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Abstract: Research interest in the occurrence, distribution, fate, and toxicity of N-(1,3-Dimethylbutyl)-N’-
phenyl-p-phenylenediamine (6PPD) quinone, a derivative of the tire amino antioxidant 6PPD in urban
environments, has surged. While several studies have found that 6PPD quinone exhibits acute, reproductive,
and behavioral toxicity as well as mutagenicity and hepatotoxicity in aquatic and terrestrial animals, its
environmental exposure data are fragmented and lack coherence across the source-to-exposure continuum,
making it difficult to use for risk assessment and regulatory purposes. The present work developed an
aggregate exposure pathway (AEP) framework to integrate the exposure data. An AEP network was developed
for the atmospheric deposition of 6PPD quinone from tire wear in the Pearl River Delta, which led to human
exposure. The 6PPD quinone research was organized, visualized, and evaluated with pertinent knowledge
gaps identified using the weight of evidence assessment. Eight key exposure states were identified, with only
two having high confidence levels and three having low confidence levels. Empirical support for the key
transitional relationships decreased from High to Low from the source to the target site, indicating an urgent
need for downstream mechanistic data. The proposed AEP framework integrated diverse 6PPD quinone
research, facilitating a mechanistic understanding of the source-to-outcome continuum, as well as the
development of quantitative predictive models for future research and environmental regulation.

Keywords: tire derived chemicals; cumulative risk assessment; conceptual site model; air pollution

1. Introduction

Chemical pollution is a major global challenge and is estimated to contribute to at least 1.8
million deaths per year [1]. Although there are more than 350,000 commercially available synthetic
chemicals [2], less than 0.1% have data on environmental distribution, transport, transformation, and
toxicity [3]. With hundreds of new synthetic chemicals being manufactured each year, current
production, consumption, and environmental discharge surpass efforts to link human and wildlife
exposure to potential adverse health outcomes [4].

Humans and wildlife often come into contact with a complex mixture of chemicals released by
multiple sources, transported by multiple pathways, transformed and partitioned by multiple
processes, and simultaneously or sequentially taken up through multiple routes before eliciting a
biological response [5]. Moreover, experts from different disciplines, such as analytical chemistry,
atmospheric chemistry, (eco)toxicology, environmental and occupational health, and epidemiology,
often use different tools to qualitatively and quantitatively characterize the contact between receptors
(i.e., humans and wildlife) with chemical stressors to elucidate how the sources, pathways, and
mechanisms of exposure influence exposure temporality (nature, magnitude, type, frequency,
duration, and latency) and lead to deleterious health effects [6]. Hence, current exposure data are
often disjointed and fragmented, making it difficult to use them to effectively inform regulatory
policies, support sustainable solutions, and protect humans and wildlife.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Advances in technology have expanded the identification and quantification of known chemical
stressors in environmental and biological samples to unknown known and unknown chemicals using
suspect screening and non-target analysis, respectively [7]. These developments have enabled the
characterization of the exposure temporality of complex chemical mixtures across the source-to-
target site continuum. However, this improved ability to generate high-throughput exposure data
has not been complemented by a corresponding improvement in the approaches that assess the link
between the state of the chemical stressors in the receptor and the sources, pathways, and
mechanisms of exposure. Recently, direct analysis of urban runoff using high-resolution mass
spectrometry identified N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) quinone, a
transformation product of 6PPD (an amino antioxidant added to tires), as a chemical stressor that
caused the annual acute mortality of Coho salmon in the Pacific Northwest [8]. While this study
showed the importance of identifying unknown unknowns in environmental risk assessment, the
resultant surge in studies on the environmental occurrence, transport, transformation, and toxicity of
6PPD quinone shows the necessity of coordination, organization, and harmonization in exposure
assessment across disciplines.

