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A B S T R A C T

While a large body of literature has shown that microplastics (MPs) are highly likely to be accumulated in marine
organisms and terrestrial animals, information about toxicity of MPs in mammal from a mechanistic point of
view is more limited. Our paper fills this knowledge gap by assessing polystyrene (PS)-MPs-mice system based on
toxicity-based toxicokinetic/toxicodynamic (TBTK/TD) modeling to quantify organ-bioaccumulation and bio-
marker responses appraised with published dataset. The key TBTK-parameters for mice liver, kidney, and gut
posed by 5 or 20 μmPS-MPs could be obtained. We found that gut had the highest bioaccumulation factor (BCF)
of ∼8 exposed to 5 μmPS-MPs with a mean residence time of ∼17 days. We showed that threshold con-
centrations of 5 and 20 μmPS-MPs among the most sensitive biomarkers were 8 ± 5 (mean ± SE) and
0.71 ± 0.14 μg g−1 bw, respectively, implicating that particle size was likely to affect TK/TD behavior in mice.
The mice-based TK parameters and threshold criteria greatly assist in designing robust researches to evaluate MP
consumption by humans. We establish a TBTK/TD framework for mechanistically assessing potential from mice
size-specific MPs exposure that would offer a tool-kit for extrapolating to humans from health risk assessment
perspective.

1. Introduction

Plastic debris is ubiquitous in both terrestrial and marine ecosys-
tems due to the durability and indecomposable characteristics of

plastics as discarded materials. Microplastics (MPs), defined as particles
with diameter of at least one dimension<5mm, can occur as primary
(e.g., cosmetic products or industrial abrasives) or secondary MPs from
broken plastic debris caused by natural forces such as wave action,
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ultraviolet radiation, and hydrolysis [1–5]. In addition to the globally
environmental threats of MP contamination, the issue of their potential
toxicities to human health has recently raised serious concerns [6,7].

Scientific evidence for heightened pollution from MPs is mounting,
yet appropriate administrative strategies to reduce human health risks
posed by MP toxicities are lagging behind. It was reported that humans
are potentially susceptible to MP toxicities due to the presence of MPs
in frequently consumptive foods such as fish, shellfish, honey, sugar,
and beer [8–15]. Several studies also revealed that commercial drinking
and mineral water were contaminated with various types of micro-
scopic plastic particles in high detected rates and unneglected amounts
[16,17]. However, due to the limited knowledge of toxicology and
biokinetics of MPs in mammals and human body, the mechanistic ap-
proaches based on present animal studies are necessitated to provide
alternative methodologies for implementing human health risk assess-
ment from MPs exposure.

Toxicity-based-toxicokinetic (TBTK)/toxicodynamic (TD) modeling
is a powerful mechanistic approach elucidating fate and behaviors of
specific pollutants, enabling to translate exposure to time course of
toxic effects on related biomarkers [18–20]. TKs refers to concentra-
tions of a toxicant change in time course encompassing absorption,
distribution, biotransformation, and elimination of toxicants with ap-
plication of mathematical descriptions. TDs deals with effects of a
toxicant ranging from levels of molecular, cells, tissues, and organs to
population leading from toxic actions to subsequent hazards and im-
pairments in organisms. The TBTK/TD model can incorporate TK and
TD processes by linking external exposure concentrations to biologi-
cally effective doses. Therefore, TBTK/TD modeling can be im-
plemented as a rigorously quantitative framework to explore toxicity
interactions of MPs in organisms.

Notably, information regarding MP toxicities in mammals are rarely
explored. A pioneering polystyrene microplastic (PS-MP) study for mice
was conducted by Deng et al. [21] with 5 and 20 μm fluorescent PS-MPs
daily exposures resulted in accumulations of both sizes of particles in
the liver, kidney, and gut. Also, alterations in metabolic profiles re-
vealed PS-MPs impacts on energy and lipid metabolism, and oxidative
stress in mice liver [21]. Polystyrene (PS) is one of the main polymer
types in plastic products along with accompanied wastes in that PS-
specific MPs are commonly found in MP fields [1,22,23]. PS-MPs are
also widely applied in bioassays examining biological interactions and
toxicities in organisms [2,24,25]. Given concerns for human health
risks posed by MPs exposure, the TBTK/TD modeling constructed in this
study can be assisted as a robust mechanistic tool to evaluate appro-
priate internal PS-MP concentrations in mice that are generally served
as a mammalian terrestrial model organism.

