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interface organ-on-chips provide insights into
pharmacokinetics and efficacyy
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Objectives: To improve preclinical drug testing during pregnancy, we developed multiple microfluidic
organ-on-chip (OOC) devices that represent the structure, functions, and responses of the two feto-
maternal interfaces (FMis) in humans (fetal membrane [FMi-OOC] and placenta [PLA-OOC]). This study
utilized feto-maternal interface OOCs to test the kinetics and efficacy of drugs during pregnancy. Study
design: The FMi-OOC contained amnion epithelial, mesenchymal, chorion trophoblast, and decidual cells.
The PLA-OOC contained cytotrophoblasts (BeWo), syncytiotrophoblasts (BeWo + forskolin), and human
umbilical vein endothelial cell lines. Therapeutic concentrations of either pravastatin or rosuvastatin (200
ng mL™Y), a model drug for these experiments, were applied to either decidua (in FMi-OOC) and
syncytiotrophoblasts (in PLA-OOC) chambers under normal and oxidative stress conditions (induced by
cigarette smoke extract [CSE 1:25]) to evaluate maternal drug exposure during normal pregnancy or
oxidative stress (OS) associated pathologies, respectively. We determined statin pharmacokinetics and
metabolism (LC-MS/MS), drug-induced cytotoxicity (LDH assay), and efficacy to reduce OS-induced
infammation (multiplex cytokine assay). Results: Both OOCs mimicked two distinct human feto-maternal
interfaces. The drugs tested permeated the maternal-fetal cell layers of the FMi-OOC and PLA-OOC within
4 hours and generated cell and time-specific statin metabolites from various cell types without causing any
cytotoxicity. OS-induced pro-inflammatory cytokines were effectively reduced by statins by increasing
anti-infammatory cytokine response across the FMi-OOC and PLA-OOC. Conclusion: Two distinct feto-
maternal interface OOCs were developed, tested, and validated for their utility to conduct preclinical trials
during pregnancy. We demonstrated that the placenta and fetal membranes-decidual interface both are
able to transport and metabolize drugs and that the safety and efficacy of a drug can be determined using
the anatomical structures recreated on OOC:s.

Introduction

Placental-mediated adverse pregnancy outcomes including
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preterm birth (PTB) and pre-eclampsia (PE) represent a
myriad of conditions unique to pregnancy and thought to be
mediated by placental dysfunction." Worldwide, more than
10.5% of all pregnancies deliver prematurely.>* In addition to
these maternal and neonatal mortalities and morbidities,*
PE and PTB are associated with significant societal and health
care financial burden.’ Despite the above, there are limited
interventions available to prevent PTB but none to treat PE.*’
Although there are ongoing clinical trials, no therapeutically
effective interventions are currently available for PE. This is
partially due to 1) the inability of drugs to cross feto-maternal
interface barriers to treat both the mother and her fetus, and
2) proper models to test drug transport, metabolic changes,
teratogenicity, and cytotoxicity at the feto-maternal
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interface.® Consequently, many pregnant women remain as
therapeutic orphans due to lack of clinical trials and FDA
approved drugs to be used during pregnancy and are often
being prescribed “off-label” drugs. PTB and a large subset of
PE are associated with oxidative stress (OS) and inflammation
as major mechanisms driving preterm labor pathways and
contributing to placental vascular pathology, respectively.'
Multiple drugs in preclinical trials have shown that they can
reduce inflammation, delay PTB, or reduce the severity of
PE."" However, before these drugs can advance to clinical
trials, their efficacy, kinetics, and mechanism of action at the
feto-maternal interfaces (FMi) are needed.

A recent NIH/NICHD workshop identified several areas
that ought to be addressed to improve clinical trial outcomes
of pregnancy.® Key factors include the inability of some drugs
to cross the FMIi, preventing treatment both the mother and
her fetus, or accurate ways of testing drug transport,
metabolic changes, teratogenicity, and cytotoxicity. Also not
factored often is the fact that the FMi tissues have two
distinct interfaces: 1) between the placenta and decidua
basalis, and 2) between the fetal membranes and decidua
parietalis. Structurally and functionally, these are very
different microenvironments, and the passage of drugs and
or their metabolites are likely to occur through both
interfaces. The second FMi (fetal membrane-decidua
parietalis) is often ignored likely due to the avascular nature
of fetal membranes. The placenta is considered to be the
unique organ during pregnancy as they express several
transporter proteins like ATP-binding cassette proteins and
solute carrier proteins. Our recent findings have shown the
functionally active transporter proteins including phospho-
glycoprotein-1, breast cancer receptor protein-1, and organic
anion transporter proteins in fetal membranes.'*"?

Current study has shown the protein and gene
expression of several active influx and efflux transporters
proteins and active cytochrome 3A4 enzyme capable of
metabolizing drug molecules, in human fetal membrane
cell lines (data in press). Therefore, simultaneous testing
of both FMis will be necessary to fully understand the
effect of a drug's potential impact during pregnancy.
Unfortunately, current drug testing models have several
limitations: 1) FMi's in various animal models of
pregnancy do not structurally mimic those of humans; 2)
non-human primates mimic human pregnancy the best,
but many animal subjects are needed and are hence cost-
prohibitive; 3) ex wvivo placental perfusion studies are
restricted to the placental-decidual interface, whereas a
drug's passage through the fetal membrane-decidual
interface is not tested; and 4) perfusion studies are also
not reliable as delivered term placentas are often
senescent and partly necrotic and do not replicate normal
pregnancy physiology."* Therefore, new methods of
pharmaceutical testing of drugs used during pregnancy
are needed and in vitro models should test both interfaces
and should replicate both placental and fetal membranes
histologically and physiologically.

This journal is © The Royal Society of Chemistry 2022
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To overcome current limitations, we have designed organ-
on-chips (OOCs) that closely mimic the structure and
function of the two human FMis."”> We report the
development of two OOC systems: fetal membrane-decidua
organ-on-chip (FMi-OOC) and placenta organ-on-chip (PLA-
0OO0C) that can be used for pharmaceutical testing during
pregnancy. These individual microfluidic devices with
multiple human cell types from both fetal membranes and
placenta mimick in utero conditions. Using FMi-OOC, we
have successfully modeled ascending infection,'® tested
kinetics of propagation of infectious and inflammatory
mediators,"” cellular changes, and cytotoxicity."®'® The FMi-
OOC model is validated physiologically in animal models
confirming their utility in conducting experiments to mimic
in utero conditions.'® Several variations of placental OOCs
exist and have been reported for drug trials and studying
pregnancy physiology.>**>* We have modified current
placental models to include a third cell compartment for
umbilical cord cells that are also involved in drug transport.

To test the functioning of OOCs, we created normal
(healthy) and disease models of both fetal membranes and
placenta. To create a disease model, OS and inflammation
were induced in the cells as these two pathophysiologies
underlie most cases of PTB (i.e., due to underlying infection,
systemic inflammation, genetic risk factors, or environmental
exposures) and/or PE.'***2 To test the drug efficacy in
reversing inflammation, we used statins (pravastatin and
rosuvastatin), which are in clinical trials to treat PE.>® We
previously reported the beneficial effects of hydrophilic
(pravastatin)®>”*® and lipophilic forms (simvastatin)*® of these
drugs in multiple models of infectious and noninfectious
PTB as well as PE.>”*' Rosuvastatin shares similarities to
simvastatin but has lesser side effects and is more effective
in suppressing inflammatory conditions.>* Using our OOC
models that represent the structure, functions, and responses
of human FMis, we have conducted preclinical testing of
statins. These models indicate that both placenta and fetal
membranes transport statins with no cytotoxicity and
demonstrated efficacy  (reduction of  OS-induced
inflammation). Additionally, we report differences in the
metabolic profiles of drugs identified in various cell types
within each tissue. This study is not implying to promote
statins as drugs to be used during pregnancy based on these
experiments alone, but to highlight the importance of
studying these drugs in physiologically relevant models.

