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A B S T R A C T

In vivo, mammalian cells reside in an environment of 0.5–10% O2 (depending on the tissue location within the body), whilst standard in vitro cell culture is carried out
under room air. Little is known about the eﬀects of this hyperoxic environment on treatment-induced oxidative stress, relative to a physiological oxygen environment. In the present study we investigated the eﬀects of long-term culture under hyperoxia (air) on photodynamic treatment. Upon photodynamic irradiation, cells
which had been cultured long-term under hyperoxia generated higher concentrations of mitochondrial reactive oxygen species, compared with cells in a physioxic
(2% O2) environment. However, there was no signiﬁcant diﬀerence in viability between hyperoxic and physioxic cells. The expression of genes encoding key redox
homeostasis proteins and the activity of key antioxidant enzymes was signiﬁcantly higher after the long-term culture of hyperoxic cells compared with physioxic
cells. The induction of antioxidant genes and increased antioxidant enzyme activity appear to contribute to the development of a phenotype that is resistant to
oxidative stress-induced cellular damage and death when using standard cell culture conditions. The results from experiments using selective inhibitors suggested
that the thioredoxin antioxidant system contributes to this phenotype. To avoid artefactual results, in vitro cellular responses should be studied in mammalian cells
that have been cultured under physioxia. This investigation provides new insights into the eﬀects of physioxic cell culture on a model of a clinically relevant
photodynamic treatment and the associated cellular pathways.

1. Introduction
The culture of primary and immortalized mammalian cells is widely
employed to identify novel treatment targets for human disease and to
establish the bioactivities of novel compounds during the early stages of
drug development, prior to experimentation in vivo. Mammalian cell
culture is normally carried out under humidiﬁed air supplemented with
5% CO2, resulting in an environment containing approximately 18.6%
O2 [1,2]. In contrast, most cells in healthy human tissues reside in an
environment of physiological O2 (physioxia) ranging from about
0.5–10% (with clear exceptions, such as the lung epithelium) depending on location and proximity to the vasculature [3]. Despite this,
in vitro investigations of cellular responses to biological stresses or
therapeutic compounds give limited consideration to the eﬀects of the
long-term culture of cells in a hyperoxic environment. Consideration of
such eﬀects is important when attempting to extrapolate from in vitro
ﬁndings to models of health and disease in vivo.
There is extensive literature on the eﬀects of O2 concentration on
the eﬃcacy of drug and radiation treatments in cancer cell killing, both

⁎

in vivo and in vitro [4–9]. However, most studies have characterized
these eﬀects in vitro in cells that have been cultured, long-term, in a
hyperoxic environment (i.e. air) with subsequent short-term exposure to
diﬀerent O2 concentrations during various treatments (drugs, photodynamic irradiation, hypoxia-reperfusion, etc.) [4,5,7,9–12]. The consequences of long-term exposure to hyperoxic or physioxic environments on the subsequent cell killing eﬀects of cancer treatments (e.g.
gamma irradiation or photodynamic therapy), are still poorly deﬁned.
Protoporphyrin IX (PpIX)-based photodynamic therapy is a common
clinical treatment for non-melanoma skin cancers and precancers [13]
which uses the natural photosensitive properties of PpIX to induce
oxidative stress in targeted skin cells when activated by irradiation with
red light (λmax 635 nm) [14]. Non-melanoma skin cancers are the most
common form of cancers diagnosed annually in the western world and,
despite low mortality, the associated high morbidity [15] provides a
signiﬁcant incentive to identify improved, cosmetically acceptable
treatments. Previous studies have considered the eﬀects of hypoxia on
the outcome of photodynamic therapies [5,16], although these were
limited in their scope and did not attempt to recapitulate the O2
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Fig. 1. The eﬀects of physioxia and hyperoxia on MAL-induced PpIX accumulation and photo-generated reactive oxygen species in A431 cells. (A) A431
cells were subjected to diﬀerent treatment protocols under conditions of “physioxia” (2% O2), “hyperoxia” (air) or “physioxia + temporary hyperoxia” (2% O2+ 1 h
air). Arrows indicate the O2 concentration during irradiation. (B) Protoporphyrin IX (PpIX) accumulation was measured following treatment (3 h) with 1 mM MAL
under each O2 condition (n = 6). PpIX ﬂuorescence in treated cells was corrected by subtracting each condition's corresponding untreated (control) ﬂuorescence. (CE) Photo-generated ROS were detected by (C) DHE or (D) mito-DHE in conjunction with ﬂow cytometry analysis (n = 4). and (E) electron paramagnetic resonance
spectrometry (EPR). In (C) and (D), a group of cells within each O2 condition remained untreated (“control”), i.e. no pro-drug (MAL) addition nor photoirradiation.
(F-H) Pre-irradiation (dotted) and post-irradiation (solid) EPR spectra acquired from lysates of cells treated with MAL under (F) physioxia, (G) hyperoxia or (H)
physioxia + temporary hyperoxia (n = 5). (I) Typical standard curve obtained by plotting TEMPOL concentration against the area of the acquired spectra. TEMPOL
formed in (F), (G) and (H) was interpolated using the standard curve (I).The pre-irradiation (background) TEMPOL signal was subtracted from the post-irradiation
TEMPOL signal to obtain the values displayed in (E). *** = P < 0.001, compared to controls. ¢¢ = P < 0.01, ¢¢¢ = P < 0.001, compared to the same treatment
under “physioxia”. + = P < 0.05, +++ = P < 0.001, compared to the same treatment under “hyperoxia”. Data are presented as mean ± one standard deviation, with statistical signiﬁcance determined by a two-tailed Student's t-test.

