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ORIGINAL ARTICLE
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Cell-based in Vitro Alveolus Model and a

Numerical Simulation
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Abstract

The animal-free prediction of inhalation toxicities in the lungs is very important concerning various
low-volatile organic carbons such as phthalate. Phthalate are contained in plastics as plastisizer, easily
released into environment as plastic ages, and ingested through dust. We therefore investigated ben-
zylbutyl phthalate (BBP) permeation using an A549 cell-based lung alveolus model, in which the cell
monolayers were formed on semipermeable membranes between two chambers filled with cell cul-
ture medium. With kinetic parameters obtained via these experiments, the model largely described the
concentration changes in the three compartments (the apical, A549 cell, and basolateral layers) but
revealed very high BBP accumulation in the alveolus cell layer at equilibrium, which did not likely
reflect the in vivo situation. We therefore changed the parameter of thickness of the cell layer from 10
(cultured AS549 cells) to 0.5 um (alveoli) and the parameter of the concentration in basolateral com-
partment to be always zero because of the continuous perfusion of blood in vivo. After changing
these parameters, the accumulation of BBP remarkably decreased, and the total permeated amount
significantly increased. These results indicated that various parameters and assumptions should be
changed to overcome the limitations and/or properties of existing culture models to improve the pre-
dictive accuracy of the system when using in vitro cell-based tissue models and numerical simula-
tions to predict health hazards in humans.
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Introduction
Various phthalic acid esters (PAEs) have been

processes in animals (Ema et al., 2000; Pan et
al., 2006; Salazar ef al., 2004; Van Meeuwen ef

widely used as plasticizers in a variety of con-
sumer products and household industries (Au-
tian, 1973, Peakall, 1975). However, phthalates
are not chemically bound to the plastic polymer
matrix; they can be released from products, after
which they can migrate into the external envi-
ronment (Giam et af., 1978). It is reported that
PAEs influence the metabolism of hormones
involved in reproductive and developmental
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al., 2007). On assessing the effects of dibutyl
phthalate (DBP) and benzylbutyl phthalate
(BBP) on transactivation of the estrogen recep-
tor and breast cancer cell growth in vitro, it was
found that they were estrogenic. BBP is one of
the longer phthalate molecules, and its metabo-
lites include monobutyl phthalate (MBuP) and
monobenzyl phthalate (MBeP). BBP has wide
application as a plasticizer in the polymer indus-
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try to improve flexibility, workability, and gen-
eral handling properties; approximately 80% of
all phthalates are used for this purpose (IARC,
2000). Therefore, BBP is found in a variety of
products, including building materials, vinyl
gloves, artificial leather, and adhesives. Since it
is not commonly used in plastic toys, and thus,
exposure to BBP through this route is low in
infants and children (European Chemicals Bu-
reau, 2007). However, it was suggested that in-
gestion of dust is a significant source of BBP
exposure in young children (Wormuth er al.,
2006), and the source of dust is most likely
building materials (Bornehag et al., 2005);
therefore, inhalation is the primary route of ex-
posure to BBP.

Because of the difficulties in establishing
simple in vitro pulmonary exposure systems,
animal models are mainly used for toxicity tests
for nanoparticles, gaseous compounds, or sam-
ples. From the standpoint of animal protection,
the number of animals sacrificed in ani-
mal-based experiments must be reduced, and
from the viewpoint of species differences be-
tween human and animals, it is still controver-
sial to determine the toxicity of agents in hu-
mans on the basis of results in animal studies;
thus, toxicity is generally tested using cells of
human origin. Several in vitro respiratory cell
systems, including static culture dishes (Patel et
al., 1990), dishes on tilting platforms (Dumler et
al., 1994; Guerrero et al., 1979; Nikula et al,,
1990), rotating flasks (Banks et al., 1990; Pace
et al., 1969), roller bottles (Bolton et al., 1982),
bubbling gas through cell suspensions (Konings,
1986), and gas permeable membranes with cul-
ture medium above the cells and gas flow be-
neath them (Alink et «l., 1980; Cheek et al.,
1988), have been proposed. However, it is im-
possible to conclude whether these systemns
completely mimic the in vivo situation.

