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Pesticides are detected in a wide array of foods of animal origin, posing a threat to food safety and human

health. Here, to facilitate the management of pesticide residues in livestock products, we proposed

a screening model for simulating pesticide biotransfer factors (BTFs, ratio of steady-state pesticide

concentration between animal tissues and feed) in mammalian bodies. The proposed model was

developed based on simple matrix algebra using first-order kinetics. Simulation of over 700 pesticides

in common food products derived from cattle and sheep indicated that pesticide biotransfer is

a balancing process between uptake efficiency from the gut lumen and the uptake-elimination ratio

(ratio of the overall uptake and elimination rate constants) in individual tissues. Furthermore, we

parameterized the developed BTF model using the octanol–water partition coefficient. The simulated

pesticide BTFs could be categorized into three lipophilicity phases, namely, the lipophilicity-boosting

(log KOW < 4), lipophilicity-balancing (4 # log KOW # 8), and lipophilicity-limiting (log KOW > 8) phases,

and the simulated general trends of BTFs were consistent with the experimental data. Although the

metabolic rate constants of pesticides in mammalian bodies warrant further evaluation, the model

proposed here can assist in the risk assessment and regulatory management of pesticide residues in

foods of animal origin.
Environmental signicance

Globally, hundreds of plant protection products are registered and in use. Aer application, pesticide residues can remain in crops and plants that are used for
feed production. As a result, different pesticide residues can enter and bioaccumulate in different animal tissues, including liver, meat, andmilk, which are used
for human food consumption. However, there is a lack of mechanism-based models, which are capable of high-throughput screening of residue levels in foods
of animal origin in support of regulatory risk assessment. This work proposes a spreadsheet-based simulation tool that is exible for dealing with different
chemical species, grazing animals, and raw livestock products.
1. Introduction

Pesticides are fundamental to agricultural productivity;
however, their residues transported through the agricultural
food chain can cause health damage to both humans and
animals.1–7 With that, pesticides contribute to the global animal
and human health burden.8,9 To protect population health and
promote commodity trade, international regulatory organiza-
tions, including the European Union (EU) and Codex Ali-
mentarius Commission (Codex), have dened maximum
residue levels (MRLs) as the legal limits for pesticides in foods.
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The EU and Codex have dened pesticide MRLs for nearly all
food groups based on several regulatory approaches, such as
market residue monitoring, precautionary principles, and
analytical detection methods.10–12

In general, plant uptake models used in risk assessment
and life cycle impact assessment of pesticides in crops for
human consumption require information on plant physiology
and structure (e.g., stems, leaves, and roots), because the
edible parts (e.g., tubers and fruits) are typically unique to
plants and homogeneous in terms of nutritional composi-
tion.13 Therefore, eld measurements and maximum expo-
sure levels via intake of pesticide residues in food or fodder
crops can be directly used to set and compare with MRLs in
crops.14 In contrast, the nutritional composition of edible
products (e.g., muscle, fat, milk, and liver) derived from live-
stock varies greatly, particularly in terms of lipid and water
contents, resulting in markedly different degrees of pesticide
bioaccumulation in different body parts of animals
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biotransferred from the feed for lipophilic or hydrophilic
compounds.1,15 In addition, the fate and distribution of
pesticides in animal bodies are more complex than those in
plants because of the more sophisticated physiological char-
acteristics. More importantly, particularly for lipophilic
pesticides, indirect consumption via eating animal parts aer
they have eaten fodder contaminated crops over months or
even years is an important pathway.16,17 Also, even under low
exposure doses (e.g., low residue levels in feed materials),
lipophilic and persistent pesticides (e.g., lindane) can have
a high degree of bioaccumulation in the livestock with a long
life cycle (e.g., cattle and sheep), as compared to some short-
life-cycle grazing animals such as chicken and duck.18

Therefore, understanding the quantitative relationships
associations of pesticide concentrations in different edible
parts of livestock from animal feed is essential for health risk
and impact assessments, and MRL determination for foods of
animal origin, which can also be a complementary compo-
nent to “direct human consumption of crops” as current basis
of evaluating and management pesticide residues in
crops.19,20 For instance, according to the European Commis-
sion,11 pesticide MRLs should be dened by taking into
account the distribution and depletion kinetics of residues in
edible animal tissues. In addition, elucidating pesticide
concentration distribution in edible animal tissues can help
regulate pesticide levels in feed in animal husbandry (e.g.,
animal health and residues in raw livestock products, among
others).21 Therefore, understanding the fate and distribution
of pesticides in animal bodies is crucial for the risk
management of livestock products.

Experimental efforts have been made to evaluate the
distribution kinetics of pesticides in animal bodies, which
have signicantly improved our understanding of the tox-
icokinetics and toxicodynamics of pesticides, providing valid
benchmark data for risk assessment.22,23 As there are hundreds
of pesticides registered and used today, practical models
simulating the fate of pesticides in animal bodies and esti-
mating pesticide levels in edible tissues are required, partic-
ularly at the screening level. Some modeling approaches have
been proposed to estimate pesticide concentrations in edible
animal tissues. For instance, a complete physiologically based
kinetic (PBK) model24,25 was introduced to simulate the fate of
chemicals in common livestock. The PBK model includes 13
compartments and can be solved by a group of ordinary
differential equations. This model predicts chemical concen-
tration as a function of time following oral ingestion or
intravenous injection. Further, using parameterization
approaches based on simulating system dynamics, practical
models estimating long-term average pesticide concentrations
in meat and milk based on specic key physicochemical
variables, such as the octanol–water partition coefficient
(KOW), have been developed.26,27 Additionally, simplied par-
titioning rules can predict general pesticide distribution
trends in mammal bodies; however, certain processes, such as
610 | Environ. Sci.: Processes Impacts, 2022, 24, 609–624
metabolic rates in the liver, are oen omitted as part of
conservative assumptions.28 These modeling approaches, in
addition to other bioaccumulation and PBK models,29–38 have
generally advanced our understanding of the fate of pesticides
in animal bodies.

