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Key Points

e We set up an in vitro proximal tubule model that can capture acute kidney damage after an ischemic event.
e We showed the renoprotective effect of adenosine in an in vitro AKI/rIRI on-a-chip model.

e We showed a robust model for AKI/rIRI that can be used for high-throughput testing.

Abstract

Background Renal ischemia/reperfusion injury (rIRI) is one of the major causes of AKIL Although animal models
are suitable for investigating systemic symptoms of AK]I, they are limited in translatability. Human in vitro
models are crucial in giving mechanistic insights into rIRI; however, they miss out on crucial aspects such as
reperfusion injury and the multitissue aspect of AKI

Methods We advanced the current renal proximal tubule-on-a-chip model to a coculture model with a perfused
endothelial vessel separated by an extracellular matrix. The coculture was characterized for its three-dimensional
structure, protein expression, and response to nephrotoxins. Then, rIRI was captured through control of oxygen
levels, nutrient availability, and perfusion flow settings. Injury was quantified through morphologic assessment,
caspase-3/7 activation, and cell viability.

Results The combination of low oxygen, reduced glucose, and interrupted flow was potent to disturb the
proximal tubules. This effect was strongly amplified upon reperfusion. Endothelial vessels were less sensitive to

the ischemia-reperfusion parameters. Adenosine treatment showed a protective effect on the disruption of the

epithelium and on the caspase-3/7 activation.

Conclusions A human in vitro rIRI model was developed using a coculture of a proximal tubule and blood vessel
on-a-chip, which was used to characterize the renoprotective effect of adenosine. The robustness of the model
and assays in combination with the throughput of the platform make it ideal to advance pathophysiological
research and enable the development of novel therapeutic modalities.
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Introduction

AKI is a severe medical problem with a high mortality
rate. Every year, around 1.7 million people die of AKI
worldwide (1,2). Because the kidney is responsible for
eliminating waste products from the blood, it encoun-
ters high concentrations of xenobiotics and is therefore
vulnerable for (drug-induced) toxicity (3,4). In the kid-
ney, renal proximal tubule epithelial cells (RPTEC)
express many ATP-dependent transporters and play
important roles in reabsorption of essential nutrients.
RPTEC have a high energy demand to drive active
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transporters, and renal blood flow supplies the
required oxygen (5,6). Patients with a disrupted renal
flow because of either prerenal hypoperfusion (e.g.,
heart failure or hemorrhage) or postrenal obstruction
(e.g., cancer or a blood clot) also suffer from AKI (3,7).
Renal ischemia/reperfusion injury (rIRI) causes a loss
of function and cell damage of the proximal tubule
structure, ultimately leading to AKI (8-10). Recently,
AKI has been extensively researched as a symptom
after severe acute respiratory syndrome coronavirus
2 infection (11).
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For investigating the pathophysiology of rIRI and drug
screening for AKI, animal models are widely used to cap-
ture the systemic symptoms of AKI (12). However, here, a
significant species difference between animal and human
is observed (13). Not all drug candidates that showed effi-
cacy in animal models showed efficacy in AKI treatment
in clinical trials. In vitro cellular models are also applied
for elucidation of rIRI/AKI mechanistic insights (14).
Unfortunately, traditional two-dimensional culture set-
tings of RPTEC lack their typical structure and their
associated functionality (15,16). In vitro experiments do
provide a controlled environment, allowing manipulation
of specific variables such as flow and incubated oxygen
levels, and enabling higher reproducibility (14). Finally,
the replacement of animal models is expected to reduce
costs and time and increase the throughput and predict-
ability (17,18).

Human cellular models can be valuable tools for tackling
rIRI and discovering AKI preventive agents (19). In vitro
rIRI models have been reported that enable induction of
hypoxia by chemical induction, enzymatic induction, or
anaerobic chambers (14). However, additional parameters
are important to mimic ischemia-inducing insults compre-
hensively (20). Loss of nutrients, loss of flow, and the
buildup of waste products, and the reset of all parameters
upon reperfusion can cause damage and should be
included in rIRI modeling. Recent advances in tissue engi-
neering and microfluidic cell culture techniques have made
significant progress in modeling key aspects of human
organs in vitro (15). Different microfluidic chip setups have
been used to model the proximal tubule, which offer physi-
ologic realism in cell and tissue function to study, for exam-
ple, nephrotoxicity and drug-drug interaction (reviewed by
Vedula and Charest [21]). Application of shear stress to the
apical side is important because it regulates tight-junction
and polarized transporter localization, and the inclusion of
a basement membrane (22-25). We have previously
reported a human proximal tubule on-a-chip model com-
posed of 40 perfused proximal tubules grown against an
extracellular matrix (ECM) (26). We showed the utility of
this model for assessing kidney toxicity, drug-drug interac-
tion, and transporter function (26-28).

In this study, we developed an advanced model to
study rIRI comprising a perfused three-dimensional (3D)
proximal tubule adjacent to a 3D perfused blood vessel.
The proximal tubule and blood vessel are separated by a
type 1 collagen surrogate ECM. We characterized the cul-
ture using immunostaining for cell type specific markers
and ensured correct polarization. We then validated
the response to nephrotoxicants. We modeled rIRI by
adjusting culture parameters such as incubated oxygen
concentration, perfusion flow, and nutrients such as glu-
cose, followed by a return to normal culture conditions.
Finally, we assessed the protective potential of adenosine,
nicotinamide, and N-acetylcysteine (NAC) that have been
reported to prevent rIRI in animal models (29-33). With
40 chips on one standard multiwell plate, the model is
compatible with screening. We foresee that this new
human rIRI model will provide a springboard for the
development of preventative or curative treatments for
ischemic AKI.