Since the first detection of 6PPD quinone in the environment, the number of publications on
6PPD quinone has increased by 1,100% from five in 2021 to 55 in the first seven months of 2024.
Several critical narrative reviews have organized, summarized, evaluated, and synthesized the 6PPD
quinone literature, focusing on its environmental [9], fate [10,11], toxicity [12], chemical analysis
[13,14], and human exposure [15,16]. While the reviews managed to identify data gaps and offer
recommendations, they were limited in facilitating integration across the source-to-target site
continuum in a manner that promoted exposure prediction, optimization of exposure data use, and
empirically identifying relevant data needs.

There is an urgent need for mechanism-based holistic integration of the surging but disjointed
and fragmented exposure data of 6PPD quinone into coherent evidence to support effective human
and environmental risk assessment. The aggregate exposure pathway (AEP) framework offers a
mechanistic link between source and target sites by organizing, optimizing, integrating, and
evaluating exposure data [17]. An AEP is a collation of evidence of the ‘plausible and empirically
supported’ biotic and abiotic causative relationship between environmental emission and state of the
chemical stressor at the target site, that is, target site exposure (TSE) (Figure 1) [18]. It requires
quantitative and qualitative spatiotemporal data on the transfer of chemical stressors from the source
to the receptor, their subsequent contact with the receptor, and the transformation of the chemical
receptor before and after contact. Using systems thinking, an AEP can be envisioned as a cascade of
key events beginning from the source where a chemical stressor is formed or discharged into the
environment, environmental transport and transformation processes in environmental
compartments, chemical exposure and the respective pathways and patterns, and the
chemodynamics or toxicokinetics and toxicodynamics that yield the TSE [17,19]. Each of the key
events is called the key exposure state (KES), and the causal relationship between adjoining KES is
called the key transitional relationship (KTR). The KES offers verifiability for the AEP, for example
increase in 6PPD quinone in indoor dust over time or in specific areas while KTR offers ‘unit of
inference or extrapolation’, for example formation of 6PPD quinone in air or adsorption of 6PPD
quinone on sediments [18].


https://doi.org/10.20944/preprints202407.2301.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2024 d0i:10.20944/preprints202407.2301.v1

Key exposure states

A

Environmental and biological receptars

A
f )

Exposure

I i
ot l medium

External Internal Target site
exposure exposure exposure

i

. Protein |

. H

:z:;;ﬁ Use Contact 3“’:;;’;““" Organelle I Adverse
: Disposal =/ s IS ihsleten  Cp P 0 Tisse 2> utcome

peditich Waste site Particies Ingestion il Crgans T Pathwa

miligation L ADME & L

i
I
Production Air i
'
'
T
'
WWastewater Diet ' Cells
'
'
'
'
'
'
'
'

i
i
i
i
i
i
i
o
| Toxicokinetics ¢

Figure 1. A schematic of the aggregate exposure pathway with each component representing a key
exposure state. The source and target site exposure are the initial and terminal key exposure states
while the exposure media and external and internal exposure are the interim key exposure states. The
internal exposure and target site exposure can be abiotic. Adapted with permission from Teeguarden
et al. (2016). Copyright 2016.

The source and TSE are specialized types of KES that describe the state of the chemical stressor
(i.e., concentration/amount, duration, frequency, and nature) at the site of environmental emission,
and biological receptors that initiate a response at the molecular or cellular level, respectively.
However, the TSE can be a chemical stressor in an environmental sink (i.e., abiotic, e.g., 6PPD quinone
concentration in sediments) if the objective is to assess environmental accumulation or persistence.
In addition, TSE is associated with a molecular initiating event for an adverse outcome pathway
(AOP) framework, which is widely used to link internal exposure to biological responses in
organisms [17]. Linking the various KES (i.e., sources, exposure media, and external and internal
exposures) of a chemical stressor, such as 6PPD quinone, using the respective KTRs creates a visual
pathway or AEP network that could offer coherent mechanistic information on the transfer of 6PPD
quinone to humans and wildlife and the corresponding deleterious biological effects. The developed
AEP network could provide critical information to support 6PPD quinone regulations. Although
studies using the AEP framework remain scarce despite its immense potential benefits for improving
risk assessment, the AEP framework has been used in site-based cumulative risk assessments of
perchlorate [20,21], microplastics [22], and phthalates [23]. The present study used the AEP
framework to integrate exposure pathways and processes of 6PPD quinone by assessing its existing
exposure data, empirically identifying data gaps using a weight-of-evidence approach, illustrating
the utility of AEP networks using a site-based case study focusing on an urban center in China, and
offering recommendations for regulations and future studies.