included in an attempt to recapitulate observations made in vivo [8,19],
where increased O2 signiﬁcantly improved photodynamic treatment
eﬃcacy. Thus, we investigated whether epidermoid carcinoma cells
chronically cultured under the standard hyperoxic (18.6% O2) cell
culture conditions were less susceptible to oxidative stress-induced cell
death, compared to those cultured under physioxia (2% O2).

environment in which superﬁcial epidermoid carcinomas reside. The
use of a physiologically accurate in vitro model would therefore support
the successful translation of experimental ﬁndings into in vivo investigations. Here, we studied the eﬀects of culturing epidermoid carcinoma (A431) cells, for 48 hours, in a physioxic O2 environment on the
basal redox defences and subsequent oxidative stress-induced cell death
(i.e. PpIX-based photodynamic cell killing), compared to cells cultured
under standard laboratory incubator conditions (i.e. air). Two percent
O2 was chosen to represent a physioxic environment as this concentration falls within the range of O2 concentrations measured in
healthy epidermal skin [17] and superﬁcial epidermoid carcinomas in
vivo [18]. Thus, our investigations were carried out under three different O2 conditions (Fig. 1A): (1) “physioxia”, where cells were cultured and treated under 2% O2; (2) “hyperoxia”, where cells were
cultured and treated under air (18.6% O2); and (3) “physioxia +
temporary hyperoxia”, where cells were cultured under 2% O2 and
transiently exposed to air during treatment. This latter condition was

2. Methods
2.1. Culture of cells under diﬀerent O2 conditions
A431 human epidermoid carcinoma cells were obtained from the
European Collection of Cell Cultures and cultured in Dulbecco's modiﬁed eagle's medium (DMEM; Lonza) supplemented with 10% foetal
bovine serum (Lonza), 2% L-glutamine (Sigma-Aldrich) and 2% penicillin-streptomycin (pen/strep; Sigma-Aldrich). Normal human epidermal keratinocytes (NHEK) were also obtained from the European
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PpIX concentrations. Fluorescence was measured using a BMG Labtech
Pherastar plate reader (excitation 410 nm, emission 630 nm).

Collection of Cell Cultures and cultured in serum-free keratinocyte
medium (KGM-2; Lonza), supplemented with bovine pituitary extract,
human epidermal growth factor, recombinant human insulin, hydrocortisone, epinephrine, transferrin and GA-1000 (gentamicin and amphotericin-B). The media remained unmodiﬁed for experiments on
A431 and NHEK cells. Routine passaging of cells was carried out under
aseptic conditions in a class II laminar ﬂow hood approximately every
3-4 days where apprpriate and cells were incubated at 37 °C in a 5%
CO2 humidiﬁed incubator.
To culture cells under an atmosphere of any desired gas mixture, we
implemented a technique like that which has been reported previously
[20,21]. Airtight containers (Fig. S1) were modiﬁed with inlet and
outlet pipelines with midline valves, providing a means by which a gas
cylinder could be attached. Opening of the cylinder and midline valves
resulted in the pre-mixed gas replacing the atmospheric air within the
container. The O2 concentration present in evacuated gas was monitored until the desired O2 concentration was achieved. Closure of both
midline valves produced a gas-tight environment and the container was
then placed in a regular incubator at 37 °C. To ensure the internal environment was maintained over prolonged periods, the rubberized seals
on the lid were greased (MolyKote 1102 grease; Dow Corning). For the
purposes of this study, a gas mixture of 2% O2, 5% CO2 and 93% N2 was
made up in 10 L, 150 bar cylinders (DDRC Healthcare). Pre-gassed cell
culture medium for culturing and treating cells was prepared by bubbling the medium with pre-mixed gas for at least 20 min. To minimise
contact with room air, any treatment of cells cultured under physioxia
was carried out within 15 s.

