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A B S T R A C T

Bioaccumulation and biotransformation are critical processes modifying toxicity of easily metabolizable che-
micals to aquatic organisms. In this study, tissue-specific accumulation, biotransformation and elimination of a
current-use pesticide fipronil in tilapia (Oreochromis niloticus) were quantified by combining in vivo measure-
ments and a newly developed multi-compartmental toxicokinetic model. Waterborne fipronil was taken up via
gills and metabolized rapidly and solely to fipronil sulfone. Significant decrease of fipronil residues in liver and
intestine during exposure period strongly suggested the induction of metabolism in these two organs. Significant
transport of fipronil and fipronil sulfone in the liver-bile-intestine system implied that hepatobiliary excretion
and enterohepatic re-absorption played important roles in fipronil metabolism and system circulation of the
parent compound and the metabolite. The multi-compartmental model quantitatively described the highly dy-
namic inter-compartmental transport and rapid branchial clearance of fipronil in fish. Modeling results also
suggested that uptake and biotransformation were the stronger driving forces for the inter-compartmental
transport of fipronil in fish than the inherent partitioning capacity. Overall, our findings highlight the im-
portance of biotransformation on internal disposition of fipronil in fish, which helps to improve aquatic toxicity
assessment of this pesticide.

1. Introduction

Tracking ecological impacts of pesticides is of global significance
especially considering that pesticides are increasing in demand, use and

release into the environment [1]. Evidence suggested that systemic
insecticides such as neonicotinoids and fipronil were likely responsible,
at least partially, for the observed decline of biodiversity of
aquatic microinvertebrates [2,3]. As a broad spectrum phenylpyrazole
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insecticide, fipronil targets the γ-amino butyric acid (GABA) receptors,
resulting in continuous central nervous system activity [4]. This specific
mode of action makes fipronil extremely toxic to non-target in-
vertebrates [5]. Fipronil is much less toxic to mammals compared to
invertebrates, but it exhibits high lethal toxicity to fish (e.g. 4-d LC50
was 94.2 μg L−1 for medaka [6]) and also can cause sublethal effects to
fish (e.g. growth inhibition at 30 μg L−1 and possible endocrine dis-
ruption at 10 μg L−1 to madaka [7]). A statewide investigation in the
U.S. found that fipronil residues in 70% and 20% of the urban and
agricultural waterways, respectively, exceeded the aquatic life bench-
mark for this chemical [8], calling for concerns on the risk of this in-
secticide to aquatic species.

Biotransformation significantly influences the bioaccumulation
process and further modifies the toxicity of a compound to an organism
[9]. Understanding the accumulation and biotransformation processes
is essential to assess the impact of pesticides on aquatic organisms.
Although studies have focused on evaluating fipronil effects on fish
[10], its accumulation and biotransformation processes in fish are still
less known [11]. While fipronil is easily degraded and metabolized, its
degradates/metabolites are equal or even more toxic to many aquatic
species than the parent compound [12–14], and are also more stable in
the environment [3]. Different compositions of fipronil and its meta-
bolites in water and wild European eel was observed, indicating sig-
nificant biotransformation of fipronil in wild fish [15]. The transfor-
mation process of xenobiotics in organism is tissue-specific [16],
however, little information is available on the time-dependent and
tissue-specific accumulation and biotransformation of metabolizable
pesticides in fish. Multi-compartmental model, which considers mul-
tiple tissues, is particularly suitable for studying the fate of xenobiotics
in fish and recognizing the importance of individual tissues in proces-
sing the xenobiotics [16].

The main objective of the present study was to investigate the
tissue-specific accumulation, biotransformation and elimination of
waterborne fipronil in tilapia (Oreochromis niloticus). A multi-compart-
mental model was constructed to simulate the dynamic transport of the
parent compound and metabolites among six compartments (blood,
gill, carcass, liver, bile and intestine). In addition, the commonly used
one-compartmental model was applied to support the results of the
multi-compartmental model. Specifically, the current study was con-
ducted to better understand (1) the disposition and transport of fipronil
and its metabolites in fish and the importance of different compart-
ments to this process; (2) the significance of the liver-bile-intestine
system in the specific biotransformation, excretion and circulation of
fipronil in fish; (3) the influence of biotransformation on the accumu-
lation and disposition of fipronil in fish. Tilapia is an important com-
mercial fish, which is cultured worldwide with production increasing
rapidly in recent years [17]. With high consumption and the associated
human health concerns, tilapia has been used as a model species to
study the accumulation of metals in aquatic organisms [18,19], while
the tissue-specific accumulation and biotransformation of pesticides in
this species is unknown. Concerning the impacts of pesticides on fish in
paddy fields of rice-fish cultivation, there is a great need to understand
the toxicokinetics of pesticides in this cultured fish [20].

