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Purpose: Measuring oxygen levels in three different systems of Caco-2 cell culture.
Methods: Caco-2 cells were cultured in three different systems, using conventional polystyrene
24-well plates, special 24-well gas permeable plates, or on membrane inserts in conventional
plates. Optical sensor spots were used to measure dissolved O, levels in these cultured cells over
the course of 6 days under normoxia (143 mmHg) and for 6 hours under hypoxia (7 mmHg).
Western blot analysis was used to determine the protein levels of hypoxia-inducible factor 1o
(HIF-10) in the different cultures.

Results: All culture systems displayed lower O, levels over time than expected when cultured
under normoxia conditions. On average, O, levels reached as low as 25 mmHg in 24-well plates
but remained at 97 and 117 mmHg in gas permeable plates and membrane inserts, respectively.
Under hypoxia, 1 mL cell cultures equilibrated to 7 mmHg O, within the first 60 minutes and
dropped to 0.39 and 0.61 mmHg O, in 24-well and gas permeable plates, respectively, after the
6-hour incubation period. Cultures in membrane inserts did not equilibrate to 7 mmHg by the
end of the 6-hour incubation period, where the lowest O, measurements reached 23.12 mmHg.
Western blots of HIF-1a. protein level in the whole cell lysates of the different Caco-2 cultures
revealed distinct stabilization of HIF-1a: after hypoxic incubation for 1, 2, and 4 hours in 24-well
plates as well as gas permeable plates. For membrane inserts, notable HIF-1o was seen after
4 hours of hypoxic incubation.

Conclusion: Cellular oxygen depletion was achieved in different hypoxic Caco-2 culture
systems. However, different oxygen levels comparing different culture systems indicate that
O, level should be carefully considered in oxygen-dependent experiments.

Keywords: hypoxia, normoxia, epithelial cell culture, hypoxia-inducible factor 1o

Introduction

Oxygen is essential for the survival of most living organisms, since it serves as a key
player in acrobic respiration. The maintenance of homeostatic levels of cellular oxygen
is crucial in order to avoid respiratory distress and oxidative stress.

While the atmospheric oxygen fraction in dry air generally is around 20.9% cor-
responding to 159 mmHg under normal atmospheric pressure, the partial pressure of
oxygen in the body is often much lower, with variations depending on the specific tis-
sue type and developmental stage.! Carreau et al have aptly described three terms that
characterize the different oxygen levels: normoxia that denotes atmospheric oxygen
content, physioxia that signifies biologically sufficient oxygen concentration in tissues,
and “hypoxia” that represents oxygen concentration less than normal, indicating an
oxygen deficit.? In general, hypoxia has a significant effect on human body functions,
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but furthermore it is also involved in the development of
several diseases. For example, it has been shown to modu-
late many conditions including inflammatory bowel disease,
tumors, and cardiovascular diseases.>”

In order to correctly analyze the effect of oxygen
availability on cell function and health, it is imperative to
properly represent the conditions prevailing in vivo. When
performing in vitro experiments, many consider that typical
cell culture conditions, where incubators are provided with
95% air and 5% CO,, yield approximately a fraction of O,
of 19.9% in the incubator.? But it is important to mention
that this calculation does not yet consider the effect of water
vapor saturation with the respective partial pressure, thus,
eventually resulting in oxygen partial pressure (pO,) around
143 mmHg for O,.° Still, these pO, values do not correspond
to the physiological pO, values in tissues. Moreover, in cell
culture systems, cell density and O, consumption of the cells
determine the pO, on the pericellular level.” In this respect
the significance of oxygen measurement in experimental
cell culture protocols becomes clear. For these reasons, we
believe that it is imperative to measure the pO, in classical
cell culture systems. We chose to utilize a technique that
measures pO, by non-invasive oxygen sensors and optical
probes, allowing us to quantify and compare oxygen content
in different experimental settings.

Optical methods for measuring oxygen concentra-
tions in aqueous solutions, or dissolved oxygen, based
on the oxygen-dependent quenching of phosphorescent
probes have long been described and used.® Nowadays,
advances in fiber optics and sensor technologies have
enabled scientists to measure dissolved oxygen using stable
phosphorescent dyes, such as ruthenium chloride, whose
quenching is proportional to the oxygen level in the imme-
diate surroundings.>® Optical oxygen sensor spots can be
attached to the inside of clear vesicles, and when measure-
ments are needed, a polymer optical fiber connected to a
fiber optic oxygen transmitter reads the emitted light and
transmits it to a microprocessor. In this manner, oxygen
is measured non-invasively and is not consumed in the
process (PreSens Precision Sensing GmbH, Regensburg,
Germany). Here we describe the measurement of dissolved
oxygen of cultured Caco-2 cells using the Fibox4 transmit-
ter and immobilized PSt3 sensor spots (PreSens Precision
Sensing GmbH) in different types of cell culture systems
comparing normoxic vs hypoxic conditions. We chose
three types of culture systems: commonly used 24-well
plates, film-bottomed gas permeable 24-well plates, and
membrane inserts suspended over common 24-well plates
(see Materials and methods).