2. Materials and Methods

2.1. Study Area

Located in South China in the southern subtropical zone, the Pearl River Delta covers 56,000 km?
and includes megacities such as Guangzhou, Shenzhen, and Hong Kong. With average annual
rainfall of 1,600-2,300 mm and temperature of 21.4-22.4 °C, the PRD has a subtropical monsoon
climate marked by wet summers between May and October and dry winters between November and
April [24]. The PRD has a population of 86 million, contributing 6.1% to the total population of China,
despite covering less than 1% of the total area of China [25]. Between 2000 and 2019, the GDP of the
PRD increased eight times to 1.28 trillion US dollars. Besides causing a significant decline in forest,
grass, and river land cover, rapid industrialization and urbanization in the PRD have caused severe
air, soil, and water pollution [25]. In addition, there are 13.8 million private vehicles in the PRD and
over 62,600 km on highways [26]. Vehicle emissions are recognized as the main source of atmospheric
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pollution in the PRD, and vehicle emissions have evolved from exhaust discharges to non-exhaust
discharges, such as tire wear. Hence, an AEP was developed to assess 6PPD quinone exposure in the
PRD, with a focus on human exposure following atmospheric deposition.

2.2. Literature Search and Selection

Twelve published original research articles on the occurrence, chemodynamics, and
toxicokinetics of 6PPD quinone were evaluated to assemble and assess the 6PPD quinone AEP
network. Original research articles (n = 127) were mined using a systematic literature search of the
SCOPUS database on July 23, 2024. The search strings used were “ 6PPD-quinone “ or “ 6PPD
quinone.” Articles not from China or Hong Kong (1 = 74), review articles (n = 5), and articles not in
English (n = 1) were excluded. The remaining 47 articles were initially screened by checking their
titles and abstracts, which resulted in the exclusion of review articles (n = 2). The study areas were
checked in each article and those that included Guangdong, Shenzhen, and Hong Kong were selected
(n = 12). Laboratory studies assessing the physicochemical behavior in environmental media and
toxicokinetics were also included (1 = 3).

2.3. Assembling and Assessing the 6PPD Quinone AEP Network

All selected articles were grouped into KES (source, interim KES, and TSE), and the KTRs
connecting them were identified. Only atmospheric deposition and roadside dust were included as
sources (KES1 and KES2, respectively), although studies have identified artificial turf and wastewater
treatment plants as sources of 6PPD quinone [27,28]. The concentration of 6PPD quinone in KSE1-
KSE7 was determined using ultrahigh-performance liquid chromatograph equipped with triple-
quadrupole mass spectrometer with a limit of detection of 0.03 - 1.0 pg m= in KES1, 0.24 - 0.37 ng/g
in KES2, 0.05 ng/L in urban runoff (KES3), 0.09 - 0.160 in surface water (KES4), and 0.05 ng/g in fish
(KSE5). However, no detection limit has been reported for human serum (KSE 6) or cerebrospinal
fluid (KSE?).

The strength of the exposure data to support the developed 6PPD quinone AEP network was
assessed using the weight-of-evidence approach developed by Peng et al. (Table 1)[22]. Based on the
four criteria developed by the OECD for AOP frameworks, the essentiality of the KES and theoretical
plausibility, empirical support, and quantitative evidence of the KTR linking the two KES was
critically examined. The quality of support was scored as Low, Moderate or High in ascending order,
with data gaps noted.