Therefore, the purposes of this study were threefold: (1) to obtain
TK parameters and dose-response profiles in mice posed by PS-MPs
exposure appraised with the related published literature, (2) to quantify
acceptable levels of PS-MPs in mice based on various biomarker re-
sponses to implicate threshold exposure doses, and (3) to provide an
extrapolation tool along with the implemented methodologies for
human health risk assessment.

2. Materials and methods

2.1. Study data

Experimental data related to bioaccumulations and toxic effects
posed by exposures of PS-MPs in various dosages were adopted from
Deng et al. [21] (Supplementary Tables S1 and S2). Briefly, the PS-MPs
beads in size diameters of 5 and 20 μm were applied in both accumu-
lation bioassays and toxicity treatments in five-week-old male mice Mus
musculus as described in Fig. 1A [21]. Accumulation bioassays were
conducted to determine distributions and accumulations of size-specific
PS-MPs in liver, kidney, and gut of mice (Fig. 1B). Two groups with
each of 35 mice were treated daily via oral gavage with 0.2 mgmL−1

fluorescent PS-MPs with sizes of 5 or 20 μm in water. Five mice were
sacrificed at 1, 2, 4, 7, 14, 21, and 28 days post treatments.

Toxicological experiments were performed to analyze energy and
lipid metabolisms and oxidative stress in mice liver (Fig. 1B) [21].
Except the control group, each group with five mice were treated with 5
or 20 μmPS-MPs in doses of 0.01, 0.1, and 0.5mg day−1 for 4 weeks.
Liver samples were removed post treatments to evaluate alterations of
biomarkers of adenosine triphosphate (ATP), triglyceride (TG), catalase
(CAT), and superoxide dismutase (SOD) in mice [21].

2.2. Exposure assessment

To rigorously estimate time-dependent internal concentrations of
PS-MPs in mice based on the exposure scenarios of Deng et al. [21], the
Dirac delta function was used to mathematically describe the sequential
pulsed exposure patterns in accumulation bioassays [21]. The time-
dependent exposure concentrations of 5 or 20 μmPS-MPs in mice can
be written as,

∑= + −C t C C δ t nT( ) ( ),
n

w 0 1
(1)

where Cw(t) is the time-dependent PS-MPs concentration in water (mg
mL−1), t is the exposure time (day), C0 is the environmental back-
ground concentration of PS-MPs (mg mL−1), C1 is the pulsed exposure
concentration of PS-MPs at 0.2 mgmL−1, δ is the Dirac delta function, n
is the pulsed frequency during exposure, and T is the time between
adjacent pulsed intervals (day).

2.3. TBTK modeling

The TBTK model is a first-order differential model dealing with the
kinetic process of chemical-biota interactions (Fig. 1C). The time-de-
pendent 5 or 20 μmPS-MPs concentrations in specific organs (Ci(t)) of
mice can be predicted by the one-compartment TK model as,

= −dC t
dt

k C t k C t( ) ( ) ( ),i
i1 w 2 (2)

where Ci(t) is the time-dependent PS-MPs concentrations in specific
organ i (mg g−1 bw), k1 is the uptake rate constant from the mixed
solution of PS-MPs in mice (mL g−1 day−1), k2 is the depuration rate
constant from PS-MPs in organs of mice (day−1) (Fig. 1D).

