking simulations of seven OTCs, viz., TBT, DBT,
MBT, TPT, DPT, MPT, and ACT, against sex-steroid nuclear receptors, i.e., AR, ERx, and Erf3,
were performed. The docking results showed that TBT, DBT, DPT, and MPT bound well
within the binding sites of the three receptors. The remaining three organotin ligands, MBT,
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TPT, and ACT, did not bind with the receptors. All the indicated four organotin compounds
interacted with each of the sex steroid receptors and bound deep into their ligand-binding
sites, showing good dock score, binding energy, and dissociation constants that were
comparable to the bound native ligands, testosterone, and estradiol. The good docking
and stability of docking complex was also shown by MD simulation of organotin/receptor
complex, with RMSD, RMSF, Rg, and SASA plots showing stable interaction, low deviation,
and compactness of the organotin/receptor complex during the whole simulation period.
In addition, high commonality of interacting residues of each receptor for the docked
ligands and respective bound native ligands, especially for ERx and Erf3, which indicated
that the organotin compounds bound tightly in the same ligand binding site of the receptor
as the bound native ligand. To conclude, the study suggested that the indicated organotin
compounds may interfere with the natural interaction between sex steroids and their
receptors and cause dysfunction of steroid receptor signaling.
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Abstract: The Atrato river basin is one of the world’s most biodiverse areas; however, it is highly
impacted by mercury gold mining, which generates air, water, and soil pollution. (1) Background:
The concentrations of persistent heavy metal pollutants, mercury (Hg), lead (Pb), cadmium (Cd),
and arsenic (As) in the fish, fruits, and vegetables most consumed by the riverside inhabitants of
the middle basin of the Atrato river represent a danger to public health; (2) Methods: A total of
154 samples of different fruits and vegetables and 440 samples of fish were analyzed by atomic
absorption spectroscopy. A sample of 446 people were surveyed to evaluate food consumption and
carcinogenic and non-carcinogenic risk; (4) Conclusions: High concentrations of As, Hg, Pb, and Cd
were identified in fish, fruits-tubers, and vegetables-stems commonly consumed by inhabitants of the
middle basin of the Atrato River, which exceeded the Codex limits and the limits established by the
WHO/FAO, especially for carnivorous fish species. A high carcinogenic and non-carcinogenic risk
was evidenced amongst inhabitants of the middle basin of the Atrato River due to the consumption of
fish contaminated with high concentrations of As, MeHg, and THg. The risk due to the consumption
of vegetables was very low.

Keywords: vegetables; fruits; fish; tubers; MeHg; As

1. Introduction

The contamination of soil, air and water by heavy metals is a global concern due to
its ability to affect different biological systems. Heavy metal contamination can result in
bioaccumulation and biomagnification in the food chain affecting human health. Metal
contamination in aquatic and terrestrial ecosystems is a serious environmental problem.
Elements such as lead (Pb), arsenic (As), cadmium (Cd), mercury (Hg) and the organic
form of the latter, methylmercury (MeHg), are toxic, even at low concentrations, and
have a high capacity for bioaccumulation. The US Agency for Toxic Substances and
Disease Registry (ATSDR) ranks these metals high on its 2017 Priority List of Hazardous
Substances [1]. Contamination by these heavy metals can have various origins. How-
ever, this type of contamination is generally associated with anthropogenic activities,
including gold mining, specifically the extraction of the precious metal by amalgamation
with Hg. This activity generates significant levels of Hg contamination in soil and water;
reports indicate that this type of activity produces emissions equivalent to about 880 tons
of Hg per year [2-4]. A worrying aspect of these activities is that they generate heavy
metals, such as Cd, Pb, and As, which are associated with gold minerals. These can be
dispersed through erosion and chemical weathering of tailings from gold mining [5].
Some 200 tons of Hg are used in gold mining activities in Colombia, which generate
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emissions that range between 30 and 70 tons of Hg [6,7]. In the Choc6 department,
gold mining has been an important socioeconomic pillar in many communities for
many years; it represents the base of the economy in many places within the depart-
ment; however, these activities have generated environmental impacts on important
water sources, such as the Atrato River [8]. Significant amounts of Hg are used in gold
mining—approximately 150 tons—in this way a large amount of mining waste enters
the Atrato river basin or its tributaries, contaminating the water and sediments [7,9]. In
the sediments of the river basin, Hg is transformed into MeHg by the action of bacteria.
This organic form of Hg is quite toxic—it can cross membranes and bioaccumulate in
freshwater fish species in toxic concentrations [10,11]. The incorporation of heavy metals
and MeHg into the food chain is one of the biggest concerns of these activities due to
the inevitable transfer to human beings, with food intake as the main route of exposure.
According to WHO reports, approximately 500,000 people perish annually across the
world due to the consumption of contaminated food, 80,000 of which are associated with
Colombia [12]. For this reason, the international standards that regulate the limits of
tolerance or acceptance of the levels of heavy metals in food are important, with the
objective of protecting human health in each region [13].

There have been several reports on different continents related to the risk assess-
ments or quantification of heavy metals in plant and/or animal material arising from
contamination as a direct result of the intervention of mining [14-17]. In Colombia, some in-
vestigations have reported high concentrations of these metals in fish commonly consumed
in various communities; in addition, assessments of risk associated with the consumption
of fish contaminated by heavy metals have been undertaken [18,19]. In the Colombian
Pacific, Hg, Cd, Pb, and MeHg in fish from the Atrato river basin have been reported in high
concentrations, particularly in fish with carnivorous habits [8,9,20,21]. In addition, Salazar-
Camacho et al. [8] carried out a risk assessment of the consumption of fish in relation to
levels of Hg, Cd, Pb, and MeHg in the riverside population of the Atrato River basin. It is
important to note that most of the food consumed by families in the municipalities of the
riverside areas of the Atrato River basin comes from crops and fishing in the territory itself.
For this reason, the consumption of contaminated fish, fruits and vegetables is considered
the main source of human exposure to heavy metals [22]. Therefore, the objectives of this
study were: (1) to determine the concentrations of Hg, Cd, Pb and MeHg in fish, fruits and
vegetables; (2) to determine the target hazard quotient (THQ) and total THQ to assess the
carcinogenic and non-carcinogenic risk of metals from fish consumption; and (3) to evaluate
the risk to human health due to the consumption of fish and vegetables (fruits-tubers and
vegetables-stems) contaminated with heavy metals in residents of riverside municipalities
of the middle basin of the Atrato River.

2. Materials and Methods
2.1. Study Area

This research was carried out in the Atrato river basin, a biodiverse lotic ecosystem
located in the Colombian Pacific (Figure 1). It is made up of large bodies of water, forests,
wetland swamps, grasslands, vast expanses of land used for agriculture, and many rural
communities [23]. The basin has a depth of 31-38 m, an area of 35,700-36,400 km?, a length
of 750 km, and a width that varies between 150 and 500 m. It arises in the municipality
of El Carmen de Atrato, specifically in the Cerro Plateado, and empties into the Gulf of
Urab4, in the Caribbean Sea. The basin has a flow of approximately 4137 m3/s, an annual
precipitation between 5000- and 12,000- mm year™!, and an average annual temperature
of 26 °C [23,24]. It receives the flow of water from many rivers along its course, some of
which have high levels of mining waste contaminated with Hg, Cd, Pb, and As. Among
the most important of these are the Quito, Bebarama, Bebara, Negud, and Cabi [25,26].
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Figure 1. Map of the four municipalities studied belonging to the middle basin of the Atrato River
(Chocoé-Colombia): Medio Atrato, Bojaya, Vigia del Fuerte, and Murindé.

Our study was conducted in four areas of the tropical geographic basin of the Atrato
River. The areas were the Medio Atrato, Bojaya, Murind6 and Vigia del Fuerte, which
were selected because they are important sites of gold mining [25,27]. The study was
carried out on highly consumed fish, fruits and vegetables in the study areas. The fish
samples were captured in the Atrato River within the study areas. Fruits and vegetables
(fruits-tubers and vegetables-stems) are cultivated by the inhabitants of the communities
for self-consumption and commercialization. These plants are cultivated in many cases in
soils contaminated with heavy metals or, often, are treated with irrigation systems with
water from the Atrato River.
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2.2. Sampling

Fish: The capture of ichthyological material involved guides from each sampling point
using artisanal fishing equipment, such as fishing nets, cast nets, and fishing rods. In total
440 individuals of 19 fish species were collected. The carnivorous species (330 individuals)
were Argeneiosus pardalis, Pimelodella chagresi, Rhamdia quelen, Trachelyopterus fisheri, Pimelo-
dus punctatus, Andinoacara pulche, Leporinus muyscorum, Caquetaia kraussii, Caquetaia kraussii,
Caquetaia kraussii, Caquetaia kraussii, Caquetaia kraussii, and Pimelodus punctatus, Leporinus
muyscorum, Caquetaia kraussii, Ctenolucius beani, Pseudopimelodus schultzi, Sternopygus aequil-
abiatus, Hoplias malabaricus, Astyanax fasciatus, Caquetaia umbrifera, Cynopotamus atratoensis,
Geophagus Pellegrini, and Pimelodus sp. The non-carnivorous (110 individuals) were Prochilo-
dus magdalenae and Hypostomus hondae. The fish samples were placed in polyethylene
bags which had been previously labeled, placed in a polystyrene cooler to conserve the
specimens, and transported to the Toxicology and Environmental Management laboratory
of the University of Cérdoba (Colombia). Subsequently, the total length of each fish was
measured and, through an incision in the dorsal muscle, ten grams of tissue were extracted
in one portion and again kept cold (4 °C) until the concentrations of the metals under study
and the percentages of methylmercury (MeHg) were determined.

The fish species were identified using specialized taxonomic keys [28] with the help of
the ichthyology team of the Technological University of Choc6 (Colombia) and field guides.