To have more realistic approaches that follow strict mass
balances (instead of short-cutting some processes for conser-
vative reasons) and can be used for screening-level comparisons
of many pesticide–crop–animal tissue combination, a suitable
model should possess the following characteristics: (1) it should
be sufficiently simple rather than running a group of complex
differential equations; (2) it should consider all relevant tox-
icokinetic processes of pesticides in animal bodies (e.g.,
absorption, metabolism, convection, bioaccumulation, and
elimination); and (3) it should predict pesticide concentrations
in all common edible tissues (e.g., milk, muscle, fat, liver, and
kidney) and perform high-throughput screening of thousands
or more combinations of pesticides and (edible) animal tissues,
which could help better determine MRLs. To resolve these
challenges and promote regulatory risk assessment of pesti-
cides in foods of animal origin, in the present study, we
proposed a model based on matrix algebra, which can conve-
niently predict pesticide distributions in animal bodies and
thereby calculate BTFs that connect pesticide concentrations in
edible tissues of livestock and those in animal feed.
2. Methods and materials
2.1 General matrix algebra

Fig. 1 shows a conceptual diagram of the general model for
pesticide transport and distribution among multiple compart-
ments. The multiple-compartment system possesses the
following characteristics: (1) the pesticide is transferred
between every two compartments via diffusion or advection,
mimicking the transfer process between two organs via diffu-
sion across concentration gradient or convection via blood
transport; (2) the pesticide undergoes degradation in each
compartment, mimicking pesticide biodegradation or
biotransformation in organs or tissues; (3) the pesticide
entering each compartment is continuously taken in at
a constant rate, mimicking the pesticide uptake via lumen
absorption (i.e., food consumption); and (4) the pesticide
leaving each compartment is continuously eliminated,
mimicking several excretory processes, such as fecal, urinary,
and biliary excretion and exhalation.

All processes including intake, advection (or diffusion),
degradation, and elimination can be approximated as rst-
order kinetics. In other words, the reaction rate (mass change)
is linearly proportional to pesticide concentration. We note that
when the continuous mass intake only happens in specic
compartments and there is no “mass transferred” through
inter-compartmental processes, rst-order kinetics rate
constants can be set as zero. Then, in compartment i, the fate of
the pesticide can be expressed as follows:
This journal is © The Royal Society of Chemistry 2022
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dmiðtÞ
dt

¼ Fi

z}|{Intake process

þ
Xn

j¼1;jsi

�
kþ
j/imjðtÞ � k�

i/jmiðtÞ
�zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Transfer process among compartments

� kd;imiðtÞ
zfflfflfflffl}|fflfflfflffl{Degradation process

� ke;imiðtÞ
zfflfflfflffl}|fflfflfflffl{Elimination process

(1)

where mi(t) (mg) and mj(t) (mg) are the pesticide mass as
a function of time in compartments i and j, respectively; Fi (mg
d�1) is the ow rate of the pesticide (i.e., the continuous mass
intake) in compartment i; k+j/i (d

�1) and k�i/j (d
�1) are the

specic transfer rates (advection or diffusion) from compart-
ment j to i and from compartment i to j, respectively; the term

“
Pn

j¼1;jsi
ðkþj/imjðtÞ � k�i/jmiðtÞÞ” denotes the net mass of the

pesticide transferred from (n � 1) compartments to compart-
ment i; kd,i (d

�1) is the degradation (or biotransformation) rate
of the pesticide in compartment i; and ke,i (d

�1) is the excretion
rate of the pesticide in compartment i.

Then, the fate and distribution of the pesticide in this system
with n compartments can be expressed using linear equations,
where the steady-state mass of the pesticide in the compart-
ments can be solved using matrix algebra. Then, the matrix
algebra of eqn (1) for the given system with n compartments can
be expressed as follows:

2
66664
dm1ðtÞ
dt
.

dmnðtÞ
dt

3
77775 ¼

F1

.
Fn

z}|{Intake process

þ

2
6666664

Xn
js1

�
kþ
j/1mjðtÞ � k�
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.Xn
jsn
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�

3
7777775

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Transfer process among compartments

�

2
664 kd;1m1ðtÞ

.
kd;nmnðtÞ

3
775

zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{Degradation process

�

2
664 ke;1m1ðtÞ

.
ke;nmnðtÞ

3
775

zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{Elimination process

(2)

In the steady state, eqn (2) can be solved as follows:

~m ¼

2
664m1

.
mn

3
775¼
2
66666664

 Xn
js1

k�
1/j þ kd;1 þ ke;1

!
; � kþ

2/1; .; � kþ
n/1

.

�kþ
1/n; � kþ

2/n; .;

 Xn
jsn

k�
n/j þ kd;n þ ke;n

!

3
777777775

�1

�

2
664F1

.
Fn

3
775 (3)

where ~m˛ℝn (mg) denotes the vector of the steady-state mass of
the pesticide in compartments, and thereby the corresponding
This journal is © The Royal Society of Chemistry 2022
vector of the steady-state concentration of the pesticide (~C˛ℝn,

mg kg�1) (e.g., Ci ¼ mi

Mi
) can be expressed as follows:

~C ¼ diagðMÞ�1 � ~m (4)

where diagðMÞ˛ℝn�n (kg) denotes the diagonal matrix of the
mass (fresh) of compartments.
2.2 Specic matrix algebra for livestock