2. Materials and methods

2.1. Uptake, elimination and sampling

The bioaccumulation testing (96-h uptake and 96-h elimination
regimes) was performed in 20-L glass beakers using acclimated tilapias
(fresh weight of approximately 12 g) at 21 ± 1 °C. The elimination
half-life for fipronil in rainbow trout was reported to be 0.6 d [11], thus
the respective 4-d accumulation and elimination experiments in the
current study was deemed appropriate. The exposure concentration of
fipronil in water was set at 1 μg L−1, which was environmentally re-
levant and was monitored throughout the testing. The system was static

with about 80% of water being renewed every 12 h. A laboratory
control was conducted simultaneously. The fish were not fed during the
whole bioassay. After 96-h exposure, the fish were taken out and
transferred to non-dosed water to initiate the elimination. More details
on fish acclimation and bioaccumulation testing are presented in the
Supporting Information.

At pre-determined time points during the uptake regime (4, 10, 24,
48, 72 and 96 h) and elimination regime (99, 102, 106, 120, 144, 168
and 192 h), four fish were randomly sampled (one fish from each tank)
and narcotized in cold water to collect blood from caudal fin by ca-
pillary pipette and then dissected into five compartments (gill, liver,
bile, intestine and carcass). The intestinal tract including the upper and
lower intestine was taken as the intestine sample and intestinal contents
in the intestinal tract were extruded gently using tweezers. The tissue
samples were stored at −80 °C prior to analysis after being weighed for
fresh weight. Meanwhile, fipronil-dosed water were collected for ana-
lysis at the time points of 0 (before adding the fish), 4, 10, 48 (before
water change and thereafter) and 96 h.

2.2. Sample preparation and instrumental analysis

Freeze-dried gill, liver, intestine and carcass were grounded and
extracted with acetonitrile, while fresh blood and bile samples were
directly extracted with respective acetonitrile and diethyl ether using
vortex-assisted sonication. Lipid was removed from the extracts by re-
peated freezing and centrifugation. Water samples were extracted by
liquid-liquid extraction with dichloromethane. Fipronil and its meta-
bolites in the samples were quantified using high performance liquid
chromatography and mass spectrometer system (HPLC/MSMS). A batch
of quality assurance and quality control (QA/QC) procedures, including
internal calibration, recoveries of surrogate and target compounds in
the blanks, matrix spikes and samples, and instrumental calibration
standard check, were performed to assess the effectiveness of sample
preparation and quantification. Details of the sample preparation, in-
strumental analysis and QA/QC are presented in the Supporting
Information.

2.3. Statistical analysis

One-way ANOVA with Tukey’s multiple comparison was performed
using SPSS 17.0 to evaluate the statistical significance in the levels of
fipronil and its metabolites among the time points. Significant differ-
ence was set at p<0.05.

2.4. Model development

A multi-compartmental model based on mass balance was con-
structed to quantitatively assess the uptake, transport, biotransforma-
tion and elimination kinetics of fipronil and its metabolite in tilapia. Six
compartments were included in the model with blood connecting the
individual organs (Fig. 1). Fipronil in water was taken up through gill
along with the movement of water and blood in the gill and then
transferred to blood [21]. The blood served as a carrier that distributed
fipronil to the other organs, which drove the systemic circulation. The
liver was recognized as the primary organ to metabolize xenobiotics in
fish [22]. The bile was produced by liver and served as a transient
compartment for excreting fipronil and its metabolites to the small in-
testine. The compounds excreted to the small intestine may be re-ab-
sorbed by the intestine and transferred back to the liver, which was
known as enterohepatic cycling. The carcass, including muscle, bones
and other organs, accounted for more than 90% of the whole fish
weight and therefore was considered as the largest pool for fipronil and
its metabolites. Considering the possible biotransformation in the gas-
trointestinal tract [23], biotransformation was set in both liver and
intestine. After biotransformation, the metabolites entered systemic
circulation which was driven by the blood flow and the enterohepatic
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cycling, and then excreted to outside environment (i.e., water) via gill
ventilation and intestine.