Materials and Methods
Cell Culture

Human RPTEC (Kidney PTEC Control Cells, SA7K
Clone, MTOX1030; Sigma-Aldrich) were cultured on
PureCol-coated (Advanced BioMetrix, 5005-B, diluted with
1:30 in HBSS [H6648; Sigma—-Aldrich], 20 minutes of incu-
bation at 37°C) T75 flasks (431464U; Corning) in MEME
alpha Modification (M4526; Sigma—Aldrich) supplemented
with RPTEC Complete Supplement (MTOXRCSUP;
Sigma-Aldrich), r-glutamine (1.87 mM, G7513; Sigma-
Aldrich), gentamicin (28 pg/ml, G1397; Sigma—Aldrich),
and amphotericin B (14 ng/ml, A2942; Sigma-Aldrich).
Cells were incubated in a humidified incubator (37°C, 5%
CO,), and medium was changed every 2-3 days. At
90%-100% confluency, cells were washed with HBSS,
detached with Accutase (A6964; Sigma—Aldrich), neutral-
ized with culture medium, pelleted (140 g, 5 minutes), and
used for seeding in the OrganoPlate. Cells were used up to
passage 3.

Human umbilical vein endothelial cells (HUVEC;
C2519A; Lonza) were cultured on surface-treated T75
(156499; Thermo Fisher Scientific) flasks in MV2 complete
medium (Endothelial Cell Medium MV2, C-22022; Promo-
cell) supplemented with Supplement Mix Endothelial Cell
Growth Medium MV2 (C-39226; Promocell), and 1% pen/
strep (P4333; Sigma-Aldrich). Cells were incubated in a
humidified incubator (37°C, 5% CO,), and medium was
changed every 2-3 days. At 90%-100% confluency, cells
were washed with HEPES-BSS (CC-5022; Lonza), detached
with 0.025% Trypsin-EDTA (1X) solution (CC-5012;
Lonza), neutralized with Trypsin Neutralizing Solution
(CC-5002; Lonza), pelleted (200 g, 5 minutes), and used
for seeding in the OrganoPlate. Cells were used up to
passage 9.

Establishment of the RPTEC-HUVEC Coculture

For all experiments, the OrganoPlate 3-lane (4003 400B;
Mimetas BV) was used. Figure 1A shows a photograph of
the bottom of the OrganoPlate, demonstrating the 40
microfluidic channel networks, glued to a standard 384-
well plate. A zoom-in on a single chip highlights the region
of interest where three microfluidic channels join in the
center (Figure 1B, green circle). The three channels are sep-
arated by phaseguides, which are small ridges that prevent
overflow between adjacent channels through meniscus pin-
ning (34) (Figure 1C, gray bars).

As a starting point for the seeding, we took the RPTEC
monoculture protocol, as previously described (26), and
introduced a seeding procedure for an endothelial vessel
alongside the RPTEC tubule (Figure 1, D-F). In short, 2 pl
of a liquefied ECM gel composed of 4 mg/ml type 1 colla-
gen was loaded into the middle inlet of all 40 chips and
allowed to polymerize (Figure 1D, step 1). The following
day, RPTECs were seeded against the gel to the top chan-
nel and allowed to adhere (Figure 1D, step 2). After attach-
ment of the cells, medium was added, and the OrganoPlate
was placed in an incubator on an interval rocker platform
(MI-OFPR-L; Mimetas BV; *£7° angle, 8-minute interval),
enabling a passive, bidirectional flow through the perfusion
channels (Figure 1D, step 3).
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Figure 1. | Overview of the seeding method of the renal proximal tubule epithelial cells (RPTEC)/human umbilical vein endothelial cells
(HUVEC) coculture in the OrganoPlate 3-lane. (A) Photograph of the bottom of the culture platform showing 40 microfluidic channel net-
works underneath a 384-well plate. (B) Zoom-in on a single microfluidic channel network comprising three channels that join in the cen-
ter (green circle). (C) Three-dimensional artist impression of the center of a chip, where two tubules are cultured in the two lateral chan-
nels (green and purple) along an extracellular matrix (ECM) gel in the middle channel (light blue). Two phaseguides (gray bars) define the
positioning of the ECM gel leading to the three-lane stratified profile. (D) Artist impression of the horizontal projection and vertical cross-
section. (E) Associated phase-contrast images. (F) Timeline for setting up the coculture.

HUVEC were added to the bottom channel of the micro-
fluidic chip on day 2 (Figure 1D, step 4). HUVEC were
detached as described above and re-suspended in MV2
complete medium at a concentration of 10X10° cells/ml.
Medium from all bottom in- and outlets was aspirated, and
the plate was turned 180°, resulting in RPTEC tubes sitting
in the bottom. Two microliters of the HUVEC cell suspen-
sion was added to the (new) top-left inlet. Subsequently, 1
pl was aspirated via the outlet from the top channel to
guide HUVEC through the system. The OrganoPlate was
placed on its side at an angle of 75° to allow the HUVEC
attach to the ECM. After an incubation time of 60 minutes,
medium from both channels was switched to coculture
medium (50% CellBiologics complete human endothelial
cell medium (basal medium with the growth factor supple-
ment kit [H1168]) and 50% RPTEC complete medium). Per-
fusion was applied again, resulting in fully grown tubules
of RPTEC and HUVEC on day 6 (Figure 1, C and D, step

5). Cocultures were used for experiments up to day 12. The
timeline of coculture seeding was determined in an optimi-
zation study (data not shown), with RPTEC seeded on day
0 and HUVEC on day 2 (Figure 1, D-F).