Plants: The collection of vegetable material was carried out with the help of field guides
at each sampling point. A total of 154 individual samples were collected and classified
into two groups, fruits (12 species) and stems (one species). The fruit species were Alibertia
patinoi, Cocos nucifera, Citrus aurantifolia, Solanum sessilliflorum Dunal, Zea mays, Carica
papaya, Musa balbisiana, Musa x paradisiac, Oryza sativa, Musa sapientum, Musa sp., Dioscorea
trifida; tubers (2): Colocasia esculenta, Manihot esculenta; vegetables (9): Eryngium foetidum,
Ocimum basilicum L., Ocimum tenuiflorum, Allium fistulosum L., Ocimum campechianum, Basella
rubra var, Zingiber officinale, Origanum vulgare, Minthostachys mollis. The stem species was
Saccharum officinalis. The collections were georeferenced in situ, deposited in polyethylene
bags and transported to the laboratory of Toxicology and Environmental Management of
the University of Cérdoba (Colombia). There, maceration was carried out followed by cold
storage until the concentrations of the metals under study were determined.

The species were identified using specialized taxonomic keys [29] with the support of
the biosystematics team of the Universidad Tecnoldgica del Chocd, the Chocé herbarium,
the Universidad de Cérdoba, and field description notebooks.

2.3. Analysis of THg, MeHg, As, Pb, and Cd in Fish Muscle, Fruits, and Vegetables

Quantities of 0.02 g of freeze-dried fish and plant material samples were analyzed
for Hg concentration levels by atomic absorption spectrometry using a direct mercury
analyzer (DMA-80 TRICELL, Milestone Inc, Italy) using the established EPA Method 7473.
(EPA, 1998). For Cd and Pb analysis, Method 3051 A [30] and the procedure described
by Karadede and UnlU [31] were used, respectively. The samples were digested with
HNO;/HCI (1:3 v/v) and Cd and Pb analyses were performed using a Thermo Elemental
Solaar S4-graphite furnace method. Analysis was carried out by calcining a mixture of 1 g
of each fish and plant material sample with Mg (NO3) 2 at 550 °C in a muffle furnace, then
1 mL of concentrated HNO3 was added and heated to dryness, subsequently dissolved with
4.5 N HC], filtered through a 0.45 pm filter, then topped up to 25 mL with distilled water
(Szkoda et al., 2006). A Thermo Scientific iCETM 3500 AAS atomic absorption spectrometer,
coupled to a VP100 continuous flow steam generator (Waltham, MA, USA), was used for
As analysis (HGAAS; standard Methods SM 31114, 2017). Certified preference materials
(CRM) TAEA 407 and DORM-4 and triplicate evaluation were used for quality control of
the methods used. The recovery percentage was between 92 and 96% and the detection
limits for the different metals were 0.014 ug g~ ! for Hg, 0.006 ug ¢! for Cd, 0.010 ug g~
for Pb, and 0.016 pg g*1 for As. MeHg analysis was only performed on the fish samples; for
MeHg quantification, approximately 0.2-0.3 g of fresh fish were digested with hydrobromic
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acid and toluene. The resulting mixture was centrifuged and extracted several times with
L-cysteine. Finally, a 100 uL aliquot of the aqueous phase was injected into DMA [32].
Quality control of the method was performed in triplicate using a CRM DORM-2 standard
of dogfish muscle certificate (4.47 + 0.32 ug g~ !). The percent recovery for MeHg was 99%.
The limit of detection was 0.007 ug g, while the limit of quantification was 0.023 ug g~'.

2.4. Estimated Daily Intake (EDI)

A risk assessment of the estimated daily intake of fish, fruit, and vegetables in the
municipalities of the middle Atrato basin was calculated using factors such as food con-
sumption (ug kg*] (bw) week™1), the concentration of the metal, and the body weight
(bw), necessary for the determination of the estimated daily intake (EDI). The average
body weight in adults living in the middle basin of the Atrato river was 69.2 + 3.3 kg
(Table S1). On average, the inhabitants of the middle basin of the Atrato river consume
256 g/day of fish [8]. The average consumption of fruits and vegetables was established
individually for each food; measurements were made by weighing the food portions from
the information provided in the surveys (Table S1). The results obtained from the analysis
of the concentrations of Hg, As, Cd, Pb, and MeHg in ug/kg of wet weight, and from
the surveys, made it possible to calculate the necessary parameters to evaluate the risk of
human exposure to these contaminants by the consumption of fish, fruits, and vegetables.
For this calculation, the equation described by Chien et al. [33] was used.

C x Cconc
EDI =—BW 1)

2.5. Determination of the Target Hazard Quotient (THQ)

The non-carcinogenic risk was calculated using the THQ formula (HQ/RfDo). When
the THQ is less than one, it indicates that the hazard quotient (HQ) is below the reference
dose (RfDo) and, therefore, that daily exposure at this level is unlikely to cause adverse
effects over a person’s lifetime. The THQ is a calculation using the assumptions of the
US EPA Integrated Risk Analysis (USEPA, 2000). The THQ was determined using the
following equation [34]:

EFr x EDtot x FIR

e ARt A _ -3
RfDo x Bw x ATn < C 10 @

THQ =
where EDtot is the exposure duration (30 years), EFr is the exposure frequency (350 days/year),
FIR is the food ingestion rate (g/day), 10~2 is the unit conversion factor (kg/g); C is the element
concentration in fish (ug/g ww), RfDo is the oral reference dose (mg/kg-day), Bw is the
average adult body weight according to surveys in each municipality and ATn is the average
exposure time for non-carcinogens (365 days/year x number of exposure years, assuming
30 years). The total THQ (TTHQ) was expressed as the sum of the THQ values for each
studied element [34]:

Total TQH (TTHQ) = TQH(Toxican 1) + TQH(Toxican 2) + TQH(Toxican 3) + ... 3)

2.6. Carcinogenic Risk Assessment (CR)

The contaminants associated with carcinogenic risk are As and Pb. The CR is defined
as the lifetime chance of an individual developing any type of cancer due to exposure to
carcinogenic hazards [35,36]. These carcinogenic health risks are calculated individually
for each element throughout its lifetime according to the following equation [37,38]:

C x FIRing x ED x EF

Bw x AT x SF @

CDDingestion =

CR = CDDingestion x SF (5)
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where CDDingestion is the chronic daily dose (mg/kg/day) established for potentially
toxic heavy metals received by ingestion; C is the heavy metal content in fish and
vegetables (ug/g); FIRingestion is the ingestion rate: 256 mg/day in fish [8], in vegetables
the quantity varies (Table S1)—these amounts are for adult women and men who lived
in the middle zone of the Atrato river basin; ED is the exposure duration, six years
for children and 30 years for adults [35]; EF is the exposure frequency—in this study,
365 days/year; SF is the slope factor (kg/mg/Day)—SF is 1.5 for As and 0.0085 for
Pb [38]; Bw is the mean body weight for each municipality; AT is the mean time for
carcinogens (As and Pb) 70 x 365 days [38]; and CR is the carcinogenic risk—when the
CR value is less than 1 x 1079, the risk is regarded as negligible, and if the CR value
exceeds 1 x 1074, there is likely to be a risk to human health [37].

2.7. Assessment of Human Health Risk Related to MeHg

The risk assessment was carried out with a total of 769 voluntary respondents sur-
veyed. Data was collected on educational level, average body weight, gender, frequency
of fish consumption per week, number of times each participant ate fish per day in a
week, and the type of fish. A total of 323 respondents were male and 446 were female.
All respondents were aged > 15 years. The respondent sample was divided into two
groups: the first group, comprising children and women of childbearing age (WCHA)
and the second group comprising the rest of the adult population (GP) (Table S1). The
potential risk of human exposure to MeHg was assessed according to the estimated
weekly intake (EWI-ug/bw/week) using the equation described by UNEP [39]:

_IRxC

EWI B

(6)

where IR is the weekly intake (g/week) of fish, C is the median concentration of MeHg
(ug/kg) in fish, and Bw is the bodyweight of the person (kg). The IRs were calculated
taking into account the consumed portion of fish (g/day) and the frequency of consumption
(days/week) in the four municipalities of the Atrato river basin.

The concentration of MeHg that the consumed fish species should contain to avoid
exceeding the provisional tolerable weekly intake (PTWI) [34] was calculated using the

following equation:
C x PTWI

EDI @)
where PTWTI is the reference value of 1.6 ng/kg bw/week for women of childbearing age
and children, 3.2 ug/kg bw/week is the reference value for the adult population [34] and
C is the median concentration of MeHg (ug/kg) in fish. The amount of fish consumption
is crucial in risk assessment as it plays a key role in the generation of adverse effects
on human health. For this reason, we estimated the maximum quantity of fish that a
person could consume weekly (MFW) without adverse health effects, according to the
following equation:

[MeHg|permissible =

PTWI x IR
MFW = T (8)

Finally, to calculate the degree of Hg contamination in the most consumed fish species,
we used the formula proposed by Zhang et al. [40]:

G

Pi——
TG

©)
where Ci and Si are the median concentration of the metal in the fish muscle and the value
of the evaluation criteria, respectively, and Pi is the pollution index. Two reference limits
were used: a threshold of 200 ug/kg ww [41] for vulnerable populations, such as children
under 15 years of age and women of childbearing age, and a threshold of 500 ug/kg
ww [42] for the adult population.
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2.8. Data Analysis

Kolmogorov-Smirnov (n > 50) and Shapiro-Wilk (n < 50) tests were used to assess
whether data did or did not follow a normal distribution. The Kruskal-Wallis test was
employed to evaluate the differences among Hg, As, Pb, and Cd concentrations between
fish species. Spearman’s test was performed to evaluate the correlation between the
concentrations of the elements and the trophic level of the fish. A p-value of 0.05 was
chosen to indicate statistical significance. THg, MeHg, As, Pb, and Cd concentrations were
expressed as ng/kg ww of fish, fruits and vegetables. The statistical analyzes were carried
out using the R Project statistical program version 3.6.1 (R Core Team, Vienna, Austria).