2.4. Photodynamic treatments
Photodynamic experiments were carried out using a modiﬁed version of a previously described method [14]. A431 or NHEK cells were
seeded at a density of 1 × 106 cells/ml in T12.5 cm2 ﬂasks (with gastight caps, loosened; BD Falcon) and incubated at 37 °C under physioxia, using the method described above, or under hyperoxia, for 48 h
prior to treatment. After the ﬁrst 24 h, the culture medium was replaced, and the cells were placed back into the incubator under the
same O2 concentration. Following this incubation period, the culture
medium was removed, and treatments were prepared in pre-gassed
media, as described above. Cells were treated with MAL (1 mM) or ALA
(0.5 mM) and the ﬂasks were then incubated under physioxia or hyperoxia for 3 h at 37 °C. For the “physioxia + temporary hyperoxia”
condition, cells were cultured and treated under physioxia and subsequently exposed to hyperoxia for the ﬁnal 1 h of treatment and during
irradiation (see Fig. 1A). Prior to irradiation, ﬂask caps were tightened
to maintain the internal atmosphere. Each ﬂask was turned upside
down and placed under the light source (Aktilite CL16; Galderma), set
10 cm above the ﬂasks (see the schematic shown in Fig. S3) and irradiated for 5 min (hυ; 25 J/cm2). Post-irradiation, ﬂasks were washed,
and fresh medium was added, followed by a further incubation under
physioxia or hyperoxia for 3 h at 37 °C. Cells were then collected and
washed in preparation for analysis of cell death and mitochondrial
membrane potential. Where the eﬀects of thioredoxin antioxidant
system inhibitors on photodynamic cell killing were tested, cells were
co-treated with 1 mM MAL in the absence or presence of non-toxic
concentrations of each inhibitor, which consisted of: auranoﬁn (Enzo
Life Sciences), a thioredoxin reductase 1 and 2 chemical inhibitor
[22];PX-12
(2-[(1-methylpropyl)dithio]-1H-imidazole;
Tocris
Bioscience), an irreversible selective thioredoxin-1 inhibitor [23];
thioredoxin-1 inhibitors PMX290 (4-(1-benzenesulfonyl-6-ﬂuoro1Hindol-2-yl)-4-hydroxy-cyclohexa-2,5-dienone; Abcam) [24,25] and
PMX464
(4-(2-benzothiazolyl)-4-hydroxy-2,5-cyclohexadien-1-one;
Tocris) [25,26] and conoidin A (Cayman Chemicals), a peroxiredoxin 1
and 2 inactivator [27]. Flow cytometry was carried out using Beckman
Coulter Quanta SC and Merck Guava® easyCyte ﬂow cytometers.

2.2. Measurement of O2 within culture medium
A Free Radical Analyser (TBR4100; World Precision Instruments)
was used, coupled with an O2 electrode (ISO-OXY-2, World Precision
Instruments) to measure the O2 concentration within the culture
medium (Fig. S2). A 3-point calibration was carried out using solutions
equilibrated with 0% (pure N2), 20% and 100% O2. A standard curve
was created by plotting these O2 concentrations against the measured
voltages, allowing O2 concentrations in the culture media to be determined by interpolating the measured voltages. The O2 electrode was
placed directly into the medium and a reading was taken once the
signal had stabilised (~ 10 s). This was carried out at the beginning of
culture (0 h), after a day of incubation (24 h) prior to replacing the
medium, and prior to experimentation (48 h).

2.5. Cell death
Cell death was measured using a modiﬁed version of a previously
published method [28]. In brief, washed cells were re-suspended in
100 µl of ice cold Ca2+ buﬀer containing 1.25 µg/ml annexin V-FITC
(BioLegend). After 15 min on ice and in the dark, 900 µl of Ca2+ buﬀer
containing 0.04 mg/ml propidium iodide (Sigma-Aldrich) was added to
the cell suspension and the cells were ready to analyze by ﬂow cytometry. Annexin V-FITC and propidium iodide stains were excited
(488 nm) and emission was measured at 520 nm and 670 nm, respectively.