Table 1. Criteria for Weight of Evidence assessment of the key exposure states and the key transitional
relationships proposed by Peng et al. (2022). Used with permission from Elsevier under Creative
Commons CC-BY license.

Confidence level

Category Criterion

High Moderate Low
KESdownstream will be Some direct evidence or
. Multiple lines of direct . . L No direct evidence or
- reduced/will not . . multiple lines of indirect .
Essentiality of . evidence, with no . . considerable
take place if . ) . evidence, or limited . . .
the KES . inconsistencies or . . . inconsistencies or
KESupstream is .. number of inconsistencies ..
contradictions. L. contradictions.

reduced/stopped. or contradictions.

Theoretical

Widely accepted and in-

knowledge -

. . depth mechanistic . .. -
Theoretical supporting . . Partial mechanistic No or limited
s understanding supporting . . .

plausibility of ~dependent and . . 2understanding with known theoretical
. the causal relationship )
the KTR  sequential change knowledge gaps. understanding.

. between KESupstrcam and
of two adjacent

KESS KESdownstream.
Empirical Empirical data  Multiple lines of evidence Some direct evidence or .
. 11 . . o No or very limited
support for supporting with high temporal, multiple lines of indirect

evidence.
the KTR dependent and spatial and incidence evidence, with some
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temporal, spatial and
incidence concordance,
and a limited number of
inconsistencies or
contradictions.

Precise prediction of
KESdownstream from
KESupstream with a high
uncertainty. Key
modulating factors and

feedback or feedforward Known modulating
are not fully captured in factors and/or known
the model. The model is feedback/feedforward
only valid for alimited =~ mechanisms are not
captured.

Only qualitative or
semi-quantitative
understanding.

number of cases in the

applicability domains of

the AEP. the AED.

3. Results and Discussion

The 6PPD quinone source, transfer, and contact pathways in the Pearl River Delta region were
described using an AEP network assembled using eight KSEs (Figure 2). Aerial deposition of
particulate matter and road dust were considered the sources of 6PPD quinone; each KSE was
supported by three [29,30,36] and four studies [31-34] respectively. The initial exposure medium was
urban runoff (KSE3), which is supported by four studies that investigated the distribution of 6PPD
quinone [34-37]. Receiving rivers (KSE4) were the secondary exposure media [34,36,37]. External
exposure in fish (KSE5)[38] was determined using the reported whole-body concentration, whereas
that in humans (KSE6) was based on human biomonitoring [39,40]. The initial internal exposure was
estimated using the 6PPD quinone concentration in human blood serum (KSE6)[39-41] whereas the
secondary internal exposure was estimated using the concentration in cerebrospinal fluid (KSE7) [42]
as the 6PPD quinone crossed the blood-cerebrospinal fluid barrier (BCSFB). Primary dopaminergic
neurons were considered the target site exposure (KSE8) since there was only one investigation
relevant to TSE in the PRD [42].

Stressor Source Exposure media External exposure Internal exposure  Target site exposure

Ambient ®® Road dust ®® Urban (@ Surface @@ Fish @Q Human @@ Gerebrospinal @
air KES2 runoff water KESS blood fluid 12
KEs1 | KTR1 n| KWR2 KESS ) KTR3 |  kesa M| KR4 L | KTRs KES6 | | KTREé KES? |

Guangzheu, n =22 Guangzhou, 7 = 47 Hong Kong. n=8 Pearl River, n = 26 Pearl Rx;’Es““"Yv Guangzhou, n =281 n=24 i i

1.50-64.4py/mi 1810z 0.21:2.43 ngll 0.2611.3 ngnL n=56:ND-0.26 ND-1060 ng/L 84nglg (e

28] =1 pers 138] gl we [38] 138 2] “KSEB

Guangzhou, n =24 Guangzhou, n =60 Guangzhou, n = 68 Pearl Rivar, n = 13 Blirisiea i hs

