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Transport and toxicity of S-fluorouracil, doxorubicin, and cyclophosphamide
in in vitro placental barrier model based on BeWo b30 cells
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An in vitro placental barrier model based on human choriocarcinoma BeWo b30 cell line
was considered as a method of preclinical study of the transport and toxicity of antitumor agents
and other organic compounds. Low permeabilities were found for 5-fluorouracil as an example
of hydrophilic compound and for doxorubicin as an example of a lipophilic compound with
a high degree of binding to proteins and DNA and a high permeability was found for cyclophosph-
amide as an example of lipophilic compound with a low degree of binding to proteins. Using
impedance spectrometry and cell viability assessment via reduction of resazurin to resorufin,
a pronounced cytotoxic effect of doxorubicin and good tolerance of 5-fluorouracil and cyclo-
phosphamide by the cells were shown for drug concentrations equal to the maximum concen-
trations in the patients” blood during the treatment of breast cancer.
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Development of new chemical agents for the treatment
of cancer and modification of existing agents are important
because of increasing occurrence of malignant diseases.]
It is necessary to perform comprehensive preclinical stud-
ies of new molecules before human trials. In particular, it
is necessary to predict the possible influence of the drugs
on pregnant women and to evaluate the degree of drug
penetration through the placenta into the fetal blood
circulation.2 The human placental barrier consists of
trophoblast cells, connective tissue structures, including
basal membrane, and fetal endothelium.34 The placental
barrier permeability of drugs can be predicted using vari-
ous preclinical models. Among animal models, rodents
and primates, which possess, like humans, hemochorial
placenta, most closely resemble humans in the placental
structure.’ However, the rodent placenta differs from that
of humans both at the anatomical (labyrinthal rather than
villus structure) and histological levels (in rodents, the

mother and fetus blood circulations are separated by three
cell layers, unlike two layers present in humans). Exper-
iments on primates are expensive. In addition, animal cells
differ from human cells in the protein structure and other
features.® The ex vivo studies using placentas obtained
after the delivery or cesarean section are characterized by
high variability of the results and low frequency of success.
In addition, the placenta after the delivery is degenerated
and poorly reflects the condition of placenta in the second
trimester of pregnancy.’

The cell lines derived from human tumors can be used
for various model experiments in vitro.8 A good alternative
for studying the permeability of the placenta to chemicals
are in vitro models based on human cells.?-19 In particular,
the placental barrier is often modeled using the BeWo b30
cell line, which forms a complete monolayer with tight
junctions and creates necessary conditions for studying
the barrier properties of placenta.!:12 Human vascular
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endothelium is often modeled by the primary human
umbilical vein endothelial cells (HUVEC).10-13 This
in vitro procedure can be used to estimate the permeabil-
ity of the placental barrier in the development of new drugs
and drug modifications.

Breast cancer is the most frequent type of cancer that
can occur during pregnancy. Most of the medications are
low-molecular-weight lipophilic compounds, which is
favorable for their transport through the placenta to the
fetal blood. Therefore, it is recommended to start the
chemotherapy after the first trimester of pregnancy when
the formation of fetal organs has mainly completed.14
However, even in this case, the medications can retard
the fetal growth and lead to premature delivery and low
birth weight, which indicates that they do penetrate the
placenta. Therefore, study of this process is topical.13

The breast cancer in pregnant women is treated, most
often, according to the FAC protocol, which includes the
use of S-fluorouracil, doxorubicin (or its stereoisomer,
epirubicin), and cyclophosphamide.16 These three drugs
belong to different classes and have special chemical fea-
tures. 5-Fluorouracil is a hydrophilic derivative of uracil,
a pyrimidine base present in the RNA of living organisms;
it has molecular weight of 130.1 g mol~! and prevents cell
division by blocking DNA synthesis via inhibition of thy-
midylate synthase and by blocking RNA synthesis via
incorporation into RNA upon transcription.1” Cyclo-
phosphamide is a lipophilic cytostatic with the molecular
weight of 261.1 g mol~! and alkylation type of action,
which generates alkyl cross-links in cellular DNA and
proteins and has low degree of binding to blood proteins.18
Doxorubicin is a lipophilic anthracycline cytostatic with
the molecular weight of 543.5 g mol~! and high degree of
binding to blood proteins and a DNA intercalator prevent-
ing DNA replication in the cell, which also promotes the
formation of free radicals responsible for cytotoxicity.!?
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Analysis of the physicochemical properties and transport
of these drugs of different classes through the placental
barrier would shed light on the permeability and effect
on the placental cells and reveal the efficiency of the de-
veloped procedure for assessment of new drugs.