The specic matrix algebra for modeling the fate and distribu-
tion of pesticides in livestock bodies was adjusted from the
general matrix algebra based on the complete ordinary differ-
ential equations introduced by Lautz et al.25 In their study,
a generic PBK model, including 13 compartments (i.e., gut
lumen, gut tissue, liver, heart, brain, adipose tissue, muscle,
bone, lung, kidney, milk, arterial blood and venous blood), was
developed to predict chemical concentrations in animal bodies
using ordinary differential equations for describing the fate of
chemicals in each organ (or tissue) compartment. In the present
study, we simplied the pesticide fate processes in animal
tissues and converted all processes into rst-order kinetics,
because the rate of the mass change is linearly proportional to
pesticide concentration. We note that the biotransformation of
the pesticide in the liver should follow the Michaelis–Menten
kinetics, which can be approximated as the rst-order kinetics
when the pesticide concentration is low, particularly for the
long-term exposure scenario.39 The developed model comprises
seven tissue compartments [i.e., liver, kidney, lung, fat (adipose
tissue), muscle, mammary gland, and blood]. In this model, the
gut lumen is directly connected with the liver compartments
considering the rst pass effect (Fig. 2) and pesticide absorption
from food in the gut lumen and its transfer to the liver are
characterized using the uptake efficiency model.15 In addition,
pesticide uptake into animal bodies was assumed to be
a continuous process, that is, food stuff always exists in the gut
lumen, such that the steady-state condition of the pesticide
distribution in animal tissues can be reached. In addition, the
blood system was treated as a well-mixed compartment, that is,
pesticide concentration was assumed to be equal in venous and
arterial blood; these assumptions have been widely applied in
PBK modeling studies.39 The complete equations of our
simplied model are provided in the Appendix.† Then, the
specic matrix algebra can be adjusted from the general matrix
algebra using the following rules (corresponding to the four
characteristics of the general compartment model: (1) the
pesticide can only be transported to organs via blood ux,
resulting in zero transfer rate constants among organs; (2) the
pesticide is metabolized (degradation or biotransformation)
only in the liver compartment; (3) the pesticide is continuously
taken in via feed consumption (i.e., inhalation or dermal route
is not considered) only in the gut lumen compartment; and (4)
the pesticide is eliminated in the gut lumen, kidney, liver, and
mammary gland compartments via fecal, urinary, biliary, and
milk excretion, respectively. In the present study, the physio-
logical characteristics of mature animals were applied (ESI†);
therefore, the elimination rate constant for animal growth (i.e.,
Environ. Sci.: Processes Impacts, 2022, 24, 609–624 | 611
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Fig. 1 Conceptual diagram of the general compartment model of a pesticide being transported and distributed in a multiple-compartment system.
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the dilution effect) was not considered.24,25 By adjusting the
general matrix algebra in eqn (3), the specic matrix algebra for
evaluating pesticide distribution in animal bodies in the steady
state can be expressed as follows:
2
6666666666666664

mLiver

mKidney

mLung

mFat

mMuscle

mMammary gland

mBlood

3
7777777777777775

¼

2
66666666666666664

k�
Liver/Blood þ km;Liver þ ke;Blie 0 0 0 0 0 �kþ

Blood/Liver

0 k�
Kidney/Blood þ ke;Urine 0 0 0 0 �kþ

Blood/Kidney

0 0 k�
Lung/Blood þ ke;Exhalation 0 0 0 �kþ

Blood/Lung

0 0 0 k�
Fat/Blood 0 0 �kþ

Blood/Fat

0 0 0 0 k�
Muscle/Blood 0 �kþ

Blood/Muscle

0 0 0 0 0 k�
Mammary gland/Blood þ ke; Milk �kþ

Blood/Mammary gland

�kþ
Liver/Blood �kþ

Kidney/Blood �kþ
Lung/Blood �kþ

Fat/Blood �kþ
Muscle/Blood �kþ

Mammary gland/Blood

P
k�
Blood/Tissue i

3
77777777777777775

�1

FLiver

0
0

0

0
0

0

2
666666664

3
777777775

(5)
The variables are dened in Table 1, and their derivations
are detailed in the ESI.† In this study, we considered the rst
pass effect (i.e., pesticides are transferred from the gut lumen to
the liver) and thereby the mass intake of the pesticide in the
liver (FLiver, mg d�1) can be approximately as follows:

FLiver ¼ EUptakeIRFoodCFood (6)

where EUptake (unitless) is the uptake efficiency of pesticides via
oral ingestion (S2 of the ESI†); IRFood (kg d�1) is the intake rate
of food; and CFood (dry mass, mg kg�1) is the pesticide
concentration in food. As we only considered the exposure
pathway via food consumption, the continuous mass intake in
other organs or tissues are not considered in this study, i.e., the
mass ow rate is zero.
612 | Environ. Sci.: Processes Impacts, 2022, 24, 609–624
2.3 Biotransfer factors (BTFs)

The BTF of a pesticide is dened as the steady-state concen-
tration ratio of the pesticide in the animal tissues to the
concentration in animal feed and its vector BTF
��!˛ℝn can be

expressed as follows:

BTF
��! ¼ 1

CFood

� ~C ¼ 1

CFood

� diagðMÞ�1 � ~m (7)

Therefore, the biotransfer factor of the pesticide in tissue i

(BTFi) can be expressed as ‘BTFi ¼ Ci

CFood
’, where Ci (mg kg�1) is

the steady-state concentration of the pesticide in tissue i. The
pesticide BTF should be differentiated for different food or
fodder sources due to different nutritional compositions (i.e.,
lipid and water contents) that affect the EUptake value; here, we
applied generic values of the nutritional compositions of fodder
(S2 of the ESI†), which can be adjusted according to real
This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Conceptual diagram of the specific compartment model of a pesticide being transported and distributed in livestock bodies.
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situations. According to eqn (7), BTFi is equal to the numerical
result of Ci when the CFood value is set at 1.0 mg kg�1.

2.4 Model parameterization and evaluation

We performed BTF simulations for 736 pesticides, of which the
basic physicochemical parameters (e.g., log KOW, biotransfor-
mation half-lives) were available from the current databases.42–44

Two common livestock animals, namely cattle and sheep, were
selected to perform BTF simulations for foods of animal origin
(raw). A signicant portion of foods of animal origin are derived
from cattle and sheep, and these animals are oen exposed to
pesticide residues when grazing in grasslands.45 All simulated
data are provided in the ESI† database. Finally, we parameter-
ized the BTF model using common physicochemical variables
(e.g., KOW) and evaluated model performance by comparing the
simulated results with reported experimental ndings.