The human intestinal Caco-2 cell line has been exten-
sively used as a cell culture model for the intestinal epithe-
lium since these cells show a spontaneous differentiation into
small intestinal enterocytes.'® This differentiation process,
which begins after 7 days in culture and continues for over
20 days, involves the development of brush-border microvilli,
tight junctions, and the expression of brush-border enzymes
such as sucrase-isomaltase, whose enzyme activities reach
levels observed in the normal small intestine.'*!!

Another factor to consider when culturing cells in different
oxygen conditions is the accumulation of hypoxia-inducible
factor 1 (HIF-1). HIF-1 is a transcription factor consisting
of two subunits: the oxygen regulated o~ and a constitutively
expressed B-subunits.'>'* HIF-10, protein is a global regulator
of the energy homeostasis, and cellular adaptation to hypoxia
and its stability are tightly regulated by the cellular oxygen
concentration. It accumulates under hypoxic conditions and is
quickly degraded by ubiquitination and subsequent proteasomal
degradation under normoxia." The degradation of HIF-1o
under normoxic conditions is regulated by oxygen- and iron-
dependent prolyl hydroxylases.'*!* Under hypoxic conditions,
HIF-1a rapidly accumulates due to the interruption of its
degradation pathway by inhibition of the oxygen- and iron-
dependent hydroxylation.!® The heterodimeric transcription
factor (HIF-1) is then formed subsequently leading to binding
of HIF to specific HIF binding sites within DNA regulatory
hypoxia responsive elements.!” HIF binding regulates the
transcription of target genes that encode erythropoietin, glucose
transporters (Glut), glycolytic enzymes, antimicrobial factors,
and the angiogenic vascular endothelial growth factor, among
many others.'™'® Therefore, oxygen depletion at the cellular
level can be accurately sensed and a subsequent response is
initiated, leading to various transcriptional and posttranslational
changes."” Furthermore, HIF-1a accumulation can be used
as marker for the cellular molecular response in situations of
oxygen limitation within the cells. This study aims to determine
oxygen levels and protein levels of HIF-1o in three different
systems of Caco-2 cell culture: conventional polystyrene
24-well plates dishes, special 24-well gas permeable plates, or
membrane inserts in conventional plates.

Materials and methods

Cell lines

Ethics approval was not sought since in the project a com-
mercially available human epithelial colorectal adenocar-
cinoma, Caco-2, cell line (ATCC® HTB-37™) was used
in this study.?® Cells were maintained in high glucose
(4.5 g/L) Dulbecco’s Modified Eagle’s Medium (Sigma-
Aldrich Co, St Louis, MO, USA), supplemented with 10%
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heat-inactivated fetal calf serum (Thermo Fisher Scientific,
Waltham, MA, USA), and 50 U/mL penicillin, and 50 pg/mL
streptomycin (Sigma-Aldrich Co). The culture medium was
changed in all experiments on days 2, 4, and 5 postconflu-
ency, 1 mL in 24-well and gas permeable plates, 0.2 mL in
the upper chamber of membrane inserts, and 0.5 mL in the
lower one. Caco-2 cells were seeded at 1.54x10* cells in 1
mL medium per well in both 24-well plates (growth area 1.82
cm?, Sarstedt AG and Co, Niimbrecht, Germany) and 24-well
fluorocarbon film-bottom gas permeable plates (growth area
1.37 cm?, Coy Laboratory Products, Grass Lake, MI, USA).
Alternatively, Caco-2 cells were seeded at 8x10? cells in
0.2 mL media on 0.4 um pore polyethylene terephthalate
membrane inserts (growth area 0.33 cm?, Greiner Bio-One
GmbH, Frickenhausen, Germany) suspended over 24-well
plates (Sarstedt AG and Co) filled with 0.5 mL media. In
order to minimize the edge effect, cells were seeded in only
four wells per plate, positioned in the center of the plate, as
shown in Figure S1.

The passages of Caco-2 cell line ranged from 20 to 33.
Final cell concentration was determined using a Neubauer
hemocytometer, and cell viability was evaluated using 0.4%
trypan blue exclusion dye.

Fibox4-PSt3 measurement system

The optical oxygen sensor spots, PSt3, with an area of
3.14 mm? (PreSens Precision Sensing GmbH) were affixed to
the inner surface of the well bottoms in 24-well clear plastic
plates or of clear bottomed gas permeable plates using the
manufacturer-provided silicone gel SG1 (RS Components
Ltd, Corby, UK). The PSt3 sensor spot has a red side (back)
and a black side (front), with the red side facing the vessel
wall. A conventional two-point calibration of sensor spots,
using atmospheric and 0% oxygen conditions as calibration
points, was performed, per the manufacturer’s instructions.
For measurements, a coaster dual for shaking and spinner
flasks (CFG-Dual-L 2.5; PreSens Precision Sensing GmbH)
connected to the fiber optic oxygen transmitter, Fibox4
(PreSens Precision Sensing GmbH), was placed under the
culture plates, directly underneath the sensor spot, with no
air gap. The coaster was moved from one well to another in
order to collect the corresponding readings. Collected data
points were analyzed using Excel (Microsoft Corporation,
Redmond, WA, USA) and GraphPad Prism (6.0d; GraphPad
Software, Inc., La Jolla, CA, USA).