In this study, we established a three-
compartment model to clarify the dynamics of
phthalates around the alveolar epithelial cell
layer and predict the permeation and accumula-
tion of phthalate in vivo in combination with a
numerical simulation method. Although it is
important to determine the toxicity associated
with exposure via inhalation, in vitro research
on the toxicity of phthalate and its translocation
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in the pulmonary system using culture inserts
(Shimizu et al., 2004; Komori ef al., 2008) has
not been reported. We focused on the toxicity of
BBP and its metabolites MBuP and MBeP and
measured the permeation of BBP through an
alveolar epithelial cell layer formed on a culture
insert containing a polyester membrane to divide
the apical and basal compartments. The apical
compartment mimics the air in alveoli, and the
basal compartment mimics pulmonary intrave-
nous blood. Even in this system, inappropriate
parameters concerning the thickness of the cell
layer and the concentration of the chemicals in
the basal compartment were present. To mimic
the in vivo situation, we therefore changed these
inappropriate parameters to elucidate the dy-
namics of BBP in and around alveolar epithelial
cell layers.

Materials and Method

Cell culture and medium

A549 cells (ATCC® CCL-185™), which is hu-
man alveolar basal epithelial cells, and HepG2
cells(ATCC® HB-8065™), which is Human
hepatocellular liver carcinoma cell line were
obtained from Riken Gene Bank (Tsukuba, Ja-
pan). The cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; WAKO,
Japan) supplemented with 10% fetal bovine se-
rum (FBS; HyClone Laboratories, Inc., Waltham,
MA, USA), 20 mM hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES; Dojindo,
Kumamoto, Japan), and 1.0% antibiotics (A.A.,
Invitrogen, Drive Rockville, MD, USA). The
solution of 0.25% trypsin and 0.02% EDTA in
phosphate-buffered saline (PBS) was used for
the cell culture passaging.

Measurement of cellular carboxylesterase
(CES) activity

Diester phthalate is degraded into mono phtha-
late and alcohol in vivo by CES, which is pre-
sent in all epithelial cells. The p-nitrophenyl
acetate assay was performed to estimate CES
activity in A549 cells based on the p-nitrophenol
concentration produced from p-nitrophenyl ace-
tate by CES (Hosokawa et al, 2002). The
HepG2 human hepatocyte cell line has abundant
endogenous CES (Ross et al., 2012); therefore,
CES activity was compared between A549 and
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HepG2 cells. The cells were suspended in PBS
in a 15-mL tube and sonicated for 15 min. After
centrifugation at 7100 rpm for 30 min, the pro-
tein concentration of the supernatant was meas-
ured, and a solution containing 20 pg/mL protein
was prepared. In a 96-well plate, 100 pL of the
solution was added to each well and maintained
for 30 min at 37°C. Then, 100 uL of 200 mM
p-nitrophenyl acetate was added to each well of
the plate, incubated for 30 min; and the resulting
amount of p-nitrophenol produced was measured
(A= 405 nm) using a spectrophotometer
(MPR-4Ai, Tosoh, Co., Japan) to determine the
level of CES activity in the cells.

Cytatoxicity assay
Chemical toxicities in A549 cells were quantita-
tively examined using the acid phosphatase (AP)
assay, which determines the number of living
cells based on AP activity(Yang et al., 1996;
Martin ef al., 1993). After exposing A549 cells
to phthalate for the specified times, the cells
were carefully rinsed twice with PBS to remove
any dying or loosely attached cells. The cells
were then exposed to 0.25 M acetate buffer solu-
tion (pH S5.5) containing 10 mM p-nitrophenol
phosphate (Wako) as a substrate for acid phos-
phatase and 0.01% Triton X-100 as a cytomem-
brane destruction reagent for 2 h at 37°C in an
incubator; the resulting p-nitrophenolate pro-
duced was measured using an MPR-4Ai spec-
trophotometer (A= 405 nm) to determine AP ac-
tivity in the cells remaining on the membrane
surfaces. The % viability R was determined us-
ing the following equation:

As — 4o

R=100 X ——— |

de — s
where A, and A, are the absorbance values after
phthalate exposure and of the medium only, re-
spectively, and Aq is the control absorbance val-
ue.