Based on the experiment settings of Deng et al. [21], the dynamic
internal concentrations of PS-MPs in mice posed by orally pulsed ex-
posures of PS-MPs can be estimated by incorporating Eqs. (1) to (2),
resulting in the unit step function (U) as,

∑= ⋅ ⋅ − +−
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In addition, when the PS-MPs-mice interaction reaches steady state
with a saturation curve, the steady-state bioconcentration factor (BCFss)
in specific organs of mice can be expressed as the TK parameters,

= =C
C

k
k

BCF .i
ss

w

1

2 (4)

2.4. Mean residence time estimation of PS-MPs

The mean residence time (MRT) was determined based on the ex-
perimental data from accumulation assay performed by Deng et al. [21]
(Fig. 1C; Supplementary Table S1). The size- or organ-specific MRT in
PS-MPs-mice system can be estimated as,

∫
∫
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tC t dt

C t dt

( )

( )
,

t
i

t
i

i
0

0 (5)

where t¯i is the MRT of PS-MPs in a specific organ i (day) (Fig. 1D).
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2.5. Dose-response based TD modeling

To construct the relationship between physiological responses and
PS-MPs burdens in mice liver, the Hill model was adopted to fit the TD
experimental data (Fig. 1C). PS-MPs burdens in mice liver posed by
various exposure concentrations were converted by multiplying the
estimated BCFss and divided by the liver weight ranging from 1.47 to
1.74 g as described by Deng et al. [21]. A three-parameter Hill-based TD
model can be written as,

=
×

+
E C

E C
EC C

( )
50

,
n

n nL
max L

L

H

H H (6)

where E is the alteration of biomarkers effect, including ATP, TG, CAT,
and SOD in mice liver (%), CL is the internal concentration of PS-MPs in
mice liver (mg g−1 bw), Emax is the maximum effect (%), EC50 is the
internal concentration of PS-MPs that causes the half of Emax (mg g−1

bw) (Fig. 1D), and nH is the Hill coefficient representing the slope of the
dose-response model.

2.6. Predictive risk threshold

Based on the different dose-response trends in mice, a three-para-
meter Weibull threshold model can be applied to fit the percentile

Fig. 1. Schematic showing the study framework and computational algorithm.
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values of 2.5th, 5th, 25th, 50th, 75th, 95th, and 97.5th extracted from
the cumulative density functions of EC50 with 95 percentile confidence
interval (CI) values estimated in each biomarker (Fig. 1E). The pre-
dictive risk threshold model can be expressed as,

= − ⎡
⎣⎢

−⎛
⎝

− ⎞
⎠

⎤
⎦⎥

> > > >F C
C γ

α
C γ α β( ) 1 exp , 0, 0, 0,

β

L
L

L
(7)

where F(CL) represents the cumulative probability of internal PS-MPs
concentrations in liver, γ is the threshold value (mg g−1 bw), α is the
scale parameter (–), and β is the shape parameter (–).

2.7. Extrapolation algorithm

The overall algorithm of extrapolation methodology from mice to
human system was described based on the well-constructed guidelines
of interspecies dose conversion by the US Food and Drug
Administration [26]. Conversion of PS-MPs doses from mice to human
equivalent doses (HEDs) could be derived based on the no-observed-
adverse-effect-level (NOAEL) in mice, reference body weights of mice
(Wmice) (0.02 kg) and human (Whuman) (60 kg), and an allometric ex-
ponent (b) [27] as follows,

HED=mice NOAEL× (Wmice/Whuman)(1−b). (8)

Moreover, to estimate more rigorous standards for PS-MPs levels in
human, the NOAEL of mice for HEDs estimations was replaced with
threshold doses of each biomarker estimated from the Weibull
threshold model. The HEDs values were furtherly divided by a his-
torically accepted default safety factor of 10 to allow variabilities in
extrapolating animal to human systems [27,28]. The safety factor is
accountable for differences in biological and physiological processes
and sensitivities to specific toxicants between mice and human systems
[27,28].

2.8. Simulation tools and uncertainty analysis

This study employed the Table curve 2D (Version 5.01, AISN
Software Inc., Mapleton, OR, USA) to simulate all model fittings to the
published data. Ordinary differential equations (ODEs) in analysis of
TBTK modeling were solved with the Mathematica® (Version 11.2,
Wolfram Research Inc., Champaign, IL, USA). The Crystal Ball® soft-
ware (Version 2000.2, Decisionerring, Inc., Denver, Colorado, USA)
was employed to implement Monte Carlo (MC) simulation which can be
performed 10000 iterations to sufficiently ensure the uncertainties of
simulation results. Percentiles of 2.5th and 97.5th are generated as the
95% CIs for all model fittings.