Immunohistochemistry

Cocultures were fixed by replacing the medium with 4%
formaldehyde (252549; Sigma-Aldrich) in HBSS (55037C;
Sigma-Aldrich) for 10 minutes. Tubules were washed with
washing solution (4% FBS [16140-071; Gibco] in HBSS) and
permeabilized (0.3% Triton X-100 [T8787; Sigma-Aldrich]
in HBSS) for 10 minutes. Next, cultures were incubated for
45 minutes in blocking solution (2% FBS, 2% BSA [A2153;
Sigma—-Aldrich], and 0.1% Tween 20 [P9416; Sigma-
Aldrich] in HBSS). Hereafter, cultures were incubated with
the primary antibodies and diluted in blocking solution for
60 minutes at room temperature. Primary antibodies
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Table 1. Nephrotoxic compounds used for validation of the model

Catalog Number Final Vehicle Concentration, Highest
Compound (Sigma—Aldrich) Solvent v/v, (%) Concentration
Cisplatin P4394 0.9% NaCl in H20 5.4 270 uM
Tobramycin T1783 Culture medium — 50 mM
Cyclosporin A 30024 DMSO 0.6 60 pM
Staurosporine 54400 DMSO 0.1 10 uM
Dexamethasone D4902 DMSO 0.1 30 uM

against Ms-a-ezrin (610602; BD Biosciences; 1:200), Ms-a-
acetylated tubulin (T6793; Sigma—Aldrich; 1:4000), Rb-a-
Zonula occludens-1 (ZO-1; 61-7300; Thermo Fisher Scien-
tific; 1:125), and Rb-a-VE-cadherin (Ab33168; Abcam;
1:1000) were used. Subsequently, cultures were washed
twice with washing solution for 5 minutes each and then
incubated for 30 minutes at room temperature with second-
ary antibodies Gt-a-Ms IgG (H+L) Alexa Fluor 555
(A21422; Thermo Fisher Scientific; 1:250) and Gt-a-Rb IgG
(H+L) Alexa Fluor 488 (A32731; Thermo Fisher Scientific;
1:250) diluted in blocking solution. After washing the
tubules twice for 5 minutes, nuclei were stained with
Hoechst 33342 (H3570; Thermo Fisher Scientific; 1:2000) in
the last washing step. Fluorescent images for the 3D recon-
structions were taken with the ImageXpress Micro Confo-
cal High-Content Imaging System (Molecular Devices).
A z-stack of 220 pm with 2 pm between each image plane
was acquired for DAPI, FITC, and TRITC channels. Three-
dimensional reconstructions and maximum projections
were created using Image]J (35).

Nephrotoxicant Exposure

Cultures were exposed to a concentration range of
cisplatin, tobramycin, and cyclosporin A (CysA) (36)
(Table 1). Staurosporine (10 uM), a well-known apoptosis
inducer (37), was included as a positive control, and dexa-
methasone (30 pM) (38) as a negative control. On day 6,
medium of both channels was replaced with coculture
medium complemented with a nephrotoxicant, the positive
or the negative control (Table 1). After a 48-hour incubation
on the rocker platform, medium was sampled from the top
wells connected to the RPTEC tubules. Samples from the in-
and outlet were pooled and used for the lactate dehydroge-
nase (LDH) activity assay. Tubules were thereafter incubated
with WST-8 buffer diluted in medium to determine viability.
Phase-contrast and fluorescent images were acquired using
the ImageXpress XLS Micro Confocal High-Content Imaging
System to assess the morphology of the cells and their nuclei.
Moreover, activation of caspase-3/7 activity was visualized.

Fluorogenic Caspase-3/7 Assay and Nuclei Staining

For acquiring live cell images of cells undergoing caspase-
3/7-mediated apoptosis, culture medium was replaced with
medium containing caspase-3/7 green apoptosis assay
reagent (dilution 1:1000; #4440; Sartorius). After a 1.5-hour
incubation at 37°C, 21% O,, 5% CO, on the rocker platform,
a z-stack of 220 pm with 5 pm between each image plane
was acquired for FITC using the ImageXpress Micro Confo-
cal High-Content Imaging System with a X10 objective. The

plate was thereafter fixated as described previously (26), and
nuclei were stained with Hoechst 33342 and imaged again
for DAPIL One maximum projection per chip was created for
both DAPI and FITC using Image].

LDH Activity Assay

LDH activity of the samples was determined using the
Lactate Dehydrogenase Activity Assay Kit (MAKO066;
Sigma-Aldrich) according to the manufacturer’s protocol.
In short, the medium of the top in- and outlet or bottom in-
and outlet was pooled for RPTEC or HUVEC, respectively.
Two microliters was added in duplicate to a black 384-well
plate with a glass bottom. Next, 18-ul LDH assay buffer
was added to all sample wells to make an initial volume of
20 pl. In parallel, a concentration curve of the NADH stan-
dard was added. After a short centrifugation step, 20-ul
Master Reaction Mix was added to each well. After 1
minute, the absorbance was measured with the Multiskan
FC Microplate Photometer (Thermo Fisher Scientific) at 450
nm every 2 minutes for 6 minutes. Background subtraction
was performed using the results of cell-free chips exposed
to medium without any additives. The LDH activity was
determined using the following formula:

LDH activity (nmol/min per ml)
_ nmol NADH X sample dilution factor
~ reaction time (min) X sample volume (ml)

Cell Viability (WST-8 assay)

The viability of the cells was determined using the Cell
Counting Kit-8 (96992; Sigma-Aldrich). The WST-8 solution
was diluted 1:11 with coculture medium and added to both
perfusion channels of one chip (30 ul in- and outlets). After
an 18-minute incubation at 37°C and 5% CO, on the rocker
platform and a 2-minute static incubation, the absorbance
in the top in- and outlets was measured with the Multi-
skanFC Microplate Photometer (Thermo Fisher Scientific)
at 450 nm. For background subtraction, measurements
from cell-free chips were used.