Formation of an A549 cell layer on a mem-
brane culture insert

After being coated with a collagen solution con-
taining 10% collagen (Cell matrix Type I-P, Nit-
ta Gelatin, Osaka, Japan) and exposed to 1 mN
HCI in Milli-Q water for 1 h in the refrigerator, a
polyester membrane culture insert with a culture
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a culture surface area of 1.0 cm”® and a pore size
of 0.4 um (Transwell 3460, Coster, Cambridge,
MA, USA) was washed with culture medium,
and A549 cells were seeded at a density of 5.0 x
10* cells/em” onto the insert. The level of con-
fluence of the cell sheet was determined by
measuring its transepithelial electrical resistance
(TEER), reflecting the function of tight junctions,
using a Millicell-ERS (Millipore Corp., Bedford,
MA, USA), and the time course formation of a
cell layer was assessed. The TEER value gradu-
ally increased over time and reached a steady
state at approximately 45 Q-cm’ by the 7th day.
Therefore, A549 cells were cultured for 7 days
in subsequent experiments.

Measurement of BBP and its two metabolites
in culture medium

The phthalates examined in this study are listed
in Figure 1; three major phthalates (DEHP, DBP,
BBP) are widely used as plasticizers, and 3 mo-
nophthalates [mono (2-ethylhexyl) phthalate
(MEHP), MBuP, and MBeP] are metabolites of
the three phthalates listed in Figure 1. The stan-
dard solutions prepared for all six aforemen-
tioned phthalates and all special grade chemicals
were purchased from WAKQO Pure Chemical
Industries, Ltd. Japan.

The A549 cells monolayer was formed on a
polyester membrane as described previously.
BBP was once mixed with FBS, subsequently
mixed with DMEM containing FBS, HEPES,
and antibiotics, to form DMEM-10% FBS-
2%HEPES-1% antibiotics solution. Then, 1-10
mM BBP dissolved in culture medium was
added to the culture insert (apical side; Ap) cul-
tured with A549 cells, or 0.33-3.3 mM BBP was
added to the well under the culture insert (baso-
lateral side; BL). After 48 h, 50 uL culture me-
dium was taken from each compartment and
then mixed with 50 uL acetonitrile. To separate
the supernatant from precipitated proteins and
cell debris, the mixtures were centrifuged at
4000 rpm for 10 min. The concentrations of
phthalate and its metabolites in the supernatants
were measured by HPLC (HIC-6A, Shimazu,
Japan) with a reverse-phase column (Xbridge
Shield RP18, Waters, USA). The measurement
conditions followed the manufacturer’s recom-
mendations. The eluent was acetonitrile:
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water:formic acid (15:85:0.085 by volume) with
a flow rate of 1.2 mL/min, and the excitation and
emission wavelengths were 254 nm.

For the measurements of time-dependent
BBP concentrations, A549 cells were seeded at a
density of 5.0 % 10* cells/em® onto a 10-cm tis-
sue culture dish or culture inserts (Costar 3460,
Coster, Cambridge, MA, USA) and incubated
for 7 days to permit the formation of a
monolayer on the bottom of the dish. The con-
centration of BBP in the culture medium was 10
mM for the cells cultured in the 10-cm dish, and
the BBP concentration in the medium was
measured by HPLC at least once per day.