3. Results
3.1. Concentrations of Hg, Cd, Pb, As, and MeHg in Fish, Fruits, and Vegetables

The concentrations of Hg, Pb, Cd and As (ug kg~ '), the percentages of MeHg
(%MeHg), the fish species consumed by the inhabitants and the trophic level of the fish
species collected in the middle basin of the Atrato river are shown in Supplementary Mate-
rials Table S2. Based on the taxonomic identification, 19 species of fish were obtained, with
a total of 440 individuals. Of these species, five were carnivorous (59 individuals), two were
detritivorous (110 individuals), six were omnivorous species with a tendency to carnivory
(120 individuals), one was omnivorous (14 individuals), one was an omnivorous species
with a preference for fish and plant material (26 individuals), and one was a piscivorous
species (111 individuals). The most common species were Prochilodus magdalenae (15.9%),
Hoplias malabaricus (11.1%), Rhamdia quelen (10.0%), Hypostomus hondae (8.9%), and Astyanax
fasciatus (8.6%). The concentrations of Hg were highest, followed by those of As, Pb, and
Cd. (Table S2).

For the fish samples evaluated, the minimum values of Hg were found between
two municipalities in Vigia del Fuerte, for Leporinus muyscorum with 44.5 & 22.7 pg kg~!
and in Murindé for species Hypostomus hondae (41.5 & 32.5 ug kg~ ') and Andinoacara
pulcher (32.9 + 4.3 ug kgfl). Samples from the municipality of Vigia del Fuerte con-
tained the highest concentration of As in Ctenolucius beani with 1008.0 & 552.7 ug kg~
(Table S2). Of the total fish samples for Hg and MeHg, 221 individuals (piscivores 111,
omnivores with a tendency to carnivory 74, and carnivores 36) exceeded the limit for popu-
lations at risk, which was established at 200 ug kg ~! [41]. Among these, 102 individuals
(53 piscivores, 26 omnivores with a tendency to carnivory, and 25 carnivores) exceeded the
maximum recommended limit for human consumption established in 500 ug kg~! [42].
The species C. beani and Ageneiosus pardalis exceeded the maximum permissible limits for
THg 500 pg kg ~'. Some species also exceeded the maximum permissible limits: A. pardalis
(Murindé and Vigia del Fuerte), Trachelyopterus fisheri (Murindé and Vigia del Fuerte),
H. malabaricus (Murindo), Cynopotamus atratoensis (Vigia del Fuerte), C. beani (Murind6 and
Bojaya), Sternopygus aequilabiatus (Murindé6 and Vigia del Fuerte), Caquetaia kraussii and
R. quelen (Murindd). Five species exceeded the threshold for MeHg 500 ug kg~!; these were:
A. pardalis (Murind6 and Vigia del Fuerte), T. fisheri (Murind6 and Vigia del Fuerte), C. beani
(Murind¢ and Bojaya), C. atratoensis (Vigia del Fuerte) and S. aequilabiatus (Vigia del Fuerte).
C. kraussii and H. malabaricus were close to reaching this threshold, with concentrations of
473.05 and 485.71 ug kg~ !, respectively (Figure 2a). The species P. magdalenae was the most
consumed in the middle basin of the Atrato river; its concentrations of THg and MeHg did
not exceed the established thresholds of 200 jig kg ! and 500 pg kg~

None of the mean concentrations for the 19 species of fish reported in this study
were higher than the maximum permissible levels of Cd, Pb, and As in the mus-
cle of the fish, which were established at 300, 100, and 1000, ug kg’l, respectively
(Figure 2c—e) [43,44]. For As, two species Geophagus Pellegrini and H. hondae presented
concentrations > 100 pg kg1 < 300 pg kg~ ! (Figure 2c).

The four metals studied were quantified in vegetables for two groups: fruits and
vegetables; the species of vegetables with a total of 24 species were subdivided into 15 fruits
and 9 vegetables. A total of 154 individual specimens are listed in Supplementary Materials,
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Table S3. Hg presented the lowest concentration in the species Citrus aurantifolia for
the municipalities of Murindd, Bojayd, and Vigia del Fuerte, with O. vulgare being the
species with the highest mean concentration value (Figure 3a). The minimum values for As
concentrations were in the species Musa paradisiaca and Alibertia patinoi (3.18-6.61 mg kg™ 1).
The maximum mean concentrations of As were found in Murind¢ (60.84 £ 107.8 mg kgfl)
and Bojaya (57.1 = 99.6 mgkg~!). The species with the highest concentrations for As were
Minthostachys mollis and Ocimum campechianum. The concentrations for As observed in
the food samples indicated that three species contained high concentrations and exceeded
the permissible WHO limit of 100 mg kg ~! [41]; these were Origanum vulgare, A. patinoi,
and O. campechianum (Figure 3b). Pb showed the lowest average concentration levels by
municipality in Murindé (4.3 & 0.0 mg kg~ ') and Bojaya (4.7 + 1.5 mg kg~1). For Cd,
none of the observed concentrations were at a level above that recommended by the WHO
(100 mg kg’l) (Figure 3c). However, the mean concentrations of Hg, Pb, Cd, and As
in fruits and vegetables in each municipality exceeded the maximum permissible levels
of concentrations established by the Codex for Hg: 0.1 mg kgfl, Pb: 0.1 mg kgfl, Cd:
0.05 mg kg~ ! and As: 0.1 mg kg~ ! [45] and by the EU for Hg: 0.1 mg kg~!, Pb: 0.2 mg kg1,
Cd: 0.05 mg l<g*1 and As: 0.2 mg kg*1 [46] (Table S3).

3.2. Species of Fish, Fruits, and Vegetables Most Consumed in the Middle Basin of the Atrato River

The data obtained for the average consumption of fish, fruits, and vegetables amongst
inhabitants of the municipalities of Medio Atrato, Bojay4d, Vigia del Fuerte, and Murindd,
belonging to the middle basin of the Atrato river, indicated that, of the 19 species of fish
captured, nine were associated with a high preference for consumption amongst riverside
inhabitants of this middle area of the basin (Table S2). Among these, two species of non-
carnivorous habits stood out: P. magdalenae and H. hondae. The results showed six species
with high rates of population intake, including P. magdalenae, L. muyscorum, P. schultzi,
A. pardalis, H. Malabaricus and R. quelen with 4.3, 4.3, 4.2, 3.5, 3.6 and 3.7 days/week
reported mean consumption, respectively.

A total of 24 plant species were analyzed in the different municipalities studied,
seven of which were associated with a high rate of preference for population consumption.
Among the fruits, five stood out: M. balbisiana, M. sapientum, C. aurantifolia, M. paradisiaca
and O. sativa; for vegetables, the data showed that only two species were associated with a
high frequency of preference for population consumption: E. foetidum and O. campechianum
(Figure 3).

3.3. Determination of Human Health Risk by Fish and Vegetables Consumption

The general characteristics of the population of the middle basin of the Atrato River
are described in Supplementary Materials Table S1. A total of 57.9% (n = 446) of the
respondents were women and 42.1% (n = 323) were men, with a mean age between 39 and
46 years (range: 15.2-88.8) and average weight between 68 and 72 kg.

The evaluation of the risk to health due to food consumption is important when
considering the amounts consumed in the population under study. The average amount of
fish consumed by inhabitants of the middle basin of the Atrato River was 256 g/day [8],
with an average frequency of consumption of 3.4 days/week. The total weight of fish
consumed was greater than 30 kg year—!.

For fruits and vegetables, the amount consumed varied according to the food. The
average frequency of consumption of fish, fruits, and vegetables for inhabitants of the
middle basin of the Atrato river was 3.4 days/week.

The risk arising from the consumption of fish, fruits, and vegetables was calculated us-
ing the EDI, THQ, TTHQ, and CR metal contamination indices to estimate the accumulation
and risk levels of metals for the most consumed species (Tables 1 and 2).
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3.4. Determination of Health Risk from the Consumption of Fish, Fruits, and Vegetables

To assess the risks to human health based on frequent exposure of an individual through
consumption of different species of vegetables and fish that accumulate different levels of
contamination, the estimated daily intake (EDI) for each metal was determined. For the
vegetables studied, the EDI values were 0.0135 ug/kg/day (range: 7.882 x 107°-0.068) for
Hg, for As 0.0595 g/kg/day (range: 0.001-0.755), for Pb 0.0235 g/kg/day (range: 5.401-0.232)
and for Cd 0.009 g/kg/day (range: 1.322 x 10~°-0.860). The species Musa paradisiaca presented
the lowest EDI values for Hg, Pb, Cd, and Pb for Medio Atrato. Only the species Alibertia
patinoi (Medio Atrato) and Ocimum campechianum (Bojayd) exceeded the RfDo value limit for
As (As 0.30 g/kg/day) (Table 1).
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Figure 2. Concentrations of Hg (a), MeHg (b), As (c), Pb (d), and Cd (e) (ug kg’1 ww) in fish samples
from the middle basin of the Atrato River. Consumption limits proposed by WHO [47,48] for these
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contaminants are as follows: for Hg and MeHg, threshold value of 500 ugkg ! of body weight for the adult
population; threshold value of 200 ugkg ™" of body weight for vulnerable populations (children, the elderly,
and women of childbearing age). For As, Pb and Cd, 1000, 300 and 100 ug kg, respectively [49,50].
Feeding habits: c-carnivore, p-piscivore, o-omnivore, d-detritivore, oc-omnivore/carnivore and opv-
omnivore/piscivore. Scattered concentrations (°), mean concentrations (+).

For fish, the mean EDI values were 1.374 ug/kg/day (range: 0.122-3.556) for Hg, for
As 0.119 g/kg/day (range: 0.016-0.672), for Pb 0.067 ng/kg/day (range: 0.015-0.067) and,
for Cd, standard values of 0.003 g/kg/day were shown for all municipalities (Table 1). The
species Ctenolucius beani presented the highest EDI values for Hg in the municipalities of
Murindé (3.612 pg/kg/day), Bojaya (3.556 ug/kg/day), Medio Atrato (1.370 ug/kg/day)
and Vigia del Fuerte. (1.655 pg/kg/day), followed by Hoplias malabaricus in Murind6
(2.589 nug/kg/day), Bojaya (1.579 ug/kg/day), Medio Atrato (1.719 ug/kg/day), Vigia del
Fuerte (1.694 ug/kg/day) and Trachelyopterus fisheri in Vigia del Fuerte (3.028 ug/kg/day),
Murindé (2.673 pg/kg/day) and Medio Atrato (1.513 ug/kg/day). All the other species
reported in this study presented values above what is recommended. However, species such
as Andinoacara pulcher in Murind6 and Vigia del Fuerte, Leporinus muyscorum in Murindo,
Hypostomus hondae in Vigia del Fuerte, presented RfDo values below that established for Hg
(0.16 ug/kg/day). In the case of As, the EDI values were above the established threshold (As
0.30 ng/kg/day) in species such as H. hondae (Murindo), and Geophagus Pellegrini (Vigia del
Fuerte). In general, the EDI values for Pb remained below the limits; however, the species L.
muyscorum in Murindé presented values above the RfDo limits (0.390 ng/kg/day) (Table 2).
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Figure 3. Concentrations of Hg (a), As (b), Pb (c), and Cd (d) in fruits and vegetables commonly
consumed in municipalities of the middle basin of the Atrato River. Consumption limits proposed by
the WHO: threshold value of 100 mg kg~ ! of body weight for the adult population and for vulnerable
populations (children, the elderly and women of childbearing age) for the heavy metals studied.