0.10-16 pgfm? 10.5-508 ng/g 1.6-840 g/l ND-0.75 ngil. Intasction with

[30} [32] 135] 1371 albumin [41]

Hong Kong, n = 16 Guangzhou, n =20 Pearl River Delta Pearl River,n= 8 Legend

0.84.13.8 pg/m? 3.0.88.1 nglg n=7 3.2.7.9ng/L :

1361 133] 38.51562 ng/L (26] 138 a T'\:n'am:al plausivility of

Empirical support of the KTR
Guangzhou, n=12 Guangzhou,n=10
9.5-936 ngfg 0.8-1.42ng/L Quantitative understandiny
3

[34] 137 <> of the KTR

Red Essentiality of the KES

Aggregate exposure pathway

Figure 2. The 6PPD quinone aggregate exposure pathway for atmospheric deposition in Pearl River
Delta leading to human exposure. Series of rectangles beginning with one labelled Ambient air ending
with one labelled Neuronal mitochondrial dysfunction represent key exposure states (KES) while the
connecting arrows represent the key transitional relationships (KTR). The bold letters represent
confidence levels; H - High, M - Moderate, L - Low.
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3.1. Essentiality of the Key Exposure States

The KES represented a measurable change in the physicochemical state of 6PPD quinone
essential for the movement of 6PPD quinone along the AEP, leading to exposure at a specific target
site. Hence, essentiality assessed whether the manipulation (blocking (direct evidence), modulation
attenuation (indirect evidence)) of upstream events alters downstream events. The essentiality of
KES1 was Low because there was a single indirect evidence showing that the ratio of 6PPD/6PPD-
quinone in ambient air (KSE1) was similar to that in road dust (KES2)[34], which suggested that KSE1
was the source of 6PPD quinone downstream, as previously suggested [32]. There was multiple direct
evidences linking road dust (KSE2) to downstream 6PPD quinone distribution, including urban
runoff (KSE3) and rivers (KS4) [34]. Hence, the essentiality of KES2 is deemed high. Liu et al. offered
indirect evidence that small-intensity rainfall washed off road dust (KSE2) and increased the
concentration of 6PPD quinone in urban runoff (KES3) [35]. The essentiality of urban runoff (KSE3)
was deemed high, as there was multiple direct evidences showing that urban runoff increased the
6PPD quinone concentration in surface water (KES4) [37]. Previous studies have found that the
concentrations of 6PPD and 6PPD quinone were higher in KSE3 than in KSE4, and this shower urban
runoff acted as a non-point source of 6PPD quinone in receiving rivers [36,37]. The essentiality of
KSE4 was deemed moderate, as multiple direct evidences showed that 6PPD quinone in surface
water bioaccumulated in fish with a log bioaccumulation factor of 1.3-1.9 in nine fish species, which
is low [38]. Human exposure (KSE6) following the consumption of fish was based on dietary
exposure estimates (KSE5) [38], providing a single indirect evidence linking KSE5 to KSE6; thus, KSE5
was deemed low. The essentiality of KES6 was deemed moderate as there were two studies that
detected 6PPD quinone in blood serum (KSE6)[39,41] and a single indirect evidence that detected
6PPD quinone concentration in both blood and cerebrospinal fluids (KSE7)[42] which suggested that
6PPD quinone crossed the BCSFB. Studies on human biomonitoring of 6PPD quinone remain scarce,
and there is an overreliance on exposure estimates that limit the essentiality of internal exposure and
target-site exposure KESs.