Materials and methods
Cell line establishment for OOC experiments

Human decidua and fetal membrane cell cultures. Prior to
conducting experiments, primary fetal membrane and
decidua cells were isolated and immortalized in order to
obtain stable cell lines to be used on-chip. The decidua
parietalis (DEC) and human fetal membrane cells were
isolated from placenta collected from women undergoing
elective cesarean delivery at term who were not in labor, as
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described®>**** and IRB was 16-0058, January 2020. The fetal
membrane cells were immortalized using PA317 LXSN
16E6E7 (ATCC® CRL-2203™), an hTERT Cell Immortalization
Kit (#CILV02; ALSTEM Inc., Richmond, CA, USA), and an
Sv40 Cell Immortalization Kit. Human amnion epithelial
cells (AEC) were cultured in KSFM supplemented with bovine
pituitary extract (30 pug mL™'), epidermal growth factor (0.1
ng mL™'), CaCl, (0.4 mM), and primocin (0.5 mg mL™).
Human amnion mesenchymal cells (AMC) and chorion
mesenchymal cells (CMC) were cultured in DMEM/F12
supplemented with 5% FBS, 10% penicillin/streptomycin,
and 10% amphotericin B, at 37 °C and 5% CO, for 10
minutes (min). Human chorion trophoblast cells (CTC) were
cultured in DMEM/F12 supplemented with 0.20% FBS, 0.1
mM B-mercaptoethanol, 0.5% penicillin/streptomycin, 0.3%
BSA, 1x ITS-X, 2 uM CHIR99021, 0.05 uM A83-01, 1.5 ug mL™*
r-ascorbic acid, 50 ng mL™" epithelial growth factor, 0.08 mM
VPA, and 1x Revitacell (Rock inhibitor/Y27632). All human
fetal membrane cells were grown at 37 °C and 5% CO, until
they reached 80-90% confluence. DEC cells were cultured in
DMEM/F12  (Mediatech Inc., Manassas, VA, USA)
supplemented with 10% FBS, 10% penicillin/streptomycin
(Mediatech), and 10% amphotericin B (Sigma-Aldrich, Inc. St.
Louis, MO), at 37 °C and 5% CO, for 10 min. Immortalized
cells have been validated against primary cells.*” Cells under
passage 20 were used for experiments.

Human placenta cell line cultures. Prior to conducting
OOC experiments, standard trophoblast and endothelial cell
lines were expanded and characterized to be used within the
PLA-OOC. BeWo and HUVEC purchased from ATCC (Virginia,
USA) were used in this study. BeWo cells were cultured in
Dulbecco's modified Eagle's medium/nutrient mixture F-12
(DMEM/F12; Mediatech, Manassas, VA, USA) supplemented
with 10% FBS, 10% penicillin/streptomycin (Mediatech Inc.),
and 10% amphotericin B (Sigma-Aldrich). HUVEC were
cultured in DMEM/F12 supplemented with 10% FBS, 1%
penicillin/streptomycin (Mediatech Inc.), 10% amphotericin
B (Sigma-Aldrich), 0.1 mg mL™ heparin (Sigma-Aldrich), and
30 ug ml™" endothelial cell growth supplement (Corning™).
Both cell lines were grown at 37 °C and 5% CO, until 80-
90%  confluence achieved.  Furthermore, for
syncytiotrophoblasts, BeWo cells were plated and maintained
in complete DMEM with the addition of 50 uM forskolin for
at least 48 hours (h) at 37 °C in 5% CO,. As reported in the
literature, BeWo cells are used to mimic placental
trophoblast cells although this may not be the ideal cell.
BeWo were chosen for these experiments as no iPS cells or
primary cell lines were available to model second or third-
trimester placenta cells.

was

Microfluidic design, fabrication, and setup

OO0C design and fabrication. To model the fetal
membrane-decidua interface, a plastic in vitro device was
designed and fabricated to mimic the tissue in utero. The FMi-
OOC wused in the current study has been previously
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validated.'”*****¢ Briefly, the device is composed of four
concentric-shaped culture compartments (one for maternal
cells and three for fetal cells) interconnected through arrays of
microfluidic channels to allow co-cultivation communication
among four different cell types. Chamber one, the center
chamber, contains maternal DECs, chamber two has fetal
CTCs, chamber three has AMCs, and the outermost chamber
four is for AEC. Each cell chamber is 250 um in height, and
the width (maternal: decidua - 3000 um; fetal: chorion - 2000
pum, AMC - 2000 pm, and AEC - 600 um) of each chamber was
designed to mimic the thickness of each maternal and fetal
3637 Thus, this design allows the four
to be cultured in four separate
microenvironments (e.g., different media). The
chambers are interconnected through an array of 24
microchannels (width: 35um, length: 600um for CTCs to
DECs and AMCs to CTCs, 300 um for AECs to AMCs; all height:
5 um) that performed several functions, such as preventing the
movement of cells between compartments during the initial
cell loading process, allowing independent localized
biochemical treatments to each compartment, enabling
independent elution of supernatant from each cell
compartment, and allowing biochemicals to diffuse among the
chambers to enable cell-cell communication.'®**?® The
number of microchannels, along with the height and width,
remained the same throughout all experiments as to not affect
the diffusion rate of drugs and products.

To model the trophoblast-endothelial interface, a plastic
in vitro device was designed and fabricated to mimic the
tissue in utero. The microfluidic PLA-OOC is composed of
three poly(dimethylsiloxane) (PDMS)'7'?*#%¢ cell culture
chambers mimicking the placenta interface: STB (yellow),
CTB (pink), and HUVEC (blue) chambers as shown in Fig. 1.
The two trophoblast chambers are connected by an array of
24 microchannels that are 5 pm in height, 30 um in width,
and 300 um in length allowing for tight cell-cell interfaces
between each of these layers. The fetal endothelial cell
chambers are connected to the CTB chamber by an array of
24 microchannels (5 um in height, 30 um in width, and 600
pum in length) that are coated with Type I collagen to mimic
the stroma of the placenta. Each cell chamber within the
PLA-OOC is 250 pm in height and is loaded by inlets and
outlets. The PLA-OOC was fabricated in PDMS using a two-
step photolithography master mold fabrication, followed by
soft lithography of the replica mold to create the final PDMS
device. These devices were cured at 85 °C for 45-60 min (1:
10 mixture, Sylgard 184; DowDuPont, Midland, MI, USA). The
master mold was then coated with (tridecafluoro-1,1,2,2-
tetrahydro  octyl) trichlorosilane  (United  Chemical
Technologies, Bristol, PA, USA) to facilitate PDMS release
from the master mold after replication.>"*® With this design,
we can fabricate eight devices in one wafer and run about
30-40 chips per experiment. This PLA-OOC model is a
modified version of other reported placenta OOC models*"**
by adding distinct STB and CTB layers along with mimicking
the stroma of the placenta.