Modeling Renal Ischemia and Renal Reperfusion

Renal ischemia was modeled on the OrganoPlate cocul-
tures by exposing the cultures to low oxygen (5% O,) and/
or low glucose and nutrient availability and/or no perfu-
sion. This was compared with a normoxic culture: atmo-
spheric O, of 21%, coculture medium, and perfusion. Eight
different setups were tested (Table 2).
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Table 2. Conditions used to model ischemia

Condition (Abbreviation) Incubator-Oxygen Tension Perfusion Glucose and Nutrient Availability

N+P+glu Normoxia (21% O,) Yes (rocker) Coculture medium
N+P-glu Normoxia (21% O,) Yes (rocker) DMEM w/o glucose
N+S+glu Normoxia (21% O,) No (static) Coculture medium
N+S-glu Normoxia (21% O,) No (static) DMEM w/o glucose
L+P+glu Low oxygen (5% O,) Yes (rocker) Coculture medium
L+P-glu Low oxygen (5% O,) Yes (rocker) DMEM w/o glucose
L+S+glu Low oxygen (5% O,) No (static) Coculture medium
L+S-glu Low oxygen (5% O,) No (static) DMEM w /o glucose

N, normoxia; L, low oxygen; P, perfusion; S, static; +glu, coculture medium; -glu, DMEM w /o glucose.

Table 3. Protective compounds tested to prevent cell damage during renal ischemia and reperfusion
Supplier, Catalog Exposure
Compound Number Solvent Stock Concentration, mM Concentration, mM
Adenosine Sigma—-Aldrich, A4036 1M NH4O0H (heated) 180 1
Sigma-Aldrich, 09859
Nicotinamide Sigma-Aldrich, N0636 Milli-Q 1000 10
N-acetylcysteine Sigma-Aldrich, A9165 Milli-Q 500 1

On day 6 of the coculture, ischemic conditions were
induced. For lowering expected oxygen levels, cultures
were placed in a low oxygen incubator (5% CO,, 37°C, 5%
O,). Perfusion was stopped by removing the plates from
the rocker platform. For low nutrient cultures, the medium
was changed to DMEM without glucose (#11966025;
Gibco). The cultures were exposed to combinations of the
ischemic conditions for 24 hours, after which medium was
sampled for the LDH assay and phase-contrast images
were acquired. To model rIRI, the exposure was followed
by a reperfusion of the cultures for another 24 hours in nor-
moxic conditions. Subsequently, medium was sampled for
LDH assay, WST-8 viability was determined, phase-
contrast images were acquired, and the cultures were
stained for DNA and caspase-3/7 activation.

Assessment of Potential Protective Compounds

Prevention of ischemic damage during exposure and
reperfusion of the cultures was assessed upon addition of
adenosine, nicotinamide, and NAC during exposure
and reperfusion to the culture medium of both channels
(Table 3). For testing possible protecting effects of the coin-
cubation with the three compounds, cultures were exposed
to the selected ischemic conditions L+P-glu and L+S-glu
and compared with the N+P+glu control. The experiment
was executed with an ischemia exposure time of 12 or 24
hours, both followed by 24-hour reperfusion. LDH activity
samples and phase-contrast images were acquired after the
exposure and after reperfusion. WST-8 viability assay and
DNA and caspase-3/7 staining were performed after reper-
fusion only. Staurosporine (10 pM) was used as positive
control for the viability assays.

Real-Time Imaging
On day 6 of culture, the plate was placed in the EVOS FL
Auto Imaging System (Life Technologies, 5% CO,, 37°C,

humidified) and incubated static in DMEM without glucose
medium under 5% O, (L+S-glu) for 24 hours to mimic an
ischemic event. Phase-contrast and FITC images were
acquired every 32 minutes for 24 hours. Hereafter, the plate
was reperfused with nutrient-rich coculture medium in nor-
moxia (21% O,), and perfusion was reinstated by placing the
EVOS FL Auto Imaging System on a rocker platform (7°
angle, 8-minute interval) for another 24 hours, while phase-
contrast and FITC images were acquired every 32 minutes.
During the exposure and reperfusion, cultures were coincu-
bated with or without 1-mM adenosine. To monitor the acti-
vation of caspase-3/7, the caspase-3/7 green apoptosis assay
reagent was added to the medium (1:1000).

Data Analysis and Statistics

Images were processed using Image] (35). Data points
with technical errors (such as failure of ECM filling, inade-
quate cell growth, or air bubble trapping by microscopic
observation) were excluded before analysis. Data analysis
was performed using Excel (Microsoft Office 365 Business)
and GraphPad Prism (GraphPad Software, Inc., version
8.4.2). Error bars represent the standard deviation. One-
way ANOVA was used for statistical analysis between
groups followed by Tukey’s multiple comparisons test.
A log(y) transformation was used to normalize the data if
indicated by Anderson-Darling test or Brown Forsythe test
of variances. In case of negative values, data were trans-
formed using log(y+1). A P value of <0.05 was considered
as significant.