2.5 Regulatory applications

To help regulatory agencies derive pesticide MRLs, we proposed
a relative potency approach considering both human health
and pesticide distributions in raw livestock products (i.e., BTFs).
As there was a strong linear relationship (R2 > 0.99) among the
BTFs of pesticides in cattle and sheep products (S9 of the ESI†),
one of the livestock products (e.g., the liver and kidney) can be
used as the surrogate food product to express the BTFs of other
food products. Then, the quantitative relationships of the
pesticide BTFs of raw food products from livestock can serve as
the starting point for calculating recommended MRLs (based
This journal is © The Royal Society of Chemistry 2022
on human health), even before detailed information on deple-
tion and food processing is available, as follows:

X5
i¼1

ðCRi �DFi � PFi �MRLiÞ ¼ ADI� BWHuman � 1

AF
(8)

where CRi (kg d�1) is the consumption rate of livestock product
i; DFi (unitless) and PFi (unitless) are the dissipation factor (the
depletion process aer slaughtering) and the food processing
factor (the reduction process during storage, manufacturing, or
cooking) of pesticide in livestock product i; ADI (mg kg�1 d�1) is
the acceptable daily intake of the pesticide; BWHuman (kg) is the
human body weight; and AF is the allocation factor that
accounts for other exposure pathways. As the information of DFi
and PFi for many pesticides is missing, we assumed that they
are both 1.0 for conservative considerations and a realistic
screening among hundreds of pesticides; and such factors in
case regulatory agencies want to apply more realistic factors can
be directly incorporated in eqn (8). To comply with the ratios of
the theoretical steady-state concentrations of pesticides in
livestock products, we selected the pesticide MRL in the liver
(MRLLiver, mg kg�1) as the surrogate MRL. Then, eqn (8) can be
expressed as follows:

MRLLiver ¼ ADI� BWHuman

AF�P5
i¼1

ðCRi �RFiÞ
(9a)

RFi ¼ MRLi

MRLLiver

¼ Ci

CLiver

¼ BTFi

BTFLiver

(9b)
Environ. Sci.: Processes Impacts, 2022, 24, 609–624 | 613
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Table 1 Equations of the rate constant (d�1) for the mass of the pesticide in animal tissuesa

Rate constant Equation

Liver-to-blood elimination
k�Liver/Blood ¼ QBlood5Liver

MLiverKLiver=Blood

Metabolic biotransformation in the liver Estimated from biotransformation half-lives in sh (S3 of the ESI).40,41

Elimination via biliary excretion
ke;Blie ¼ ERBile

MLiverKLiver=Bile

Blood-to-liver uptake
kþBlood/Liver ¼

QBlood5Liver

MBlood
Kidney-to-blood elimination

k�Kidney/Blood ¼ QBlood5Kidney

MKidneyKKidney=Blood

Elimination via urinary excretion
ke;Urine ¼ ERUrine

MKidneyKKidney=Urine

Blood-to-kidney uptake
kþBlood/Kidney ¼

QBlood5Kidney

MBlood
Lung-to-blood elimination

k�Lung/Blood ¼ QBlood5Lung

MLungKLung=Blood

Elimination via exhalation
ke;Exhalation ¼ ERExhalation

MLungKLung=Air

Blood-to-lung uptake
kþBlood/Lung ¼

QBlood5Lung

MBlood
Fat-to-blood elimination

k�Fat/Blood ¼ QBlood5Fat

MFatKFat=Blood

Blood-to-fat uptake
kþBlood/Fat ¼

QBlood5Fat

MBlood
Muscle-to-blood elimination

k�Muscle/Blood ¼ QBlood5Muscle

MMuscleKMuscle=Blood

Blood-to-muscle uptake
kþBlood/Muscle ¼

QBlood5Muscle

MBlood
Mammary gland-to-blood elimination

k�Mammary gland/Blood ¼ QBlood5Mammary gland

MMammary glandKMammary gland=Blood

Elimination via milk excretion
ke; Milk ¼ ERMilk

MMammary glandKMammary gland=Milk

Blood-to-mammary gland uptake
kþBlood/Mammary gland ¼ QBlood5Mammary gland

MBlood
Liver-to-blood uptake

kþLiver/Blood ¼ QBlood5Liver

MLiverKLiver=Blood

Kidney-to-blood uptake
kþKidney/Blood ¼ QBlood5Kidney

MKidneyKKidney=Blood

Lung-to-blood uptake
kþLung/Blood ¼ QBlood5Lung

MLungKLung=Blood

Mammary gland-to-blood uptake
kþMammary gland/Blood ¼ QBlood5Mammary gland

MMammary glandKMammary gland=Blood

Fat-to-blood uptake
kþFat/Blood ¼ QBlood5Fat

MFatKFat=Blood

Muscle-to-blood uptake
kþMuscle/Blood ¼ QBlood5Muscle

MMuscleKMuscle=Blood

Blood-to-tissue i elimination P
k�Blood/Tissue i ¼

P
QBlood/Tissue i

MBlood

a For rate constants (k, d�1), superscriptions “�” and “+” denote the elimination and uptake processes of the pesticide in tissues, respectively; and
subscription “/” denotes the one-direction transfer (i.e., only from le to right). For blood ows (Q, kg d�1), subscription “5” denotes the double-
direction ow (i.e., the le-to-right ow is equal to the right-to-le ow); and the expressions are provided in S1 of the ESI. For partition coefficients
(K, unitless), subscription “numerator/denominator” denotes the numerator-to-denominator partition coefficient of the pesticide; and the
expressions are provided in S4 of the ESI. For excretion rates (ER, kg d�1), the expressions are provided in S1 of the ESI.
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where RFi is the relative factor of livestock product i, which is
the ratio of the steady-state concentration of the pesticide in
livestock product i to that in the liver. Thus, the derivedMRLs in
eqn (9a) and (b) consider both human health and pesticide
distributions in foods of animal origin.
614 | Environ. Sci.: Processes Impacts, 2022, 24, 609–624
2.6 Uncertainty analysis