Results and Discussion

CIS activity of A549 cells

The p-nitrophenyl acetate assay was performed
to estimate CES activity in A549 and HepG2
cells based on the p-nitrophenol concentration
produced from p-nitrophenyl acetate by CES.
The concentration of p-nitrophenol was meas-
ured for 5 h, and the results are shown in Fig. 2.
The concentration of p-nitrophenol increased
over time and reached saturation at approxi-
mately 3 h. Although the p-nitrophenol level in
A549 cells was significantly Jower than that in
HepG2 cells, its concentration in A549 cells was
considerable, indicating that CES activity in
these cells is indispensable. Because CES de-
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grades diester phthalates into monoesters, even
if only a diester phthalate such as BBP was add-
ed to the cells, its monoester metabolites may
exist, This result prompted us to investigate the
presence of BBP and monoester phthalates such
as MBuP and MBeP.

Cytotoxicity of BBP and its two metabolites
MBuP and MBeP

The toxicity of BBP and its metabolites MBuP
and MBeP in A549 cells at 48 h was measured
by the AP assay, and the dose-response curves
are presented in Fig. 3. T-test values between
BBP-MBeP, BBP-MBuP and MBeP-MBuP are
0.046, 0.015 and 0.68, respectively. A549 cell
viability decreased as the concentration of BBP
increased. By contrast, the A549 cell viability
did not decreased in the presence of MBuP and
MBeP at concenirations less than 3 mM, and
their viability decreased only in the presence of
MBeP and MBuP at enormously high concentra-
tions of 10 mM. It was revealed that the toxicity
of BBP was higher than that of MBeP and MBuP,
and both metabolites had remarkable lower tox-
icity than their original chemical on a molar ba-
sis. In terms of chemical structures of BBP and
its two metabolites as shown in Fig. 1, BBP

Cell Viability [-]

Concentration (mM)

Figure 3 Dose-response gurves of benzyibury
4, monobenzyl phthalaie (MB<P, B, and m
late (MBuP, A)in A549 celis 48 after phihalate
the culture medium.

btlialate (BBP,

‘was loaded into
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lacks the hydroxy group possessed by both
monoesters and is considered more hydrophobic
than MBuP and MBeP. In Fig. 3, the result is
consistent with the principle that hydrophobic
compounds are generally more toxic than hy-
drophilic compounds (Vesterkvist et af., 2012).

Formation of two metabolites from BBP and
their permeability through A549 cell layers
Medium containing BBP at one of three different
concentrations (1.0, 3.2, or 10 mM) was initially
added to the Ap side of the culture inserts, or
medium containing 0.33, 1.1, or 3.3 mM BBP
was added to the BL side. The average concen-
trations of BBP were 0.23, 0.79, and 2.5 mM for
the three concentrations, respectively, regardless
of whether BBP was added to the Ap or BL side.
These average concentrations are based on the
assumption that BBP is homogenously dispersed
in the Ap and BL sides without the cell layers. In
all cases and compartments, the concentration of
MBuP was approximately 0.1 mM, which was
higher than that of MBeP, indicating that MBuP
was more commonly produced as a metabolite
than MBeP. This finding has also been reported
previously in vivo (Nativelle et al., 1999).

At the same time, in all cases, the concen-
tration of BPP was much higher than that of
MBuP and MBeP in all compartments and was
more than 10-fold higher in the concentration
range of 1-10 mM (average, 2.5 mM). In addi-
tion, it was found that the toxicity of MBuP and
MBeP was far lower than that of BBP in this
study. Considering these results, we concluded
that the concentrations of the BBP metabolites
are negligible in the subsequent numerical sim-
ulation.