3.5. Assessment of Non-carcinogenic Health Risk

To establish the carcinogenic risk in the population exposed to the consumption of
fish, fruit-bulbs, and vegetables-stems, the target hazard quotients (TQH and TTQH) were
calculated. When the THQ value is less than one, it means that the exposure level is less
than the RfDo, indicating that daily exposure at this level is unlikely to cause adverse
effects during a person’s lifetime [33,47]. For the present evaluation, the mean TQH values
of fish were 3.700 for Hg (range: 0.643-21.668), for Cd 0.023 (range: 0.022-0.023), for As
0.228 (range: 0.053-1.398) and for Pb 0.012 (range: 0.004-0.140).

The THQ value for fish consumption for the metals Cd and Pb was less than one
for all fish species in all the municipalities studied. Most of the fish species presented a
TQH for Hg higher than one; the highest values were reported in A. pardalis (21.688) in
Vigia del Fuerte, C. beani (21.649 and 21.313) in Murindé and Bojayd, and H. malabaricus
(10.30) in Medio Atrato. However, species such as Andinoacara pulcher and L. muyscuorum,
in the municipalities of Murind6 and Vigia del Fuerte, and H. hondae in Murindd presented
TQH values for Hg lower than one. For As, the TQH index was higher than one for
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H. hondae and T. fisheri in Medio Atrato; for Cd and Pb all THQ values were less than one.
The relative contributions to the total THQ score showed that Hg was the main contributor
to risk. The average THQ for Hg far exceeded one (6.768). In general, the species with
the highest values of EDI, THQ, and TTHQ for Hg were those of carnivorous, piscivorous
and omnivorous habits with a tendency to carnivory including H. malabaricus, A. pardalis,
R. quelen, T. fisheri, S. aequilabiatus, C. kraussii, C. atratoensis, C. beani and P. schultzi (Table 1).
For fruit and vegetables, the mean TQH values were 0.074 (range: 0.001-0.412) for Hg,
for Cd 0.054 (range: 7.924 x 10~5-1.322), for As 0.017 (range: 0.001-0.207) and for Pb 0.006
(range: 1.479 x 107°-0.063). The TQH values for vegetable consumption, based on the
mean concentrations of Hg, Pb, and As for all vegetable species, were generally less than
one in the four municipalities studied, except in species such as Manihot esculenta (1.322) in
Murind6 and Colocasia esculenta (2.405) in Bojayd. The relative contributions to total THQ
showed that Cd was the main element contributing to the risk for vegetables (Table 1).

3.6. Assessment of Carcinogenic Health Risk

The calculation of the carcinogenic risk was applied only to the metals As and Pb due
to their carcinogenic effect on humans. It was applied to the species of fish and vegetables
commonly consumed by the inhabitants of the middle basin of the Atrato River. To do
this, the USEPA has recommended using the carcinogenic risk index (CR). If the CR values
are less than 1.0 x 1079, they are considered negligible, while a CR value greater than
1.0 x 10~* indicates potential adverse effects in humans [37,38]. The data obtained for
vegetables contaminated with As and Pb in the groups of fruit-bulbs and vegetables-stems
collected in the municipalities of Medio Atrato, Bojaya, Vigia del Fuerte, and Murind6
showed values lower than 1.0 x 10~° (Table 1). Therefore, our results indicate that there was
no carcinogenic risk to the health of the population from the consumption of these foods.

However, with respect to the carcinogenicity values of the metals Pb and As, the
results showed, for all the species captured in the middle basin of the Atrato River, values
lower than 1.0 x 10~° for Pb. However, the results of the evaluation of the carcino-
genic health risk of As through fish consumption showed that the CR values for the fish
species H. malabaricus, T. fisheri, P. schultzi, C. beani, Caquetaia umbrifera, Sternopygus ae-
quilabiatus, A. fasciatus, L. muyscorum, Prochilodus magdalenae, H. hondae in Medio Atrato;
A. pardalis, Geophagus pellegrini, Caquetaia kraussii, Rhamdia quelen, L. muyscorum, P. mag-
dalenae, H. hondae in Vigia del Fuerte; and A. pardalis, H. malabaricus, C. beani, R. quelen,
L. muyscorum, P. magdalenae, H. hondae in Murindé were above the 1.0 x 10~° limit, but
below the 1.0 x 10~* limit (Table 1). The results of this study indicate that there is a signifi-
cant carcinogenic risk for the health of the inhabitants of the middle basin of the Atrtao
River, mainly due to As, through the consumption of fish.

In general, the results of EDI, THQ, TTHQ, and CR show that the inhabitants of the
middle basin of the Atrato River could present health problems during their lives, due to
the consumption of fish, depending on the type of fish they consume.

169



Int. J. Environ. Res. Public Health 2023, 20, 435

0L X 92T 0L X LILS 610 800°0 6200 6100 0£0°0 1210 0200 £70°0 £00°0 winolfyissas wnuvjog
£-01 X 080T 9-01 X 06€'T £9€°0 900°0 5200 9700 041°0 661°0 €600 9110 6100 LIUI[NIS JOYIUVIN
401 X 186 9-01 X 684 €L1°0 9000 ¥20'0 6500 S120 SE0°0 5000 €400 2100 vovtsipvavd X vSIN
101X LhLL (01 X £SL8 961°0 9200 LE0°0 6200 L01°0 7900 6000 £80°0 7100 ds vsnpy
§-01 X 906'6 £-01 X 0219 200 €000 2100 0200 SL0'0 £100 2000 2800 5000 st vaz
£4-01 X 04T°€ 01 X ¥86'L €910 0100 8600 9000 7200 £80°0 6000 0600 <100 vuDISi|vg VSN
PN PN €000 PN PN PN PN PN PN €000 1000 vHofuvID SO
§-01 X 1619 -0 X €69F €500 2000 £00°0 S10'0 £L80°0 1100 1000 S10°0 2000 vops vzRiQ
PN PN 8110 PN PN PN PN PN PN 8110 6100 vjuaINIS? VISE010)
s19qn3-symig
3190y [ap eISIA
§-01 X 609 01 X €48'T 900 1000 1000 9000 2200 PE0°0 5000 7200 7000 apupoffo saqiSurz
£4-01 X 6GH'T §-01 X 8€1'6 SLz0 7000 £10°0 €000 1100 €020 €600 5900 0100 HTOl11$598 winu]og
401 X £96C £-01 X 968'T 7020 6000 9600 9000 200 €900 8000 9610 2200 ds vsnpy
§-01 X 866G §-01 X 8676 €600 2000 £00°0 €000 1100 0100 1000 8100 €000 toud visaq1y
§-01 X 9969 £-01 X 166Z 9160 2000 8000 200 £60°0 9L¥'0 0980 €100 2000 viofipniny snid
0L X GP6'L 0L X LET'8 §1z0 9000 €200 £20°0 6600 ¥II0 6100 8900 1100 vovtsipuivd X vSN
0L X TH0'T £-01 X 9919 ¥81°0 9000 200 0200 8L0'0 SLO0 2100 €800 €100 vpua[NIS JOYUYN
L0 X TIUE 0L X 876 w0 0100 8600 9000 £€20°0 520 LE0°0 1800 €100 vuvIsiq[ug vSIN
401 X T84T 9-01 X /88 95T 6000 Pe0'0 €900 1€20 S05' 1070 8800 7100 vjUa[1252 VISV0[0)
SIdqN}-symig
ehelog
PN PN 760°0 PN PN PN PN PN PN 760°0 <100 SHEUPHIO Wnieyddes
01 X 8€€T (0L X €71G 6610 £00°0 8200 £10°0 £90°0 $90°0 0100 0110 810°0 2up§ne unuvdo
9-01 X TEO'TL 9-01 X 908'L 7520 €00 920 0900 1220 €0 a0 8200 Lp0°0 wnupnpadii) wnio0
01 X 68T (0L X ¥} €610 £00°0 8200 7500 7100 00 £00°0 0600 <100 uinpiaof wniSuliig
mEmum-mwﬂﬁdawmv\w
0L X 61T £-01 X 0€€'L €210 £00°0 9200 7000 910'0 860°0 9000 7200 7100 vjuUa[NIS JOYUYN
£-01 X 168 101 X G64T €960 6000 €00 6000 €00 €20 0700 20€0 7000 vhivdvd vo1ivD
£,-01 X 705 01 X 2961 081°0 800°0 0800 5000 6100 SH0'0 £00°0 o 020°0 vpifias vas0os01q
401 X TI0'T £-01 X 8168 L1T°0 €000 2100 6200 6010 810°0 €000 £90°0 1100 shvu vaz
01 X 8I6'T 301 X 0056 00€°0 5000 8100 €000 1100 8020 PE0'0 7800 7100 winLOlfyissas wnuvjog
£,-01 X 90T 01 X €40°G 081°0 £00°0 £20°0 £10°0 2900 6600 9000 L11°0 6100 uinjuandvs vsny
0L X LLSL 401 X €06'8 (2240 200 2600 6200 6010 €800 6000 €910 £20°0 ds sy
PN PN 7000 PN PN PN PN PN PN 7000 1000 vHofupND SO
0L X 10T §-01 X €669 SL0'0 €000 2100 2000 £00°0 6700 8000 1200 SE0'0 vlafonu 50203
£,-01 X 920 0L X 9%9 €90 0100 6600 9000 7200 €550 0600 €400 2100 vuvgsiquq SN
401 X €20C £-01 X 98F'L 9210 9000 ¥20'0 7000 810°0 9600 9000 0800 €100 vovtsipuivd X vsnN
§-01 X 8619 5-01 X 806 1610 2000 £00°0 L60°0 95€°0 1100 1000 1700 9000 tougd visaq1y
§-01 X $2€9 01 X 661F 170 2000 £00°0 7100 150°0 0200 1100 6210 1200 voys vzRiQ
901 X $68°1 £-01 X 9669 920 £90°0 €20 1200 LLOO 7900 8000 8210 1200 vjUa[nIsd VIsL010)
s1aqn]-symiy
031}y OIPIA

w0 w OHLL OHL Jag OHL .1aga OHL .1aa OHL .1ag
sapadg ysiy

«Ad %SV ad sV PD SH

‘uondumsuod saqejagaa woIy syelaw [eNPIATPUL 10§ (S9[qe1a3aA pue sjmy) sa[qeidadas Pawnsuod Jsouw ai} Jo

st doruaSourdred pue (DELL) yusnonb prezey pajewnsa [e303 (OHL) Siusnonb prezey j3981e) pajewnss ‘([(1H) 9xeIuT A[Tep pajewnsy L d[qeL