The physiological condition can vary substantially among
animal species as well as individuals, which could lead to
a considerable variation in the simulated BTFs of pesticides in
raw livestock products. We provided a spreadsheet-based
This journal is © The Royal Society of Chemistry 2022
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approach to generate uncertainty intervals of BTFs (ESI† data-
base); with that, users can customize model inputs (e.g., milk
production rates, animal body weights) to simulate the corre-
sponding BTFs. Rossow et al.46 evaluated the impact of enzyme-
treated feed on the production rate and nutrition composition
(e.g., fat and protein contents) of milk for dairy cows. We took
these data collected as model inputs to evaluate the variation in
simulated BTFs of pesticides in milk. Details about the data and
calculation are provided in S12 of the ESI.†
3. Results and discussion
3.1 Distribution of pesticide BTFs and model
parameterizations

Fig. 3 shows the general distribution and central tendencies of
simulated BTFs for 736 pesticides in ve raw products derived
from cattle and sheep, including liver, kidney, fat, muscle, and
milk. Overall, the fat achieved the largest pesticide BTF among
the selected raw products. For example, the median pesticide
BTF of cattle fat was 1.63 which was over 15 and 18 times higher
than that of the liver and other products, respectively. This
result can be explained by the highest lipid content of fat (i.e.,
80% applied in this study). Moreover, all selected pesticides in
the present study were organic compounds with a median
log KOW of 3; thus, in the steady state, more lipophilic pesticide
residues could be absorbed in the fat tissue than in the other
tissues of cattle. The lipid content of the remaining four prod-
ucts was similar (i.e., around 3–4%). In general, however,
pesticide BTF of the cattle liver was higher than that of the
kidney, muscle, and milk. These results can be explained by the
fact that aer oral exposure to pesticides via food consumption,
their residues are rst transported from the gut lumen to the
liver (i.e., the rst pass effect), which acts as the major source of
pesticide distribution within animal bodies. Meanwhile, in
other tissues, blood ux is assumed to be the only source of
pesticide biotransfer in our model, and blood pesticide
concentration may be signicantly reduced as a result of
Fig. 3 Box and whisker plots of the logarithmic values of the biotransfer
(liver, kidney, fat, muscle, and milk). Average (arithmetic), median, and ge
products are provided.

This journal is © The Royal Society of Chemistry 2022
metabolic processes in the liver. Thus, at the steady state,
pesticide residues are more kinetically favorable to be absorbed
in the liver than in the kidney, muscle, and milk. However, in
general, the simulated pesticide BTF of the sheep milk was
higher than that of the liver, kidney, andmuscle, which is due to
the relatively high lipid content of the sheep milk (i.e., 7%).

To further explore the thermodynamic and kinetic factors
affecting pesticide BTFs of cattle products, we evaluated the
associations of pesticide BTFs with key model input variables.
Fig. 4A shows the simulated log BTF values of the 736 pesticides
in common food products derived from cattle plotted against
the log KOW values. The log BTF values for cattle and sheep
products were parametrized using log KOW values (S8 of the
ESI†). Overall, the association between the log BTF and log KOW

values could be categorized into three phases. When the
log KOW value was below 4 (i.e., the lipophilicity-boosting
phase), the log BTF value increased with increasing log KOW

value. During this phase, the log BTF value of hydrophilic
pesticides in cattle products is extremely low, because these
pesticides exhibit low uptake efficiency from the gut lumen into
the blood system due to the low affinity of the bilayer structure
(e.g., lipid layer) of the intestinal membrane (Fig. A1†), which
limits the uptake of these pesticides.15 Of note, the log BTF
values of pesticides in the cattle products continued to increase
until the log KOW value reached 4, even though the simulated
uptake efficiency reached the maximum value of 1 when the
log KOW value was increased to �0.6 (Fig. A1†). This is because
although the kinetic condition (i.e., uptake efficiency) reaches
its limit, the increase in log KOW value renders the pesticide
thermodynamically favorable to be absorbed in the lipid part of
the cattle products. Thus, the higher the lipid content of the
tissue (e.g., adipose tissue), the higher the log BTF value of the
pesticide in that tissue (Fig. A1†). When the log KOW value
exceeded 4 but remained below 8 (i.e., the lipophilicity-
balancing phase), the log BTF values of all cattle products
reached their maximum values and remained unchanged with
further increase in log KOW. This is because the uptake–
factors (BTFs) of 736 pesticides in common cattle and sheep products
omean values of BTFs of 736 pesticides in common cattle and sheep

Environ. Sci.: Processes Impacts, 2022, 24, 609–624 | 615
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Fig. 4 (A) Simulated logarithmic values of the biotransfer factors (log BTFs) of 736 pesticides in common cattle products (liver, kidney, fat,
muscle, and milk) plotted against their log KOW values. (B) Simulated log BTF values of 736 pesticides in common cattle products plotted against
the log half-life values of pesticides during biotransformation in fish (the transformedmetabolic rate constants of pesticides in mammal livers are
provided in S3 of the ESI†). (C) Simulated rate constant ratios of uptake to elimination (uptake-elimination ratio) for 736 pesticides in common
cattle products.
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elimination ratio of the pesticide (i.e., the rate constant ratio of
uptake to elimination; denitions and equations are provided
in S7 of the ESI†) in cattle products reached its limit when the
616 | Environ. Sci.: Processes Impacts, 2022, 24, 609–624
log KOW value exceeded 4 (Fig. 4C). When the log KOW value
exceeded 8 (i.e., the lipophilicity-limiting phase), the log BTF
value decreased with increase in log KOW. This is because the
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Simulated maximum residue level (MRL) factors of 736 pesti-
cides for cattle (A) and sheep (B) products based on a default value
(0.01 mg kg�1 d�1) of the acceptable daily intake (ADI) plotted against
log KOW values.
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uptake efficiency of very highly lipophilic pesticides is low, due
to the steric hindrance effect or the low concentration in the
aqueous layer that limits the transport process (e.g., membrane
penetration) of the pesticide from the gut lumen to the
blood.15,47,48 Fig. 4B shows the association between the simu-
lated log BTF values and the log half-life values of biotransfor-
mation in sh (the transformed km,Liver values in mammalian
livers based on sh data are provided in S3 of the ESI†). Overall,
longer half-lives produced higher log BTF values. However,
when the half-life exceeded 1 day, the log BTF values reached
the limit, and when the half-life exceeded 1000 day, the log BTF
values decreased. This can be explained by the positive associ-
ation between the log half-life and log KOW values of pesticides
(Fig. A2†).
3.2 Regulatory applications