layer as seen in utero.
different cell types
culture

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Statin pharmacokinetics across the placenta organ-on-Chip (PLA-OOC). (A) Schematic of the placenta trophoblast-endothelial interface
and PLA-OOC. The PLA-OOC contains three rectangular cell culture chambers separated by arrays of microchannels. The cells are seeded as
follows, from the left to right: syncytialized BeWo cells forming the STB layer (yellow), the center chamber contains BeWo cells recreating the CTB
layer (pink), and the right chamber contains HUVECs forming the endothelial layer (blue). To recreate the trophoblast cell barriers, STB and CTB
cells were grown in 3D over the microchannels (black arrows). All cell layers were also grown in 2D cultures adherent to the glass slide. (B) Image
of the microfabricated PLA-OOC filled with color dye for easy visualization of each cell culture chamber. (C) Bird's eye view of the cell culture
chambers showing the chamber width (2000 um) and individual microchannel length mimicking the cell interface of the trophoblast layer (300
um) and the placenta stroma (600 um). (D) Design of an on-chip media reservoir layer that was aligned on top of the cell loading inlets and outlets
(seen in image B) of the main cell culture layer, allowing media perfusion throughout the chamber for 24 h. Effluents from each culture chamber
were collected through the outlet reservoirs. (E) Brightfield image showing STB and CTB cell barrier (white arrow) formation covering the
microchannels. The cell barriers were confirmed to contain tight junction marker E-cadherin (green) expression confirming their functionality.
Additionally, microchannels between the CTB and HUVEC chamber are filled with type | collagen to recreate the placenta stroma. Collagen was
stained with Masson trichome for visualization (blue color, right image). Black and white scale bars are 100 um. (F) A variety of in utero
characteristics were measured to determine if cells grown within the PLA-OOC retained their in vivo characteristics. These measurements included
cell morphology, microvilli expression (black arrow), cytoskeletal markers (cytokeratin-7 [CK-7]; red); tight junction marker (E-cadherin; green);
and endothelial cell marker (MUC18; green). Scale bars are 10um. (G) In PLA-OOC with or without cells, heparin did not cross the device after 8 h.
Values are expressed as mean intensities £ SD (n = 3). (H) Pravastatin and (I) rosuvastatin propagated across the PLA-OOC device within 8 h only in
the presence of cells (black vs. grey bars), suggesting they are contributing to statin transport. Values are expressed as mean intensities + SD (n =
3). (J) Targeted mass spectrometry showed that pravastatin and rosuvastatin can cross the PLA-OOC within 4 h. Rosuvastatin levels in the STB
chamber decreased over time (p = 0.006), while pravastatin levels did not change over 24 h. Values are expressed as mean intensities + SD (n = 3).
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These devices also contain an on-chip reservoir block,
where each reservoir is aligned on top of the inlets and
outlets of each chamber. The designed platform was
fabricated in PDMS (1:10 mixture, Sylgard 184; DowDuPont,
Midland, MI, USA) using a two-step photolithography master
mold fabrication process, followed by a soft lithography
process of replica-molding the final PDMS device from the
master mold.*® To improve the bonding of the PDMS layer
onto the glass substrate the PDMS layers were treated with
oxygen plasma (Harrick Plasma, Ithaca, NY, USA) for 90s,
followed by bonding the layer onto a glass substrate. This
process was repeated to bond the PDMS reservoir layer on
top of the device. The assembled device was stored dry (for
up to 1 month).

OOC basement membrane coating. Before cellular
components were added on-chip, both OOC devices were
coated with collagen to 1) help with cell attachment to the
glass slide and 2) mimic the basement membrane or stroma
of the placenta. Before using the FMi-OOC or PLA-OOC, the
devices were washed with 70% ethanol for 10 min for
sterilization, washed 3 times with 1x phosphate-buffered
saline (PBS), and then the microchannels were coated with
type IV basement membrane collagen Matrigel, to model the
basement membrane, (Corning Matrigel Basement
Membrane Matrix, DEV-free; 1:25 in media) or collagen type
1, to model the placenta stroma (Gibco, collagen 1 rat tail; 1:
25 in DMEM/F12). The Matrigel filled the microchannels
connecting the AEC compartment to the AMC compartment
and filled the microchannels between the AMC compartment
and the CTC compartment, mimicking the amnion and
chorion basement membranes in utero, respectively within
the FMi-OOC. Type 1 collagen was loaded into the
cytotrophoblast chamber of the PLA-OOC and applying
suction pressure from the HUVEC chamber recreated the
placenta stroma. The device was then incubated overnight at
37 °C in a 5% CO, environment. After this process, the cell
chambers were rinsed with PBS to remove extra Matrigel or
collagen, and then the cells were introduced.

Cell seeding and treatment in the FMi-OOC and PLA-OOC
devices. Immortalized cells were trypsinized and loaded into
the FMi-OOC device, starting from the center chamber to the
outside chamber (60 000 DEC cells for chamber one, 200 000
CTCs + 5% primary collagen® + 25% Matrigel for chamber
two, 62500 AMCs + 20% primary collagen + 25% Matrigel for
chamber three, and 120 000 AECs for chamber four), similar
to the concentration ratios seen in utero. STB and CTB cells
were trypsinized and loaded into the PLA-OOC device first
(60000 each) and the device was flipped on its side for 1 h
inside a standard cell incubator to allow for cell barrier
formation. The number of cells chosen is expected to mimic
late second-trimester trophoblasts layers which have even
amounts of STBs and CTBs. After 1 h, the devices were
flipped to the original orientation, and an additional 60000
STB and CTB cells were added to each chamber, and 120 000
HUVECs were loaded. Cell number and the size of the cell
chambers, as distinct Oxygen

well as environments
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experienced at different trimesters, could be addressed in the
future to model different trimesters of the placenta.
Following cell seeding, both the FMi-OOC and PLA-OOC
devices were placed in 6-wells and were incubated at 37°C
with 5% CO, overnight before statin treatment. 200 ng mL ™"
of pravastatin or rosuvastatin were added to the DEC
chamber (to mimic maternal drug ingestion) of the FMi-OOC
or the STB chamber of the PLA-OOC for up to 24 h.

Imaging and cell marker analysis

Microscopy. A variety of microscope settings were used to
visualize cells on-chip. Bright-field microscopy images were
captured using a Nikon Eclipse TS100 microscope (x4, x10,
%20) (Nikon). Three regions of interest per condition were
used to determine the overall cell morphology. A Keyence All-
in-one Fluorescence BZ-X810 microscope, (x4, x10, and x40
magnification) was used to determine cell barrier formation,
document collagen in microchannels, and cell-specific
marker expression.

Staining of cell-specific markers and collagen on-chip.
Each chamber of the OOC devices were staining with
individual cell-specific antibodies in order to document that
cells on-chip maintained in utero characteristics.
Immunocytochemical staining for cytokeratin (CK)-7 (ab9021;
Abcam, Cambridge, MA, USA), E-cadherin (ab15148 Abcam,
Cambridge, MA, USA), and MUC18 (ab75769; Abcam,
Cambridge, MA, USA) was performed after 24 h, as previously
described."®"” Manufacturers' instructions were followed for
determining appropriate dilutions of antibodies to ensure
specific and uniform staining. After 24 h, cells were fixed
with 4% paraformaldehyde, permeabilized with 0.5% Triton
X, and blocked with 3% bovine serum albumin in 1x PBS,
before incubation with primary antibodies overnight at 4 °C.
After washing with 1x PBS, the PLA-OOCs were incubated
with Alexa Fluor 488-, 594-, and 647-conjugated secondary
antibodies (Thermo Fisher Scientific) diluted 1:400 in 1x
PBS for 2 h in the dark. The PLA-OOCs were washed with 1x
PBS, and then also treated with NucBlue® Fixed ReadyProbes
Reagent (R37606; Thermo Fisher Scientific, Waltham, MA) to
stain the nucleus. OOCs were fixed in 4% paraformaldehyde
for 15 min and stained using the Masson Trichrome method
to identify collagen within the microchannels. Three
microscopic fields for each condition were captured at 10x.