3. Results

3.1. TBTK analysis of PS-MPs in mice system

TBTK-parameter estimates of k1 and k2 for mice liver, kidney, and
gut posed by 5 or 20 μmPS-MPs exposure were obtained by fitting the
first-order TK model (Eq. (2)) to exposure data (Fig. 2; Table 1; Sup-
plementary Table S1). Overall, both estimated k1 and k2 values were the
highest in gut with k1= 2.5 ± 0.2mL g−1 d−1 (mean ± SE) and
k2= 0.31 ± 0.03 d−1 for 5 μm, and k1= 1.5 ± 0.1mL g−1 d−1 and
k2= 0.33 ± 0.03 d−1 for 20 μm (Table 1). Specifically, the k2 esti-
mates for 5 μmPS-MPs in three organs were close to those of 20 μm
(Table 1).

The BCFss values were the highest in gut, followed by kidney and
liver with average estimates of 8.16, 5.57, and 1.59, respectively, for
5 μmPS-MPs, whereas the estimated BCFss values in the treatment of
20 μmPS-MPs were approximately the same among three organs ran-
ging from 4.47 to 4.66 (Table 1).

3.2. MRT of PS-MPs in mice system

The MRTs of 5 or 20 μmPS-MPs were estimated (Fig. 3). Predicted
MRT values in liver, kidney, and gut posed by 5 μmPS-MPs exposures
were approximately the same with estimates of 16.74 (95% CI:
11.41–22.15), 17.12 (12.33–22.36), and 16.06 (11.85–20.74) days,
respectively (Fig. 3A). Similarly, the estimated MRTs of 20 μmPS-MPs
in liver, kidney, and gut were close to that of 5 μm with estimates of
16.28 (11.23–21.16), 17.02 (11.68–22.50), and 15.97 (12.18–20.37)
days, respectively (Fig. 3A).

The MRTs in three organs posed by 5 μmPS-MPs exposure were
estimated by fitting to a lognormal (LN) function with a geometric
mean (gm) of 16.66 days and a geometric standard deviation (gsd) of
1.09, denoted as LN(16.66, 1.09) (Fig. 3B). Close to the estimated MRT
ranges of 5 μmPS-MPs, the fitted result of 20 μmPS-MPs among three
organs was LN(16.38, 1.09) (Fig. 3B).

3.3. TD analysis of PS-MPs in mice system

The dose-response relationships between internal burdens of PS-
MPs and biomarker alteration in mice liver were well fitted to three-
parameter Hill-based TD model ( r2= 0.72 – 0.94; p-value< 0.05)
(Fig. 4; Supplementary Tables S2 and S3). The Emax associated with
5 μmPS-MPs exposure for inhibited activities of ATP, TG, and CAT were
39 ± 4 (mean ± SE), 28 ± 5, and 22 ± 4%, respectively (Fig. 4A, C,
E; Supplementary Table S3). Under 20 μmPS-MPs exposure, estimated
Emax values for ATP, TG, and CAT inhibitions were 39 ± 4, 29 ± 4,
and 27 ± 5%, respectively (Fig. 4B, D, F; Supplementary Table S3).

Increment of SOD activities posed by 5 and 20 μmPS-MPs exposures
had average Emaxs of 51.91 and 40.22%, respectively (Fig. 4G, H;
Supplementary Table S3). Results also indicated that the internal con-
centrations of 5 μmPS-MPs given EC50 for ATP, TG, CAT, and SOD
were 0.03 ± 0.01 (mean ± SE), 0.09 ± 0.05, 0.04 ± 0.02, and
0.05 ± 0.02mg g−1 bw, respectively (Fig. 4A, C, E, G; Supplementary
Table S3). For 20 μmPS-MPs, the EC50 of ATP activity inhibition
showed similar results to that of 5 μmPS-MPs with estimate of
0.03 ± 0.01mg g−1 bw (p-value<0.05) (Fig. 4B, Supplementary
Table S3).