To help derive MRLs based on human health and quantitative
relationships of pesticide concentrations among livestock
products, we simulated MRL factors of the 736 pesticides
according to eqn (9a) and (b) based on a default value (0.01 mg
kg�1 d�1) of the ADI (Fig. 5) for common cattle and sheep
products, which can be used to derive MRLs by adjusting the
ADI values of pesticides. The MRL factor of a pesticide is the
allocation potential of the legal limit among the selected
This journal is © The Royal Society of Chemistry 2022
livestock products: a large MRL factor indicates that a higher
MRL should be allocated to the livestock product. For lipophilic
pesticides (i.e., high log KOW values), the MRL factors of the fat
are much larger than those of other livestock products, because
lipophilic pesticides have higher potentials to be absorbed in
the fat. Therefore, higher MRLs of lipophilic pesticides should
be allocated to the fat compared to other livestock products;
otherwise, the MRL of the fat could be too conservative to grant
the pesticide concentrations that will not cause the adverse
human health effect.

To avoid the incompatibility of pesticide concentrations
between the real-world (e.g., higher residue levels in fat than
those in liver) and regulatory (e.g., lower MRLs in fat than those
in kidney) scenarios, the proposed standard values (pesticide
MRLs) should comply with the steady-state concentration ratios
of the pesticide in livestock products. In the population, the
consumption rate of the liver may be higher than that of the fat,
which should lead to lower MRLs allocated to the liver if only
the consumption rate of foods is considered. However, if the
MRL of a lipophilic pesticide in the liver is much lower than that
in the fat, the regulatory management of pesticide residues in
the liver could challenge the legal limit of residues in the fat
against the real residue levels. This is because theoretically, the
residue levels of lipophilic pesticides in the fat are much higher
than those in the liver aer slaughtering. In addition to regu-
latory compatibility, the steady-state concentration ratios can
serve as the initial indicators to further optimize MRLs in foods
of animal origin considering the depletion and dissipation
processes of the pesticide before human consumption.

Fig. 6 illustrates the recommended MRLs of chlorothalonil,
ethephon, and glyphosate in ve food products from cattle and
sheep compared with the current EU MRLs [Reg. (EU) 2016/
67].49 These three pesticides were selected because of its wide-
spread use in agriculture,50–52 and they have large differences in
lipophilicity (i.e., log KOW). The recommended MRLs for chlor-
othalonil, ethephon, and glyphosate were calculated using eqn
(9a) and (b) based on the ADI values49 of 0.015, 0.03, and 0.5 mg
kg�1 d�1 and the CRi values from the standard food basket for
mammals.11 In general, the EU denes the highest MRL in the
kidney and the lowest MRL in fat for both cattle (bovine) and
sheep. This is because the EU used the population consumption
rates (i.e., exposure data) or eld measurements (i.e., moni-
toring data) of mammal products to derived MRLs when the
distribution and depletion process of pesticides cannot be
determined,53 considering that fat has a high potential for
pesticide absorption; therefore, the EU has allocated a lower
MRL in fat than in other mammalian products.11 Although
population health can be effectively protected using the human
exposure risk model, low MRLs in fat could challenge the
regulatory management of lipophilic pesticides (e.g., chlor-
othalonil). For instance, according to animal husbandry
management, pesticide residues in animal feed must be
controlled such that the residue levels in edible parts of the
animal are lower than theMRLs.21 If themanagement of residue
levels in animal feed can ensure that the residue levels in the
muscle, liver, kidney, and milk are lower than the
Environ. Sci.: Processes Impacts, 2022, 24, 609–624 | 617
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Fig. 6 Recommended maximum residue levels (MRLs) of chlorothalonil (A), ethephon (B), and glyphosate (C) in common food products from
cattle (bovine) and sheep compared with the current European Commission MRLs [Reg. (EU) 2016/67)].
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corresponding MRLs, the residue level in the fat is likely to
exceed the corresponding MRL, particularly for lipophilic
pesticides.22
618 | Environ. Sci.: Processes Impacts, 2022, 24, 609–624
On the other hand, for hydrophilic or systemic pesticides
(e.g., glyphosate and ethephon), higher MRLs are recommended
to be allocated to other products (i.e., liver, kidney, muscle and
This journal is © The Royal Society of Chemistry 2022
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milk), because they are not favorable to be absorbed in the fat
but have high biotransfer potentials in other organ and tissues
transported via blood ow throughout the body (i.e., large
uptake-elimination ratios). Fig. 6B shows that the recom-
mended MRLs of ethephon are similar among the selected
products, which is due to its log KOW close to zero. For glyph-
osate (Fig. 6C), EU denes the highest MRL in cattle kidney and
the overall MRLs in cattle and sheep products are too conser-
vative. This is because most MRLs are not dened in a risk- or
science-based manner (e.g., detection limits or generic uncer-
tainty factors for residues);54 and sometimes unnecessarily
conservative MRLs could create the trade barrier, even though
famers follow product labels and instructions to use pesticides
for agricultural practice.55 Therefore, we suggest that regulatory
agencies should consider applying the PBK model when
dening MRLs, considering the theoretical steady-state
concentration ratios of pesticide residues in animal products
as the reference data.