Assuming that inter-compartmental transfer of fipronil and its me-
tabolites followed first-order kinetics, the flux from the jth to ith com-
partment (F(i,j), ng h−1) was calculated using Eq. (1).

F(i,j)=k(i,j)×Qj (1)

Where k(i,j) (h−1) is the rate coefficient between the two compart-
ments, Qj (ng) is the amount of chemical in the jth compartment at time
t and it is calculated by multiplying chemical concentration (ng g−1) in
the compartment and its fresh weight (g). Total blood volume of the fish
was taken into account to calculate the amount of fipronil and its me-
tabolite in the blood, assuming 40mL blood for 1 kg tissue in teleosts
and 1mL of blood equaled 1 g of fresh weight [24]. The fresh weights,
water contents and lipid contents of individual tissues are presented in
Table S1. The following differential equations (Eqs. 2–13) were applied
to model the dynamic flux of fipronil (F) and its metabolite, fipronil
sulfone (S), in the various compartments of the fish.

Blood:

dQ1/dt=k(1,2)×Q2+k(1,4)×Q4+k(1,5)×Q5+k(1,3)×Q3

−(k(2,1)+k(4,1)+k(5,1)+k(3,1))×Q1 (2)

dQ10/dt=k(10,9)×Q9+k(10,12)×Q12+k(10,8)×Q8+k(10,11)×Q11

−(k(9,10)+k(12,10)+k(8,10)+k(11,10))×Q10 (3)

Gill:

dQ2/dt=kw×Qw+k(2,1)×Q1−(k(1,2)+k(0,2))×Q2 (4)

dQ12/dt=k(12,10)×Q10−(k(10,12)+k(0,12))×Q12 (5)

Carcass:

dQ3/dt=k(3,1)×Q1−k(1,3)×Q3 (6)

dQ11/dt=k(11,10)×Q10−k(10,11)×Q11 (7)

Liver:

dQ4/dt=k(4,1)×Q1+k(4,5)×Q5−(k(1,4)+k(9,4)+k(6,4))×Q4 (8)

dQ9/dt=k(9,4)×Q4+k(9,10)×Q10+k(9,8)×Q8−(k(10,9)+k(7,9))×Q9 (9)

Bile:

dQ6/dt=k(6,4)×Q4−k(5,6)×Q6 (10)

dQ7/dt=k(7,9)×Q9−k(8,7)×Q7 (11)

Intestine:

dQ5/dt=k(5,1)×Q1+k(5,6)×Q6−(k(1,5)+k(4,5)+k(8,5)+k(0,5))×Q5 (12)

dQ8/dt=k(8,5)×Q5+k(8,10)×Q10+k(8,7)×Q7

−(k(10,8)+k(9,8)+k(0,8))×Q8 (13)

Where k(0,2) and k(0,12) are elimination rate coefficients of fipronil and
its metabolite through gill, respectively, while k(0,5) and k(0,8) are their
respective elimination rate coefficients through feces. The parameter
Qw is the amount of fipronil in water effectively passing through the gill
per hour during respiration, and kw is rate coefficient of fipronil
transferring from water to gill.

Qw=Cw×V (14)

Where Cw (μg L−1) is concentration of fipronil in water, and V (L h−1)
is ventilation rate, which equals to 0.079 L h−1 for 12.3 g tilapias based
on measurement that ventilation rate was 6.6 L h-1 kg-1 for tilapia at
21 °C [25].