TG and CAT inhibitions and SOD activity increment were all dif-
ferent compared to that of 5 μmPS-MPs treatments with estimates of
0.19±0.09, 0.24± 0.12, and 0.02±0.01mg g−1 bw, respectively
(Fig. 4D, F, H; Supplementary Table S3). The fitted nH were larger than
1 in all dose-response fittings, indicating the positive cooperativity
between PS-MPs and biological responses related to energy metabolism,
lipid metabolism, and oxidative stress in mice liver (Supplementary
Table S3).

3.4. Predictive risk threshold of PS-MPs

We utilized the results from TD analysis to further predict threshold
concentrations of size-specific PS-MPs inducing biomarker alternations
in mice. The extracted percentile data were significantly well fitted to
the Weibull threshold model ( r2> 0.96; p-value<0.001) (Fig. 5;
Supplementary Tables S4 and S5). The predicted thresholds causing
50% inhibition or increment of biomarkers in mice liver posed by
5 μmPS-MPs exposure are in the following order of TG > SOD >
CAT > ATP with estimates of 40.02 ± 2.29 (mean ± SE),
12.61 ± 0.98, 10.57 ± 1.09, and 7.90 ± 4.57 μg g−1 bw, respec-
tively (Fig. 5A, C, E, G; Supplementary Table S5).

Different from the threshold order of 5 μmPS-MPs, CAT inhibition
has the highest threshold concentration in mice treated with 20 μmPS-
MPs, followed by TG, ATP, and SOD alternations with estimates of
91.39 ± 5.38, 88.09 ± 4.73, 1.74 ± 3.92, and 0.71 ± 0.14 μg g−1

bw, respectively (Fig. 5B, D, F, H; Supplementary Table S5).
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3.5. Proposed extrapolation method from mice to human system

A proposed extrapolation algorithm to estimate 5 or 20 μmPS-MPs
threshold concentrations with biomarkers of energy and lipid metabo-
lisms and oxidative stress in human was illustrated in Fig. 6. To derive
HEDs with various biomarkers, threshold concentrations in mice should
be firstly determined by applying the Weibull threshold model
(Fig. 6A). Subsequently, an well-described empirical approach namely
“dose by factor” could be adopted to estimate HEDs of 5 or 20 μmPS-
MPs for various biomarkers based on estimates of mice threshold con-
centrations (Fig. 6B) [29]. The HEDs could be furtherly transformed
into human doses by applying a safety factor with a value of 10
(Fig. 6C). In the risk assessment framework of human systems, k1 and k2

estimates derived from the TK/TD assessment could be adopted to es-
timate internal PS-MPs doses in mice if environmental concentrations of
PS-MPs are available (Fig. 6D). Internal doses of PS-MPs in mice could
be furtherly transformed into human doses by applying the extrapola-
tion algorithm (Fig. 6D). To quantitatively characterize potential risks
of PS-MPs in human body, risk quotients (RQs) could be derived by
applying the transformed PS-MPs doses in human body and human
threshold concentrations estimated in this study (Fig. 6D).

Fig. 2. Fitting of 28-d bioaccumulation experiments by a toxicokinetic model in (A, B) liver, (C, D) kidney, and (E, F) gut of mice exposed to 5 and 20 μm diameter of
PS-MPs.
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4. Discussion

4.1. Bioaccumulation of MPs in various terrestrial organisms

Sources of MPs pollution in terrestrial regions especially for soil
ecosystems are mainly from landfill of sewage sludge, discharge of
municipal wastewater effluent, and plastic mulch applied in agri-
cultural activities [30]. Compared to the growing evidence of MPs ac-
cumulations in marine system, limited parallel researches were ob-
served in terrestrial systems due to difficulties in investigating
accumulation patterns of MPs in the complex organo-mineral soil ma-
trix [31]. Liu et al. [32] have reported the existence of MPs in farmlands
of Shanghai with approximate abundances of 78 ± 13 and 63 ± 13
items kg−1 in shallow (0–3 cm) and deep (3–6 cm) soils, respectively,
indicating the relatively lower accumulations of MPs in terrestrial re-
gion compared to marine system.