170



Int. J. Environ. Res. Public Health 2023, 20, 435

-0 X 856'F ¢-01 X ¥29'6 668'C 9100 0900 Y120 £90°0 €200 €000 9¥9'¢ 8090 uajonb vipuipy
,-01 X €00C ¢—0L X 60¥°€ 98Y' ¥ 9000 200 L8470 LET0 €200 €000 002’ L19°0 snypiquiinbav sndfidouiors
101 X LLLY ¢—0L X 9€¥°C £86'C 9100 8500 1790 691°0 €200 €000 L0¥'T T0¥°0 vaafuiquin vivjonbv)
,-01 X G6C'T ¢—0L X 9ST°T €¥L'8 7000 <100 1050 9610 €200 €000 SIT8 0LE'T 1uvaq sninjoua)
,-01 X €0L°¢ ¢-01 X €006 £L86'6 oo SO0 0020 2900 €200 €000 L6 w91 1z3nyas snpojarurdopnasd
,-01 X 068°€ ¢ 0L X LITE 901 €100 1500 0vE'L €220 €200 €000 0L0°6 SIST wiaysyf snajdoRiayovy
40T X 2509 ¢—0L X S69'T 614701 0200 $20°0 9L€°0 LIT0 €200 €000 0¢01 61L°T snatvquivi suidor
Ojen}y OIpa]A
k:e) W OHLL OHL +1ad OHL +1ad OHL +1ad OHL +1ad
sapadg ysiy
«4d «SV ad sV PO SH
‘uondwnsuod Ysyj Woij S[ejow [enpIAIPUL 10§ YSIj PIWNSUOD JSOW df} JO
st doruadourdIed pue (DELL) yusnonb prezey pajewnsa [e303 (OHL) Siusnonb prezey j3o81e) pajewnss ‘([(1H) 9xeIUT A[Tep pajewnsy g d[qeL
“SHWI] pIYsIqe)ss
ay3 2a0qe are proq ur paySySry sonjea oy Aep/3x/3r og0 = sy pue ‘Kep /3y /31 06°¢ = q ‘Aep /S /81 00T = pD ‘Aep /3 /S1 9170 = S1{ :o10Mm pasn sonjea
(ayy) asop sduaiapar [eI)) “(Aep /3y /3r) ur sonjea [ St druaSounie)) , I9ARY OJeI}y dU} U0 Wearsumop o} wreansdn woiy st sagedounu ayj jo 10p1o oy,
PN PN €500 PN PN PN PN PN PN €500 8000 stpuriffo wn.ivypovs
or-01 X 207¥ 501 X L66€  ¢-OL X G076 o m%ﬁ_ 01 X 10F'S 1000 1000 « w,mm%m_ 01 X T2E'T 1000 o0 X ¥Z€8 1 wnsopnisy wniyry
¢-01 X 1STL PN 8¢T'0 2000 8000 PN PN €100 2000 €cro 0200 WNIOYINUd] WNO0
¢-01 X 689C 9-01 X 0IT'C 6910 1000 €000 0£0°0 86C°0 7000 1000 ¥80°0 100 stjjou shyovisoyjuiN
PN PN G800 PN PN PN PN PN PN G800 100 1 wnoysvq WnuoQ
¢-01 X 685C £,-01 X 199°F% 1200 1000 €000 <100 £80°0 100 2000 €700 £00°0 wnprjaof wnSufiag
wEvewnww—Dmawwv\/
,-0T X ¢e0'T 401 X TCE9 €600 €000 100 1200 LL0°0 8200 7000 1700 9000 shivu vz
¢-01 X ¥¥€9 ¢-01 X 649 '6 900 2000 2000 €000 1100 £€0°0 9000 00 €000 1ou1gvd vi340q11y
PN PN €000 PN PN PN PN PN PN €000 1000 vijofupiny snijd
£,-01 X GLTT ,-01 X £96'6 6091 2000 9200 €€0°0 wro el 00 LY1°0 200 vjuanIsa JOYIUN
,-01 X 1£0C 9-01 X G88'T 9¢C0 9000 g0 €900 1€2°0 8900 1100 6600 9100 vovstppavd X vsny
,-01 X 88TC ,-01 X 00T°S 8¢T0 2000 4200 4100 2900 000 9000 410 6200 wnuardys vsny
0L X ¥IEE 101 X ¥LTS 0050 oo 0700 4100 7900 6500 6000 o 890°0 vuvisiquq SN
,-01 X 296C 901 X LF0'T 10T°T 6000 9€0°0 890°0 1620 %80 8ET0 2610 €00 DjuanIsa visva0jo)
S1Iqnj)-synIy
opuLmpy
PN PN §80°0 PN PN PN PN PN PN G800 100 stpuriffo win.ivypovs
¢-01 X TL6T 4,01 X 2I0'T 900 1000 €000 €000 100 €000 1000 §S0°0 6000 Ava vigni vjjosvg
PN PN 1700 PN PN PN PN PN PN 1700 9000 stjjou shyovisoyuiN
,-0T X €FF'¢ 90T X FEV'T €910 1100 r0°0 8¥0°0 SL1°0 <100 2000 6070 S100 1 wndpjisvg Wnuioog
g-0T X 9871 -0L X €T 680°0 1000 9000 100 1600 1€0°0 $00°0 €700 £00°0 awdne wnuvsiQ
¢-01 X 94¥C ,-01 X 60€F €800 1000 €000 100 2600 8200 7000 0¥0°0 9000 wnpuaof wnidufiig
g0 X ¥€6'9 9-01 X 929'T 08¢0 2000 8000 4900 661°0 8¥1°0 7200 9LT°0 6200 wnuwyvadiiyd wnud0
mEuum|m0~n—m«0wu>
p: o) w OHLL OHL Jaa OHL J1aa OHL Jaa OHL a3
sawadg ysry
«4d «SV ad sy PO SH

710D "L 3[qeL

171



Int. J. Environ. Res. Public Health 2023, 20, 435

“SYUII] PayST[qe}s?
Q) aA0qe a1k ploq ut papySiyy sanfea ay, ‘Aep /3 /S 0g0 = sy pue ‘Aep /3y /31 0g'¢ = qJ ‘Aep /3 /31 00T = pD ‘Aep /33 /8n 9170 = S :axe pasn sanfea
() 9sop souaIdjal [eI() “(Aep /Sy /81 ur sanfea [ SH d1uZoumnIe)) , ISALR OJeI}Y dU} U0 Weansumop o} wieansdn wouy st sanipedoiunu sy Jo 19pIo ay [,