Thus, the purpose of this work is to study an in vitro
placental barrier model in order to evaluate the transport
and toxicity of chemical compounds for the treatment of
tumor diseases.

Experimental

Reagents and materials. The following materials were used:
1X Dulbecco phosphate buffer (DPBS, PanEco, Russia); Gibco
DMEM cell culture medium with glucose content of 4.5 g L1
(Thermo Fisher Scientific, USA); Gibco FluoroBrite DMEM
cell culture medium without Phenol Red (Thermo Fisher
Scientific); Gibco One Shot fetal bovine serum (Thermo Fisher
Scientific); L-glutamine (PanEco); a 0.25% trypsin EDTA solu-
tion with Hanks" salts (PanEco); a 100X Gibco MEM NEAA
solution of nonessential amino acids (Thermo Fisher Scientific);
a 100X Gibco Pen Strep penicillin and streptomycin solu-
tion (Thermo Fisher Scientific); a CellTiter-Blue reagent kit
for evaluating cell viability (Promega, USA); S5-fluorouracil
(Sigma—Aldrich, USA); ISOPAC cyclophosphamide mono-
hydrate (Sigma—Aldrich); doxorubicin hydrochloride (Pharm-
achemie, the Netherlands); formic acid (Sigma—Aldrich),
acetonitrile (Sigma—Aldrich); Corning HTS Transwell 96-well
culture systems (Merck, USA).

Cell culturing. The BeWo human choriocarcinoma cell line
(b30 clone) was received from Prof. K. Albrecht (University of
Bern, Switzerland) as a courtesy of Dr. A. Schwartz (University
of Washington in St. Louis, USA). The cells were cultured by
a previously described procedure2? in the Gibco DMEM medium
with a glucose content of 4.5 g L~! with the addition of 10% fetal
bovine serum, 2 mM L-glutamine, 1X solution of nonessential
amino acids, and 1X solution of penicillin and streptomycin
(100 U mL~! of penicillin and 100 pg mL~! of streptomycin).

For permeability experiments, the BeWo b30 cells were
added into the inserts of Transwell 96-well supports in a quan-
tity of 10 000 cells per insert (~70 000 cells per cm?); the volume
of the medium was 75 pL; and 235 pL portions of the medium
were added in the lower Transwell chambers. The medium was
replaced every 2 to 3 days.

Estimation of the transport of chemotherapeutic agents. The
transport of the drugs was estimated in a culture medium in which
Gibco DMEM with a glucose content of 4.5 g L~! was replaced
by Gibco FluoroBrite DMEM without Phenol Red, while the
other components remained the same. Dry weighed portions of
cyclophosphamide and doxorubicin were dissolved in deionized
water and 5-fluorouracil weighed portions were dissolved in
DMSO; thus, base solutions were obtained. The working solu-
tions were prepared by diluting base solutions with the Gibco
FluoroBrite DMEM-based culture medium. The working con-
centrations were chosen as the highest concentrations of these
drugs observed in patients” blood during the treatment of breast
cancer:2! 5-fluorouracil, 25 mg L~! (~0.192 mmol L~1); cyclo-
phosphamide monohydrate, calculated on a cyclophosph-
amide basis, 125 mg L~! (~0.479 mmol L-!); doxorubicin
hydrochloride, calculated on a doxorubicin basis, 150 mg L!
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(~0.276 mmol L=1). In addition, a solution containing all of the
three drugs in the same concentrations was prepared.

The drug transport was analyzed with complete replacement
ofthe culture medium; 100 pL of the medium containing a single
agent or the mixture of agents was poured into the upper Transwell
chambers (see above) and 200 uL of pure culture medium was
added to lower Transwell chambers. In the control experiment, the
Gibco FluoroBrite DMEM medium without the drugs was used.
Each drug was tested in 12 repetitions (12 Transwell inserts).
Within 1 h after incubation with the chemotherapeutic agents, the
medium from the upper and lower Transwell chambers was com-
pletely removed, the system was washed three times with a DPBS
solution using 100 and 235 pL for the upper and lower chambers,
respectively. Then the system was filled with the culture medium
based on Gibco DMEM with 4.5 g L~! glucose content.