Endpoint assays

Cytotoxicity assay. To assess the cytotoxic effects of
pravastatin or rosuvastatin in the cells cultured in the FMi-
OOC or PLA-OOC, a lactate dehydrogenase (LDH) cytotoxicity
detection kit (11644793001, Roche Diagnostics, Mannheim,
Germany) was used. Cell culture media from each chamber
of the FMi-OOC or PLA-OOC was collected after 24 h of
treatment. Approximately 10 pL of cell supernatants were
used to perform the cytotoxicity assay according to the
manufacturer's protocol. Briefly, 90 uL LDH solution was
added to the 10 pL of cell supernatants in a 96-well plate.

This journal is © The Royal Society of Chemistry 2022
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The assay plate was incubated at room temperature in the
dark for 20 minutes. Fresh cell culture media (10 pL) was
used as a blank while cell supernatants from cells in the FMi-
OOC or PLA-OOC were treated with 4 uL triton X-100 and
mixed thoroughly to ensure lysis of cell membranes was used
as a positive control (100% -cytotoxicity). Absorbance was
measured at 450 nm using a microplate reader.

Multiplex assays for inflammatory cytokine markers
analyses using Luminex. To investigate changes in
inflammatory mediators, interleukin (IL)-4, IL-6, and IL-10
were analyzed from the cell supernatants in the FMi-OOC
and PLA-OOC after treatments. Pro-inflammatory cytokine IL-
6 was chosen as it has been shown to be upregulated in the
placenta and fetal membranes due to OS and IL-4 and IL-10
were chosen based on their anti-inflammatory effect in
gestational tissue. Supernatants were manually collected from
the reservoirs of both devices after 24 h of statin treatment
post-48 h CSE exposure. Standard curves were developed with
duplicate samples of known quantities of recombinant
proteins that were provided by the manufacturer. Sample
concentrations were determined by relating the fluorescence
values that were obtained to the standard curve by linear
regression analysis.

Mass spectrometry analysis

Sample preparation. To assess statin pharmacokinetics
and metabolism on-chip, frozen media samples were thawed
at room temperature and 200 pL of ice-cold methanol were
added to 50 pL of media. The mixture was vortexed for 5 min
and centrifuged at 12000 rpm for 10 min. The supernatant
was passed through a 0.2 um membrane filter, and 20 pL of
the filtrate was injected for the LC-MS/MS analysis.

Mass spectrometry protocol - targeted. Targeted liquid
chromatography-tandem mass spectrometry (LC-QQQ)
analysis was performed on a TSQ Altis mass spectrometer
(Thermo Scientific, Waltham, MA) coupled to a binary pump
UHPLC (Vanquish, Thermo Scientific). Scan parameters for
target ions were pravastatin — polarity negative, precursor m/z
423, products m/z 101, 303, and 321; rosuvastatin - polarity
positive, precursor m/z 482, products m/z 258, 272, 300. The
injection volume was 10 pL. Chromatographic separation was
achieved on a Hypersil Gold 5 pm, 50 mm X 2.1 mm C18
column (Thermo Scientific) maintained at 30 °C using a
solvent gradient method. Solvent A was 0.1% formic acid in
water. Solvent B was 0.1% formic acid in acetonitrile. The
gradient method used was 0-1 min (20% B to 60% B), 1-2
min (60% B to 95% B), 2-4 min (95% B), 4-4.1 min (95% B
to 20% B), 4.1-5 min (20% B). The flow rate was 0.5 mL
min~'. Sample acquisition and data analysis were performed
Trace Finder 4.1 (Thermo Scientific).

Mass spectrometry protocol - untargeted. Untargeted
liquid chromatography high-resolution mass
spectrometry (LC-HRAM) analysis was performed on a Q
Exactive Plus mass spectrometer (Thermo Scientific,
Waltham, MA) coupled to a binary pump UHPLC

accurate
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(UltiMate3000, Thermo Scientific). Full MS spectra were
obtained at 70000 resolution (200 m/z) with a scan range of
50-750 m/z. Full MS followed by ddMS2 scans were obtained
at 35000 (MS1) and 17500 resolutions (MS2) with a 1.5 m/z
isolation window and a stepped NCE (20, 40, 60). Samples
were maintained at 4 °C before injection. The injection
volume was 10 pL. Chromatographic separation was achieved
on a Hypersil Gold 5 pm, 50 mm x 2.1 mm C18 column
(Thermo Scientific) maintained at 30 °C using a solvent
gradient method. Solvent A was 0.1% formic acid in water.
Solvent B was 0.1% formic acid in acetonitrile. The gradient
method used was 0-1 min (20% B to 60% B), 1-2 min (60% B
to 95% B), 2-4 min (95% B), 4-4.1 min (95% B to 20% B),
4.1-5 min (20% B). The flow rate was 0.5 mL min~". Sample
acquisition was performed by Xcalibur (Thermo Scientific).
Data analysis was performed with Compound Discoverer 3.1
(Thermo Scientific).

Statistical analyses

All data were analyzed using Prism 7 software (GraphPad
Software, La Jolla, CA, USA). The Shapiro-Wilk test was
conducted to check for the normality of the data. Student's
t-test was used to compare results with two means. Ordinary
one-way analysis of variance followed by Tukey's multiple
comparison test was used to compare normally distributed
data with at least three means. The Kruskal-Wallis test with
Dunn's multiple comparison test was used for data that were
not normally distributed. Asterisks denote p values as
follows: *p < 0.05; **p < 0.01; ***p < 0.001, ***p < 0.0001.

Results

Maternal-fetal drug transport during pregnancy requires
passage through the placenta and or fetal membranes, which
are two distinct feto-maternal interfaces (FMi). The placenta
is considered the major transport route for drugs as it
contains multiple transport proteins and is directly
connected to the feto-maternal circulation.>**° The fetal
membranes surround and protect the fetus throughout
gestation and form the FMi covering the inner intrauterine
surface that is in contact with vascular decidua.**?
Traditionally, the fetal membranes have been ignored in
clinical drug or transporter protein studies. However, recently
it has been shown that the fetal membrane also expresses
functional transporter proteins to similar levels as the
placenta (data in press). Thus, both FMi's were tested in our
study.

Establishing a novel tri-culture placenta on-chip model

In the human placenta, the maternal decidua is connected to
the fetal syncytiotrophoblasts [STB] and cytotrophoblast
[CTB] by anchoring villi extending from the villous tree.*?
This interface act as a barrier and functions as a selective
passage route for nutrients and drugs to reach the fetal
endothelial cells (HUVECs) and eventually into the fetal
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circulation.** To recreate the placenta (trophoblast-
endothelial interface) in vitro (Fig. 1A) we developed a tri-
culture PLA-OOC device, that contains three cell culture
chambers connected by an array of microchannels (Fig. 1A-
F). From the left to the right, the left chamber contains
syncytialized BeWo cells (cultured with forskolin) forming the
STB layer (yellow), the center chamber contains BeWo cells
recreating the CTB layer (pink), and the right chamber
contains HUVECs forming the endothelial layer (blue)
(Fig. 1A and B). The rectangular chambers are connected by
arrays of 24 microchannels (5 um in height, 30 um in width,
and 300 or 600 um in length) to mimic tight cell interfaces in
placental stroma (Fig. 1C). A cell media reservoir was placed
on top of the device to allow gravity-dependent drug diffusion
for long-term culture (Fig. 1D) to model the human
trophoblast-endothelial interface of the placenta.