Based on the analysis of TBTK/TD modeling, we observed that
different sizes of PS-MPs could influence bioaccumulations and bioki-
netic constants among terrestrial organisms. Particularly, uptake rate
constant (k2) and steady-state bioconcentration factor (BCFss) in each
organ showed similar trends that treatments of smaller PS-MP size
(5 μm) resulted in higher values, whereas the larger size (20 μm) ex-
hibited lower values. Similarly, Besseling et al. [33] pointed that there
were no MP particles accumulated in lugworms Arenicola marina while
the uptake PS-MPs were in sizes of ≥ 400 μm [33]. Size-selective
egestion was also observed in earthworms in that 90% of MPs were
found in casts and small MP particles were preferentially retained in the
worms [34].

However, it should be noted that the relatively low abundances of
MPs in terrestrial environment reveal that significant tissue accumula-
tions via direct assimilation in larger organisms were unlikely to be
observed, whereas transfer across trophic levels or biomagnification
along the food chain shows apparently plausible [35]. Huerta Lwanga
et al. [34] suggested that bioaccumulation of MPs in earthworms
Lumbricus terrestris could cause long-term ecological effects, leading to
transfer of MPs to other terrestrial organisms due to the role as a base of
many food chains.

A recent study also demonstrated transfer of MPs through terrestrial
food chain in home gardens of Southeast Mexico, indicating that MPs
concentrations were 0.87 ± 1.9 particles g−1 soil, 14.8 ± 28.8 par-
ticles g−1 casts, and 129.8 ± 82.3 particles g−1 chicken feces in soil,
earthworm casts, and chicken feces, respectively [36]. Moreover, bio-
magnification factors between soil and earthworm casts and soil and
chicken feces were found to be 17 ± 14.6 and of 149 ± 41.8, re-
spectively [36]. It was also detected that the human consumption re-
levant food of chicken gizzards contained approximate
10.2 ± 13.8M P particles [36].

Furthermore, MPs bioaccumulations in higher trophic levels of
terrestrial ecosystems were explored in limited literature. Zhao et al.
[37] demonstrated that the mean abundance of MPs in 17 terrestrial
birds in Shanghai was 10.6 ± 6.4 particles per bird with higher MPs in
stomach than in esophagus and intestine. Also, MPs concentrations did
not vary significantly among three parts of stomach, esophagus, and
intestine of the digestive tract, implying that the potentially toxic an-
thropogenic MPs were not immediately excreted from the digestive
tracts. It was also indicated that longer retention of MPs could ag-
gravate its potential to create physical and chemical damages to the
ingestion abilities of wildlife [37].

4.2. Toxicity of MPs in terrestrial ecosystem

We have estimated threshold concentrations of PS-MPs based on
dose-response profiles of biomarkers such as energy and lipid metabo-
lisms and oxidative stress in mice. Except for the applied biomarkers in
mice liver, significant elevation of neurotoxicity in terms of acet-
ylcholinestrera (AChE) activity were evidenced [21]. Histological le-
sions including signs of inflammation and altered metabolomics were
also observed in mice liver post PS-MPs treatments [21]. Lu et al. [38]
observed significantly decrements of body, liver, and lipid weights in
mice orally exposed to 1000 μg L−1 PS-MP with size of 0.5 or 50 μm for
5 weeks [38]. It was also demonstrated that orally-exposed MPs were
capable of altering richness and diversity of gut microbiota, penetrating
intestinal barrier, and being delivered into mice liver and kidney
[21,38,39]. Furthermore, consistent in the biological responses adopted

Table 1
The organ-specific estimated values of uptake rate constant (k1), depuration
rate constant (k2), and steady-state bioconcentration factor (BCFss) in mice
system posed by PS-MPs in particle diameter (Dp)= 5 and 20 μm.

k1 (mL g−1 day−1) k2 (day−1) BCFss

Dp (μm)
5 20 5 20 5 20

Liver
0.36a

(0.04)b
1.19
(0.13)

0.23
(0.03)

0.27
(0.03)

1.59
(0.26)

4.47
(0.68)

Kidney
0.99

(0.10)
0.82
(0.09)

0.18
(0.02)

0.18
(0.02)

5.57
(0.79)

4.60
(0.69)

Gut
2.50

(0.23)
1.52
(0.14)

0.31
(0.03)

0.33
(0.03)

8.16
(1.11)

4.66
(0.64)

a Mean.
b SE (p-value<0.001).