3.2. Theoretical Plausibility of Key Transitional Relationships

The chemodynamics and toxicokinetics of 6PPD quinone are primarily influenced by
physicochemical processes in the environment. An AEP describes physicochemically plausible key
event cascades linking the source to interim KES and the target site. To achieve this, an AEP should
answer the question of whether there is a mechanistic relationship between upstream and
downstream KES. It is widely understood that organic pollutants in air are major determinants of the
concentration of organic pollutants in road dust because adsorption of organic pollutants directly to
road dust particles and indirectly via adsorption to ambient particulate matter followed by deposition
of the ambient particulate matter to road dust contributes to the air-dust partitioning of organic
pollutants [43]. The theoretical plausibility of KTR1 was deemed moderate, as a previous study
demonstrated that particle size influenced the adsorption rates of 6PPD quinone on road dust [32].
However, there are currently no studies on the deposition rates of particulate matter-associated 6PPD
quinone in road dust. The theoretical plausibility of KTR2 was deemed moderate because a previous
study found partitioning of 6PPD quinone from road dust to water fitted to a pseudo-first-order
kinetic model with organic carbon-water partition coefficients (log Koc) of 3.2 in dust from arterial
roads and 3.5 in residential roads, respectively [44]. However, there is a major knowledge gap
regarding the effect of the physicochemical properties of road dust on 6PPD quinone log Koc.

Organic pollutants in urban runoff are often transported to receiving waters attached to
suspended particles, with the amounts partitioned to the water column depending on the
physicochemical properties of the organic pollutant. Urban runoff formation is mainly determined
by landscape morphology and rainfall intensity, and the same factors determine the amount of
organic pollutants that reach receiving waters [45]. However, there is a partial mechanistic
understanding of the causal relationship between urban runoff and the phase partitioning of 6PPD
quinone in receiving waters. Data from a previous study revealed that 6PPD quinone contains field-
based suspended particles with a water partition coefficient (Ka) of 0.029 [37]. For that reason, the
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theoretical plausibility of KTR3 was deemed moderate. Additional studies are needed to quantify the
phase partitioning of 6PPD quinone from urban runoff to receiving rivers.

The bioaccumulation and trophic transfer of 6PPD quinone in fish have been shown in a single
field study [38]. In addition, there is extensive evidence showing that bioaccumulation in fish occurs
via aqueous uptake of organic pollutants in the surface water column (i.e., bioconcentration) and
dietary ingestion of contaminated prey (biomagnification). Bioconcentration in fish has been shown
to increase with hydrophobicity, as a significant positive correlation between the logarithmic octanol-
water partitioning coefficients (log Kow) and the aqueous uptake rate constant (ku) of organic
pollutants usually has a positive relationship in fish, suggesting that bioconcentration increases with
an increase in hydrophobicity [46]. In addition, fish are sometimes exposed to 6PPD quinone attached
to tire-wear particles. A previous study found that 6PPD quinone attached to tire wear particles had
high bioaccessibility, as it readily solubilized in fish gut fluids, and its solubilization kinetics followed
a logarithmic model [47]. This is because 6PPD quinone is formed by the oxidation of 6PPD at the
surface of tire wear particles. Therefore, the theoretical plausibility of KTR4 was deemed moderate.

Following the consumption of contaminated fish, bioaccumulation occurs when organic
pollutants cross the intestinal epithelial membrane and enter the bloodstream. Depending on their
chemical structure and physicochemical properties, organic pollutants can cross this first
physiological barrier through active transport, passive transcellular pathways, or facilitated
paracellular pathways [48]. The log Kow (4.3) and polar surface area (24.05 A2) which are between
~1.0 and 5.9 and below 131.6A2 [49]. Based on these three mechanistic models, 6PPD quinone has a
high potential to cross the intestinal epithelial membrane. Although no studies have confirmed the
mechanistic model of 6PPD quinone in the human gastrointestinal tract, the theoretical plausibility
of KTR5 was deemed high because there is a widely accepted mechanistic understanding of the
transfer of chemical pollutants from fish to human blood.