Real-time oxygen measurements
Dissolved oxygen levels were measured in media in
24-well plates, gas permeable plates, as well as in the

membrane inserts as follows: 1 mL Dulbecco’s Modi-
fied Eagle’s Medium in wells of 24- and gas permeable
plates, 0.5 mL in bottom chamber, and 0.2 mL in top
chamber of inserts. Medium was measured for 6 hours at
30-minute intervals at normoxia in a CO, incubator with
the conditions of 37°C, 5% CO, in water saturated air or
at hypoxia in an oxygen control hypoxia glove box (Coy
Laboratory Products) at 37°C, 1% O,, and 5% CO, in a
humidified (100%) incubation chamber within the glove
box. All hypoxic measurements were performed inside
the hypoxia glove box.

Caco-2 cells were grown at normoxia until day 6 post-
confluency. Monolayers developed around the affixed sensor
spots in the wells. Real-time O, measurements were per-
formed daily using Fibox4 transmitter, and triplicate readings
were taken for each well. The first measurements were taken
when cell cultures reached 100% confluency, designated as
day 0. All subsequent measurements were taken on day 1
until day 6 postconfluency. At day 6, medium was changed
under normoxia, and cells were either left at normoxia or
transferred to hypoxia. Subsequent measurements were taken
for 6 hours every 30 minutes, under normoxia and hypoxia,
using equilibrated or non-equilibrated media for the latter
incubation. All displayed measurements are of pO, are given
in mmHg.

Data collection

The following procedure for sensor readings was applied:
At every reading point, each well was measured three times,
by moving the CFG away from the sensor then moving back
beneath the well. For all media-only measurements, four
separate wells each were used for each of the culture sys-
tems, resulting in 12 values (for each plate type) that were
averaged.

For the normoxic 6-day measurements, 12 separate wells
each were used for conventional 24-well plates, resulting
in 36 values that were averaged. For gas permeable plates,
four separate wells each were used, resulting in 12 values
that were averaged. For membrane inserts, six separate wells
were used, resulting in 18 values that were averaged. These
were all performed in two independent experiments, referred
to as samples 1 and 2.

The normoxic vs hypoxic 6-hour measurements for
24-well plates were obtained from the mean of triplicate
readings from each of eight separate wells at normoxia
(n=24, mean + SEM) and 12 separate wells at hypoxia
with non-equilibrated media (n=36, mean + SEM) and
four separate wells at hypoxia with equilibrated media
(n=12, mean + SEM). Measurements for gas permeable
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plates and membrane inserts were obtained from the mean
of triplicate readings from each of four separate wells at
normoxia (n=12, mean + SEM) and eight separate wells for
hypoxia with non-equilibrated media (n=24, mean + SEM)
and four separate wells at hypoxia with equilibrated media
(n=12, mean = SEM).

Whole cell lysis and HIF-1o
Western blots

Whole-cell extracts were obtained from Caco-2 cells grown in
the conventional 24-well plates or in the gas permeable plates
for 7 days postconfluency. At day 7, they were either left under
normoxia or placed under hypoxia, and lysates were obtained
at time points 1, 2, and 4 hours postincubation. Cell superna-
tants were removed from the wells, and cells were scraped into
200 pL of lysis buffer (0.1% Nonidet P40, 300 mM NaCl, 10
mM Tris pH 7.9, | mM ethylenediaminetetraacetic acid in
phosphate-buffered saline) with protease inhibitor cocktail
(antipain dihydrochloride 1.48 puM, pepstatin A 1.46 uM,
leupeptin 10.51 uM, aprotinin 0.768 UM, trypsin inhibi-
tors 50 wg/mL, and phenylmethanesulfonyl fluoride 1 mM;
Sigma-Aldrich Co) and were then centrifuged at 17,000x
g at 4°C for 10 minutes in a microcentrifuge and superna-
tants including cellular proteins were collected and frozen
at —20°C until use. Hypoxic samples were lysed inside the
hypoxia chamber.

Oxygen levels in media

pO, (mmHg)
8

Equal protein amounts (30 pg for 24-well and gas per-
meable samples, 12 g for membrane inserts) of total cell
lysates from each sample were denatured in boiling Laemmli
buffer + 50 mM dithiothreitol for 5 minutes. Samples were
then subjected to 7.5% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and transferred onto a nitrocel-
Iulose membrane (Bio Trace NT Membrane, Pall Gelman
Laboratory, Ann Arbor, MI, USA). HIF-1a was detected
with a purified mouse anti-human HIF-1a antibody (BD
Transduction Laboratories, BD, Franklin Lakes, NJ, USA).
Alpha-tubulin (Santa Cruz Biotechnology Inc., Dallas, TX,
USA) served as loading control.