Fig. 3. (A) Organ-specific mean residence times and (B) probability densities of 5 and 20 μm MPs accumulations.
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in this study, it was found that lipid metabolism-associated biomarkers
of TG and total cholesterol (TCH) levels in liver tissue were decreased
when mice were treated with 1000 μg L−1 PS-MP in size of 0.5 or 50 μm
[38]. Therefore, in respect of the consistent trends of MPs toxicities in
gut, liver, and lipid metabolism in mice system, the employed bio-
markers in this study could give a comprehensive overview of potential
toxic effects or mechanisms of MPs on specific mice organ that could be
optimally (with quantifiable results) applied in the TK/TD and risk
assessments.

Notably, similar toxic effects of MPs could be observed in several
soil invertebrates based on results of previous studies. Lei et al. [24]
observed that PS-MPs significantly enhanced expression of glutathione
S-transferase 4 (GST-4), one of the major cellular detoxification en-
zymes, inducing oxidative stress in Caenorhabditis elegans. A reduction
in feeding activity was also observed in lugsworms posed by PS-MPs
exposure in concentration of 7.4% dw [33]. It was also revealed that
effects of abrasion and obstruction resulted from MPs in digestive tract

of worms could lead to dilution and decrements of nutrient bioavail-
ability [33,34] Moreover, Huerta Lwanga et al. [34] indicated that
concentrated MPs in casts could cause significant reduction of the
survival and tunnel formation of the earthworm L. terrestris posed by
MPs at concentrations of higher than 28% w/w. Taken together, al-
though the limited evidence of MPs toxicities in mice system, similar
and comparable effects of MPs on mice and invertebrates such as ac-
tivities in respectively digestive system and tract and oxidative stress
could be observed, indicating that the biomarkers in PS-MPs-exposed
mice applied in this study could be plausibly extrapolated as potential
effects to human systems and thus provide a feasible and quantitative
methodology for extrapolation approach in future studies.

4.3. Application of mice model to threshold exposure concentrations of MPs
in human

In the realm of terrestrial ecosystems, earthworms have been

Fig. 4. Optimal fit of the Hill equation model for the relationships between concentrations of 5 and 20 μmPS-MPs and biological markers related to (A, B) energy
metabolism, (C, D) lipid metabolism, and (E – H) oxidative stress in the liver of mice.
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predominantly adopted as a model organism in assessing MPs bioac-
cumulations in soil species [30]. Deng et al. [21] provided valuable
experimental data of PS-MPs bioaccumulation and biomarker responses
in mice to benefit the construction of TBTK/TD modeling framework for
terrestrial systems in this study. The mouse is the most commonly used
animal to model human disease, offering a number of advantages as an
animal model since the similarities of physiology and anatomy between
mice and humans are matched by substantial genetic homology [40].
Rhomberg and Lewandowski [41] also observed that the concentration-
time relationships for mice and humans led to congruity of metho-
trexate pharmacokinetics, falling to the same concentration after the
same amount of physiological time has elapsed, revealing the role of
murine system as a robust animal model.