3.3 Model evaluation

To evaluate the developed model, we compared the simulated
BTFs with experimental data in the literature. Through exten-
sive literature review, Rosenbaum et al.26 collected and catego-
rized the daily intake dose-based BTFs of pollutants (i.e., ratio of
steady-state pesticide concentration in food products to the
daily intake dose of the residue) in cattle meat and milk. Thus,
before comparing our results with the experimental data
collected by Rosenbaum et al.,26 we adjusted the simulated BTFs
according to the denition by Rosenbaum et al. and some
current studies26,56 as follows:

BTFA
i|fflfflffl{zfflfflffl}

Adjusted BTF

¼ Ci

z}|{Steady-state concentration

IRFoodCFood|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Daily intake rate of pesticide

¼ BTFi

IRFood

(11a)

BTFA
Meat|fflfflfflfflffl{zfflfflfflfflffl}

Adjusted BTF in meat

¼ 0:3� BTFA
Fat|fflfflfflffl{zfflfflfflffl}

Adjusted BTF in fat

þ0:7� BTFA
Muscle|fflfflfflfflfflffl{zfflfflfflfflfflffl}

Adjusted BTF in muscle

¼ 0:3� BTFFat þ 0:7� BTFMuscle

IRFood

(11b)

where BTFAi (mg kg�1 of pesticide in product i per mg d�1 of the
pesticide daily intake, or mg kg�1 (mg d�1)�1) is the adjusted
BTF in product i and BTFAMeat (mg kg�1 (mg d�1)�1) is the
adjusted BTF of meat (lipid content, �0.25 g g�1), estimated
using the mass-weighted adjusted BTFs of fat (lipid content,
�0.8 g g�1) andmuscle (lipid content,�0.028 g g�1) (Table A1†).
Then, we evaluated the model by comparing the simulated
BTFAi values of meat, muscle and milk with the experimental
data collected by Rosenbaum et al.26

As shown in Fig. 7, the overall trends of the modeled and
experimental log BTFA values for meat, muscle, and milk are
consistent in the lipophilicity-boosting (log KOW < 4),
lipophilicity-balancing (4 < log KOW < 8), and lipophilicity-
limiting phase (log KOW > 8) phases. When the log KOW is
lower than 4, the simulated log BTFA values are higher than the
This journal is © The Royal Society of Chemistry 2022
measured values. This is because our model was developed for
predicting the steady-state concentrations of pesticides in
animal tissues, whereas the previous studies were conducted
under different experimental conditions. When the distribution
of a compound in the cattle body does not reach a steady state,
the measured concentration of that compound in meat and
milk would be lower than that its steady-state concentration.
For instance, the experimental length for collecting the BTFA

data in milk ranged from 21 to 365 days. The measured
log BTFA values of DDT in milk were approximately �2.7 and
�2.3 for the experimental length of 35 days and 365 days,
respectively.26 In addition, different doses of compounds were
administered to cattle during the experiment, which may affect
the toxicokinetics of the compound in the cattle body.57 If the
administered dose via the oral route is very large such that it
exceeds the uptake capacity, the calculated log BTFA values
would be diluted. For instance, the measured concentration of
chlordane in meat at 60 days was 0.1, 0.3, and 1 at the dosage
rates of 16, 160, and 1600 mg d�1, respectively.58 When the
log KOW value exceeded 4 although the simulated log BTFA

values were within the ranges of the measured values, however,
some simulated values of pesticides in meat are higher than
some experimental result, which could be due to the reason that
the steady state of chemicals in cattle bodies was not reached
for some experiments. Also, lipid contents in the rawmilk could
vary among cattle breeds, which can have a high impact on the
simulated results (Fig. A6†). In addition, our model applied
biotransformation half-lives of pesticides in sh to estimate the
metabolic rates in mammalian livers due to the information
limitation, which could underestimate the metabolic rates for
organic pollutants with relatively lower log KOW values. We
further evaluated the proposed model by comparing the means
of the modeled log BTFA values for pesticides in each log KOW

interval to those of the measured values (S10 of the ESI†), which
showed the R2 values of over 0.8 and mean absolute errors less
than 1 for meat, muscle, and milk. Therefore, comparison with
the experimental data indicated that our simulation results
presented similar trends as the measured values, and the vari-
ation among simulated and experimental values could be
resolved by improving the metabolic rates of pesticides in
mammal livers.
3.4 Model limitations and recommendations

In the present study, we proposed a simple PBK model to
simulate the steady-state BTFs of pesticides in raw foods of
animal origin. Although the developed model may aid the
screening-level risk assessment and regulatory management of
pesticide residues in animal products aer slaughter, we
recommend some measures to improve consistency with the
experimental data.

3.4.1 Improving matrix-based PBKmodel. In this study, the
proposed model applies the continuous pesticide intake rate,
which assumes that there is always food stuff in the gut lumen
of livestock. Although this continuous-process approach can
simplify the simulation, the model should consider how much
animal feed remains in the gut lumen and whether there is
Environ. Sci.: Processes Impacts, 2022, 24, 609–624 | 619
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Fig. 7 (A) Adjusted biotransfer factors (BTFs) of cattle meat (BTFAMeat) and muscle (BTFAMuscle) using the simple matrix algebra compared with the
measurement data. (B) Adjusted BTFs of milk (BTFAMilk) compared with the measurement data. For cattle meat, the simulated BTFAMeat and
BTFAMuscle data are plotted against log KOW values ranging from 1.02 to 8.51 and themeasured compounds have log KOW values ranging from 2.23
to 8.21. For milk, the simulated BTFAMilk data are plotted against log KOW values ranging from 1.02 to 8.51 and the measured compounds have
log KOW values ranging from 2.23 to 8.85.
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insufficient food to support the continuous process of pesticide
uptake into the circulation system when the animal is sleeping.
The physiological conditions of mammals (e.g., milk, biliary,
and urine excretion) when sleeping differ from those in the
daytime. Thus, we recommend considering a time-integrated
approach to simulate the average concentrations of pesticides
in raw foods of animal origin. The time-integrated approach
had been successfully implemented in estimating fate factors of
pesticides (i.e., average residue masses in environmental
compartments) for the pulse-emission scenario.59 Once feeding
and digestion patterns of livestock are known, the intermittent
exposure to pesticides via food consumption can be equivalent
620 | Environ. Sci.: Processes Impacts, 2022, 24, 609–624
to a pulse-like intake process, facilitating the BTF estimate
using the matrix-based PBK approach.