Results
Measuring dissolved oxygen

in media alone

Dissolved oxygen levels were measured in media in 24-well
plates, gas permeable plates, as well as in the membrane
inserts over the course of 6 hours at 30-minute intervals at
one of two conditions: normoxia (143 mmHg O,) or hypoxia
(7 mmHg O,). As can be seen in Figure 1, measurements
of media under normoxia are relatively similar in the three
culture systems. The pO, of the media starts at 151, 151,
and 152 mmHg, then drops within the first 30 minutes to
140, 134, and 139 mmHg in 24-well plates, gas permeable
plates, and membrane inserts, respectively (Figure 1). The

=-o= 24-well normoxic

=o- 24-well hypoxic

-+ Gas permeable normoxic
-+ Gas permeable hypoxic
-~ Membrane insert normoxic
=#= Membrane insert hypoxic

e

7,42mmHg18'.........‘. ............. TR

SR SRR IR IR ISR SRR SRS S

Time (minutes)

Figure | Oxygen levels in media.

Notes: Dissolved oxygen levels in Caco-2 culture media, DMEM, were monitored for 24 hours under normoxia or hypoxia in 24-well plates, gas permeable plates, or
membrane inserts suspended above 24-well plates. Under normoxia, oxygen levels were relatively constant after the media equilibrated to tissue culture environment and
remained similar over 24 hours in all three setups. Under hypoxia, gas permeable plates show the most rapid drop in oxygen by 30 minutes, while 24-well plates showed
a less severe drop within 60 minutes and membrane inserts showed a slow, steady decrease over time. The media do not reach 7 mmHg by 6 hours in any of the culture
systems. Plotted values represent mean + SEM. All displayed measurements are of pO, and are given in mmHg.

Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; mmHg, millimeters of mercury; pO,, oxygen partial pressure; SEM, standard error of the mean.
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pO, then shows a slight drop but remains relatively stable
for 24 hours in all systems under normoxia, ranging between
125 and 132 mmHg. Under hypoxia, the pO, of the media
starts similarly at 153, 151, and 154 mmHg. After 30 minutes,
a distinct difference is seen in the culture systems with pO,
values of 86, 21, and 102 mmHg in 24-well plates, gas
permeable plates, and membrane inserts, respectively. The
medium does not reach 7 mmHg by 6 hours in any of the
culture systems, with pO, values of 14, 9, and 23 mmHg in
24-well plates, gas permeable plates, and membrane inserts,
respectively. After 24 hours under hypoxia, the medium
reached the following pO, values 7.9, 7.8, and 8.2 mmHg in
24-well plates, gas permeable plates, and membrane inserts,
respectively.

Oxygen levels during 6 days of Caco-2 culture
Caco-2 cells were seeded and incubated under normal cell
culture conditions until 100% confluency was reached,
designated as day 0. Then, we measured dissolved oxygen
levels in Caco-2 cell cultures over the course of the next
6 days. Measurements were taken every morning for each
well. The culture medium was replaced on days 2, 4, and
5 postconfluency, and oxygen was measured before and
after medium change. Thus, peaks in oxygen levels coincide
with these media changes. Figure 2 shows the oxygen levels
during 6 days of Caco-2 culture in tissue culture incubator
conditions, ie, at 143 mmHg O,. We found that pO, levels in
regular 24-well plates, under normoxic conditions, diminished
substantially over the course of 6 days and reached as low
as 22 mmHg at day 6 in culture (Figure 2A and B). Caco-2
cells cultured in gas permeable plates show a slight decrease
in oxygen levels over the culture period at 143 mmHg O,
exposure, not dropping below 86 mmHg (Figure 2C and D).
Finally, cells grown on membrane inserts showed an initial
drop in oxygen levels in the first days; however, levels were
somewhat sustained at around 113 mmHg for the remainder
of the culture period (Figure 2E and F).

By day 6-postconfluency, oxygen levels had already
reached 22 and 27 mmHg, respectively, in regular 24-well
plates. While confluent cells do not actively proliferate,
it is known that after reaching confluency, Caco-2 cells
begin to exhibit, besides morphological differentiation,
functional differentiation in the form of domed structures
that form quite rapidly and persist for a number of days
before decreasing in size.*! These domes, or hemicysts, are
involved in vectorial ion transport and result in an uneven,
dense topography.'®?! The presence of these domes on top of
the monolayer may limit adequate oxygen supply; however,

the extent of oxygen deprivation that resulted after 6 days
in culture is quite substantial. This means that when cells
are grown in conventional cell culture conditions, within
1 day after seeding, they are being inadvertently subjected
to a hypoxic environment. Measurements of oxygen lev-
els in Caco-2 for 72 hours after seeding are provided in
Figure S2. These results are in accordance with what has
been previously published in other cell cultures.”?? If we
take a look at the cells cultured in gas permeable plates
that, as their name suggests, allow the gasses to diffuse into
the wells, we see that at day 6, even with the slight restric-
tion of gas diffusion at the site of the sensor, the dissolved
oxygen levels are 86 and 108 mmHg, respectively. While
this is still lower than the atmospheric conditions, the level
of oxygenation can still be considered high as compared
with the normal plates traditionally used in culture. Finally,
cells cultured on membrane inserts show rather constant and
relatively high oxygen levels, even after 6 days in culture
(113 and 114 mmHg, respectively). It is important to reiterate
here that the oxygen sensor is placed at the bottom of the well
and not on the membrane insert itself, since that is techni-
cally not feasible. Therefore, a direct correlation between
the O, levels in the suspended inserts and the measured O,
levels in the well cannot be made. However, culturing Caco-2
cells as monolayers on membrane inserts is a frequently used
method, especially when measuring transepithelial electric
resistance. Therefore, considerations need to be made when
performing oxygen-related experiments with each of those
culture systems.