172

40T X 619°€ ¢ 0L X 06bF 900'C 2100 7500 £660 TIE0 €200 €000 ¥66°0 S9T°0 avpuoy snuojsodAp
40T X £ES9 ¢ 0L X TTE'T PHIE 1200 0800 €620 160°0 €200 €000 £08°T 89%°0 avua[upSuit Snpoj1f204d
90T X I8T°€ ¢ 0L X GES'T 90T'T 901°0 06€°0 0 9010 €200 €000 9€L°0 wro wini09sfinuu snutioda]
90T X €81F ¢ 0L X G6T'F 9660 0¥1°0 €150 €600 6200 €200 €000 07L0 €210 Aaigond vayovourpuy
401 X 6Ze'1 ¢ 01 X 786 65L°T $00°0 9100 GL0°0 €200 €200 €000 £89°C 3440) 1508012 vjjapojouild
401 X 6Ze'1 ¢ 01 X 876 6L7Y $00°0 9100 9600 0€0°0 €200 €000 96€'y 9240 smwpound snpojauuld
9-01 X €6C°T ¢ 0L X 6248 91T €500 851°0 €61°0 090°0 €200 €000 806'L 8I€°0 smypsuf xouvhiysy
401 X €69°G ¢ 0L X €IT'T L60°CL 610°0 690°0 L¥T0 LL0°0 €200 €000 808'TL 0L6'T uajanb vipuipy
40T X €PFL 60T X €8€'G 64811 G200 160°0 61T°0 L£0°0 €200 €000 TIVIL $06'T ussnvay vivjonbv)
40T X $0LF ¢ 0T X $9%'T 998'F1 G100 £50°0 €00 0100 €200 €000 964°F1 89%°C smyviqujinbav sndfdouia)s
40T X GZ€'T ¢~ 0L X 820'T $06'TC 7000 9100 87T0 1200 €200 €000 6¥9'1T T9e 1uvaq SnIINjoULD)
40T X GZ€'T ¢ 0T X L6T°€ €96'L 7000 9100 1200 7200 €200 €000 G68°Z 0I€L 1z31myps snpojauurdopnasq
40T X LIT'€ ¢ 0T X 607C TIT9T 0100 8€0°0 €500 9100 €200 €000 ST0°9L €L9°T iaysyf snagdohiayovyy,
40T X TILE ¢ 0L X T8L'L 8I8'ST T10°0 S50°0 2920 780°0 €200 €000 126°ST 685°T snatvquivut suidopy
,-OL X #¥T°¢S ¢ 0L X SPH'L 9L L10°0 $90°0 12€0 001°0 €200 €000 18L°ST €€9°C stppavd snsooualy
opuLn
40T X 8971 ¢~ 0L X THL'T 60 7000 G100 €570 6L0°0 7200 €000 £79°0 L0T°0 avpuoyy snuojsodfiy
40T X 8971 ¢~ 0L X 86€'T 617'C $00°0 G100 01€°0 L60°0 7200 €000 €80T LYE0 avua[upSuit Snpojf204d
90T X 6LT'T ¢~ 0L X 900°€ 608'C 6€0°0 PO 899'0 6070 7200 €000 080°C LYE0 wini09sfinuu snutiodaq
401 X 167°€ ¢ 01 X 886 WL 0100 6£0°0 L1T0 890°0 7200 €000 £68°0 6¥1°0 Aajond vayovourpuy
401 X 289 ¢ 01 X 9652 8€€ 8000 T€0°0 £91°0 2500 7200 €000 o8I'e 1€5°0 ds snpojaut
401 X 8971 ¢ 0L X $69°C 8FH 0L $00°0 S100 8650 L81°0 2200 €000 $28'6 6€9'L uajonb vipuipy
401 X 8971 ¢~ 0L X 9€0°T £26'8 $00°0 G100 0€T0 L0 7200 €000 £99'8 9PH'L ussnvay vijonbvy
9-01 X 96T ¢ 0L X $49°6 998°L 4 00] $S1°0 (254 90 2200 €000 €99'G £76'0 18ajjad sndvydoas
401 X 8971 ¢ 0L X L9¥9 6/8°G1 $00°0 G100 £P10 500 7200 €000 01L'ST 129'C stsuao3pgv snuvjodouy
401 X 8971 ¢ 01 X S04'S €6491 $00°0 G100 9z1'0 6€0°0 7200 €000 159'91 9LL'T smyviquimbav sndidouio)s
40T X TET'T 601 X TF%9 S60°01 £00°0 9200 €710 500 00 €000 £€26'6 G69'T 1uvaq SNINJoUIL)
40T X 920% ¢ 0T X TLT9 €641 €100 0500 6£T°0 €500 700 €000 619°CL S0T'T 1zjjnyos snpojouidopnasq
40T X 8971 60T X 00%'T 90T'8T 7000 $00°0 1€0°0 6000 7200 €000 6P1°8T 820°€ aysif snaajdofjaovag,
40T X 8971 ¢ 0T X TET9 LI€0T 7000 G100 9€T'0 w00 7200 €000 SST'0L $69'L snatwquiput suidopy
40T X €60F ¢~ 0L X 8TLT £80°TC €100 6500 $8E'0 0CT0 7200 €000 899'1T S19°€ stppvd snsoruaSy
2)ny [2p Nuwm\r
40T X £69F 60T X 0608 61T G100 £50°0 641°0 9500 7200 €000 €00°€ 105°0 avudupSuis Snpoj1o0ld
40T X GFTT ¢ 01 X 019°€ 617 1T 7000 G100 0800 Sz0'0 7200 €000 €1€'TT 966°€ 1uvaq SnIINjoUILD)
40T X $LEL 60T X 0£0°'6 €56 ¥20°0 0600 1020 £€90°0 7200 €000 S9%°6 6LS°T snotwquiput suidopy
eAelog
,-0L X €229 ¢—0L X 16C°9 Q9EF 700 7800 86€'T LEV'O €200 €000 TT6'T L8V'0 avpuoy snuojsodAp
40T X L6L°T ¢~ 0L X 920°C FECT 6000 7€0'0 0570 0F1°0 €200 €000 [47A8 2620 avudupSuiL Snpoj1jo0id
40T X L0T¥ ¢ 0L X LETT 61T°€ F10°0 180°0 L6%°0 gero €200 €000 686°T 1€7°0 wn00sfinu snupioday
40T X 95T°S 60T X €009 20eE L10°0 $90°0 €€T°0 500 €200 €000 [74%3 T80 Aaoind vapovourpuy
40T X G671 ¢ 0L X 95T 85T'S $00°0 G100 0S50 wuro €200 €000 189°F 1840 snjwiosuf xouvhiisy

ko) p: o] OHLL OHL +1a4 OHL +1ad OHL +1a4 OHL +1ad
sawadg ysry

«ad * SV ad sy 0] SH

Ju0D) g AqeL



Int. J. Environ. Res. Public Health 2023, 20, 435

3.7. Risk Assessment by MeHg in Most Consumed Fish

The mean concentrations of MeHg (ug kgfl) and the percentage of MeHg (%MeHg)
in the fish species consumed by the inhabitants of the middle basin of the Atrato River are
presented in Supplementary Materials, Table S2. Of the total fish species studied, 221 indi-
viduals exceeded the limit for populations at risk, which was established at 200 pg kg~ of
MeHg [41]. Among these 102 individuals exceeded the maximum recommended limit for
human consumption, established at 500 pg kg ! of MeHg (Table S2). All the municipalities
studied, except Medio Atrato, reported concentrations that exceeded the permissible limits
of 500 pg kg~!. The species with the highest concentrations were: in Murindé, C. beani,
A. pardalis, T. fisheri, H. malabaricus, S. aequilabiatus, R. quelen, C. kraussii; in Bojaya, C. beani,
A. pardalis, T. fisheri, C. atratoensis; and in Vigia del Fuerte, P. schultzi. Other species, such as
P. schultzi (Murindé and Medio Atrato), C. kraussii (Vigia del Fuerte), H. malabaricus (Bojaya,
Medio Atrato, and Vigia del Fuerte), T. fisheri, A. fasciatus, G. Pellegrini (Medio Atrato), and
C. beani (Medio Atrato and Vigia del Fuerte) exceeded the limit for vulnerable populations
(WCHA) of 200 pg kg~ 1. In general, the carnivorous species with the highest concentrations
of MeHg was A. pardalis with 956.82 ug kg ™! in the municipality of Vigia del Fuerte, which
represents an important species in the food security of the population under study. However,
for the species P. magdalenae, the highest consumption for which was reported in the middle
basin of the Atrato river, the concentrations of MeHg did not exceed any of the thresholds
established by the WHO (200 pg kg~ and 500 pg kg~ 1) (Table S2).

When the daily intake rate (RI) was estimated for the fish species commonly con-
sumed in the studied sites, six species presented values higher than 500 g/week and lower
than 700 g/week (which is of particular relevance when assessing vulnerable popula-
tions, e.g., children and women of childbearing age), including C. atratoensis (Vigia del
Fuerte), S. aequilabiatus, C. umbrifera (Medio Atrato), T. fisheri (Medio Atrato and Murindo),
P. punctatus (Murindd) and C. beani (Murindé and Bojaya). In the municipality of Murindo,
the species R. quelen, L. muyscorum and P. schultzi, presented the highest levels of IR, with
consumption levels of 1254.4 g/week, 1433.6 g/week and 1587.2 g/week, respectively
(Table S4). Regarding the frequency of consumption (FIR), for the species P. magdalenae
weekly consumption of four or more times was reported in all the municipalities studied;
however, the municipality of Murindé presented the highest FIR values for P. schultzi
(6.2 days/week), L. muyscorum (5.6 days/week), and R. quelen (4.9 days/week). Values
close to this limit were observed in R. quelen (2.7 days/week) and T. fisheri (2.7 days/week),
both in the municipality of Vigia del Fuerte (Table S4). In relation to the estimated weekly
intake (EWI), the results showed that 10 fish species exceeded the potential weekly in-
take threshold (PTWI) for the GP group (3.2 ug kg bw/week). For the WCHA group
(1.6 ng kg bw/week), it was also shown that the species with piscivorous, carnivorous
and omnivorous habits with a carnivorous tendency, had the highest EWI values. These
species were A. pardalis (Vigia del Fuerte and Murindo), C. beani (Medio Atrato, Bojaya,
and Murind6) and R. quelen (Murindd) with values of 4.7, 2.8 and 2.7 times the PTWI for
the GP group and 9.1, 5.4 and 5.3 times the PTWI for the WCHA group, respectively. The
results showed that fish consumption limits higher than those recommended (MFW) were
obtained in all the municipalities studied. In Medio Atrato, the species presented values
between 0.3 to 1.6 and 0.5 to 3.3 times the PTWI for the GP and WCHA group, respectively;
in Bojayd, between 0.6 to 2.1 and 1.2 to 4.4 times, respectively; in Vigia del Fuerte between
0.1t0 9.1 and 0.2 to 9.1 times, respectively; and in the municipality of Murind6 between
0.1 to 3.0 and 0.2 to 6.0 times, respectively. The lowest values recorded for Hypostomus
hondae (Vigia del Fuerte) were about 10.3- and 5.5-fold lower than the PTWI for the GP
and WCHA, respectively. High consumption species, such as A. pardalis, H. malabaricus,
C. beani and P. schultzi represent a serious risk to the health of the inhabitants in the studied
areas due to the high concentrations of MeHg in their tissues, such that it is recommended
for riverside populations to reduce or eliminate the consumption of these fish. Similarly,
species of high consumption preference, such as P. magdalenae, presented values 2.7 times
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below the recommended consumption in Medio Atrato, 2.6 times below in Vigia del Fuerte,
1.7 times below in Bojaya, and 1.5 below times in Murindd, and for L. muyscorum, 5.4 times
below in the municipality of Medio Atrato. These results suggest that these species can be
consumed frequently by the inhabitants of the studied areas as their content does not exceed
recommended MFW consumption limits. In addition, these species could be important for
replacement of species that present high concentrations in the diet.