Results
Perfused Coculture of Epithelial Tubules and Endothelial
Vessels Was Established in a Microfluidic Chip

Figure 1 illustrates the setup for the perfused coculture
of a human renal proximal tubule-on-a-chip and a blood
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Figure 2. | Marker expression of the kidney model shows polarized epithelium and endothelium. (A, D, and G) Max z-projections of the
coculture with the RPTEC tubule in the top channel and the HUVEC vessel in the bottom channel. (B, E, and H) Zoom of the z-projections
in (A), (D), and (G). (C, F, and 1) three-dimensional reconstructions showing a view into the lumen of the tubules. (A-C) Primary cilia were
visualized by acetylated tubulin staining (red), present on the apical side of the RPTEC tubule. Tight junction protein ZO-1 (green) was pre-
sent in both cell types. (D-F) Epithelial marker and brush border protein Ezrin (red) was exclusively present on the apical side of the RPTEC
tubule. (G-1) Endothelial tight junction protein VE-cadherin (green) was expressed by the HUVEC vessel at the cell border, and primary
cilia located on the apical side of the membrane were stained using acetylated tubulin.

vessel. RPTEC are cultured in the OrganoPlate 3-lane sys-
tem against a type 1 collagen ECM mimic and formed a
tubular structure upon application of perfusion flow. At
the same time, a blood vessel was grown from HUVECs
against the ECM on the other side. The three-lane stratified
setup is achieved by patterning a type 1 collagen gel in the
center of the chip using capillary pinning barriers called
phaseguides (34).

Figure 2 shows immunohistochemical staining’s of the
coculture model from a top view (Figure 2, A, B, D, E, G,
and H) and a 3D bird’s-eye view (Figure 2, C, F, and I).
Tight junctions were confirmed through ZO-1 expression
(Figure 2, A-F, green) (39). Acetylated tubulin staining
showed one primary cilium per cell on the luminal side for
both cell types (Figure 2, A-C and G-I, red) (40,41). Epithe-
lial marker and brush border protein Ezrin (42) was exclu-
sively located on the apical side of the RPTEC layer (Figure
2, D-F, red). Endothelial adherence junction protein
VE-cadherin (43) was expressed by the endothelial cells at
the cell borders (Figure 2, G-I, green).

A 3D reconstruction of the coculture obtained by confo-
cal microscopy showed that RPTEC and HUVEC adhered
to the ECM in the central channel and grew to confluency
after 6 and 4 days, respectively (Figure 2, C, F, and I).
A view on the cross-section of both structures showed
lumen formation on both sides of ECM, with the basal
sides of the membranes facing each other.

Perfused 3D Renal Proximal Tubule and Blood Vessel-on-
a-Chip Is Sensitive to Nephrotoxicants

Next, we assessed the response of the model to cisplatin,
tobramycin, and CysA after 48 hours of exposure. Phase-
contrast imaging showed rounded-up and clustered cells
for high concentrations of cisplatin and tobramycin,
whereas the morphology of the culture upon CysA expo-
sure remained normal for all concentrations (Figure 3A).

DNA staining (Figure 3B) and activated caspase-3/7
staining (44) (Figure 3C) confirmed these observations,
showing visible damage for concentration of 27-uM cis-
platin or 28.1-mM tobramycin and higher. Tubules exposed
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Figure 3. | A panel of assays shows susceptibility of the proximal tubule to AKI in response to nephrotoxic drugs. Cocultures were

exposed to concentrations ranges of cisplatin, tobramycin, and cyclosporin A for 48 hours. (A-C) Phase-contrast imaging (A), DNA staining
(B), and caspase-3/7 staining (C) showed cell damage after cisplatin and tobramycin exposure in a dose-dependent manner. Representative
images. Scale bar, 200 um. (D) Lactate dehydrogenase (LDH) release in the medium was measured and showed cell damage after cisplatin
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to the highest concentration of CysA showed a slight
increase in the number of positive caspase-3/7 cells,
although this effect was less dominant compared with the
other two compounds.

LDH activity released into the medium was measured at
the luminal side of RPTEC as an indicator of kidney cell
damage (4546). A trend of dose-dependent increase in
LDH release was observed after treatment with cisplatin
and tobramycin, whereas such a trend was not observed
with CysA (Figure 3D).

Dehydrogenase activity was measured as a representa-
tion of cell viability through a WST-8 assay (Figure 3E)
(47/48). Cisplatin and tobramycin exhibited a dose-
dependent reduction, whereas CysA did not affect the cell
viability.

HUVEC were damaged to a similar level as RPTEC
when exposed to cisplatin and tobramycin, but more
severely after an exposure to CysA (data not shown).

Ischemia Can Be Induced through Nonflow, Low Glucose,
and/or Lowering Oxygen Levels

To model rIRI in the proximal tubule-on-a-chip with
blood vessel, cultures were exposed to combinations of
three different ischemic assaults: low oxygen (5% O, incu-
bator, termed “L”), no perfusion (static, termed “S”), and
glucose-free and nutrient-poor medium (termed “-glu”; see
Table 2 for an overview of ischemic parameter combina-
tions). After a 24-hour exposure, cultures were reperfused
under normoxic conditions (21% oxygen, termed “N”; per-
fusion on the rocker, termed “P”; and glucose- and
nutrient-rich medium (5% FBS), termed “+glu,” for
another 24 hours; Figure 4).

Phase-contrast images of the proximal tubule after
24-hour exposure are shown in Figure 4C. Among the eight
different combinations of ischemic parameters, N+S-glu,
L+P-glu, and L+S-glu conditions showed rounded-up and
clustered morphology. Endothelial vessels showed less
severe or no damage under these conditions (Supplemental
Figure 1A, top). After the reperfusion, the damage to the
proximal tubules had worsened (Figure 4C, bottom). Most
parts of the channels of RPTEC exposed to N+5-glu and
L+S-glu were washed out during reperfusion, whereas
HUVEC stayed attached, even after the washing steps
involved in the staining process (Figure 4D and
Supplemental Figure 1B, respectively). Caspase-3/7 activity
was determined directly after the reperfusion and showed
clear activation in RPTEC when exposed to L+S-glu (Fig-
ure 4E). A fainter staining was detected in the HUVEC in
the same condition (Supplemental Figure 1C). In addition
to the L+S-glu condition, caspase-3/7 activation of a few
cells was detected in the L+P-glu condition in both cell
types, again with a much lower activation in HUVEC.