Oxygen levels within a period of 6 hours
under normoxic condition compared

with hypoxic condition

In a further step, Caco-2 cells after 6 days in culture were
placed under one of two conditions: normoxia or hypoxia.
And measurements were taken at several time points over
6 hours. Medium was changed directly before returning to
normoxia or transfer into the hypoxia chamber. As an addi-
tional condition under hypoxia, either fresh, non-equilibrated
media or hypoxic equilibrated media were added to the cells
and measured over the course of 6 hours in the three culture
systems. The dissolved oxygen levels in equilibrated media
in the different culture systems were measured and are
displayed in Figure S3. The pO, of the media in the flask
was measured as 7.8 mmHg after 48-hours incubation in
the hypoxia chamber. For all systems, pO, was measured
before and after the media change (all hypoxic readings were
performed in the hypoxia chamber).
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Figure 2 Oxygen levels during 6 days of Caco-2 culture.
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F Confluent Caco-2:
130 - membrane inserts sample 2
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Notes: Caco-2 cells were cultured in different vessels under normoxia, and the dissolved oxygen was measured daily for 6 days. The first measurements were taken when
cell cultures reached 100% confluency, designated as day 0. All subsequent measurements are displayed as days postconfluency. After days 2, 4, and 5, medium was changed
in each of the wells, portrayed in the graph by a peak in oxygen levels. Measurements were plotted from two independent experimental samples from 24-well plate cultures
(A and B), film-bottom gas permeable plate cultures (C and D), and cultures on membrane inserts suspended over 24-well plates (E and F). Plotted values represent mean +

SEM. All displayed measurements are of pO, and are given in mmHg.

Abbreviations: mmHg, millimeters of mercury; pO,, oxygen partial pressure; SEM, standard error of the mean.

Oxygen levels in 24-well plate cultures in normoxia
show a drastic drop between time point 0 minute, when
fresh medium was added (107 mmHg), and time point
360 minutes (25 mmHg). Cells cultured under hypoxia with
non-equilibrated media reached 5.6 mmHg O, within the
first 60 minutes and finally reached 0.38 mmHg at the end
of the culture period (Figure 3A). Furthermore, cells with
equilibrated media showed a pO, of less than 1 mmHg only
after 30 minutes and finally reached a value of 0 mmHg at

the end of the 6-hour incubation (Figure 3A). Cells cultured
in gas permeable plates under normoxia showed relatively
stable levels of dissolved oxygen, with only a slight initial
drop after the first 60 minutes (Figure 3B). Cells cultured
under hypoxia with non-equilibrated media reached 2.5
mmHg O, within the first 60 minutes and finally reached
0.4 mmHg at the end of the culture period (Figure 3B).
Furthermore, cells with equilibrated media showed a pO,
of 0.14 mmHg only after 30 minutes and finally reached
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Figure 3 Oxygen levels within 6 hours under normoxic or hypoxic conditions.

B Day 6-postconfluent Caco-2
130 gas permeable plates
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D Day 6-postconfluent Caco-2 & Hypoxic 6 hours
140 oxygen levels after 0 and 6 hours Equilibrated 0 hour
130 Equilibrated 6 hours

110
100
90
80
0

pO, (mmHg)

24-well
plates

Membrane
inserts

Gas permeable
plates

Notes: Caco-2 cells cultured in different vessels were placed, at day 6 postconfluency, under normoxia or hypoxia and the dissolved oxygen was measured over the course
of 6 hours. Hypoxic incubation also included equilibrated and non-equilibrated media. Measurements were averaged from two independent samples from (A) 24-well plate
cultures, (B) film-bottom gas permeable plate cultures, and (C) cultures on membrane inserts suspended over 24-well plates. (D) A summary of the start and end point
readings shows that while equilibrated media reflects lower pO, values in 24-well and gas permeable plate cultures, it does not affect the cultures grown on membrane inserts
substantially. Plotted values represent mean + SEM. All displayed measurements are of pO, and are given in mmHg.

Abbreviations: mmHg, millimeters of mercury; pO,, oxygen partial pressure; SEM, standard error of the mean.

a value of 0 mmHg at the end of the 6-hour incuba-
tion. Finally, cells cultured on membrane inserts showed
relatively stable levels of oxygen throughout the 6-hour
period under normoxia, not dropping below 123 mmHg
O,. Under hypoxia, the oxygen levels in non-equilibrated
media showed a slow decline without equilibrating to the
7 mmHg O, condition found within the chamber (Figure
3C). Even by the end of the 6-hour incubation period, the
lowest measurements barely reached 20 mmHg. Hypoxic
cells treated with equilibrated media (in both top and bottom
chambers) show an initial increase in pO,, comparable to
that seen in media alone, that reached 37 mmHg after 60
minutes (Figure 3C). A steady decrease followed, finally
reaching a pO, of 14 mmHg. Equilibrated media did not
reflect the actual pO, of 7.8 mmHg when placed in 24-well
plates or membrane inserts, a fact also observed in media-
only readings (Figure S3).