The BBP concentrations were almost iden-
tical on the Ap and BL sides 48 h after BBP was
loaded on the BL side. Meanwhile, the concen-
tration of BBP was 3~4 -fold higher on the Ap
side than on the BL side when BBP was initially
loaded on the Ap side. In addition, the perme-
ability of BBP was higher when high concentra-
tions of BBP were loaded on the Ap side. With
these results, it was considered that the transport
rate of BBP from the pulmonary alveoli to the
blood side is minuscule (or BBP is being anti-
ported), whereas that in the opposite direction is
relatively high.
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Construction of a compartment model and
determination of its parameters from the
permeation experiments

To summarize the above results, BBP is de-
graded to monophtalate MBuP and MBelP by
CES, and the level of CES activity in human
pulmonary epithelial A549 cells is not as high as
that in human hepatocyte HepG2 cells but is not

(A)

negligible (Fig. 2). Furthermore, BBP applied to
A549 cells is metabolized to MBuP and MBeP,
but the concentration of the metabolites are rela-
tively low (Fig. 4). At the same time, the toxici-
ties of these monoesters are significantly lower
than that of BBP (Fig. 3); therefore, we con-
ctuded that the effect of MBuP and MBeP could
be negligible for further analysis.

Added to the Ap side

~ A549 cells
-7 monolayer

(mM)
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o
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Figure 4 The amounts of monobutyl phthalate (MBuP), monobenzy! phthalate (MBeP), and benzylbutyl phthalate
(BBP) on the apical (Ap) and basolateral (BL) sides 48 h after adding BBP to the Ap (A) or BL (B) side.
BRBP was metabolized to MBuP and MBeP, and a portion of the metabolites permeated through the cells.
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Based on the aforementioned results, the
following three points were considered in the
analysis of long-term exposure of BBP in the
mathematical model:

1 BBP is toxic to cells at concentrations ex-
ceeding 0.1 mM.

2 The effects of MBuP and MBeP are negligi-
ble.

3 The concentration of BBP on the Ap side
(pulmonary alveolus side) is 3-4-fold higher
than that on the BL side (blood) 48 h after
loading BBP on the Ap side, whereas the
BBP concentrations were nearly identical on
both sides when BBP was initially added to
the BL side.

Therefore, the transport of BBP from the Ap side

to the BL side (from alveoli to blood) is consid-

ered very slow compared with that in the oppo-
site direction. Conversely, BBP antiport may be
ocCurring,

In consideration of these points, the nu-
merical model comprising three compartments,
the Ap side (inner space of the pulmonary al-
veolus), cell layer (alveolus epithelium), and BL
side (pulmonary blood circulation} compart-
ments, was developed by assuming dynamic
equilibrium among the three compartments. BBP
is transferred by the following four processes:

i, Transport from the Ap side to the cells

il. Transport from the cells to the Ap side

ili. Transport from the cells to the BL side

iv. Transport from the BL side to the cells
Figure 5 shows these processes, compartments,
and the material balances in each compartment.
From the Ap side to the cell layer (i), BBP
fransport occurred through the lipid bilayer of
the cell membrane, and the rate of transfer de-
pended on the BBP concentration, The transfer
rate is proportional fo the transfer coefficient;
therefore, the transportation in this process is
represented by the following formula:

J= kA Cy

where k is the mass-transfer coefficient of (i), A
ig the area of transfer, and C, is the concentra-
tion on the Ap side. The transfer rate of BBP
from the cell layer to the Ap side (ii) is propor-
tional to the transfer coefficient. Thus, transpor-
tation in this process is represented by the fol-

25

lowing formula:
J= =k A Cy

where k, is the mass-transfer coefficient of (ii)
and Cgy is the concentration in the cell layer.
Transportation in process (iii), which was the
same as that in process (i), is represented by the
following formula:

J= —kA- Cq

where k; is the mass-transfer coefficient of (iii),
and transportation via this process is represented
by the following formula:

J= =k A Cy

where k4 is the mass-transfer coefficient of (iv)
and Cy, is the concentration on the BL side.