Each PLA-OOC was placed inside a single well of a
conventional  6-well  plate, and the CTB-HUVEC
microchannels were filled with type I collagen (stained blue
using Masson trichome stain), mimicking the placenta
stroma seen in utero (Fig. 1E). Microchannels are permeable
to biochemical products but do not allow free movement of
cells, except for supporting active cell migration, as we have
previously described.'® To recreate the trophoblast barrier,
STB and CTB cells were loaded into the PLA-OOC and rotated
on their side for 1 h to allow for the 3D formation of a cell
barrier covering the microchannels (Fig. 1E - white arrows).

The PLA-OOC was first validated by characterizing whether
in utero cellular characteristics were maintained during
culture. STB cultured on-chip maintained their epithelial
morphology, contained multiple nuclei and microvilli (black
arrow; crop), and had decreased cytokeratin-7 (CK-7)
expression, confirming syncytialization had occurred
(Fig. 1F). The expression of tight junctional marker
E-cadherin (green) in the cell barrier (E) and the general cell
population (F) suggests the cells’ barrier function was
retained across the microchannels (Fig. 1E and F). CTB
cultured on-chip maintained their epithelioid morphology,
CK-7 expression, and expressed E-cadherin at their junctions
(Fig. 1F). HUVEC cultured within the PLA-OOC contained an
endothelial morphology and expressed cell adhesion
molecule MUC18 (Fig. 1F). These results validate that the
cellular and collagen components of the PLA-OOC model
retain their key characteristics as seen in the placenta in vivo.

Diffusion of statins across the placenta on-chip

In the tri-chamber PLA-OOC, we studied fluid diffusion
characteristics between cells to determine the intercellular
propagation of drugs, metabolites, and biomarkers.
Experimental time points at 4-24 h were set, based on our
initial analysis of drug propagation kinetics (Fig. S1}). The
ability to maintain fluidic separation between the three
chambers of the PLA-OOC was tested with and without cells
loaded into the devices. Heparin was loaded into the STB
chamber, and a plate reader was used to monitor the rate of

4580 | Lab Chip, 2022, 22, 4574-4592

View Article Online

Lab on a Chip

perfusion between the three chambers over 8 h. Heparin did
not diffuse across PLA-OOCs without cells, suggesting it takes
longer than 8 hours to observe the diffusion of high
molecular weight molecules. Minimal diffusion was detected
across the device and the trophoblast cell barrier prevented
the heparin from reaching the HUVEC layer (Fig. 1G) as seen
in utero and as expected due to heparin's high molecular
weight.”®> Next, statins were tested in this system to
determine the rate of diffusion. Both pravastatin and
rosuvastatin were transported across the PLA-OOC within 8 h
compared to devices that did not contain any cells where no
transport occurred (control OOCs) (Fig. 1H and I). To
determine statin pharmacokinetics over time, a therapeutic
concentration (200 ng mL™") of either of the statins was
added to the STB chamber and media were collected from
each chamber after 4, 8, or 24 h and analyzed by targeted
mass spectrometry. Pravastatin levels in the STB chamber
remained rather steady over the 24 h, reached HUVEC by 4 h,
and then decreased after 8 h (Fig. 1J). Conversely,
rosuvastatin significantly decreased over time in the STB
chamber (p = 0.006), reached the HUVEC chamber in 4 h,
where levels remained constant over the 24 h (Fig. 1]).
Additionally, neither statin treatment affected cell viability
throughout these experiments (Fig. S2Af), suggesting this
dose is safe at this concentration. These data validated the
use of the PLA-OOC to study drug kinetics. Additionally,
these data suggested that over time, cells within this device
could metabolize the parent compounds, leading to a
decrease in statin concentration. To determine this, the same
samples were analyzed for documented pravastatin or
rosuvastatin metabolites.

Metabolism of statins within the placenta on-chip

Though both are a part of the statin family, pravastatin and
rosuvastatin have very different metabolic characteristics.
This is partially due to their unique compositions but also
due to different first or second-pass metabolism rates, and
the cellular availability of modifying CYP enzymes.*®™*®
Pravastatin is primarily metabolized (3'c-iso pravastatin, 6'-
epipravastatin, 3'a, 5' B-dihydro-pravastatin, desacyl-dehydro
pravastatin, 3’-hydroxy-pravastatin) by glucuronidation and
minimally involve CYP enzymes."' Rosuvastatin is
predominantly metabolized (N-desmethyl rosuvastatin and
rosuvastatin-5S-lactone) by CYP 3A4 and 2D6 enzymes.”® To
note, pravastatin metabolites are inactive and often lead to
increased excretion, whereas rosuvastatin metabolites are
active and carry out its mechanism of action.>® To determine
each statin drugs' metabolism within different cellular layers
of the placenta, media from the PLA-OOC chamber after 4, 8,
or 24 h from above experiments were analyzed by untargeted
mass spectrometry. All cell layers metabolized pravastatin in
a time-depended manner to form the isomer within 24 h
(Fig. 2A; Table 1). After 8 h, STB cells also formed desacyl-
dehydro pravastatin (Fig. 2A; Table 1). Both trophoblast layers
metabolized rosuvastatin into N-desmethyl rosuvastatin and

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Statin metabolism across the PLA-OOC. (A) Untargeted mass spec analysis identified known pravastatin metabolites within media from the
PLA-OOC chambers. Two metabolites, a pravastatin isomer and desacyl-dehydro pravastatin, were both identified to have time and cell-
dependent expression. Values are expressed as mean intensities * SD (n = 3). (B) Untargeted mass spec analysis identified known rosuvastatin
metabolites from the PLA-OOC chambers. N-Desmethyl rosuvastatin and rosuvastatin-5S-lactone were both identified at different time points and
in different cell chambers. Values are expressed as mean intensities = SD (n = 3).

Table 1 Metabolite characteristics on-chip

Formula Name Molecular weight Transformations Composition change
Cy3H360- Parent-pravastatin 424.5

C,3H3605 Pravastatin isomer 424.2461

C15H,505 Desacyl-dehydropravastatin 324.19367 Dehydration, reduction —(CsHgO,)
C,,H,gFN3O6S Parent-rosuvastatin 481.1683

Cy1H,,FN;06S N-Desmethyl-rosuvastatin 463.1213 Desaturation, desaturation —(CHg)
C,1H,5FN;05S Rosuvastatin-5S-lactone 450.1499 Dehydration, reduction —(CH3;0)

Table 2 Comparing in vitro techniques to organ-on-chips

Cell culture

Trans wells

Placenta perfusion

Organ-on-chip

Anatomy

Cellularity
Viability
Ability to test
PK

Ability to test
efficacy
Limitations

One cell type from a
specific organ
Single cell

>Week

No

Yes

Does not mimic a full
system

Multiple cell types from a specific
organ

Multi cell

48-72 hours

Yes

Yes

Prone to tearing (tissue) or gaps in
confluency (cells)

This journal is © The Royal Society of Chemistry 2022

Whole placenta

Multi cell
<4 hours
Yes

Yes

e Prone to leaks and
tissue damage

e Can not mimic
disease states

e Requires special set

up

Multiple cell types and organs can be
combined on-chip

Multi cell/multi organ

>Week

Yes

Yes

Requires special set up

Lab Chip, 2022, 22, 4574-4592 | 4581


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc00691j

Open Access Article. Published on 02 November 2022. Downloaded on 12/6/2025 6:07:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

rosuvastatin-5S-lactone after 8 and 24 h (Fig. 2B; Table 1);
possibly explaining the decrease in the parent compound
over time. HUVEC also metabolized rosuvastatin in a time-
dependent manner into rosuvastatin-5S-lactone, but not into
N-desmethyl rosuvastatin, possibly due to the lack of CYP
enzymes required for this byproduct (Fig. 2B). These results
highlight the utility of the PLA-OOC as determination of time
and cell-specific statin metabolites is difficult with other
in vitro and in vivo model systems (Table 2).