2.3. PpIX accumulation and measurement
Intracellular accumulation of PpIX via the haem biosynthesis
pathway was induced by treatment with the pro-drugs methyl-aminolaevulinate (MAL; 1 mM) or aminolaevulinic acid (ALA; 0.5 mM) purchased from Sigma-Aldrich. Both ALA and MAL have been used in this
study as they represent the two commercially available and clinically
approved pro-drugs in use in the U.S. and Europe, respectively.
Working concentrations were chosen to obtain an optimal yield of PpIX
from each pro-drug (data not shown). PpIX ﬂuorescence measurements
were carried out using a modiﬁed version of a previously described
method [14]. Clear-bottomed, black, 96-well plates (Greiner) were
seeded with A431 or NHEK cells at a density of 1.5 × 105 cells per ml
(200 µl, 3 × 104 cells) and incubated under physioxia (2% O2) or hyperoxia (air) for 48 h at 37 °C. Following incubation, cells were treated
with MAL or ALA and incubated under physioxia or hyperoxia for 3 h at
37 °C. For the “physioxia + temporary hyperoxia” condition, cells were
cultured and treated under physioxia (2% O2) and subsequently exposed to hyperoxia (air) for the ﬁnal 1 h of treatment prior to PpIX
measurement (see Fig. 1A). Following treatment, all wells were washed
with PBS, before 100 µl of PBS was pipetted into each well for the
ﬂuorescence measurement. An 8-point standard curve of pre-synthesized PpIX (0–2 µM) was prepared for later interpolation of intracellular

2.6. Mitochondrial membrane potential
Washed cells were re-suspended in 1 ml cold PBS containing 200 nM
tetramethylrhodamine, methyl ester (TMRM; ThermoFisher) and incubated for 30 min at 37 °C in the dark, after which the cells were ready
for analysis by ﬂow cytometry. TMRM was excited (488 nm) and
emission was measured at 575 nm.
2.7. Detection of photogenerated ROS by dihydroethidium and mitodihydroethidium
Thirty minutes prior to irradiation, 10 µM dihydroethidium (DHE;
Sigma-Aldrich) or 2.5 µM triphenylphosphonium-derivatized DHE
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(ThermoFisher). The ampliﬁcation conditions were; 2 min at 50 °C,
10 min at 95 °C and 50 cycles of 30 s at 97 °C and 1 min at 59.7 °C (run
time ~ 2.5 h). Data were handled in SDS Manager 2.3 and RQ Manager
1.2 and was subsequently analyzed using the Comparative Ct approach
[31]. Expression data was normalized against the median expression of
two control genes: B2M (beta-2-microglobulin) and GUSB (beta-glucuronidase). Repeated measurements were carried out for each condition and diﬀerences in gene expression were analyzed by two-tailed
Student's t-test. As the genes were chosen on an a priori basis, no adjustments were made for the number of statistical tests carried out and
therefore P values < 0.05 were considered statistically signiﬁcant. Of
the 28 genes targeted (Supplementary Table 1), all but 3 (CPO, NOS2
and NOX4) were successfully ampliﬁed.

(mito-DHE; also known as MitoSOX; ThermoFisher) was added to each
ﬂask. Post-irradiation, cells were washed, collected and re-suspended in
1 ml of cold PBS ready for analysis by ﬂow cytometry. Oxidation products of DHE and mito-DHE were excited (370 ± 30 nm) and emission
was measured at 590 nm.
2.8. Detection of 1O2 by electron paramagnetic resonance spectroscopy
All spectra were acquired using a Jeol JES-REX1 EPR spectrometer
at room temperature [14]. Spectral acquisition settings were; microwave frequency 9.45 G, microwave power 4 mW, centre ﬁeld 335.5 mT,
sweep width 50 G, sweep time 100 s, time constant 1 s, modulation
frequency 100 kHz and modulation width 1.25 G. The spectrum was
acquired as a mean average of 3 spectral sweeps. The spin trap TMP
(2,2,6,6-tetramethyl-4-piperidinol; Sigma-Aldrich) was used to trap
1
O2, forming TEMPOL (1-oxyl-2,2,6,6-tetramethyl-4- piperidinol) as the
detectable spin adduct, which produces a three line spectrum with
hyperﬁne splitting of aN = 16.3 G [30]. TMP was dissolved in 100%
methanol to a concentration of 2 M. As a positive control for the trapping of 1O2 by TMP, commercially available PpIX (10 µM; Sigma-Aldrich) and TMP (50 mM in PBS, pH 7.4) were injected into a Jeol LC-11
ﬂat cell and irradiated (hυ; 25 J/cm2) in situ in the EPR cavity. Spectra
were acquired pre- and post-irradiation. Cells were trypsinized, washed
twice, re-suspended in 0.5 ml DMSO, and incubated at room temperature for 10 min in the dark. The resulting lysate was centrifuged at
10,000g for 10 min and the supernatants were collected. Spectral acquisition and irradiation was carried out on the supernatants in the
same manner as pure PpIX, described above.