Biotransformation of fipronil in the liver and intestine was re-
cognized as a rate-limiting step controlled by enzymatic activity,
therefore a modified Michaelis–Menten type model was applied to si-
mulate the biotransformation rate coefficients (Eqs. 15 and 16) [26]:

k(9,4)=Vmax-L/(Kd-L+QL-F) (15)

k(8,5)=Vmax-I/(Kd-I+QI-F) (16)

Where k(9,4) and k(8,5) (h−1) are the respective biotransformation rate
coefficients of fipronil in the liver and intestine, and Vmax-L and Vmax-I

(ng h−1) are the respective maximum biotransformation rate of fipronil
in the liver and intestine, Kd-L and Kd-I (ng) are the respective amount of
fipronil in the liver and intestine at which the biotransformation rate
equals to half of the Vmax, and QL-F and QI-F (ng) are the amount of
fipronil in the liver and intestine, respectively.

The SAAM II modeling software (version 2.3.1, SAAM Institute,
University of Washington, Seattle, WA, USA) was applied to simulate
the kinetics, which has been successfully used to model the accumu-
lation, distribution and elimination of metals in fish [16]. A process of
trials was performed until reaching the best fit. The quality of the fitted
parameters was evaluated based on fractional standard deviation (FSD)
of the parameters (< 0.5), the parameter correlation matrix (< 0.9)
and the appearance of the fitted data-model plots. More details in data

Fig. 1. The schematic multi-compartmental transport of fipronil and its metabolite, fipronil sulfone in tilapia. The arrows show transfer direction and k(i,j) represents
the inter-compartmental rate coefficients (h−1) from jth compartment to ith compartment, except for the uptake rate coefficient from water (kw, h−1) and the
transformation rate coefficients (k(9, 4) and k(8, 5), h−1). The capital letters "F" and "S" in parentheses refer to fipronil and its metabolite fipronil sulfone, respectively,
in the specific compartment. The numbers are symbols for individual compartments which are used for easier explanation of the rate coefficients.
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fitting are presented in the Supporting Information. Accumulation,
biotransformation and elimination of waterborne fipronil in whole fish
were simulated using a one-compartmental model (Fig. S1) (Scientist
3.0, MicroMath Inc., St. Louis, MO, USA). Detailed descriptions on the
one-compartmental model and the calculation of bioconcentration
factor (BCF) are presented in the Supporting Information. Concentra-
tions of fipronil and fipornil sulfone on a weight basis were used for
modeling.

3. Results and discussion

3.1. Accumulation, biotransformation and elimination in whole fish

Water concentration of fipronil was relatively constant
(0.81 ± 0.18 μg L−1) over the exposure period (Fig. S2). The three
degradates of fipronil were detected in water with concentrations lower
than their reporting limits (RLs), suggesting that the 12-h interval of
water changes guaranteed the constant exposure scenario. As shown in
Fig. S3, fipronil rapidly reached steady-state in tilapia after 24 h of
uptake, and then remained constant until the end of exposure, followed
by a sharp decrease to near zero at 144 h during the elimination regime.
Fipronil was rapidly transformed to fipronil sulfone in tilapia by oxi-
dation at the sulfinyl moiety, while the other two metabolites (fipronil
sulfide and fipronil desulfinyl) were both lower than the RLs, which was
consistent with that in other fish species [11,15]. Consequently, we
focused on the parent compound and its primary metabolite fipronil
sulfone in this study. The concentrations of fipronil sulfone in tilapia
increased linearly and exceeded the parent compound at 35 h, and were
about three times higher than fipronil concentrations at the end of
uptake period (96 h). Unlike the rapid elimination of the parent com-
pound, the concentrations of fipronil sulfone only slightly decreased
during the elimination period (96 h).

The uptake and elimination profiles of fipronil and fipronil sulfone
in the whole body of tilapia were well simulated by the one-compart-
mental model (Fig. S1 and S3). The simulated biotransformation rate of
fipronil to fipronil sulfone in tilapia was 0.03 ± 0.003 h−1, and their
t1/2 values were 6.5 ± 1.9 and 204 ± 36 h, respectively, suggesting
that the metabolite was more retainable in fish than fipronil (Table S2).
Fipronil was transformed to fipronil sulfone at a rate of 0.042 h−1 and
their t1/2 values were 15 ± 0.7 and 57 ± 1.7 h, respectively, in
rainbow trout under dietary exposure [11]. The authors estimated the

biotransformation rate based on an empirical relationship between t1/2
and log Kow, and demonstrated that biotransformation contributed to
the most of elimination of fipronil in rainbow trout (i.e., 88%) [11]. In
contrast, biotransformation only accounted for 31% of the total elim-
ination of fipronil in tilapia in this study. In addition, elimination of
fipronil sulfone from tilapia in this study was about four times slower
than that from rainbow trout [11]. Different modeling methods, species
sensitivity and exposure routes (waterborne vs. dietary) may result in
inconsistent kinetics [27,28].