Figure 3D summarizes the oxygen levels at normoxia or

hypoxia at the start (7)) and end (z,,,

culture condition, respectively. The measurement taken at

) time points for each

0 minute, immediately after change of the medium and upon
placement at the corresponding oxygen condition, revealed
expectedly normoxic oxygen levels. However, at the end of
incubation time after 360 minutes, the oxygen levels in the
different culture systems distinctly differed. Under normoxia,
the 24-well plate cultures show very low levels, whereas the
gas permeable and membrane insert cultures both exhibited
relatively high and reasonably physiological oxygen levels.
Under hypoxia, the 24-well plate culture as well as the gas
permeable culture show precariously low oxygen levels that
most likely take into account the surrounding oxygen environ-
ment as well the cellular oxygen consumption. The membrane
insert cultures show endpoint oxygen levels that do not
even convey the actual hypoxic condition established in
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the hypoxia chamber. In addition, it is apparent that while
equilibrated media reflects lower pO, values in 24-well and
gas permeable plate cultures, it does not affect the cultures
grown on membrane inserts substantially.

Cellular hypoxia and HIF-lo

accumulation

In order to assess whether the measured pO, reflected actual
cellular conditions, we performed Western blots to detect
protein levels of HIF-1a in whole cell lysates. Caco-2 cells
were grown in the exact manner as for the oxygen measure-
ments, including the sensor spot at the bottom of the wells.
Lysates were collected after 1, 2, and 4 hours under normoxia
(143 mmHg O,) or hypoxia (7 mmHg O,). In all normoxic
samples, no HIF-1o protein was detectable in any of the
culture systems (Figure 4). Under hypoxia, HIF-1o bands
were visible in lysates obtained from 24-well plates as well
as lysates from gas permeable plates, at all three time points.
Western blots of membrane inserts show a slight accumula-
tion of HIF-1a. protein in cells after 2 hours under hypoxia
and a more substantial accumulation after 4 hours (Figure 4).
We showed in Figure 3 that after 2 and 4 hours under hypoxia,

the pO, values in membrane inserts are 50 and 34 mmHg,
respectively. A cell-specific time- and severity-dependent
HIF activation has been shown in previous studies, and pro-
tein stabilization of HIF-1o can occur after exposure of cells
to pO, of up to 45 mmHg with maximal protein accumulation
at 7 mmHg.?*?* This indicates a degree of cellular hypoxia
that allows for a cessation of HIF-10. proteasomal degrada-
tion and its subsequent accumulation within the cells.

Discussion

Performing in vitro experiments under typical cell culture
conditions yields approximately 139.5 mmHg (18.8%) O, in
an incubator. However, this may not accurately represent the
physiological oxygen content as found in tissues. Therefore,
we performed measurements on Caco-2 cells cultured in the
different culture systems, primarily to quantify the oxygen
levels found at different phases of cell culture and to identify
the degree of hypoxia that is found in commonly used cell
culture conditions. Furthermore, these measurements shed
some light on the different culture systems and the degree
at which the culture medium reflected the conditions set in
the external incubation environment. We chose to utilize a

A

24-well Gas permeable
Normoxic Hypoxic Normoxic Hypoxic
1 2 4 1 2 4 1 2 4 1 2 4 h
130 kDa — e 5 - W .‘ - ey HIF-1a
T W v— w— — w— w— w— — o-tubulin
S— — .
Membrane inserts
B Normoxic Hypoxic Hypoxic Hypoxic
1 2 4 1 hour 2 hours 4 hours
- :
130kDa—| @ = = -
| " e - HIF-10.
- il
.M o-tubulin

Figure 4 Detection of HIF-10. protein levels at time points |, 2, and 4 hours under

normoxia or hypoxia.

Notes: Western blotting was performed in order to determine protein levels of accumulated HIF-1q: in the different samples. Lysates from cells grown in 24-well or gas
permeable plates (A) show significant HIF- 1o accumulation after hypoxic incubation for |, 2, and 4 hours as can be seen by the band at around 120 kDa. Cells grown on
membrane inserts (B) show slight HIF-10. accumulation after 2 hours and an increased accumulation after 4 hours. Alpha-tubulin was used as a loading control. The images are

representative blots from one of three independent experiments for lysates from cell
in the Western blot from cells grown on membrane inserts at each time point.
Abbreviations: HIF- 10, hypoxia-inducible factor | h, hour; kDa, kilo Dalton.

s grown in 24-well and gas permeable plates. Three independent repeats are represented
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technique that measures pO, by non-invasive oxygen sensors
and optical probes, the Fibox4-PSt3 measurement system,
which was allowing us to quantify and compare oxygen con-
tent in different experimental settings by minimizing inherent
sensor geometry and/or sensor diffusion limitations.