Determining statins’ efficacy in reducing OS induced
inflammatory changes

After determining statin diffusion and metabolism within the
PLA-OOC device, we determined their efficacy in reducing
oxidative stress induced inflammation. To mimic the
oxidative stress-associated inflammatory state often reported
in PE, the STB chamber of the PLA-OOC was treated with
cigarette smoke extract (CSE; 1:25), a validated laboratory
reagent to induce oxidative stress.’® After 48 h of CSE
treatment, either pravastatin or rosuvastatin was added for
24 h. Media were collected from each cell chamber and
analyzed for pro-and anti-inflammatory cytokines to
determine the inflammatory state. Compared to controls,
CSE treatment increased IL-6 within the PLA-OOC, validating
our disease model (STB: IL-6 - p = 0.034) (Fig. 3A). In the
CTB and HUVEC chambers, pravastatin increased pro-
inflammatory cytokines IL-6 (CTB: IL-6 — p = 0.004) (HUVEC:
IL-6 - p = 0.041) (Fig. 3B), as well as anti-inflammatory
cytokines IL-4 and IL-10 (CTB: IL-4 - p = 0.049) (HUVEC: IL-4
- p = 0.010) compared to CSE (Fig. 3C). Conversely,
rosuvastatin did not change pro-inflammatory cytokines
(Fig. 3B) but increased the production of anti-inflammatory
cytokine IL-4, but not IL-10, in the CTB (IL-4 - p = 0.035) and
HUVEC chambers (IL-4 - p = 0.048) (Fig. 3C).

As statins' mechanism of action is shown to increase anti-
inflammatory cytokines,” here we document that both
statins can increase anti-inflammatory cytokines within the
PLA-OOC device. Pravastatin produced a balanced response
whereas rosuvastatin caused a pronounced anti-inflammatory
response. For the first time, we report effectively testing
pravastatin and rosuvastatin's propagation, metabolism, and
efficacy utilizing the PLA-OOC (Table 3).

Diffusion of statins across the fetal membrane on-chip

Although these findings with PLA-OOC are novel, a report
without considering the second FMi that can potentially
passage the drug is incomplete. Therefore, we repeated these
experiments and investigated statin transport and function in
fetal membranes using FMi-OOC.

To test this further, we used the experimental model for
FMi-OOC and tested statin's role in the fetal membrane cell.
Using FMi-OOC pravastatin and rosuvastatin propagation,
metabolism, and efficacy were tested. Experiments conducted
on PLA-OOC were repeated using FMi-OOC. The previously
validated FMi-OOC is composed of four concentric chambers
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Fig. 3 Determining the efficacy of statins within the PLA-OOC. The
inflammatory status of the PLA-OOC was determined by measuring
pro- and anti-inflammatory cytokines from media with a Luminex
multiplex cytokine panel. (A) 48 h cigarette smoke extract (CSE)
treatment in the STB chamber induced a pro-inflammatory
environment in the STB, CTB, and HUVEC chambers as noted by
increased IL-6 and IL-8 levels (STB: IL-6 - p = 0.034; IL-8 - p = 0.040).
Values are expressed as mean intensities + SD (n = 3). (B) Compared to
CSE treatment, pravastatin significantly increases pro-inflammatory
cytokines IL-6 and IL-8 in the CTB and HUVEC chambers (CTB: IL-6 -
p = 0.004) (HUVEC: IL-6 - p = 0.041; IL-8 - p = 0.039). Rosuvastatin
did not change pro-inflammatory cytokine levels across the PLA-OOC.
Values are expressed as mean intensities + SD (n = 3). (C) Both statins
significantly increase anti-inflammatory cytokines IL-4 and IL-10 in the
CTB and HUVEC chambers compared to CSE treatment (pravastatin:
CTB: IL-4 - p = 0.049; HUVEC: IL-4 - p = 0.010) (rosuvastatin: CTB: IL-
4 - p = 0.035; HUVEC: IL-4 - p = 0.048). Values are expressed as mean
intensities + SD (n = 3).
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Table 3 Summarizing the differential effects of pravastatin and rosuvastatin on-chip

Pravastatin

Rosuvastatin

Placenta OOC  Fetal membranes OOC

Placenta OOC

Fetal membranes OOC

Pharmacokinetics ~4 h (1.3%) ~4 h (2%)

Metabolism Pravastatin Descacyl-dehydropravastatin
isomer

Efficacy 4.36 + 1.34 7.19 + 4.21 fold
fold

with cells and collagen, designed to mimic the thickness and
cell density of the FMi in vivo®® (Fig. 4). Fig. 4 shows images
of the developed FMi-OOC device, with four different color
dyes loaded into each chamber (Fig. 4A and B). Starting at
the center, the first chamber contains maternal decidual cells
(red), the next chamber contains fetal CTCs (yellow), the third
chamber contains AMCs (green), and the outermost chamber
contains AECs (purple). Each layer is connected by arrays of
microchannels coated with type IV collagen to recreate the
basement membrane of the amniochorion (Fig. 4C). Cellular
characteristics (viability, morphology, production of nascent
collagen, cellular transitions-EMT, and migration) (Fig. 4D) in
the OOC have been previously documented to be similar to
those seen in utero,"*®°” validating the physiological
relevance of the FMi-OOC.

To test the fluidic separation between the four chambers
of the FMi-OOC, heparin was loaded into the DEC chamber
and monitored for 8 h. Minimal diffusion was detected
across the device with and without cells (Fig. 4E) as expected.
Next, statins were tested in the FMi-OOC to determine the
pharmacokinetics across the fetal membranes. Pravastatin
and rosuvastatin in the FMi-OOC were transported across the
device within 8 h compared to devices that did not contain
cells (Fig. 4E). To determine statin propagation over time, a
therapeutic concentration (200 ng mL™") of either statin was
added to the DEC chamber. Media samples were collected
from each chamber after 4, 8, or 24 h and analyzed by
targeted mass spectrometry. Pravastatin levels in the DEC
chamber decreased over the 24 h (p = 0.006), reached the
AEC chamber by 4 h, which was then decreased after 8 h
(Fig. 4F). Conversely, rosuvastatin levels did not change
substantially over time in the DEC chamber, reached the AEC
chamber in 4 h, and then decreased by 8 h. Additionally,

neither statin affected cell viability throughout the
experiments (Fig. S2Bt).
These data support the hypothesis that the fetal

membranes, like the placenta, are important for drug
transport during pregnancy. Additionally, the FMi-OOC can
be used to study drug kinetics.

Metabolism of statins by fetal membrane cells on-chip

Like the PLA-OOC findings reported above, data from FMi-
OOC suggest that over time cells within the fetal membranes
metabolize the parent statin compounds. 200 ng mL™" of
each statin was added to the DEC chamber and media were

This journal is © The Royal Society of Chemistry 2022

~4 h (2.6%)
Rosuvastatin-5S-lactone &
N-desmethyl rosuvastatin
4.83 + 1.63 fold

~4 h (1.1%)
Rosuvastatin-5S-lactone &
N-desmethyl rosuvastatin
4.51 + 1.13 fold

analyzed for known pravastatin or rosuvastatin metabolites
after 4, 8, or 24 h. All cell layers metabolized pravastatin to
form desacyl-dehydro pravastatin within 4 h and levels
decreased over 24 h (Fig. 5A; Table 1). Additionally, all cells
metabolized rosuvastatin into rosuvastatin-5S-lactone after 4
h, while only DECs and AMCs produced N-desmethyl
rosuvastatin after 8 h (Fig. 5B; Table 1). These data show
differential  pravastatin and rosuvastatin = metabolite
expression on-chip.