To determine these parameters (ki — /),
and A549 cells were cultured on the membrane

1

Ap side compartment
ilnner space of alveolus)

T, Gt

Celllayer compartnent
{Aleolus epithelium)

Cor, Vo™

3

BL side compartment
(Pumaonary blood circulation)

Lo Va

1. V- dCap/ddt = (=ky - Cap+hp - Ce)+ A

2. VprdCo/fdt = (kg Cap~ (ko +k3) - Cop + ks Car) 4

3. Ve dlp/dt = (g Cop =y Cpr) A

;- concentration in the compartment
¥; - volume of the compartrment
k; - maes-iransfer coeficient

Figure 5 The numerical model composed of three
compartments: apical side (inner space of the alveolus),
cell layer (alveolus epithelium), and basolateral side
compartments (pulmonary blood circulation), BBP is
transferred by four processes, and the three equations
represent the material balances in each compartment.
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in the culture insert and BBP-containing me-
dium was added onto the AS49 monolayer. In
both experiments, the changes of the BBP
concentration were measured for 48 h. The
results for these experiments are shown as solid
circles in Fig. 6 (a) and (b), respectively.

In the system in which monolayer cells
were cultured in a tissue culture dish, there are
only two compartments, the Ap side (inner space
of alveolus) and cell layer compartments (al-
veolus epithelium), and the material transfer
equations for each compartment are as follows:

Apside: V| - dCyup/ dt

:’("'](l' C,gp‘*“kg 'CCL) ‘ A (1)
Cell layer: ¥V, « d Cpy /ot
=(-ky CipthyCo) - A (2)

In this system, the thickness of the AS49 cell
layer was assumed to be 10 pm, and the cell
layer volume Vg is 7.9 x 10 “em’ because a

(a)

5

3

)

R N

g

D‘ |
L0 }

20 40
T... Exposure time (hr)

Q 60

10-cm dish was used for this experiment. As Cy
was almost zero soon after BBP exposure, the
cquation becomes

- A

V; d Cap /dt =~ /if] < Cup (3)

where A= 79 cm” and V; =10 em®. As at T =90

‘is calculated from the slope of the curve, it is

determined to be & = 2.5 x 107 em/h at the ini-
tial BBP concentration. The slope was deter-
mined by least squared approximation with 2, 3
data around 7 = 0. Conversely, when equilibrium
is attained, the mass balance in each compart-
ment is stable, and the equation becomes

ke Cap— ke Cop =0 (4)
Iy is calculated as 1.6 x 107 cm/h using equation
(4), the total mass balance, and a saturated con-
centration of BBP. This saturated concentration
was determined by averaging the concentrations
of T=24, 46 h.

The system in which cells are cultured in

l‘b)
!

BEP added to the Ap side
. Ap side BLsids
=
E # Conc. in Ap side
o @ Conc. in BL side
£ +
¢ |
S
L
© -

40

20 a

7., Exposure time (hr)

exs

Figure 6 The time-dependent changes of the BBP concentration when cells cultured in a monolayer in a tissue
culture dish (a) or on the membrane of a culture insert (b) were exposed to BBP.
The parameters (£,-k4) were calculated at T, = 0 and the equilibriuvm BBP concentration.
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the culture insert includes all three compart-
ments as shown in Fig. 5. The parameters (k; and
ks) were calculated to be 8.4 X 10™* and 0.67

cm/h, respectively, as described previously. The

calculated parameters are summarized in Table 1.

With the parameters (ki —k4) and equations (1)
and (2), the time-dependent concentrations of
BBP were calculated and presented as lines in
Fig. 7. The calculated data were consistent with
the measured data, and the correlation coeffi-
cients are 0.84 for Apical side and 0.67 for Ba-
solateral side. It was found that the values of &
and k, were substantially higher than those of &,
and % because 10 umol BBP at the measured
value was predicted to be transported and exist
in the cells in a small volume of 7.8 x 107 cm®

and the BBP concentration inside the cells is
extremely high; and this high concentration
causes the low coefficient value of &, and k.

Prediction of in vive BBP permeation using
the simulation

The in vivo level of BBP exposure was mim-
icked in this study, although there were two dif-
ferences between our system and the actual in
vivo situation. (1) The total surface area of alve-
oli was reported to be 30-50 m?, which was 4.0
% 10°-fold greater than that in the present ex-
periment. In addition, the thickness of alveoli
was 0.5 um compared with a thickness of ap-
proximately 10 pum in the present study
{Kierszenbaum, 2007). (2) The BL side was as-

Table 1 The calculated values of parameters (k)-%.) with the time-dependent
changes of the BBP concentration when the cells were exposed to BBP.