3.8. Diagnosis of the Population

The contamination index (Pi) [40] was used to show the degree of contamination with
Hg for each species of fish in each municipality, taking as a reference the permissible limits
established by the WHO (500 pg kg ~! and 200 ug kg ~!) [47,48]. Table S5 shows that,
when the Pi values were calculated according to the WHO limit [42], the fish species A.
pardalis in the municipalities of Murindé and Vigia del Fuerte, T. fisheri in Vigia del Fuerte
and Murind6, C. beani in Bojayad, and C. atratoensis in Vigia del Fuerte presented slight
contamination (1< Pi < 2) (Table S5). The contamination index was also calculated based
on the WHO threshold [47] (2008) indicating that P. schultzi in Murindé, H. malabaricus in
Bojaya and Vigia del Fuerte, C. beani and T. fisheri in Medio Atrato, and C. kraussii and G.
Pellegrini in Vigia del Fuerte showed a slight degree of contamination (1< Pi < 2) (Table S5).
The species Sternopygus aequilabiatus (Murindo), A. pardalis (Murindd), R. quelen (Murindé
and Vigia del Fuerte), C. kraussii (Medio Atrato), Hoplias malabaricus (Murindé and Medio
Atrato), P. schultzi (Medio Atrato and Vigia del Fuerte) and C. beani and R. quelen (Vigia
del Fuerte) showed a moderate degree of contamination (2 < Pi < 3). Similarly, T. fisheri
in Murindé and Vigia del Fuerte, C. beani in Murindé and Bojayad, and S. aequilabiatus,
C. atratoensis and A. pardalis in Vigia del Fuerte, presented a high degree of contamination
(Table S5).

4. Discussion

The middle basin of the Atrato river of the Colombian Pacific is within an area where
the Murindd, Bebara, Bebarama, and Negua rivers flow—these tributaries are associated
with high levels of gold-mining activity. This area has suffered significant impacts on the
rivers and surrounding soils due to indiscriminate gold mining, resulting in contamination
with significant concentrations of heavy metals of the fish in the area which are important
for food security. This contamination has also affected the crops that play an important
role in the food security of the inhabitants of this area. However, there are no records of
metal concentrations in this type of food, nor of any risk assessments. Based on ruling
T-622 and the Minamata agreement, it is important to assess the risk to human health from
the consumption of food contaminated with these heavy metals by the inhabitants of the
middle basin of the Atrato River.

In this study, the concentrations of metals in fruits-tubers and vegetable-stems followed
the order As > Pb > Hg > Cd. In Medio Atrato, fruits-tubers, in general, presented low
levels of metals, except for As in the species Alibertia patinoi (203.16) and Zea mays (38.16).
Vegetable-stems showed higher levels of As, especially Ocimum campechianum (110.41),
Eryngium foetidum (76.12), and Origanum vulgare (146.72); in Bojaya, Vigia del Fuerte, and
Murindé, the metal concentrations were found to be the same. It is important to highlight
that the concentrations of As in vegetables in all the municipalities studied were between
3.18-391.75 mg/kg, which is well above the maximum standards established internationally
for vegetables (0.5 mg/kg) [45,46]. These results are similar to those observed in studies
carried out on Daucus carota, Cynara scolymus, and Petroselinum crispum in the city of Sibaté
(Colombia) [48].

The concentrations of As in these foods could be derived from the original soil material
or the application of fertilizers and pesticides still used in agricultural activities [49-51]. In
addition, studies have reported that there are differences in the concentrations in vegetables.
Leafy vegetables are a group of plants recognized for having a high capacity for heavy metal
accumulation [51,52], with plant species having different capacities for the absorption and
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accumulation of metal(oids), associated with factors such as the different characteristics of
the soil or the growth period of each plant [53,54]. It is evident that these plants have good
translocation characteristics for As, either derived from mining waste sources from soil
removal in gold extraction activities or from natural sources in the Earth’s crust [51]. The
concentrations of Hg in vegetables-stems were at higher levels compared to fruit-tubers;
this accumulation behavior by this type of plant species has been reported in research
carried out in China [52]. However, the concentrations of Hg reported in the municipality
of Llor6 for vegetables were found to be lower than those in fruits and tubers [51]. These
concentrations could be related to low translocation factors and common mining processes
in the studied areas, with atmospheric deposition of Hg not having a significant influence
on crops due to high precipitation in these areas, causing Hg to be deposited on the
ground [51,55]. Pb concentrations in fruits and vegetables from the middle Atrato basin did
not exceed WHO permissible consumption limits [41,42]. These results are in agreement
with studies carried out on fruits and vegetables from the African countries of South Africa
and Mozambique [14].

Pb levels were higher in the vegetables-stems, consistent with the findings of investiga-
tions carried out on vegetables in Baiyin, China [56]. The municipalities of Vigia del Fuerte
and Medio Atrato reported higher concentration levels in vegetables-stems above those
allowed by the Codex [45,46], especially for E. foetidum (cilantro), O. campechianum (basil),
O. vulgare (oregano), B. rubra var (spinach), M. mollis (pennyroyal) and O. basilicum L. (white
basil) with concentrations between 4.33-66.71 mg/kg. These Pb concentrations in vegeta-
bles, in general, showed values above the maximum standards established internationally
by the Codex for vegetables (0.1 mg/kg) in all the studied municipalities [45,46]. The
concentration levels observed in our study were very high compared to those carried out in
Arequipa (Peru) in quinoa, corn and rice products, with high Pb concentrations observed of
0.55,0.75 and 5.08 mg kg~ !, respectively [57]. They are consistent with Pb concentrations
reported in cabbage (23.1 & 1.5), lettuce (17.2 & 2.7), and tomato (15.0 &= 1.1) from the city
of Arba Minch (Ethiopia) [58] and concentrations of between 0.84 and 12.5 for vegetables
of dietary importance in the city of Sibaté (Colombia) [48]. In the case of fruit-tubers, such
as C. esculenta (28.34 + 0.9), Pb levels in Medio Atrato were high, contrary to the results
reported for concentrations in this tuber grown in the Canary Islands (Spain) [59].The
above is possibly related to the growth of these species in contaminated soils as a result of
soil removal for mining activities and the use of irrigation water contaminated with metals,
something which is very common in the studied areas of the Atrato environment [60].
Another reason could be the high density of stomata in the leaves of these plants, which
allows for the accumulation of atmospheric Pb [61]. Pb can be adsorbed and fixed in the
clay material of soils. It is characterized by being a highly mobile metal, with mobility
increasing with pH, particularly in acid conditions, such as those found in the soils of
the Middle Atrato, which could favor its adsorption and accumulation [62]. In addition,
the results show that these plants have the potential and capacity to bioaccumulate and
translocate concentrations of Pb, as well as the other metals evaluated in this study. The
levels of Cd in the fruits-bulbs of the municipalities of Murind6 and Bojaya were high
compared to the other two municipalities, particularly for C. esculenta, which is frequently
consumed by the inhabitants, which presented concentrations of 1.06-50.92 mg/kg, exceed-
ing the Codex limit [45,46]. However, the levels of Pb reported in C. esculenta cultivated
in the Canary Islands (Spain) showed levels below the Codex limits [59]. These plants are
characterized by being tubers; the bulbs grow underground and are in direct contact with
the contaminated soil present in the study area and, as a result, can accumulate significant
concentrations of Cd. There are reports of the large capacity for accumulation of heavy
metals from this type of plant because its parts grow under the earth’s surface comprising
large tubers for consumption [63,64]. In general, Cd, like other metals, can be absorbed
by the pores of the stomata of the leaves. However, unlike other toxic metals, such as
Pb, it has high mobility in the soil, is easily absorbed by the roots, and transported to the
shoots, and is uniformly distributed in the plants [64]. Its high degree of bioaccumulation
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is due more to soil contamination than to atmospheric deposition [65]. In our research, the
concentrations of Cd did not exceed the permissible limits of consumption specified by the
WHO [41,42], in contrast to the findings of Genthe et al. [14] for fruits and vegetables from
African countries. In addition, the bioaccumulation ranges observed were above those
reported by Real et al. [66], in which the established range was 0.003-1.616 for O. sativa.
On the other hand, the data from our research showed concentrations higher than those
reported for Solanum lycopersicum [58], Daucus carota, Cynara escolymus and Petroselinum
crispum [48], M. paradisiaca and C. aurantifolia [67], Apium graveolens, Lepidium sativum and
Porrum de Alliuml [68], and Z. mays and O. sativa [57]. Subsistence agriculture for the inhabi-
tants of the Atrato river basin has developed on the ground and the river is the main source
of water irrigation for crops. However, the high impact of gold mining in the Atrato river
basin and its tributaries has generated high levels of contamination, which has contributed
to the contamination of crops with Hg, Cd, Pb, and As. Therefore, these anthropogenic
activities constitute an imminent risk to human health in the riverside populations of the
basin. The estimated daily intake rates (EDI) of fruits-tubers and vegetables-stems for all
the inhabitants of the middle basin of the Atrato river are shown in Table 1, as well as data
for the average body weight by population group, the intake by food category, and the
reference doses (RfDs) for Hg, Cd, As, and Pb [47]. In general, the EDI values for none of
the vegetable groups exceeded the oral RfD for metals in the studied areas, except for the
Alibertia patinoi fruit in Medio Atrato for As. Therefore, exposure to Hg, Cd, As, and Pb
through the consumption of fruits-tubers and vegetables-stems does not represent a threat
to the health of the inhabitants of the municipalities of the middle basin of the Atrato River
since the calculated EDI values do not exceed the reference dose tolerable intake values
(RfD: 0.16 ng Hg/kg/day, 1.0 ug Cd/kg/day, 0.3 ug As/kg/day, 3.5 ug Pb/kg/day) [47].
Our results are in contrast to results obtained for fruits and tubers in the municipality of
Lloré (Chocé-Colombia) by Marrugo-Madrid et al. [51], where the exposure of As through
the consumption of fruits could represent a threat to the health of all population groups
studied since the calculated EDI values exceed the tolerable consumption reference dose by
10 times.

The non-carcinogenic health risk was also evaluated based on THQ. With a THQ <1,
the exposed population should not experience any adverse risk, but if THQ > 1, the
population could experience health risks not related to cancer. Table 1 shows that most
of the THQ values did not exceed one, except for Colocasia esculenta (HQ = 2.405) in the
municipality of Bojaya for As. These results indicate that, in general, people would not
experience significant health risks from the ingestion of individual meta(loids) through
vegetable consumption. Carcinogenic risk (CR) evaluation was also carried out for As
and Pb using the same method. For this investigation values greater than 1.0 x 10~*
were taken as indicators of risk for vegetables [37]. In our study, none of the plant species
evaluated presented a carcinogenic risk for As and Pb. These results were in contrast to
those of similar investigations of vegetables showing carcinogenic risk associated with
Pb and As concentrations in Bangladesh and Ireland [66,69], and observations from Peru,
where some species, such as O. sativa, exposed to As showed evidence of possible risk to
the population [57]. Similarly, in the municipality of Llor6 (Colombia), the fruits and tubers
showed a possible carcinogenic risk by exposure to As. However, in all the municipalities,
the studied vegetables presented levels above the Codex. Therefore, considering the
accumulative properties of heavy metals, these may represent a health hazard for the
riverside populations of the middle basin of the Atrato River.