Determining statin efficacy within the fetal membrane on-
chip

Once we determined that statins cross fetal membrane cells
and undergo cellular metabolism, we evaluated their efficacy
to mitigate OS observed in adverse states of pregnancy.’® The
DEC chamber of the FMi-OOC was treated with CSE (1:25)
for 48 h and then pravastatin or rosuvastatin was added for
an additional 24 h. Media were collected from each cell
chamber after statin treatment and analyzed for pro-and anti-
inflammatory cytokines. Compared to the controls, CSE
increased the production of pro-inflammatory cytokines in
CTC (IL-6: p = 0.03), AMC, and AEC (Fig. 6A). After 24 h,
pravastatin significantly reduced IL-6 compared to CSE alone
(Fig. 6B) and increased anti-inflammatory IL-4 compared to
CSE treatment (CTC: p = 0.03; AMC: p = 0.001) (Fig. 6C).
When compared to CSE treatment, rosuvastatin increased IL-
4 and IL-10 in CTC (IL-4: p = 0.029), AMC (IL-4: p = 0.005),
and AEC (IL-10: p < 0.0001) (Fig. 6C).

In this study, we have documented for the first time that
pravastatin and rosuvastatin are transported and metabolized
across the fetal membranes, utilizing the novel FMi-OOC
(Table 3).

Discussion

Assessment of drug and their metabolite transport in human
pregnancy is difficult and current models projects numerous
challenges.>® Multiplicity of cell types and complex FMis and
physiological changes during pregnancy alter drug
pharmacokinetics across gestation.*”®® Improvements are
needed to provide safer treatments during pregnancy. Many
traditional in vitro models have ignored human fetal
membrane-decidual interface as a potential entryway for
drugs.®® The recent discovery of multiple drug transporter
proteins and drug-metabolizing enzymes in fetal membranes
prompted us to speculate that the fetal membrane-decidual
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Fig. 4 Statin pharmacokinetics across the fetal membrane OOC. (A) Schematic of the feto-maternal interface (FMi-OOC) device designed to
mimic the fetal membrane amniochorion-decidua interface. The FMi-OOC contains four concentric circular cell culture chambers separated by
arrays of microchannels. The cells are seeded as follows, from the center to the outside: decidua cells (red), CTCs (yellow), AMCs (green), and AECs
(purple), respectively. (B) The FMi-OOC device with an integrated media reservoir filled with color dye in each of the corresponding cell culture
layers. (C) Schematic showing the width and height of cell chambers and microchannels within the FMi-OOC. Microchannels between the CTC-
AMC and AMC-AEC chambers are filled with type 4 collagen to recreate the chorion and amnion basement membrane. Collagen was stained with
Masson trichome for visualization (blue color). Scale bars are 100 um. (D) In utero cell specific markers were measured to determine if cells grown
within the FMi-OOC retained their in vivo characteristics. These measurements included cell morphology (brightfield [BF]), cytoskeletal markers
(vimentin green; cytokeratin-18 [CK-18] red), and human leukocyte antigen G (HLA-G) in the chorion. Scale bars are 50um. (E) In FMi-OOC devices
with or without cells, heparin did not cross the decidua-amniochorion interface after 8 h. Values are expressed as mean intensities * SEM (n = 3).
Pravastatin and rosuvastatin propagated across the FMi-OOC device within 8 h only in the presence of cells (black vs. grey bars), suggesting they
are contributing to statin transport. Values are expressed as mean intensities + SD (n = 3). (F) Targeted mass spectrometry showed that pravastatin
can cross the FMi-OOC within 4 h. Pravastatin also significantly decreases in the DEC chamber over 24 h. Values are expressed as mean intensities
+ SD (n = 3). Targeted mass spectrometry showed that rosuvastatin can cross the FMi-OOC within 4 h. Values are expressed as mean intensities *
SD (n = 3).
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Desacyl-dehydropravastatin
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Rosuvastatin-5S-Lactone
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Fig. 5 Statin metabolism across the FMi-OOC. (A) Untargeted mass
spec analysis identified known pravastatin metabolites within media
from the FMi-OOC chambers. Only one metabolite, desacyl-dehydro
pravastatin, was identified all cells at all time points. Values are
expressed as mean intensities * SEM (n = 3). (B) Untargeted mass spec
analysis identified known rosuvastatin metabolites from the FMi-OOC
chambers media. N-Desmethyl rosuvastatin and rosuvastatin-5S-
lactone were both identified at different time points and in different
cell chambers. Values are expressed as mean intensities + SD (n = 3).

interface along with the placenta may also transport
drugs.">®> To overcome current limitations and to test the
potential of a 2nd FMi' to transport drugs, we used two
distinct models of the OOCs and tested statin drug transport
kinetics, metabolism, and efficacy. Statins were used as a
model drug for testing our devices based on our in vitro and
in vivo experiences with this drug. This study is not implying
to promote statins as drugs to be used during pregnancy
based on these experiments alone.

The five major achievements of this study were: (1) to
develop and validate OOC devices to study drug
pharmacokinetics at two FMis; (2) to demonstrate that
neither of the statins tested caused cytotoxicity in any cell
type represented in the OOC device; (3) to show that statins
are transported across both the FMi's producing distinct

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Determining the efficacy of statins within the FMi-OOC. The
inflammatory status of the FMi-OOC was determined by measuring
pro- and anti-inflammatory cytokines from media with a Luminex
multiplex cytokine panel. (A) CSE treatment in the DEC chamber
induced an increase in pro-inflammatory cytokines IL-6 in DEC, CTC
(IL-6: p = 0.029), AMC and AEC chambers. Values are expressed as
mean intensities + SD (n = 3). (B) Both statins significantly increase
anti-inflammatory cytokines IL-4 and IL-10 in the CTC, AMC, and AEC
chambers compared to CSE treatment (pravastatin: CTC [IL-4: p =
0.032]; AMC [IL-4: p = 0.001]) (rosuvastatin: CTC [IL-4: p = 0.029],
AMC [IL-4: p = 0.005], and AEC [IL-10: p < 0.0001]). Values are
expressed as mean intensities + SD (n = 3).

pharmacokinetics patterns; (4) to identify statin metabolites
across the different layers of fetal membranes and placenta,
suggesting that cells from both tissues produce functionally
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active drug-metabolizing enzymes; and (5) to determine in
oxidative stress paradigm that statins
inflammation by a combination of reduced pro-inflammatory
mediators and increased anti-inflammatory cytokines in a
cell type-dependent fashion. Overall, our findings suggest
that OOC can be utilized in preclinical studies for the
assessment of drugs during pregnancy.

Here we document the pharmacokinetics of pravastatin
and rosuvastatin across PLA-OOC and FMi-OOC and that they
each have distinct characteristics. Interestingly, due to these
drugs hydrophilic properties and use of transporter proteins,
pravastatin and rosuvastatin propagated across the FMi-OOC
quicker than infectious stimuli,’” exosomes, and
environmental toxicants.®> Pravastatin, as expected for a
soluble, hydrophilic compound, was transported across both
interfaces and detectable even in the HUVEC chamber at 4 h.
However, the inactive metabolites of pravastatin showed
differential profiles in each OOCs. Pravastatin isomer
accumulated in cells of the PLA-OOC but not in FM-OOC
cells. Conversely, diacyl-dehydro pravastatin was not present
in placental cells (except at 8 h in STB), however, appeared in
all the cell types of the FMi-OOC at all time points.
Rosuvastatin, which is dependent on transporter proteins for
its propagation,®® was transported across both OOCs.
Rosuvastatin's active metabolites (N-desmethyl rosuvastatin
and 5S-lactone) were also seen in placental cells but not in
the HUVEC layer, suggesting that the drug and its
metabolites do not cross the placental barrier to reach
HUVEC (fetal side). Decidual cells also retained rosuvastatin
and produced both metabolites. Similarly, 5S-lactone was
seen in all fetal membrane cell supernatants whereas
N-desmethyl rosuvastatin was limited to the AMC layer,
suggesting differential kinetics and metabolic capability by
cells of the fetal membranes. Though documenting
metabolism on-chip is an important step for understanding
drug pharmacokinetics, it is prohibitive in quantitating
parent drug that reaches each chamber. Real-time mass spec
analysis of supernatants in each chamber could alleviate this
limitation in the future.