Parameter

* Mass transfer coefficient from Ap side to celis 2.5x107
ko Mass transfer coefficient from cells to Ap side 1.6x10"
k2 Mass transfer coefficient from cells to BL side 8.4x%10*
ky Mass transfer coefficient from BL side to cells 6.7x10%

g 7 - .

= 6 - A Apical side (Experimental data)

§ B Basolateral side (Experimental data)

o O

g

24

& A

< 3 - ; A

2] ’
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R - m—— _

0 O — :

0 20 44

Exposure time (hr)

Figure 7 The time-dependent concenirations of BBP calculated using parameters
(k1-k4) and equations (1) and (2) (shown as lines).
The calculated data are consistent with the measured data.
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sumed to represent the blood, but blood is con-
stantly perfused in the actual in vivo environ-
ment. Morcover, the perfusion rate is high, and
the concentration of phthalate in blood is as-
sumed to be zero (Ramsey ef al., 1984). We
therefore changed the parameters concerning
these points to improve the correspondence of
the model to the in vivo situatton,

The time-dependent amount of BBP accu-
mulated in epithelial cells when 6,1uM BBP was
initially added to the cells is indicated in Fig. 8
(a), and the total amount of BBP that permeated
through the cells is shown in Fig. 8 (b). The total
amount of BBP in epithelial cells increased for
15 h and equilibrated at 0.30 umol/em?, and the
total amount of BBP permeated into the blood
reached 0.13 umol/em?,

First, we changed the thickness of the al-
veolus epithelial cell layer from 10 to 0.5 um
and calculated the total amounts of accumulated
and permeated BBP as shown in the second

{a) Accumulation

column of Fig. 8. The total amount of accumu-
lated BBP in cells drastically decreased com-
pared with that at a cell thickness of 10 um;
conversely, the total amount of BBP that perme-
ated through the cells was 0.24 umol/omz, which
was higher than that observed with a cell thick-
ness of 10 pm.

In addition to changing the thickness of the
cell layer, we assumed that the concentration on
the BL side (i.e., the concentration of blood) was
set at zero, and the calculated graphs are shown
in the third column of Fig. 8. Under this condi-
tion, the BBP accumulation curve is different
from the other two curves. The total amount of
BBP accumulated drastically changed to 6.9 x
107 pmol/em® and then gradually decreased to
zero over approximately 24 h, and the total
amount of BBP that permeated through the cells
was 0.76 pmol/om®,

The simulation revealed that even if the in
vitro cell-based tissue model does not perfectly

{b) Permeation

0.4
0 . E.;E-. 08 +

1 ' G 08
(_Zellthlckness - 02 g 04 |
=10 pm £

5 o =Y

b4 o

g 0 . s % 0 ‘

5 004 b 2 g 0.8 s
2 = S 05
Cell thickness % 0.03 | 3
=05 um 5 002 /’ o %4

E gof D 02 b

Q Y /

8 0 i i i [« 0 _ " N
3 0. op4 + 2z § 08 3, /H-’—“w
Cell thickness 2 2 o8
10pum = 05um 003 1 ]
+ 0.02 © 04
The BBP concentration 001 b ﬁ 0.2
inBLside=0 . M A ‘ , , 5 4

0 10 20 30 40 o w20 30 40
Exposuretime [hr] Exposure time [hr]

Figure 8 The time-dependent accumulation of BBP by epithelial cells {a) and the total amount of BBP permeated through
the cells (b) when 6.1uM BBP was added 1o the apical (Ap) side.