Figure 4F displays the LDH activity in culture medium
from the RPTEC tubule after 24 hours of ischemia (left
panel) and subsequent reperfusion (right panel). Overall,

the change in LDH activity was limited in comparison to
the positive control staurosporine. Under this premise, N+S-
glu, L+P-glu, and L+S-glu conditions increased LDH activ-
ity, whereas N+P-glu condition decreased LDH activity.
After 24-hour reperfusion, N+S+glu- and L+S5+glu-treated
cultures also displayed increased LDH activity.

Assessment of the dehydrogenase activity as an index of
viability showed a significant decrease of 50% in all RPTEC
tubules that had been exposed to N+P-glu, N+S-glu, L+P-
glu, and L+S-glu. Remarkably, the cultures exposed to the
condition N+P-glu also showed a 50% decrease in dehy-
drogenase activity, which was not reflected in the LDH
release. Dehydrogenase activity measured in the HUVEC
cultures was reduced by 60% for all conditions exposed to
-glu independent from the other parameters (Supplemental
Figure 1).

Adenosine Prevented Degradation of Proximal Tubules
under Ischemic Conditions

We assessed the protective effect of adenosine, nicotin-
amide, and NAC in our rIRI model. Cultures were
subjected to the two ischemic conditions, L+P-glu and
L+S-glu, during 12- or 24-hour exposure, both followed by
24-hour reperfusion.

In phase-contrast imaging, obvious damage of RPTEC
was observed in the L+S-glu condition after 12-hour ische-
mia with 24-hour reperfusion (Figure 5A). More severe
damage was observed after 24-hour ischemia with 24-hour
reperfusion (Figure 5B). Treatment with 1 mM adenosine
retained RPTEC in the channel (Figure 5, A and B, red
squares), whereas disrupted RPTEC were observed when
treated with 10-mM nicotinamide or 1-mM NAC. The pro-
tective effect of adenosine was confirmed by visualization
of the DNA (Figure 5, C and D). In addition, coincubation
with adenosine limited the increase of caspase-3/7 activity,
whereas in the control condition, all remaining RPTEC
were caspase-3/7 positive.

LDH activity in the culture medium is shown in Figure 5,
G and I. Coincubation with adenosine led to LDH activity
reduction in several of the ischemic conditions. Unexpect-
edly, 10-mM nicotinamide tended to lower LDH activity at
any condition, including the control (Figure 5G). We hypoth-
esize that nicotinamide interferes with the LDH assay
because nicotinamide is part of the LDH coenzyme
nicotinamide-adenine dinucleotide (NAD+) (49) and can
bind to the active site of LDH, thereby lowering the LDH
activity (50). To test this hypothesis, nicotinamide was coin-
cubated with staurosporine, a potent inducer of apoptosis
(Supplemental Figure 2). Staurosporine exhibited renotoxicity
as observed through ans increase of LDH release into the cul-
ture media and a decrease in cell viability upon treatment.
However, cotreatment with nicotinamide only decreased
LDH activity in culture media but had no influence on the
measured cell viability. This finding suggests that the LDH

Figure 3. | Continued. and tobramycin exposure in a dose-dependent manner. (E) Assessment of the viability relative to the corresponding
vehicle control using a WST-8 assay showed a dose-dependent decrease in viability after cisplatin and tobramycin exposure. Dexametha-
sone (30 uM) was included as a negative control; staurosporine (10 pM) was included as a positive control. Error bars represent standard
deviation. Experiments 1-3 are independent repeats of the experiment, n=2-4 chips per condition.
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Figure 4. | Ischemic conditions lead to AKI in the proximal tubule. Ischemia was modeled on the OrganoPlate coculture through a com-
bination of low oxygen (L), static incubation (S), and glucose- and nutrient-poor medium (-glu) for 24 hours, followed by a 24-hour reper-
fusion in normoxia (N), perfusion on the rocker (P), and in glucose- and nutrient-rich medium (+glu). (A) Timeline of the experiment.
(B) Region of the RPTEC tubule (gray square) that is used for the images shown in (C-E). (C) Representative phase-contrast images after
24-hour exposure (top) and subsequent 24-hour reperfusion (bottom). Different ischemia inducing conditions were tested (columns) and
compared with the normal condition N+P+glu. n.a., not available. (D) DNA staining after 24-hour reperfusion. (E) Caspase-3/7 staining
after 24-hour reperfusion. Scale bar, 200 pm. (F) LDH release in the medium was measured after 24-hour exposure (left) and 24-hour
exposure plus 24-hour reperfusion (right), respectively. (G) WST-8 viability relative to the normal condition N+P+glu was assessed after
24-hour reperfusion. Staurosporine (10 uM) was included as a positive control. Error bars represent standard deviation. One-way ANOVA

compares the conditions to the N+P-+glu control condition, **P<0.01, n=8-16 chips per condition.

assay is not suitable for evaluating the renoprotective effect
of nicotinamide.

Analysis of the viability by quantifying WST-8 reduction
showed a decreased viability upon the ischemic event to
approximately 60% of the normoxic control condition after
12-hour exposure to L+S-glu and 35% after the exposure
for 24 hours to L+S-glu. No compound appeared to be
protective against ischemic damage in the WST-8 assay
(Figure 5, H and ]). Results of a repetition of the experi-
ments can be found in Supplemental Figure 3. Results

indicate the reproducibility of the experiments after both
exposure durations, 12 and 24 hours.