The movement of endogenous substances and xenobiotics across the blood-cerebrospinal fluid
barrier (BCSFB) is a highly regulated process that allows the importation of nutrients and ions and
exportation of metabolic waste while limiting the free diffusion of xenobiotics [50]. Organic pollutants
may cross the BCSFB via transcellular pathways rather than paracellular diffusion, because the
BCSFB consists of tightly connected choroid plexus epithelial cells [51]. Studies have found that
xenobiotics may cross the BCSFB when they have a molecular weight below 400 Da, polar surface
area below 44.8, log Kow around 2.8, and can form less than eight hydrogen bonds [51,52]. However,
permeability can be influenced by human factors such as age, activities, and health status. The
theoretical plausibility of KTR6 was deemed low since 6PPD quinone has a higher log Kow and
moderate lipophilicity, which implies that it might not readily cross the BCSFB.

Mitochondria are organelles that represent the primary target sites for some organic pollutants.
They contain two lipid bilayers that divide the intermembrane space of the matrix. The outer lipid
bilayer is rich in cholesterol and allows the free diffusion of small molecules with molecular weight
below 10k Da. In contrast, the inner membrane does not contain cholesterol and is relatively
impermeable, allowing active transport. Compared with the intermembrane space (pH = 6.9), the
matrix was slightly alkaline (pH = 8.0) and had a net negative charge [53]. These environments ensure
that mitochondria maintain metabolic homeostasis. However, the same environment promotes the
uptake of organic pollutants, especially amphiphilic xenobiotics, into the matrix and inner membrane
[53]. This leads to the disruption of mitochondrial function and permeability [54]. As 6PPD quinone
is amphiphilic, has a molecular weight below 10k Da, and is moderately lipophilic, it can readily
diffuse through the outer membrane, sorb onto the inner membrane, and possibly accumulate in the
matrix. Mechanistic understanding of this process in neuronal mitochondria is still unclear; hence,
the theoretical plausibility of KTR7 was deemed low.

3.3. Empirical Support for the Key Transitional Relationships

Empirical support improves confidence in the KTR by evaluating concordance in exposure
temporality between adjacent KESs. It offers spatiotemporal empirical data that show the
dependence and sequential changes between two adjacent KESs. This entails assessing experimental
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data evaluating KES associations, as reflected by partition coefficients of the organic pollutant
between adjacent environmental media, environmental media, biological receptors, and adjacent
biological receptors. It can also be reflected by the temporal relationships of the organic pollutants
across each phase combination, for example, the volume of distribution in blood, half-life in
environmental media, or rate of volatilization. As there are limited studies showing causal
relationships between the 6PPD quinone concentration in the atmosphere and road dust, the
empirical support for KTR1 was deemed moderate. In contrast, multiple studies demonstrated time,
spatial, and concentration dependence of urban runoff on road dust as well as receiving waters on
urban runoff, indicating high empirical support for both KTR2 and KTR3, respectively. While there
is empirical support for the bioaccumulation and bioconcentration of organic pollutants in fish and
humans, there is limited directed evidence specific for 6PPD quinone in humans while there is a
single one for fish; thus, the empirical support for KTR4 and KTR5 were deemed moderate and low,
respectively. Since no empirical data supporting the spatiotemporal distribution of 6PPD quinone in
blood-cerebrospinal fluid and cerebrospinal fluid-neuronal mitochondria interfaces are available, the
empirical support for both KTR 6 and KTR7 was deemed low.