Daily measurements enabled us to determine the actual
oxygen concentration in the media over the course of culture.
Additionally, the readings allowed us to compare the different
systems used to culture these cells. Our results indicate that
cells cultured in commonly used 24-well culture plates show
decreased levels of dissolved oxygen, mostly due to cell pro-
liferation in the early time points, or due to overcrowding and
dome formation at the later time points. On the other hand,
film-bottomed, gas permeable plates seem to most closely
reflect the oxygen environment in which they were incubated
and took the shortest time to adjust to the oxygen content in
the hypoxia chamber. Finally, membrane inserts certainly
provide a good framework for studying epithelial monolay-
ers and epithelial barrier function; however, according to our
method of measurement, they do not seem to equilibrate to
the administered oxygen conditions. As explained above, it
has to be mentioned again that the oxygen sensors were not
placed into the same chamber as the cells, but well below
them. Therefore, these measurements may not reflect an
accurate portrayal of the pericellular conditions.

This comparison of the different culture systems under
hypoxia vs normoxia allows us to summarize the following
facts: while regular 24-well culture plates are cheaper
and more ecasily commercially available, gas permeable
plates provide a more advantageous method for culturing
cells during oxygen-dependent experiments by enabling
efficient gas exchange. When working under normal cell
culture conditions, this observation can be viewed from two
perspectives. On one hand, the resulting lower oxygen levels
in conventional 24-well plates can more closely reflect the
physiological conditions that actually exist in vivo. On the
other hand, when performing oxygen-related experiments, the
normoxic control should preferably reflect the defined oxygen
conditions in the surroundings as seen with gas permeable
plates. Furthermore, incubation of the cells under 7 mmHg
O, also gave us an indication that cells in culture possibly
adapt to some extent to the lower levels and that dissolved
oxygen levels showed a relatively mild drop as compared
with those levels analyzed under normal culture conditions.
These results correlate well with various studies showing
that cellular energy metabolism is not solely dependent on
the oxygen tension. The work of Warburg and Kubowitz?
laid the foundation for the independence of microbial cell

respiration from the surrounding oxygen concentration until
very low values were reached. This was later relegated to cells
of higher organisms by suggesting that several mitochondrial
regulatory parameters adjust to maintain a constant rate of
adenosine triphosphate synthesis, regardless of the concen-
tration of available oxygen.? Furthermore, the phenomenon
of aerobic glycolysis (Warburg effect) is described as the
ability of tumor cells to repress oxidative metabolism even
in the availability of oxygen.”” This ability for enhanced
tumor survival in adverse conditions was also attributed to
non-tumor cells.?® Nowadays, it is believed that cells have
the ability to switch between metabolic pathways in order to
regulate their energy generation.” A short-term adaptation
mechanism, known as the Crabtree effect, is the reversible
glucose-induced suppression of cellular respiration and oxi-
dative phosphorylation.* Eventually, regardless of the bioen-
ergetic pathway used, a correlation exists between dissolved
oxygen levels and cellular utilization rates. In fact, several
studies have been performed in order to correlate pericellular
oxygen levels with the oxygen consumption rate of cells.
It has been recognized that under static culture conditions,
where the oxygenation of a cell monolayer occurs purely
by diffusion, Fick’s law can be used to draw a relationship
between oxygen consumption rate and the dissolved oxygen
concentration.”?*! This relationship relies heavily on several
factors, including the oxygen consumption rate, the depth
of the media above the cells, the diffusion rate of the gas in
question, and the oxygen concentration gradient.”?>*! In fact,
there have been attempts to develop mathematical algorithms
in order to simplify calculation of oxygen utilization rate
at a single cell basis, which takes into account the oxygen
consumption rate as well as the cell number and cell type.*
Thus, is it logical to expect differences in dissolved pericel-
lular oxygen levels and therefore oxygen consumption rates
in different cell types, between adherent and suspension cells
as well as between and primary and immortalized, cancer
cell lines. We understand that while our data are not the first
of their kind to be reported, we find that Caco-2 cell specific
information is fundamental to our work as well as to others,
especially in the scope of hypoxic experimentation.

The cellular response to oxygen is a central process in
animal cells and figures prominently in the pathophysiology
of several diseases, including cancer, cardiovascular disease,
and stroke.>333* Several genes involved in cellular differen-
tiation are directly or indirectly regulated by hypoxia, and
this process is coordinated by the hypoxia-inducible factor,
HIF-1, a transcription factor that activates genes encoding
proteins that participate in homeostatic responses to lack
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of oxygenation.'*!” We were able to show, through Western
blots, that HIF-1o. accumulated in the hypoxic incubated
wells after 1, 2, and 4 hours for 24-well and gas permeable
plates and after 4 hours for membrane inserts. HIF is com-
monly expressed at high levels in cancer cells and leads to the
induction of, among many other target genes, those involved
in anaerobic metabolism such as the Glut-1 and 3 and genes
encoding glycolytic enzymes.'>*>3¢ Hypoxia and the ensuing
stabilization of HIF-1o. will have a critical effect on the rate
of glucose utilization and also influence oxygen consumption
by decreasing mitochondrial oxygen consumption, resulting
in an increase in intracellular oxygen levels.’” Commonly
used tissue culture media, such as the media recommended
for Caco-2 cells, contain 25 mM glucose. Caco-2 cells will
display typical enterocytic differentiation characteristics in
the presence of such a high amount of glucose.!**® In com-
parison to other cell types, differentiated Caco-2 cells exhibit
relatively low glucose consumption rates and rather high gly-
cogen content.*” In light of the previous points of discussion,
it is crucial to consider that there exists a cycle where low
levels of dissolved oxygen are responsible for altered oxygen
consumption rates and alternative metabolic pathways as well
as the stabilization of HIF-1a that increases glucose transport
and somewhat recovers the intracellular oxygen.