2.11. Cell lysis and protein isolation for enzyme activity assays
Lysates were prepared prior to carrying out antioxidant enzyme
activity assays. A431 cells were cultured for 48 h under physioxia or
hyperoxia in 10 cm dishes (Greiner), after which they were washed and
scraped into 200 µl of ice cold 50 mM potassium phosphate (pH 7.4)
containing 1 mM EDTA, collected in 1.5 ml Eppendorf tubes containing
ceramic beads (Analytik Jena) and homogenized using a bead homogenizer (Analytik Jena). The crude mixture was transferred to new
tubes and centrifuged at 10,000g for 15 min at 4 °C, after which the
supernatant was transferred again and either stored on ice or frozen
(− 80 °C) until used. Protein content was measured using the bicinchoninic acid (BCA) assay.

2.9. Detection of lipid peroxidation by C11-BODIPY581/591 and mito-C11BODIPY581/591

2.12. Superoxide dismutase activity
Superoxide dismutase (SOD) activity was measured, using the
method described by Peskin and Winterbourn [32], by monitoring the
hypoxanthine and xanthine oxidase-generated superoxide-dependent
reduction of the tetrazolium dye, WST-1 ((2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium sodium salt; Dojindo
Molecular Technologies). In brief, assay buﬀer (50 mM sodium phosphate
(pH
8.0)
containing
0.1 mM
DTPA
(diethylenetriaminepentaacetic acid; Sigma-Aldrich), 0.1 mM hypoxanthine
(Sigma-Aldrich) and 50 µM WST-1) was added to each well of a 96 well
plate containing 100 µg of sample protein. The reaction was initiated by
adding xanthine oxidase (Sigma-Aldrich, ﬁnal activity 10 mU) and the
plate was shaken vigorously for 30 s. WST-1 reduction was monitored
by absorbance at 438 nm using a SpectraMax M2e (Molecular Devices),
at 25 °C. Known concentrations of bovine SOD (Sigma-Aldrich, 0–40 U/
ml) were also assayed, allowing interpolation of the samples from a
standard curve, where 1/slope of the initial linear reaction (ΔA438
0–2 min) was plotted against SOD concentration.

One hour prior to irradiation, 1 µM C11-BODIPY581/591 (4,4-diﬂuoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3undecanoic acid; ThermoFisher) or 100 nM mito-C11-BODIPY581/591
(derived from C11-BODIPY581/591, conjugated to a triphenylphosphonium lipophilic cation - also known as MitoPerOx, synthesized as
previously described [29]) was added to each ﬂask. The triphenylphosphonium conjugation leads to selective uptake of mito-C11BODIPY581/591 into mitochondria in cells [29]. Post-irradiation, cells
were washed and re-suspended in 1 ml of cold PBS ready for analysis by
ﬂow cytometry. C11-BODIPY581/591 and mito-C11-BODIPY581/591 were
excited (488 nm) and emissions were measured at 520 nm (oxidized
form) and 575 nm (non-oxidized form).
2.10. Real time polymerase chain reaction for measuring gene expression
Cells were maintained under conditions of physioxia or hyperoxia
for 48 h in 10 cm dishes, after which they were scraped into cold PBS
and pelleted by centrifugation. RNA was extracted from cell pellets
using the QIAamp RNA blood mini kit (Qiagen) as per the manufacturers’ instructions. RNA concentration and purity was determined
by measuring absorbance at 260 nm and 280 nm using a multi-sample
NanoDrop 8000 (Thermo Scientiﬁc). Reverse transcription was carried
out by mixing 100 ng of RNA with 8 µl 5X Variable Input Linear Output
(VILO) and 4 µl 10X SuperScript® reverse transcriptase (Life
Technologies), with the total volume made up to 40 µl with diethylpyrocarbonate-treated H2O. Samples were then placed into a thermal
cycler with the following temperature proﬁle; 25 °C for 10 min, 42 °C
for 60 min and 85 °C for 5 min. Each sample of cDNA was added to
100 µl TaqMan® Universal Master Mix II (Life Technologies) and 60 µl
DEPC-H2O. The master mix contained AmpliTaq® Gold DNA polymerase, optimized salts, deoxyribonucleotides (dNTP), buﬀers and a
ROX™ dye as an internal reference. Each sample was gently mixed and
loaded onto the array. Reactions were carried out on the TaqMan Low
Density Array (TLDA) platform on the ABI Prism® 7900HT system