To efficiently evaluate threshold exposure concentrations of MPs in
human with limited in vivo data in terrestrial organisms, an extrapola-
tion approach from mice to human system based on the integration of

rigorous TBTK/TD-based estimations and risk assessment scheme is of
urgent need. Several current approaches have provided extrapolation
methodologies by multiplying the animal doses at various times to
convert doses across species based on body weight and surface area of
various species [42]. We have proposed a parsimonious extrapolation
algorithm from mice to human systems based on results derived from
mechanistic approach constructed in this study. The extrapolated
human threshold concentrations of PS-MPs are applicable to risk as-
sessment framework by employing results of TBTK/TD assessment and
available environmental concentrations of PS-MPs. It should also be
noted that the estimated biokinetic constants are only applicable to
interactions between mice and PS-MPs. To obtain threshold levels of PS-
MPs in human body extrapolated from those in other species, the pro-
posed extrapolation approach could be adopted based on the developed
TBTK/TD modeling framework (if related experimental results are
available) and the well-described body weights and allometric

Fig. 5. Best fit of the Weibull threshold model to the cumulative distribution functions of 50% inhibition concentrations of (A, B) ATP, (C, D) TG, (E, F) CAT, and
incremental concentration of (G, H) SOD for liver of mice exposed to 5 and 20 μmPS-MPs.
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exponents of specific organism.

4.4. Limitations and implications

A broad evidence has demonstrated bioaccumulations of MPs in
marine species and trophic transfer effects in food chains of aquatic
ecosystem [7,25,43,44]. Miranda and de Carvalho-Souza [45] have
indicated that the potency of MPs transferring through food chain were
more likely to pose ecological and health-related risks. The bioaccu-
mulation and biomagnification of MPs will flow from lower nutrient
levels to higher levels, eventually resulting in human health risks
[45,46]. Bouwmeester et al. [47] also suggested that MP sizes ranging
from 0.2 to 150 μm, covering the applied PS-MP sizes adopted in this
study, can across the gut into lymphatic system in human, indicating
that human could potentially accumulate MPs via ingestion.

Due to the large prevalence of MPs floating in surface layer or

sinking to sediment, MPs ingestion has been well documented in large
pelagic fish that is relevant to human consumption such as bluefin tuna
(12.1%), albacore (9.7%), and swordfish (4.2%) as well as in demersal
fish (32.34%) from the English Channel [14,48]. Wright and Kelly [49]
also revealed that MPs can accumulate and exert dose-dependent lo-
calized-particle toxicity by inducing inflammation and immune me-
chanisms in human, implying that the dose-response relationship be-
tween MPs concentrations and biological effects can be furtherly
applied to human health assessment for chronic exposures of MPs.

Scientists can use animal studies to study the TK and TD aspects of
environmental toxicants, and the estimated threshold exposures or
maximum permissible exposures can be interpreted for determining
human risk [28,50]. However, it should be noted that the exposure dose
of 0.01mg PS-MPs day−1 (∼105 particles for 5 μm and ∼103 for
20 μm) in this study [21], was higher than the daily dosage (∼30
particles day−1) of MPs consumption of European shellfish, indicating

Fig. 6. Schematic illustrating the proposed extrapolation algorithm for extrapolating the results from mice system to humans.
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that the estimated threshold dose could be appropriately modified in
populations posed by different MPs concentrations [15]. Furthermore,
both ingestion and inhalation were reported to be exposure pathways of
MPs, the TBTK/TD assessment could be essentially strengthened when
experimental data of MPs exposures via inhalation route in mammalian
system are available [49].

5. Conclusions

The TBTK/TD modeling framework has evaluated organ-specific
biokinetic constants in which the highest average BCFss for 5 and 20 μm
MPs treatments were 8.16 and 4.66 in mice liver, respectively.
Threshold concentration estimates of 5 and 20 μm MPs for the most
sensitive biomarkers in mice were correspondingly 7.90 ± 4.57 and
0.71 ± 0.14 μg g−1 bw. We also estimated that human threshold
concentrations of 5 and 20 μm MPs were 53.26 ± 32.54 and
5.06 ± 1mg g-1 for the most sensitive biomarkers, respectively, based
on the extrapolation algorithm. We conclude that application of the
TBTK/TD model scheme by utilizing mice system could effectively fa-
cilitate the progress of MPs risk assessment in light of the limited
knowledge in MPs research in human health. We suggest that results
derived from TBTK/TD assessment, Weibull threshold model, and the
extrapolation algorithm could be adopted to rapidly evaluate MPs-in-
duced toxicities at various concentrations and sizes and offer a me-
chanistic tool in human health risk assessment scheme.
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