The time-dependent curve calculated after changing the thickness of the cell layer from 10 (A549 cells) to 0.5um (alveoli) is
shown in the second column, and that when the basolateral concentration was assumed to always be zero is shown in the
third column.
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mimic the in vivo situation with regard to some
parameters, we could overcome the limitations
and/or properties of the culture models by using
numerical simulations to change various pa-
rameters and assumptions in a scientifically ra-
tional manner., To predict hazards in a better
manner in humans, it is important to establish an
animal-free cell based model with an under-
standing of the parameters that differ from the in
vivo condition and adjust them as needed in the
numerical simulation,

From the results of the simulations, it was
found that BBP inhaled into the alveoli is irans-
ported to the blood through the pulmonary epi-
thelium for approximately 24 h in vivo as op-
posed to remaining in the cells. The accumula-
tion of BBP by cells can cause epithelial damage,
but the amount of BBP accumulated by cells is
always less than 6.9 x 107 pmol/em? and de-
creases to zero within 24 h. Therefore, these re-
sults suggest that the possibility of epithelial
damage in vivo is low after BBP inhalation and
these experiments using A549 cell monolayers
in culture dishes could overestimate the possibil-
ity of cellular damage.

BBP, which permeates through cells to the
blood, reaches other organs via the bloodstream.
Previous in vivo experiments revealed that
phthalate targets germ cells in the testis (David
et al., 2000; Lamb ef al., 1987). These data are
consistent with the results of this study that BBP
passes through cells to the bloodstream, could
not be metabolized or eliminated by organs such
as the liver and kidneys, and is ultimately ex-
pected to be transported to these organs (Jian,
2012). This study demonstrated that estimating
the perfusion of target chemicals in the blood
flow is important.

One point that should be mentioned is that
the adsorption of BBP to plastics is not consid-
ered in our model. Phthalates have relatively
high affinity for the surfaces of experimental
instruments such as dishes and flasks, especially
those made of plastic (Thomsen et af., 2001).
In the experiments in this study, we noticed that
small amounts of BBP were lost duting the pro-
cedures. These small amounts were disregarded
in this study, which may result in overestimation
of the amount of BBP transported to the cells.
However, investigating the adsorption of BBP

29

could be a single comprehensive subject of re-
search because many types of plastics are used
as culture apparatus and the adsorption of BBP
is different for each type. In addition, adsorption
is affected by conditions such as temperature,
pressure, time, and the dispersion medium.
Therefore, we would like to investigate this sub-
ject in a future project.

Conclusion

We identified problems in the integrated uses of
permeation data for BBP in an A549 cell-based
culture model using a culture insert and created
a simple numerical simulation to determine the
toxicity of substances in humans. The model
described high accumulation of BBP in the al-
veolus cell layer (0.30 umol/em?) at equilibrium,
and therefore, we changed the thickness of the
cell layer from 10 (A549 cells) to 0.5 pm {alve-
oli) and also incorporated the assumption that
the BL concentration is always zero because the
perfusion of blood in vivo. Further, the amount
of accumulated BBP decreased over approxi-
mately 24 h, and the maximum amount of ac-
cumulated BBP was 6.9 x 107 pmoliem®.
Moreover, the total amount of permeated BBP
increased from 0.13 to 0.76 umol/cm?® after ad-
justing the aforementioned parameters. These
results indicate that when in vitro cell-based tis-
sue models and numerical simulations are used
to predict toxicity in humans in an_animal-free
environment, various parameters and assump-
tions should be changed in a scientifically ra-
tional manner to overcome the limitations and/or
properties of existing culture models to improve
the predictive accuracy of the system.
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Inlet1(bottorn) Fif : 20mV/min=3.33 X 10"'m%/s
EH . 5.00x10° m?
FEE: 006791 m/s  £=0.0000166
£=0.0000002  (Z=0.03m)

Inlet2(side) Zero pressure

outlet FiE : 50ml/min=8.33 X 107 m’/s

A 1.26X10° m?
% 0.06631 m/s
&=0.00000019 (£=0.03m)

£=0.0000164

7u7r~y b | DEHP OREHREGEE : 1.00X107

kg/(m? - 5)
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CHEE L7228, 10mm DF W 17 & RSB BB 77,
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