To determine the factors associated with the differential
kinetic effects, we screened drug transporter proteins and
metabolizing enzymes. This confirmed the existence of
functional machinery capable of drug transport and to rule
out artifacts generated in OOC experiments. Pravastatin and
rosuvastatin uptake were facilitated by the organic anion
transporting polypeptide transporters and breast cancer
resistance protein respectively.’”°>°> breast cancer resistance
protein is highly expressed in the human placenta and
facilitates the transport of a wide variety of drugs.*”®® Since
rosuvastatin was efficiently transported by BCRP, the
concentration of the rosuvastatin in the STB chamber was
decreased. The transport of rosuvastatin to fetal membrane
layers indicates that decidua also possesses proteins that
facilitate transport of rosuvastatin to the membranes.
Although breast cancer resistance protein expression is
limited in decidua, it is highly expressed in CTC and AECs

our minimize
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emphasizing the potential role of chorion trophoblast in
propagating the drug further towards the fetus.

In addition, we have confirmed that fetal membrane cells
express cytochrome 3A4 enzyme and convert pravastatin and
rosuvastatin into inactive and active metabolites.>">**” The
placenta along with fetal organs are the only organ reported
to metabolize drugs during pregnancy.** However, for the
first time, we showed that fetal membrane cells also
metabolize drugs to form either active or inactive
metabolites. Our studies strongly suggest that drug
modification during pregnancy is not only the effect of the
placenta, but also by fetal membrane cells. Drugs to be used
during pregnancy need to be screened for their metabolite
formation across FMis. We conclude that OOCs can be used
to determine the metabolic profiles of drugs at FMi barriers.
Though, slight expression level changes might be observed
due to experimental set up (i.e., dynamic vs. static flow),
metabolism of drugs should be dependent on cell availability
of CYP enzyme expression. Another interesting conclusion
can also be derived from studies on transporter proteins in
fetal membranes. Accumulation of drugs or other toxic
metabolites and molecules can be refluxed by fetal
membrane cells using BCRP and other efflux proteins. This
scenario could be the opposite of what we have shown in this
study, specifically, when the drugs or other toxic molecules
accumulate in the amniotic fluid via systemic circulation.
Since amnion epithelial layers will be in direct contact with
these substances in the amniotic fluid, fetal membranes may
detoxify them by functioning as an efflux center to reduce
teratogenicity.

We have shown that OOCs can be used to estimate the
pharmacokinetics of statin drugs, as well as their efficacy. In
models of pregnancy where CSE induces oxidative
stress,'”**?*%” CSE increased inflammatory cytokines from
fetal membrane cells and STB in PLA-OOC. Co-treatment of
CSE with either of the statins did not change inflammatory
IL-6 significantly, but both pravastatin and rosuvastatin
substantially increased anti-inflammatory cytokines IL-4 and
IL-10 in a cell type-specific manner. This effect of
rosuvastatin was reported previously using fetal membrane
explant models and in animal models.”*”%® Although we
have reported cellular levels changes by CSE on cells tested
using FMi-OOC, we have not conducted any studies to
determine the restoration of cellular level derangements by
statins in our models. Determination of these changes is a
part of our ongoing studies.

Statins are competitive inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme-A reductase (HMG-CoA reductase),
clinically used to lower total and low-density lipoprotein
cholesterol.*® We tested the effects of a hydrophilic statin
(pravastatin)®*® and a lipophilic one (simvastatin)*®* with a
potential to treat PTB as well as in PE.**”' To this point,
pravastatin has advanced to clinical trials (Identifier:
NCT03944512) thought, rosuvastatin is the more potent
compound with high antioxidant and anti-inflammatory
properties. Rosuvastatin has also showed better effectiveness

This journal is © The Royal Society of Chemistry 2022
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in reducing inflammation compared to simvastatin in our
prior in vitro studies.’® Pravastatin also reduced
inflammation, crossed the placenta and minimized PE-like
symptoms in animal models.®**”* Here expand on this work
by utilizing in vitro tool to determine the pharmacokinetics,
metabolism, and efficacy of statins in each cell layer of the
placenta and fetal membranes. These data show pravastatin
and rosuvastatin metabolites measurable in elutes from
different cellular compartments. Using our devices, we were
able to show not only the drug transportation at maternal
fetal interface but also their toxicity profile at different cell
layers and pharmacological activity at cellular levels.

For the first time in this study, we have screened the
expression of transporter proteins and CYP enzymes of
different fetal membrane cells (under standard -culture
conditions). These are critical components that allow for
drug transport across the FMis in vitro and in vivo. The
discovery of drug transporter proteins and metabolic
enzymes in the fetal membranes opens up new avenues of
research in regard to drug propagation and metabolism. This
is critical as traditionally only the placenta is studied in these
aspects. Additionally, this study documents the utility of OOC
devices as key tools for preclinical trial research that should
be expanded upon in the future.

Utilizing two different OOC devices representing two
distinct FMis, we determined the drug propagation,
metabolic profile, and therapeutic efficacy across the FMi
barriers. Although it has several advantages compared to
other transwell or OOC systems, the major limitation of
current devices is the low number of replicates and the lack
of a dynamic flow. Our devices are currently being modified
to include dynamic flow to properly assess the
pharmacokinetics of drugs and metabolite production.
Additionally, these devices can be adapted to model different
trimesters of pregnancy by containing trimester-specific cell
types (i.e., extra villous trophoblasts), cell ratios, chamber
widths and providing appropriate oxygen environment. These
components could all effect the pharmacokinetics and
metabolism of drugs on-chip.

In summary, we demonstrate the following: (1) fetal
membranes are functionally important in drug transport
during pregnancy and their activity mimics placental drug
transport; (2) fetal membranes express transporter proteins
and functional CYP enzymes, like those seen in the placenta;
and (3) OOC devices can be used to test drug transport
effectiveness across FMis. These data corroborate and extend
those obtained using in silico or in vivo approaches.

Glossary

ATCC American Type Culture Collection

AEC Amnion epithelial cell
AMC Amnion mesenchymal cell
CTC Chorion trophoblast cell
CSE Cigarette smoke extract
CYpP Cytochrome

This journal is © The Royal Society of Chemistry 2022
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CK Cytokeratin
CTB Cytotrophoblast
DEC Decidua cell
FBS Fetal bovine serum
FMi-OOC Fetal membrane organ-on-chip
FMi Feto-maternal interface
HUVEC Human umbilical vein endothelial cells

IL Interleukin

LDH Lactate dehydrogenase
00C Organ-on-chip

Os Oxidative stress

PBS Phosphate buffered saline
PLA-OOC Placenta organ-on-chip
PDMS Poly(dimethylsiloxane)

PE Pre-eclampsia

PTB Preterm birth
RNA Ribonucleic acid
STB Syncytiotrophoblast
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