Real-Time Caspase-3/7 Imaging Confirms Adenosine Is
Protective against rIRI
The activation of caspase-3/7 during the ischemia and
reperfusion process was investigated through time-lapse
fluorescent microscopy (Figure 6 and Supplemental Video).
While exposed to ischemia (L+S-glu), caspase-3/7 activ-
ity increased over time in the medium control and
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adenosine-treated conditions (Figure 6A). Upon reperfu-
sion with fresh medium, severe damage to the RPTEC in
the medium control was observed because of cells being
washed away (Figure 6B, top-left panel), whereas proximal
tubules treated with adenosine remained (Figure 6B, top-
right panel). After 12 and 24 hours of the reperfusion pro-
cess, detached RPTEC and an increase of activated caspase-
3/7 in the remaining RPTEC were observed in the medium
control, whereas there were no severely disturbed RPTEC
observed with adenosine treatment. HUVEC vessels recov-
ered from the ischemic event, independent of adenosine
coincubation.

Discussion

In this study, we presented a human renal proximal
tubule-on-a-chip in coculture with a perfused blood vessel
separated by an ECM with the purpose of modeling rIRI-
induced AKI (Figure 1). A 3D reconstruction of histochemi-
cal staining’s of the cocultures obtained by confocal micros-
copy showed that RPTEC and HUVEC adhere to the ECM
and the side walls in the shape of tubular/vessel structures
with lumen formation (Figure 2). Correct polarization of
the RPTEC was shown by a staining against the brush bor-
der marker ezrin. Primary cilia labeled with acetylated
tubulin were observed on the apical surface of RPTEC, and
Z0-1, which is a key molecule of tight junctions, was found
at the borders of the cells. Consistent with prior work (26),
RPTEC formed barriers with limited diffusion of large mol-
ecules such as fluorescein-labeled dextran (4.4 and 150
kDa; data not shown), suggesting that the barrier function
is well maintained. Although this model is used in the pre-
sent study, there is room for further modifications. For
instance, immune cells could be added to the lumen of the
endothelial vessel, allowing the investigation of transloca-
tion of immune cells by the endothelium and their role in
inflammation of the kidney microenvironment.

To apply this new culture setup to in vitro AKI disease
modeling, the response of the model to several renotoxi-
cants was tested, and the feasibility of measuring cellular
damage was assessed using several assays. Cisplatin, tobra-
mycin, and CysA were capable of affecting RPTEC in the
advanced model, as shown in Figure 3. Cisplatin showed a
toxic effect in the tested assays, with close resemblance to
in vivo, as previously reported for this proximal tubule
source (51). Tobramycin showed toxicity from 28.1 mM,
which is higher than concentrations used clinically (around
2 pg/ml) (52). In clinical settings, the nephrotoxicity of
tobramycin is observed after multiple ingestions (52),
whereas in the present study, tobramycin exposure was
performed at a single dosing for 48 hours. Using a longer
time frame with repeated dosing, a toxic effect might be
detected at lower concentrations. CysA treatment resulted
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in increased caspase-3/7 activity at 60 uM. Li et al. (53)
reported caspase-3/7 activation by CysA with an EC50 of
11 pM in a two-dimensional culture setting of the same cell
source (RPTEC SA7K clone). It would be interesting to
compare the expression levels of P-glycoprotein, an ABC-
transporter, between these culture settings because CysA is
a substrate of P-glycoprotein (54). Different levels could
potentially cause a change in the intracellular concentration
of CysA and that of other toxicants, explaining the differ-
ences between different setups. In conclusion, all assays
were suitable for detecting reasonable cellular responses,
and we decided to use the model for disease modeling of
rIRL

We modeled an ischemic event on the kidney-on-a-chip
by exposing the culture to a combination of three ischemic
parameters: low oxygen (5%; L), no perfusion (S), and
nutrient/glucose-poor medium (-glu), and combinations of
the three. After exposure, reperfusion was reinstated under
normal conditions (N+P+glu). When exposed to combined
culture conditions (summarized in Table 2), N+S-glu,
L+P-glu, and L+S-glu were damaged after the 24-hour
exposure followed by reperfusion (Figure 4). A significant
change was observed in tubular morphology: rounded and
detached cells were observed. Moreover, increased cas-
pase-3/7 activity was observed in the remaining epithelial
cells after ischemia—reperfusion (L+S-glu or L+P-glu). An
incremental increase in loss of viability, as measured by
both the release of LDH and enzymatic activity, was
observed for the three parameters. Here, we chose to mea-
sure kidney cell damage through the release of LDH into
the culture media. Zager et al. showed LDH is a useful
marker for monitoring kidney tubular injury (46). Another
biomarker to assess kidney damage would be KIM-1
release (55). Future panel studies will help to select the best
biomarker reflecting rIRI. Reduction of the oxygen level in
the incubator (L) leads to lower oxygen concentrations in
the embedded tissues, which is further reduced by the loss
of perfusion flow (S). Loss of flow also reduces the removal
of waste products and the availability of nutrients, which is
shown to negatively influence the viability by the third
manipulated parameter, the nutrient richness of the
medium (-glu).