Therefore, when studying the effects of hypoxia on cellu-
lar mechanisms in an in vitro model, it is especially important
to differentiate between the experimentally induced hypoxia
and the inadvertently caused lack of oxygenation based on
oxygen consumption in a cell culture system that is consid-
ered as a normoxic control.
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Real-time oxygen measurements

Under hypoxia, fresh, non-equilibrated media as well as hypoxic
equilibrated media were measured. As an additional control, we
measured oxygen levels in membrane inserts with equilibrated
media added to the “apical” side, in the top chamber vs equili-
brated media added to the “basal” side, in the well, beneath
the insert. To equilibrate media, 50 mL Dulbecco’s Modified
Eagle’s Medium were placed in a 500 mL Erlenmeyer flask
and stirred constantly for 48 hours. Final pO, of the media was
measured using a sensor spot placed in the flask. All hypoxic
measurements were performed inside the hypoxia glove box.
For oxygen measurements in sub-confluent Caco-2 cultures,

cells were seeded and placed under normoxia or hypoxia, and
readings were performed at time of seeding and the following
time points: 6, 24, 30, 48, 54, and 72 hours later.

Data collection

For equilibrated media measurements, four separate wells
each were used for each of the culture systems, resulting
in 12 values (for each plate type) that were averaged. For
72-hour Caco-2 measurements, four separate wells were
used for each of the normoxic and hypoxic readings in
the conventional 24-well plates, gas permeable plates, and
membrane inserts. This resulted in 12 values (for each plate
type) that were averaged.

0000]
0000
0000;
0900}
D000;
D000;

Figure S| Caco-2 culture schematic.

Notes: PSt3 sensor spots were affixed to the bottom of wells using silicon glue SGI and were allowed to dry for 24 hours. Caco-2 cells were seeded at 1.54x10* cells in |
mL medium per well in both 24-well plates and 24-well gas permeable plates. Alternatively, Caco-2 cells were seeded at 8x10? cells in 0.2 mL media on membrane inserts
suspended over 24-well plates filled with 0.5 mL media. In order to minimize the edge effect, cells were seeded in only four wells per plate, positioned in the center of the

plate. Wells without cells were filled with | mL media.
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Figure S2 Oxygen levels in Caco-2 cells over 72 hours after seeding.

Notes: Caco-2 cells were seeded in the three culture systems, incubated under normoxia or hypoxia, and dissolved oxygen levels were measured twice a day for 3 days
with no media change. (A) Measurements of cells in 24-well plates. (B) Measurements of cells in gas permeable plates. (C) Measurements of cells on membrane inserts.
(D) Measurements from the two independent experimental samples were averaged and plotted to compare the oxygen levels after 24 hours of sub-confluent cells with the
media control for each of the three culture methods. As can be seen, cells in 24-well plates under normoxia show much lower pO2 values than those found in the media,
whereas in gas permeable and membrane insert cultures, these appear similar. Under hypoxia, cells in 24-well and gas permeable plates show much lower pO, values than
their respective media controls, whereas membrane insert cultures show pO, levels comparable to the media alone. It should be noted that these cultures reached 100%
confluency between 34 and 48 hours after seeding. All displayed measurements are of pO, and are given in mmHg.

Abbreviations: mmHg, millimeters of mercury; pO,, oxygen partial pressure.
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Figure S3 Oxygen levels in equilibrated and non-equilibrated media under hypoxia.
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Notes: Dissolved oxygen levels in Caco-2 culture media, DMEM, were monitored for 24 hours under hypoxia in 24-well plates, gas permeable plates, or membrane inserts
suspended above 24-well plates. Two types of media were used: fresh, non-equilibrated media or media that was equilibrated under hypoxia for 48 hours. (A) Equilibrated
media in 24-well plates shows an initial increase in pO, followed by a steady decrease. (B) In gas permeable plates, equilibrated media remains stable. (C) Suspended
membrane inserts also show an initial increase pO, of equilibrated media before slowly decreasing again. (D) When equilibrated media is added to the bottom side of
membrane inserts, a similar trend is seen to that of 24-well plates. When equilibrated media is added to the top side, the initial increase is absent and the pO, decrease is
more rapid. The media do not reach 7 mmHg by 6 hours in any of the culture systems, although it comes close in gas permeable plates. Plotted values represent mean + SEM.
All displayed measurements are of pO, and are given in mmHg.
Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; mmHg, millimeters of mercury; pO,, oxygen partial pressure; SEM, standard error of the mean.
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