The bioaccumulation potential of waterborne fipronil in tilapia was
evaluated by BCF values. The equilibrium-based (Eq. S7) and kinetic-
based (Eq. S8) BCFs (1016 and 1047 L kg−1 lipid, respectively, Table
S2) were similar, which provided evidence that the one-compartmental
model adequately described the whole body accumulation of fipronil in
fish. Regarding the essential role of inter-organ transport in processing
xenobiotics [28–30], tissue-specific disposition, biotransformation and
inter-compartmental dynamic changes were analyzed to better under-
stand the fate of fipronil in tilapia.

3.2. Tissue-specific disposition

Accumulation profiles of fipronil and fipronil sulfone in different
compartments of tilapia are shown in Fig. S4. Overall, concentrations of
fipronil and fipronil sulfone in individual compartments during the
exposure period followed the same trend: liver > intestine ≈ gill >
bile ≈ carcass > blood. Higher concentrations of fipronil and fipronil
sulfone was also found in the liver than the muscle of wild European eel
[15], suggesting that the liver was an important organ for storage and
transformation of fipronil likely due to its higher lipid content than
other tissues [13,22]. The uptake and elimination trends of fipronil and
fipronil sulfone in the individual compartments were similar to those in
the whole fish except for fipronil in the liver and intestine. Fipronil
levels in the liver and intestine could not achieve a steady-state and
started to decrease after reaching the highest point during the exposure
period. The decrease suggested possible biotransformation in these two
organs. A similar decreasing trend of triphenyl phosphate, a metabo-
lizable organophosphate flame retardant, in the liver of zebrafish was
observed during the waterborne exposure period [9].

Based on the physiological-biochemical processes and the tissue-
specific accumulation profiles, a multi-compartmental model with two
metabolic sites (liver and intestine) was constructed. The simulated

Table 1
Simulated rate coefficients of fipronil and its metabolite, fipronil sulfone, between every two compartments in tilapia exposed to waterborne fipronil.

Transfer direction/
coefficients

Fipronil Fipronil sulfone

Rate coefficients (h−1) Value (mean ± SD)a Rate coefficients (h−1) Value (mean ± SD)

Gill to blood k(1, 2) 1.3 ± 0.09 k(10, 12) 0.40 ± 0.16
Blood to gill k(2, 1) 6.9 ± 0.52 k(12, 10) 1.8 ± 0.68
Blood to carcass k(3, 1) 13 ± 0.54 k(11, 10) 2.3 ± 0.20
Carcass to blood k(1, 3) 0.26 ± 0.04 k(10, 11) 0.05 ± 0.007
Blood to liver k(4, 1) 4.6 ± 0.51 k(9, 10) 3.5 ± 0.22
Liver to blood k(1, 4) 0.60 ± 0.19 k(10, 9) 1.5 ± 0.19
Blood to intestine k(5, 1) 3.1 ± 0.87 k(8, 10) 0.96 ± 0.47
Intestine to blood k(1, 5) 0.69 ± 0.20 k(10, 8) 1.1 ± 0.30
Liver to bile k(6, 4) 0.55 ± 0.16 k(7, 9) 0.51 ± 0.10
Bile to intestine k(5, 6) 1.9 ± 0.47 k(8, 7) 4.0 ± 0.90
Intestine to liver k(4, 5) 0.39 ± 0.0.2 k(9, 8) 0.20 ± 0.11
Gill to water clearance k(0, 2) 3.8 ± 0.27 k(0, 12) 0.04 ± 0.01
Intestine to water excretion k(0, 5) 0.01 ± 0.01 k(0, 8) 0.01 ± 0.005
Water to gill kw 0.14 ± 0.015
Maximum biotransformation rate in the liver (ng h−1) Vmax-L 2.5 ± 0.72
Maximum biotransformation rate in the intestine (ng h−1) Vmax-I 2.5 ± 0.87
Amount of fipronil in the liver at which the biotransformation rate equals to half

of the Vmax (ng)
Kd-L 0.66 ± 0.52

Amount of fipronil in the intestine at which the biotransformation rate equals to
half of the Vmax (ng)