We investigated the potential renoprotective effects of
adenosine, nicotinamide, and NAC when cotreated during
the rIRI event of the two selected ischemic conditions
L+P-glu and L+S-glu. A protective effect of the coincuba-
tion with adenosine was observed in the morphology and
DNA assessment, caspase-3/7 activation, and LDH
release. However, dehydrogenase activity measured with
the WST-8 viability assay showed no effect of adenosine.
On the basis of these results, we hypothesize that adeno-
sine exerts its protection by lowering the cell metabolism
(56), including the dehydrogenase activity. By putting the

Figure 5. | Continued. indicate a protective effect of adenosine compared with the medium control of the same ischemic condition in
phase-contrast imaging (A and B), DNA staining (C and D), and caspase-3/7 staining (E and F). Scale bar, 200 um. (G and I) LDH activity
and (H and J) WST-8 viability relative to the N+P-+glu medium control after exposure to the ischemic condition for 12 hours (G and H) or
24 hours (I and )) followed by reperfusion for 24 hours for both conditions. One-way ANOVA compares the coincubations with the
medium control of the same ischemic condition. *P<0.05; **P<0.01. #, positive control differs significantly with all medium controls
(P<<0.01). Error bars represent the standard deviation. Staurosporine (10 uM) was included as a positive control. n=3-8 chips per condi-
tion. Both experiments (12- and 24-hour exposure) were repeated (Supplemental Figure 2).
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Figure 6. | Real-time caspase-3/7 activation and phase-contrast imaging shows the protective effect of adenosine upon ischemic expo-
sure. (A) Cultures, coincubated with and without 1-mM adenosine, were exposed to ischemic conditions (L+S-glu) for 24 hours, and cas-
pase-3/7 activity was monitored over time. (B) Medium was refreshed to standard culture medium, and cocultures were reperfused under
normal conditions (N+P+glu) for 24 hours. Green: activated caspase-3/7. Scale bar: 500 pm. Representative images of n=3 chips per
condition. A corresponding time-lapse movie can be viewed in the Supplemental Video.

cells in a resting phase with low metabolism, the oxygen
demand of the cells is minimal, which could prevent dam-
age from the ischemic condition. Furthermore, adenosine
protected against the loss of cells after reperfusion, allow-
ing regrowth of the proximal tubule.

In contrast to adenosine, NAC did not show a renoprotec-
tive effect. There are positive reports of NAC being protec-
tive in animal rIRI models. The fact that we did not see a
protective effect in our human rIRI model could point
toward a species-to-species difference, and that NAC does
not have a protective effect in humans. In fact, the KDIGO
Clinical Practice Guideline for AKI (57) does not recommend
using NAC for prevention of postsurgical AKI. We recom-
mend follow-up research to further validate this hypothesis
and to support the better understanding of the translatability
of this model to humans. In this regard, time-lapse imaging
(Figure 6 and Supplemental Video) can be a powerful tool
for monitoring the changes of cellular appearance.

Nicotinamide is one of the precursors of nicotinamide
adenine dinucleotide (NAD+), lately considered for its
therapeutic potential as a NAD booster (58). Recently,
results of a phase 1 pilot study administrating nicotinamide
was reported (29,59). In patients undergoing cardiac sur-
gery, an increase of precursors for NAD+ was observed in
their serum and urine accompanied by a decrease of serum
creatinine. In contrast to our expectations, nicotinamide did
not prevent tubular damage in our in vitro rIRI model.
A decrease of LDH activity after nicotinamide treatment
contributed to the interference of nicotinamide with the
assay, as described in the Results section. Follow-up studies
will also help to understand the translatability of this
model to humans better. In this regard, time-lapse imaging
(Figure 6 and Supplemental Video) can be a powerful tool
for monitoring the changes in cellular appearance. We
selected a 12- or 24-hour duration for mimicking the ische-
mic exposure, whereas this duration might be too long to

observe the renoprotective effect of nicotinamide. Further
assay optimization facilitated by such live imaging should
be undertaken to investigate a broader range of various
ischemic conditions and treatments at multiple evaluation
time points.

Endothelium appeared more tolerant of ischemic injury
compared with epithelium, and showed recovery during
reperfusion, independent of the treatment condition (Figures
4 and 6 and Supplemental Figure 3). The ability of both
endothelial and epithelial vessels to recover during reperfu-
sion upon treatment is an interesting phenotypic assay addi-
tion in the search for new protective compounds next to the
more traditional readouts on cell death and viability.

In an earlier study, it was shown that glomerular specific
endothelium is key to mimic specific aspects of the glomer-
ulus, including glomerular-specific ECM components (60).
We therefore expect that the translatability of our model
could be further increased by replacing HUVEC with endo-
thelial kidney cells. Alternatively, induced pluripotent stem
cell-derived cells could be included to study different
genetic backgrounds and predispositions. We also antici-
pate using of urine-derived tubuloids (61) to capture
patient-specific responses to ischemic events.

The current model is sufficiently robust to push forward
to a high-throughput phenotypic screen for finding novel
protective compounds that protect the kidney during ische-
mia and reperfusion. The OrganoPlate platform used in
this study is compatible, next to general laboratory equip-
ment, with high-content (fluorescent) microscopes and
robotics. The 40 chips per plate brings this organ-on-a-chip
model to a level of throughput compatible with screening
larger compound sets. Kane ef al. have already reported
automation of the system for neuronal cultures (62). Impor-
tantly, we showed that we could measure the response to
these effects with various orthogonal assays. This allows
internal hit verification in a single run.
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In conclusion, we successfully expanded our human
renal proximal tubule-on-a-chip to a coculture setting with
endothelial cells. We were able to study the effect of ische-
mic conditions and their role in AKI induction by adjusting
various culture settings (nutrient composition, oxygen ten-
sion, and perfusion flow). We found that ischemic condi-
tions had a strong detrimental effect on the proximal
tubule, but only mildly affected the endothelium. We fur-
thermore confirmed that adenosine had a protective effect.
We thus conclude that we have established a powerful
platform to study AKI in vitro that will prove useful to
advance our understanding of the pathophysiologic nature
of rIRT and support development of novel therapies for pre-
venting AKL
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