In addition, the matrix-based PBK model is proposed to
evaluate pesticide distributions in mammal bodies, whereas
other domestic animals such as poultry and sh have different
physiological systems from mammals. For example, mammals
have mammary glands producing milk, so the secretion of milk
is considered one of the elimination routes of pesticides in the
PBK model. However, poultry (e.g., chickens and ducks) lay
eggs, and some birds feed their young offspring by partially-
digested food via regurgitation. By contrast, sh live under-
water and breathe via gills, such that potential intake of pesti-
cides by sh is dominated by the lter-feeding process, distinct
This journal is © The Royal Society of Chemistry 2022
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from the digestion system of mammals.31,60 Therefore, different
modeling structures from mammals are expected for poultry
and sh to evaluate pesticide distributions inside the body.60,61

However, our proposed matrix-based approach can be exibly
coupled with PBK models for poultry and sh as long as the
relevant processes (e.g., the egg-forming and lter-feeding
processes for poultry and sh, respectively) are described
using the rst-order kinetics, and thereby performing high-
throughput simulations of residue levels in poultry and sh
products. Furthermore, the proposed model used blood trans-
port as the only advection pathway to distribute pesticides in
livestock bodies (tissues and organs). However, some chemical
compounds (e.g., hydrophilic pesticides with high surface
tension) are found to be also transported in a considerable
manner via lymphatic or nervous systems,62,63 which could lead
to underestimation of residue levels in lymphoid organs.
Therefore, additional advective transport pathways via
lymphatic or nervous systems are needed to be considered in
the PBK model for hydrophilic compounds, which can be ach-
ieved by adding respective dimensions in the proposed matrix.

3.4.2 Metabolisms of pesticides in mammalian livers. Due
to data limitations, the metabolic rate constants of pesticides in
the mammalian livers were approximated based on biotrans-
formation half-lives in sh, which may be another reason the
simulated BTF values were higher than the experimental data at
low log KOW values. Many weakly lipophilic pesticides (e.g.,
systemic pesticides) present much higher degradation rates in
the environment than lipophilic pesticides, and they may
present much higher metabolic rates in livestock bodies,
including organs and tissues other than the liver. Also, the
metabolites created in the liver should be evaluated, because
this metabolic process can sometimes lead to more toxic
chemicals (metabolites) before distribution in the rest of the
animal. Although the distribution of the toxic metabolites in
animal bodies can be simulated by incorporating the rst-order
kinetics of the generation process, information about genera-
tion rates and toxicities of metabolites should be determined in
future studies. Thus, we recommend that once detailed infor-
mation on the biotransformation process of pesticides in
mammalian livers and other tissues is available, the metabolic
rate constants as well as the metabolites of pesticides be
incorporated to the corresponding compartments of our matrix
approach.

3.4.3 Physiological variations of animals. The proposed
PBK model requires many physiological variables of livestock,
which can vary substantially among species, varieties, and
individuals, leading to variations in simulated BTFs. For
example, Rossow et al.46 evaluated the impact of enzyme-treated
feed on the production and nutrition composition of milk for
dairy cows. We took the relevant physiological datameasured by
Rossow et al.46 to evaluate the uncertainty of the simulated
BTFMilk values of pesticides (Table A6 and Fig. A7†). The results
indicated that hydrophilic compounds (i.e., log KOW < 0) had
small variability of the simulated BTFMilk values among the
selected dairy cows, whereas pesticides with moderate lip-
ophilicity (i.e., log KOW of �2.5) have large variability. This is
due to solubility of pesticides with moderate lipophilicity in
This journal is © The Royal Society of Chemistry 2022
milk being more sensitive to the milk's nutrition composition
(i.e., fat and water contents) as compared to hydrophilic pesti-
cides, which makes milk production (i.e., elimination route of
pesticides via milk excretion) have a greater impact on the
simulated BTFMilk of the pesticides with moderate lipophilicity.
Notably, other physiological variables such as organ mass and
blood ow rate could also have considerable variations among
animal individuals, leading to large uncertainty in the simu-
lated BTFs. Pesticide properties (e.g., lipophilicity) and tissues
vary widely. With our proposed approach, we enable the eval-
uation of a wide range of pesticide–animal tissue combinations,
to which additional pathways and tissues can be conveniently
added when related data become available.

4. Conclusions

In the present study, a screening-level model was proposed for
simulating the BTFs of pesticides in foods of animal origin with
a focus on mammals. The proposed model is based on matrix
algebra using rst-order kinetics. The simulated BTFs of pesti-
cides in common livestock products (cattle and sheep) were
parameterized and categorized according to log KOW values into
three lipophilicity phases. Comparison with experimental data
in the literature indicated that the proposed model over-
estimated the BTFs of pesticides with relatively low log KOW

values, which can be attributed to several reasons, such as
varying experimental conditions (e.g., experiment length and
administrated pesticide doses) and limited information on
metabolic rate constants. Nevertheless, the simulation results
agreed with the experimental data on the general trends of
pesticide BTFs over the log KOW span. Our results indicate that
the proposed model may serve as a tool for use in risk and life
cycle impact assessment, in support of risk reduction for
pesticides in food products as part of the global sustainability
agenda for chemicals in consumer goods.64
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