Kd-I 0.75 ± 0.11

a Standard deviation (SD).
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parameters and modeled curves of fipronil and fipronil sulfone are
presented in Table 1 and Fig. 2, respectively. Most of the simulated
parameters (90%) had FSDs lower than 0.5, thus the statistical analysis
was sufficiently accurate. In addition, the simulated parameters were
all functioning independently and the model was not over-
parameterized with all correlation coefficients between two parameters
lower than 0.9. Overall, the accumulation and elimination profiles of
fipronil and its metabolite were well fitted by the constructed model,

which validated the application of the model. Uncertainty in the
modeling was from the inputs of the model, including fipronil con-
centration in water, the ventilation rate for tilapia and the fipronil/
fipronil sulfone concentrations on weight basis in the six compartments.
Overall, the modeled kinetics shed a light on the transport and bio-
transformation of fipronil inside the fish body.

Fig. 2. The observed and simulated accumulation (96 h) and elimination (96 h) profiles of fipronil and its metabolite, fipronil sulfone, in different compartments of
the tilapia, including blood (a), gill (b), carcass (c), liver (d), bile (e) and intestine (f). The observed data are presented as the mean ± standard deviation, n=4.
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3.3. Inter-compartmental transport kinetics

In water-only exposure scenario, freely dissolved fipronil is taken up
by gills. It was estimated that 64 ng of fipronil was taken up per hour,
which was rapidly partitioned to the blood with a rate coefficient of
1.3 ± 0.09 h−1, and then subsequently distributed to other parts of the
body. As shown in Fig. 3, the largest proportion of fipronil in the blood
was transported to the carcass due the dominant mass (more than 90%
of the whole body weight) of carcass compared to other tissues, fol-
lowed by the gill, liver and intestine. A similar flux from the carcass was
transported back to the blood, suggesting that the carcass (mainly
muscle) was not a storage compartment for fipronil. The flux of fipronil
from the gill to blood was 1.7 times higher than that from the blood to
gill on average. Gill was the organ taking up waterborne fipronil, and a
large proportion of fipronil in the gill was transported to the blood for
systemic circulation. On the contrary, the fluxes of fipronil from the
blood to the liver and intestine were 2.2 and 1.5 times higher than those
transported back to blood on average, respectively, corresponding to
the role that these two organs served in transforming and/or storing
fipronil.

Fipronil was transformed to fipronil sulfone mainly in the liver and
intestine, and then distributed to different parts of the fish via blood
circulation. The trends for inter-compartmental transport of fipronil
sulfone was different from that of the parent compound (Fig. 3). In
comparison to fipronil, the blood-to-intestine flux of fipronil sulfone
only accounted for half of that from the intestine to blood. The liver and
gill had higher affinity for the hydrophobic fipronil sulfone (log
Kow= 3.7) [15] than the intestine and carcass due to their higher lipid
contents (Table S1), which may result in the higher transport of fipronil
sulfone from the blood to these two compartments. As a richly perfused

tissue, the intestine receives high level of volume-normalized blood
flow [21,31], which may drive the export of fipronil sulfone from the
intestine. Fipronil and fipronil sulfone had different inter-compart-
mental transport behavior, although they were expected to behave si-
milarly due to their similar hydrophobicity [13,15] (Fig. 3). The op-
posite blood-intestine net transport fluxes for fipronil (from the blood to
intestine) and fipronil sulfone (from the intestine to blood) indicated
biotransformation of fipronil in the intestine. Moreover, their opposite
net transport fluxes between the blood and intestine/gill suggested that
accumulation processes, e.g. uptake and biotransformation, might be
stronger driving forces for the transport behavior of xenobiotics in fish
than the inherent partitioning capacity of fipronil [32].