HPLC MS analysis. Quantitative analysis of the test com-
pounds in culture medium samples was performed with a LCMS
8030 HPLC MS setup (Shimadzu, Japan) consisting of a chrom-
atograph and an electrospray ionization (ESI) triple-quadrupole
mass spectrometer. The working solutions of chemotherapeutic
agents in the culture medium and test samples of the culture
medium were diluted with acetonitrile in 1 : 1 ratio, thoroughly
mixed, and centrifuged for 5 min at 20 000 g. The supernatant
liquid was transferred into vials and analyzed by HPLC MS
(Phenomenex Luna C18 column, 4.6 mmx250 mm; 5 um
(Phenomenex, USA); flow rate of 1 mL min~!; temperature of
40 °C; mobile phase 4: 0.1 vol.% formic acid in water; mobile
phase B, acetonitrile; gradient mode: 0—3.5 min, linear gradient
from 2.5 to 100% phase B; 3.5—4 min, 100% phase B; 4—4.5 min,
linear gradient from 100 to 2.5% phase B; 4.5—7 min, 2.5%
phase B). The mobile phase was supplied to the ionization source
under the following conditions: nebulizer gas flow of 3 L min—!;
drying gas flow of 10 L min—!; desolvation line temperature of
300 °C; heating block temperature of 500 °C; negative ion mode for
analysis of 5-fluorouracil; and positive ion mode for analysis of doxo-
rubicin and cyclophosphamide. Quantitative analysis was carried
out by multiple reaction monitoring (MRM mode) with param-
eters indicated in Table 1. The areas under the chromatographic
peaks were calculated using the Skyline 4.1 software (MacCoss
Lab, Department of Genome Sciences, University of Washington).
Further data processing was done using the R 3.5 programming
language with RStudio 1.1 integrated development environment.

Impedance spectrometry. The formation and the state of the
cell monolayer was monitored using an impedance spectrometry

Table 1. MRM mode parameters for the MS analysis of the
content of chemotherapeutic agents in the culture medium
samples

Compound m/z Collision
precursor product energy*
ion ion /eV
Doxorubicin 544.15 397.05 13
Cyclophosphamide 261.00 140.00 23
5-Fluorouracil 129.05 42.00 16

* The collision energy of the precursor ions with the neutral
gas in the collision cell; MS/MS in a triple quadrupole mass
spectrometer.

instrument (BioClinicum, Russia) in the 20—20 000 Hz fre-
quency range. The data of impedance spectrum measurements
gave electrical characteristics of the monolayer such as trans-
epithelial electrical resistance (TEER) and monolayer capaci-
tance (C). The measurements were carried out on the 7th day
after cell inoculation and then on the 8th day (before replacement
of the culture medium by chemotherapeutic agents in the culture
medium), after 1 h of incubation with the drugs, and on the
9th day (within 24 h after incubation with the drugs).

Cell viability assessment. The cell viability was assessed using
the CellTiter-Blue reagent kit (Promega) 24 h after cell incuba-
tion with the drugs (i.e., on the 9th day after cell inoculation).
This method is based on the ability of living cells to reduce the
blue resazurin dye to pink fluorescent resorufin. After a certain
period of time, the fluorescence signal of resorufin is propor-
tional to the number of viable cells. In the cell viability experi-
ments, the CellTiter-Blue reagent was mixed with the Gibco
FluoroBrite DMEM-based medium in a ratio of 20 puL of the
reagent per 100 pL of the medium. Then the medium was replaced
by a medium with the reagent (120 uL in the upper chamber and
240 uL in the lower chamber). The cells were incubated for 1 h
and then the reagent-containing medium in the upper and
lower chambers was completely withdrawn and mixed. For
fluorescence measurements, 150 uL of each mixture was added
to each of two dark 96-well plates. Fluorescence was measured
on a SpectraMax iD3 instrument (Molecular Devices, USA) at
the excitation wavelength of 560 nm and emission wavelength of
590 nm. The cell viability was expressed in percent relative to
the results of control experiments (without drugs).

Statistical data analysis. Statistical analysis for pairwise
comparison of the results for two test groups was performed using
the Student #-test. The values p < 0.05 were taken to be statisti-
cally significant. The numerical values in the text and in the plots
are given as meanz standard deviation.