The results showed that the concentrations in fish followed the order Hg > As > Pb > Cd,
with high concentration levels of Hg, MeHg, and As observed. C. beani presented the highest
concentrations of Hg (1008.0 + 552.7 ¢ kg 1) in the municipality of Bojaya. However, the
municipality of Vigia del Fuerte had a greater number of species with high concentrations,
including C. kraussii, R. quelen, C. beani, H. malabaricus, P. schultzi, C. atratoensis, S. aequilabiatus,
T. fisheri, and A. pardalis. These areas are characterized by extensive mining activities on the
Murri River and other tributaries [21]. In the Atrato river basin, other studies reported similar
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data for A. pardalis, H. malabaricus, and C. beani; the observed concentrations were related to
extractive mining of the Atrato river and its tributaries [9,21]. The high concentrations of
THg found were consistent with observations by Vargas-Licona and Marrugo-Negrete [70]
who warned about the toxicological risk due to mining in some ecosystems in Colombia. The
concentrations of MeHg in fish from the middle basin of the Atrato, especially those with a
carnivorous habit, exceeded the permissible safe consumption limits by 500 ug kg ™! [42].
These results were similar to the findings of Salazar-Camacho et al. [21] in this area of the
basin. The concentrations of THg and MeHg in fish reported in this investigation were
similar to those reported in other investigations in the Atrato river basin [8,9,21]. These
results are also consistent with other investigations, where species of carnivorous habit c-p
and oc, such as H. malabaricus, C. kraussii, and A. pardalis, presented greater bioaccumulation
of THg and MeHg [71].

The mean concentrations of Pb and Cd in fish were 12.03 & 24.4and 1.1 £22 g kg’l,
respectively. These concentrations were higher than those for investigations of fish from the
Buriganga River (Bangladesh), specifically, the species Heteropneustes fossilis, Channa striata,
Labeo rohita, and Catla catla [66]; however, other studies have reported lower concentrations
in fish from the Ciénaga Grande de Santa Marta (Colombia) [18].

Concentrations of the metals Pb and Cd for the fish species in the middle basin
exceeded the limits established by the Codex [45,46]; however, they did not exceed the
permissible intake limits defined by the WHO [41,42]. In general, the concentrations of
As in fish for the basin were above what is allowed [45,46]. The municipalities of Medio
Atrato and Vigia del Fuerte recorded the highest levels of average concentrations in the
basin (134.2 4 61.0 and 187.2 4 164.8 ug kg~ !). The species P. magdalenae and Leporinus
muyscorum, which are of gastronomic importance, did not exceed the permissible intake
limits defined by the WHO [41,42], which is a reflection of the preferred feeding habit of the
species in the ecosystem. The EDI of fish for all the inhabitants of the middle basin of the
Atrato river are shown in Table 2, as well as the intake by food category, and the RfDs for
Hg, Cd, As, and Pb [38]. In general, the EDI values for Hg and As for the vegetable groups
exceeded the oral RfD for metals in the studied areas, especially for Hg, where the values
were between 0.107-3.615; only four fish species had concentrations below the RfD. The
EDI values for As exceeded the RfD only for H. hondae (Medio Atrato and Mutind6) and G.
Pellegrini (Vigia del Fuerte). Therefore, the exposure to Hg and As through the consumption
of fish could represent a threat to the health of all the inhabitants of the municipalities of
the middle basin of the Atrato River since the calculated EDI values exceeded the reference
dose tolerable intake. Our results were similar to the findings of studies of fish in the
municipality of Lloré (Choc6-Colombia), where the exposure to As and Hg through the
consumption of fish could represent a threat to the health of all the studied population
groups, especially for Hg [51].

The TQH data for Hg in our study were very high 0.736-21.68, which represents a
risk for the coastal populations through consumption of fish contaminated with Hg. These
data were similar to those reported for the municipalities of Vigia del Fuerte, Murindo,
Bojayd, Medio Atrato [8], and Lloré [51]. Other studies have shown that species such as
P. schultzi, A. pardalis, S. aequilabiatus, R. quelen, H. malabaricus, Cathorops melanopus, Cen-
trpomo undecimalis, C. umbrifera, C. kraussii, Prochilodus sp., Prochilodus punctatus, Prochilo-
dus magdalenae, Spatuloricaria atratoensis, Leporinus muyscorum, Hemiancistrus wilsoni, and
Cyphochara Magdalena presented values greater than one for the THQ index [9]. Our results
showed (Table 2) that the CR values through As exposure from fish consumption were
well above 1 x 10~ for all the municipalities (except Bojayd), especially in Medio Atrato
(CR: 9.674 x 1075-6.291 x 1073), indicating that the local population should reduce its
intake of fish. Species such as A. pardalis, P. magdalenae, H. malabaricus, L. muyscorum,
and R. quelen, which are of gastronomic importance, showed levels of contamination of
carcinogenic importance for As, except for the municipality of Bojaya. Salazar-Camacho
et al. [8], reported similar data for carcinogenic risk through As exposure. The Colombian
National Institute of Cancerology (INC) has estimated that there are about 74.8 new cases
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of cancer per 100,000 inhabitants, although in the Pacific Region the increase in national
carcinogenic risk is not considered to be decisive; however, heavy metal contamination and
excessive intake of contaminated food may affect local and national carcinogenic risk in the
future. Genes are influenced by the environment and their modification can lead to many
types of cancer—there is a direct relationship between environmental contaminants and
the increase in many types of cancer.

MeHg is the most toxic form of Hg and exposure to this pollutant is associated with
the consumption of fish. In this study, it represented between 71.08-99.21% of the THg.
Therefore, it is important to assess the potential risk of exposure to MeHg in the population
based on the estimated weekly intake (EWI), corresponding to the maximum quantity of
fish that can be consumed weekly (MFW) per person without harmful effects on health,
and the permissible safety level concentration of MeHg in fish for human consumption.
Worryingly, our study showed that the WCHA group had a fish intake with a frequency
from 0.2 to 9.1 times more than recommended, compared to the 1.3-2.1 times reported by
Salazar-Camacho et al. [8] who also presented MFW values higher than those recommended.
This report shows that women of childbearing age or pregnant women (WCHA group),
especially in the municipalities of Medio Atrato, Vigia del Fuerte, and Munrindo, were
at risk of having high concentrations of MeHg in placental tissue, blood, and cord blood,
which could affect the health of the mother, fetus, and newborn.

Table S4 shows that the highest EWI corresponded to A. pardalis in Vigia del Fuerte
(10.65 ng/kg/week). According to the recommended limits for the consumption (MFW)
of fish, in the municipalities of Medio Atrato, Bojaya, Vigia del Fuerte, and Murindé,
consumption of species such as C. beani, P. schultzi, H. malabaricus, T. fisheri, A. pardalis,
S. aequilabiatus, R. quelen, C. atratoensis, and C. kraussii exceeded the weekly recommended
intake by residents. Our results agree with previous reports for some of these fish species
in the Atrato river basin [8,51]. The inhabitants (including children, pregnant women, and
women of childbearing age, the elderly, and adults) of all the studied areas presented EWI
values higher than the reference (PTWI) and the estimated values (MFW), respectively. As
such, there is a potential risk to the health of these inhabitants. The results of this study
are important because they show the impact of fish consumption on the most vulnerable
population (WCHA) of the middle basin of the Atrato River. Local and national authorities
need to implement strategies to prevent children and the WCHA group from consuming
fish containing high levels of Hg, such as H. malabaricus, A. pardalis, P. schultzi, C. kraussi
and R. quelen. They should, alternatively, recommend that these groups eat fish with low
concentrations of MeHg, such as Andinoacara pulcher, Leporinus muyscorum, and Hypostomus
hondae. Therefore, it is recommended to establish continuous monitoring of the content
of metal(oids) in the riverside populations of the basin and their food, and to implement
bioremediation strategies to decontaminate the soil and water in these areas, to guarantee
the consumption of safe foods with respect to heavy metal content and improve the health
security of the inhabitants who depend on the aquatic resources and crops of the area as
the basis of food security and economic sustenance.

5. Conclusions

High concentrations of As, Hg, Pb, and Cd were identified in fish, fruits-tubers and
vegetables-stems commonly consumed by inhabitants of the middle basin of the Atrato
River, which exceeded Codex limits. Similarly, in fish, the concentrations of MeHg and
THg exceeded the limits established by the WHO/FAO for vulnerable populations and the
rest of the adult population, especially for carnivorous fish species.

A high carcinogenic and non-carcinogenic risk was evidenced for the inhabitants of
the middle basin of the Atrato River due to the consumption of fish contaminated with high
concentrations of As, MeHg, and THg. However, the risk associated with consumption of
vegetables was very low with only a couple of species showing some degree of risk for As.

Health risks from consuming MeHg-contaminated fish are a matter of concern since
many fish species were consumed at levels exceeding the recommended weekly intake

178



Int. J. Environ. Res. Public Health 2023, 20, 435

(MFW) and the PTWI for all population groups, in all areas studied. Thus, it is recom-
mended that the consumption of carnivorous species is reduced or replaced, and that
consumption of non-carnivorous species, such as P. magdalenae, occurs instead.

The combined exposure to the four metals through the consumption of fish, fruits, and
vegetables would probably result in exceeding the RfD for the population of the middle
Atrato basin. It is important that further studies of multiple exposure to toxins found in the
foods most consumed by the inhabitants are undertaken. In addition, it is necessary that
periodic monitoring of heavy metals is carried out in riverside populations and their food
and that bioremediation strategies for soils and water sources are implemented to reduce
the concentration of these pollutants and to improve food production and quality.
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heavy metals (mg/kg) and consumption (days/week) of fruits and vegetables in the middle basin of
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