During systemic circulation, elimination of the compounds from the
fish occurs through branchial clearance and intestine excretion [28].
The mean estimated uptake (water to gill) and elimination (gill to
water) fluxes of fipronil via gill during exposure period were 58 and
52 ng h−1, respectively (Fig. S5). Branchial uptake and elimination
rates of organic contaminants are controlled by the effective respiration
volume and the partitioning coefficient between blood and water,
which correlates to chemical hydrophobicity [32]. The uptake and
elimination rates based on whole fish in this study (Table S2) were used
to calculate the corresponding fluxes. Assuming kep (Eq. S2) was the
elimination rate from branchial clearance, the calculated flux of bran-
chial elimination accounted for 66 ± 24% of the branchial uptake flux,
which supported the high proportion of branchial elimination in the
multi-compartmental modeling (88% on average). In addition, 58% of
fipronil from the gill to blood was transported back to the gill, sug-
gesting that a large proportion of branchial eliminated fipronil involved
in systemic circulation instead of being eliminated directly (Fig. 3).
Compared to branchial elimination, elimination of fipronil through
intestine excretion was negligible with a mean flux of 0.06 ng h−1

during exposure. It is reasonable that branchial elimination dominates
the elimination of organic contaminants from fish body in waterborne
exposure scenario without feeding [28,33].

The limited intestine excretion was from biliary excretion, among
which could either be re-absorbed by the intestine and further involved
in the systemic circulation, or could be excreted out of the fish body
[13,34]. Fipronil sulfone was much more retainable than fipronil in the
fish, with smaller mean fluxes of branchial clearance and intestine ex-
cretion (i.e., 1.0 and 0.13 ng h−1, respectively). The fact that fipronil
sulfone persisted longer in organism than the parent compound has
been previously reported, yet the mechanism is unknown [13]. From
the perspective of multi-compartmental elimination and transport, the
slower branchial elimination of fipronil sulfone than fipronil may be the
direct reason for the longer half-life of the metabolite in tilapia. In
addition, the net transport of fipronil sulfone from the blood to the
liver, gill and carcass (mainly muscle) for storage may also prolong its
retainability in fish.

3.4. Hepatobiliary-intestinal biotransformation

Recognizing metabolic site(s) and quantifying biotransformation
rate are essential to evaluating the bioaccumulation and toxicity of
xenobiotics in fish. Given the consensus that the liver is the primary
organ metabolizing pesticides in fish [22] and the observation that fi-
pronil concentrations in tilapia liver significantly decreased during
exposure (Fig. 2d), the liver was set as the site for biotransformation.
Regarding the significant decrease of fipronil concentrations in the in-
testine during exposure (Fig. 2f), there were two possible reasons: (1)
fipronil was transformed in the intestine, or (2) fipronil was trans-
formed in the liver and then transferred to the intestine via the rapid
hepatoenteral and/or blood circulation. If the latter happened, fipronil
concentrations in the bile and/or blood should follow the same de-
creasing trend as the liver and intestine. However, fipronil in the bile
and blood reached steady-state and then kept constant till the end of
exposure period (Fig. 2). Thus, biotransformation occurring in the

Fig. 3. The inter-compartmental flux (ng h−1) of fipronil and its metabolite,
fipronil sulfone, in tilapia during the accumulation (96 h) and elimination
(96 h) regime.
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intestine was the more plausible explanation for the observed decrease
of fipronil in this organ. Biotransformation of xenobiotics in the in-
testinal tract of fish has been commonly observed in dietary exposure
scenario due to resident bacteria, digestive and intestinal mucosal en-
zymes [35]. A recent study found that intestinal biotransformation was
the dominant metabolic pathway for most of the tested chemicals via
dietary exposure, and somatic (including the liver) biotransformation
was the dominant pathway via waterborne exposure [23]. However,
there were some exceptions, for example, trans-decalin was mostly
transformed in the intestinal tract under the waterborne exposure [23].