3.4. Quantititave Understanding of the Key Transitional Relationships

Despite the importance of quantitative analysis of downstream KTRs, such as KTR6, which is
essential for connecting the AEP to an AOP, as well as upstream KTRs, such as KTR2 and KTR2,
which are essential for developing pollution mitigation strategies, there is a dearth of studies offering
comprehensive quantitative understanding of the KTRs in the 6PPD quinone AEP. At present,
quantitative structure-activity relationships are mainly used to estimate the phase transfer properties
of 6PPD quinone in environmental media and biological receptors. Changes in road dust are difficult
to predict based on 6PPD quinone concentration and spatiotemporal distribution because 6PPD
quinone can be transferred to road dust directly from tire wear particles passing through the road.
Additionally, atmospheric conditions differ across regions, making it difficult to generalize the
deposition of 6PPD quinone on road dust. Hence, the quantitative understanding of KTR1 was
deemed low. In contrast, there is evidence that changes in urban runoff and receiving rivers can be
predicted by changes in road dust and urban runoff. For receiving rivers, discharge from wastewater
treatment plants, direct atmospheric deposition to the river or indirectly to upstream lakes, and
seepage from landfills can confound their dependence on urban runoff. No study has quantitatively
assessed the contributions of these different sources to the presence of 6PPD quinone in rivers. Hence,
a quantitative understanding of KTR2 and KTR3 was deemed moderate. The bioaccumulation factor
of 6PPD quinone was experimentally shown to be moderate, indicating that there were considerable
uncertainties in predicting its concentration in fish based on river water concentrations. In contrast,
no studies have linked concentrations in fish and human serum, blood and cerebrospinal fluid,
cerebrospinal fluid, and neuronal mitochondria. For this reason, the quantitative understanding of
KTR4-7 was deemed low.

4. Applications of the Aggregate Exposure Pathway to Advance Risk Assessment

Constructing a site-specific risk model using an AEP is imperative when conducting
community-based cumulative risk assessment. As shown in this study, an AEP can identify and
connect environmental media and organisms using a mechanistically grounded exposure pathway,
which is essential for predicting exposure risks and characterizing primary exposure risk drivers. In
the case study presented, the AEP facilitated the organization of mechanistic exposure data in
different environmental media (i.e., air, road dust, urban runoff, and rivers) and organisms (i.e., fish
and humans); the critical data gaps that limit the prediction of 6PPD quinone exposure temporality
in one environmental compartment based on an adjacent one, demonstrated the impact of
uncertainties in exposure pathways and mechanisms, and leveraged available data from other
organic contaminants or locations to improve mechanistic understanding promoting interoperability.

The constructed 6PPD quinone AEP framework could facilitate the harmonization, collation,
and integration of 6PPD quinone exposure, which is essential for developing an effective exposure
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data repository. As more exposure data, locations, and key exposure states are added to the AEP
framework, comparisons of source, external exposure, internal exposure, and target site exposure
across space and time will become easier. While most studies included in the case study used LC-
MS/MS to identify and quantify 6PPD quinone in environmental media and biological samples, some
studies did not include validation parameters such as the limit of detection, making it difficult to
have confidence in the reported concentrations. Peng et al. recommended that an AEP should include
standardized protocols for sampling, extraction, separation, detection, and quantification of the
stressor [22]. Furthermore, identifying and assessing KESs and KTRs helped identify critical
knowledge gaps. For example, despite the widespread use of exposure models to estimate human
exposure to organic pollutants following the consumption of contaminated food, empirical evidence
supporting this remains scarce. Additionally, the assessment of the Weight of Evidence revealed a
gap in the current understanding of the transfer of 6PPD quinone in human blood to the target site.
This is probably because of the ethical challenges in conducting such studies. However, with the
recent development of organoids, organ-specific in vitro assessments can be conducted to better
understand the mechanism of the transfer of organic pollutants.

While the developed AEP could be used to collect further evidence for a location-based
cumulative risk assessment, there are some limitations that should be considered. Potential sources
of 6PPD, such as artificial turf, landfills, and wastewater treatment plants, were not included in the
study. An AEP cannot include all potential sources and interim key exposure sites, as this might
overly complicate it. However, with advances in database construction and machine learning, such
complex AEP are possible. It is important to note that 6PPD quinone is a chiral compound, which
means that it exists as an enantiomer, which may have different phase transfer properties. Chiral
compounds have similar physical properties in an achiral environment; however, in a chiral
environment, such as human blood, epithelial membranes, and biological target sites, they behave
differently. Previous studies have shown that adsorption of chiral pollutants in sludge and soil is
enantioselective. However, in this case study, it was assumed that the physicochemical properties of
the 6PPD quinone enantiomers from the source site to the target site were similar. Further studies are
required to confirm this assumption.
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