Results and Discussion

According to the impedance spectrum measured during
the growth of BeWo b30 cells on permeable membranes
of Transwell inserts, by the 7th day after inoculation at
70 000 cm—2 density, the cells form a confluent monolayer,
since the impedance Nyquist plot for the cells has a typi-
cal semicircle shape. On this day, the TEER value reaches
40 O cm?, while the monolayer capacitance is ~75 nF.
The next day, before the incubation of cells with the an-
ticancer drugs, TEER was ~90 Q cm? and the mono-
layer capacitance was ~150 nF. In another study,?2 on
the 6th day after inoculation of the BeWo b30 cells at
100 000 cells cm™—2 density, the TEER was ~95 Q cm?,
which is in line with our results.

The monolayer permeability of 5-fluorouracil, doxo-
rubicin, and cyclophosphamide was analyzed by con-
structing calibrating plots in the concentration range of
150—0.0393 mg L~! (altogether ten concentrations with
a dilution step of 2.5). The drug concentrations were
determined for the initial samples of the medium contain-
ing each drug or their mixture and for the samples of the
medium above and below the cells 1 h after incubation of
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the drugs with the cells. The calculated initial amount of
the drug above the cells and the final amount of the drug
above and below the cells were used to determine the drug
amount that has passed through the placental barrier and
the drug amount that remained bound to the cells (Table 2).
Note that the model permeability of the placental barrier
for all of the drugs did not show a statistically significant
difference between the monotherapy and the FAC chemo-
therapy protocol.

The highest permeability was noted for cyclophosph-
amide, while the permeabilities of 5-fluorouracil and
doxorubicin were markedly lower. According to DrugBank
5.0 data,23 the partition coefficients logP for 5-fluoroura-
cil, cyclophosphamide, and doxorubicin are —0.89, 0.8,
and 1.27, respectively, that is, 5-fluorouracil is more hy-
drophilic, while cyclophosphamide and doxorubicin are
more lipophilic. This accounts for better placental barrier
permeability of cyclophosphamide than of 5-fluorouracil.
It is also emphasized in one publication that, because of
high hydrophilicity, the passive diffusion of 5-fluorouracil
is complicated and the transport is saturable and is mainly
performed by nucleoside transporter proteins.24 However,
doxorubicin penetrates the placental barrier model less
efficiently than cyclophosphamide, although its logP is
higher. Among other factors, this can be due to the higher
molecular mass (543 g mol~!) and binding to intracellular
DNA and proteins for doxorubicin, which is indirectly
confirmed by comparison of the initial and final amounts
of doxorubicin in the culture medium after incubation
with the cells: ~35% of the initial compound disappears.
Previously,25 it was shown that 78.3+7.6% of the intro-
duced doxorubicin can be extracted from blood plasma
and 58.4%7.3% can be extracted from solid tissues, which
may be indicative of its active binding to proteins and
DNA. Blood plasma proteins bind 50—85% of doxorubi-
cin and only 12—14% of cyclophosphamide.25 Further-
more, doxorubicin is a substrate for ABC transporter
proteins, which transfer xenobiotics from cells to the

external environment, thus preventing the drug accumul-
ation and transport through the cells.25

A study of the drug transport through the placenta of
pregnant mice demonstrated 26 that 1.5 h after administra-
tion of doxorubicin to the mother, 5.1+0.6% of the drug
enters the fetal blood. In another study,2’ the concentra-
tion of doxorubicin in the mouse fetal plasma was found
to be 5.0+0.2% of the concentration present in the mother
blood flow. According to a study of anthracycline and
cyclophosphamide transport through the placenta of
pregnant baboons,?3 on average 7.5+3.2% of the doxo-
rubicin administered to the mother enters the fetal blood
circulation, while the concentration of cyclophosphamide
in the fetal blood after drug administration to the mother
is virtually identical to the concentration in the mother’s
blood when monitoring lasts for 2 h. An ex vivo perfusion
of the human placenta showed?? that ~2.96+0.75% of
doxorubicin penetrates human placenta and that the de-
gree of penetration does not depend significantly on the
drug concentration. These results are consistent with
our data on high placental barrier permeability of cyclo-
phosphamide and low permeabilities of 5-fluorouracil and
doxorubicin.