Considerable efforts have been undertaken to obtain whole body
and tissue-specific biotransformation rates [23,26,36]. Constant bio-
transformation rates were conventionally used in modeling, however,
the metabolic process is rate limited by the activities of metabolic en-
zymes, which follows a dose-responsive change with the concentrations
of xenobiotics [13]. In this study, constant biotransformation rates
failed to model the decreasing trend of fipronil in the liver and intestine
during exposure, so a Michaelis–Menten type model was introduced in
the simulation. The sum biotransformation flux of fipronil in the liver
and intestine (5.02 ng h−1 on average during exposure) was consistent
with its biotransformation flux (4.55 ng h−1) estimated from the one-
compartmental whole fish model, confirming the applicability of the
developed multi-compartmental model. The biotransformation fluxes of
fipronil in the liver and intestine were comparable (Fig. S5), suggesting
that the two organs equally contributed to the biotransformation of
fipronil to fipronil sulfone in tilapia. However, the two organs meta-
bolized fipronil differently. The biotransformation flux of fipronil in the
liver continued to increase till the end of exposure, yet it increased until
it reached steady-state and then remained constant in the intestine for
the remaining exposure time (Fig. S5). There is limited information on
the mechanisms of hepatic and intestinal biotransformation of fipronil.
Comparable metabolic capacity of organophosphate pesticides in liver
microsomes and intestinal enterocytes of rats were observed, but the
metabolic profiles were different for the two pesticides [37]. On the
contrary, liver was found to have higher capacity to metabolize a drug
than small intestine based on the total enzyme activity and inherent
clearance [38]. It appears that metabolic function in regards to pro-
cessing xenobiotics is species-, tissue- and compound-specific. The
present study quantitatively evaluated the biotransformation of fipronil
in the liver and intestine of tilapia, but more studies are required to
mechanistically understand the tissue-specific biotransformation of fi-
pronil in fish.

After being metabolized in the liver, the formed metabolite is ex-
creted to the intestine via bile along with the parent compound [34,39].
The compounds excrete to the small intestine may be re-absorbed and
transferred back to the liver, namely enterohepatic cycling, which may
prolong the half-life of the compounds in the fish body. Therefore, the
dynamic transport of fipronil and fipronil suflone in the liver-bile-in-
testine system is an important part of systemic circulation. The trans-
port flux of fipronil from the liver to the bile resembled that from the
liver to the blood, suggesting that hepatobiliary excretion accounted for
half of the systemic circulation in the liver (Fig. S6). The liver-to-bile
and bile-to-intestine fluxes of fipronil were exactly the same, supporting
the notion that the bile was a transient compartment between the liver
and intestine [34]. A mean flux of 2.0 ng h−1 from the intestine to the
liver was observed and accounted for half of the flux from the intestine
to the blood, suggesting significant enterohepatic cycling of fipronil in
tilapia (Fig. S6a). Compared to the parent compound, the hepatobiliary
(34% on average) and enterhepatic (18% on average) circulations of
fipronil sulfone accounted for a smaller proportion of the corresponding
circulation via blood (Fig. S6b). Therefore, the liver-bile-intestine cir-
culation was an important part of the systemic circulation and not only
influenced the in vivo biotransformation of fipronil, but also the inter-
compartmental transport kinetics of the parent compound and the
metabolite in fish.

4. Conclusions and perspectives

Overall, the developed multi-compartmental model for the first time
quantified the uptake, biotransformation, inter-compartmental trans-
port and elimination of fipronil and its metabolite in tilapia. This model
helped to interpret the in vivo disposition and biotransformation of fi-
pronil and recognize the importance of individual compartments within
the fish. Based on the observed and simulated results, fipronil was
transformed to fipronil sulfone in the liver and intestine under water-
borne exposure. Hepatobiliary excretion and enterohepatic re-absorp-
tion in the liver-bile-intestine system played an important role in fi-
pronil biotransformation and systemic circulation of the parent
compound and the present metabolite. The modeled kinetics revealed
that fipronil was highly dynamic in tilapia experiencing rapid bio-
transformation, inter-compartmental transport and branchial clearance,
which significantly influenced the body residues, disposition and toxi-
city of fipronil. The metabolite, fipronil sulfone, was equally or even
more toxic to fish [13,40] and was much more retainable than fipronil
in fish, implying that in vivo biotransformation would largely increase
the toxicity of fipronil to fish. As such, the incorporation of bio-
transformation into bioaccumulation modeling surely improves the
toxicity evaluation and prediction of easily metabolizable toxicants.
Fipronil is known to induce neurotoxicity, while tissue-specific toxicity
has also been observed for the liver [41] and kidney [42]. The modeled
metabolism and inter-compartmental transport kinetics provided by the
present study gives quantitative information on the tissue-specific dis-
position of fipronil and its metabolite in fish. It is expected that this
information will assist in quantify their toxicity to specific organs in
future investigations.
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