The impedance spectrum offers advantages over usual
TEER determination, since not only TEER, but also the
background resistance and electric capacitance of the cells
can be derived from the impedance spectrum. Studies on
intestine and placenta cell models demonstrated that the
electrical capacitance can reflect the formation of micro-
villi on the cell surface during differentiation, while the
background resistance can be associated with the formation
of extracellular matrix by the cells.%-29—32 In the analysis
of changes in the electric characteristics of the cell model
of placental barrier, it was ascertained that after incubation
with the drugs for 1 h and replacement of the culture
medium by a fresh portion, TEER decreases from ~90 to
~25 O cm?; however, a similar change was also observed
in a control experiment without chemotherapeutic agents.

Table 2. Penetration* of chemotherapeutic agents through the placental barrier model

Agent Monotherapy Mixture of three agents
Initial amount Final Amount of Initial amount Final amount Amount of
of the agent of the agent the agent of the agent of the agent the agent
above above below remarning t}?bovi above below remaining
the cells the cells the cells bound to ¢ cells the cells the cells bound to
the cells the cells
5-Fluorouracil ~ 2.788%0.198 2.518%+0.062 0.041£0.007 0.230 3.145+0.210  2.4394+0.147 0.041%0.008 0.665
(90.3+£2.2)  (1.5%0.3) (8.2) (77.6£4.7) (1.3£0.3) (21.2)
Cyclophosph- 13.564+0.065 11.624%0.061 0.992+0.093 0.949 12.231£0.060 11.168+0.468 0.975%0.028 0.088
amide (85.7£0.4) (7.3%£0.7) (7.0) (91.3+3.8) (8.0%£0.2) 0.7)
Doxorubicin 13.441£0.181 8.704%£0.361 0.148+0.161 4.589 14.314£0.197 9.221£0.546  0.043£0.021 5.050
(64.8%1.3) (1.1£1.2) (34.1) (64.4%3.9) (0.3£0.1) (35.3)

* In ug; the value in parentheses is the fraction of the initial amount (%).
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This suggests that the changes are attributable to the re-
placement of culture medium rather that to the action of
the drugs on the cells (Fig. 1, a). Similarly, replacement
of the medium results in decreasing capacitance of the cell
layer from ~150 to ~120 nF (Fig. 1, b).

The TEER values of the cells within 24 h after cyclo-
phosphamide treatment do not differ significantly from
those of the control cells, but they are markedly lower than
the TEER of'the cells exposed to 5-fluorouracil (67.8£16.4
and 67.3+17.9 Q cm? versus 90.0+20.1 Q cm?, respectively,
see Fig. 1, a). Meanwhile, the capacitances of the cells
after treatment with 5-fluorouracil and cyclophosphamide
and untreated cells in the control experiment differ little,
being 180%20, 16818, and 161£21 nF, respectively (see
Fig. 1, b). In the case of incubation with doxorubicin and
with a mixture of the three drugs, the Nyquist plot was no
longer a regular semicircle, which is indicative of non-
confluence of the monolayer. Therefore, the capaci-
tance for these two cases decreases to zero. The TEER
values for the cells 24 h after incubation with doxorubicin
and a mixture of the three drugs were 16.2+3.3 and
16.1£1.9 Q cm?, respectively, which may also be indica-
tive of mass cell death.

Analysis of the cell viability within 24 h after incubation
with 5-fluorouracil and cyclophosphamide showed that it
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Fig. 1. Variation of TEER (a) and electrical capacitance (b) of
the cell layer on exposure to anticancer drugs: control ([7),

5-fluorouracil (2), cyclophosphamide (3), doxorubicin (4),
a mixture of the three drugs (5).
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Fig. 2. Cell viability in the placental barrier model within 24 h
after exposure to anticancer drugs: control (/), 5-fluorour-
acil (2), cyclophosphamide (3), doxorubicin (4), a mixture of the
three drugs (5).

1

is close to that found in control experiments. No statisti-
cally significant difference is present between the cell
viabilities found after incubation with doxorubicin or with
three drugs, but they are considerably lower than the cell
viability found in the control experiment, being 37+9 and
40+9%, respectively, relative to the control (Fig. 2).

Thus, the proposed in vitro placental barrier model is
suitable for the study of the transport and toxicity of organic
compounds with different structures, molecular weights,
and lipophilicities, which can be used for preclinical in-
vestigations of new compounds developed for the treat-
ment of various human diseases in order to predict the
placental permeability of the drugs and potential harm
to the baby.

The study was carried out using the research equipment
of the Center for Collective Use "Post-Genomic and
Metabolomic Investigation Methods in Molecular Biology"
based on the LLC Research and Development Center
BioClinicum.
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