2.13. Thioredoxin reductase activity
Thioredoxin reductase (TrxR) activity was measured, using a modiﬁed version of the method described by Tamura and Stadtman [33], by
monitoring the NADPH-dependent reduction of DTNB (5,5′-dithiobis(2nitrobenzoate)) to TNB (2-nitro-5-thiobenzoate). In brief, assay buﬀer
(500 mM potassium phosphate (pH 7.0) containing 50 mM KCl, 10 mM
EDTA and 0.2 mg/ml BSA) was added to each well of a 96 well plate
containing 50 µg sample protein. Where applicable, DTNB was added to
a ﬁnal concentration of 10 mM and the reaction was initiated by adding
NADPH to a ﬁnal concentration 240 µM. The plate was shaken vigorously for 30 s and the reduction of DTNB was monitored by absorbance
at 412 nm. One unit of TrxR is deﬁned as the amount of enzyme that
catalyzes the NADPH-dependent production of 2 µM of TNB per min at
22 °C, where the extinction coeﬃcient of TNB at 412 nm is 13,600 M−1
cm−1.
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Fig. 2. The eﬀects of physioxia and hyperoxia on photodynamic cell killing and subsequent changes to mitochondrial integrity and lipid peroxidation. Cell
death, mitochondrial membrane potential and lipid peroxidation were assessed following treatment of A431 cells with 1 mM MAL and irradiation under conditions of
“physioxia” (2% O2), “hyperoxia” (air) or “physioxia + temporary hyperoxia” (2% O2+ 1 h air), as indicated in Fig. 1A. A group of cells within each O2 condition
remained untreated (“control”), i.e. no pro-drug (MAL) addition nor photoirradiation. (A) Total cell death (annexin V-FITC and propidium iodide staining with ﬂow
cytometry; n = 5). (B) Apoptosis (cells stained with only annexin V-FITC). (C) Necrosis (cells stained with only propidium iodide). (D) Late apoptosis (cells dualstained with both annexin V-FITC and propidium iodide). (E) Mitochondrial membrane potential (TMRM staining with ﬂow cytometry; n = 4). (F-G) Whole-cell and
mitochondrial lipid peroxidation detected by C11-BODIPY581/591 or mito-C11-BODIPY581/591 (also known as MitoPerOx) in conjunction with ﬂow cytometry analysis, respectively (n = 4). * = P < 0.05, ** = P < 0.01, *** = P < 0.001, compared to controls. ¢¢ = P < 0.01, ¢¢¢ = P < 0.001, compared to the same
treatment under “physioxia”. + = P < 0.05, +++ = P < 0.001, compared to the same treatment under “hyperoxia”. Data are presented as mean ± one
standard deviation, with statistical signiﬁcance determined by a two-tailed Student's t-test.

Catalase activity was calculated based on the rate of decrease of absorbance at 240 nm, which is proportional to the decomposition of
H2O2.

2.14. Glutathione reductase activity
GR activity was measured, using a modiﬁed version of the method
described by Mannervik [34], by monitoring the NADPH-dependent
reduction of oxidized glutathione (GSSG). In brief, assay buﬀer
(200 mM potassium phosphate (pH 7.0) containing 2 mM EDTA, 1 mM
GSSG and 200 µM NADPH) was added to each well of a 96 well plate
containing 100 µg sample protein. The plate was shaken vigorously for
30 s and the oxidation of NADPH was monitored by absorbance at
340 nm. One unit of GR is deﬁned as the amount of enzyme that catalyzes the reduction of 1 µM of GSSG per min, the equivalent to the
oxidation of 1 µM of NADPH per min at 22 °C, where the extinction
coeﬃcient of NADPH at 340 nm is 6.2 mM−1cm−1.

2.16. Glutathione measurements
Reduced and oxidized glutathione were measured using a modiﬁed
version of the Hissin and Hilf ﬂuorometric method [36], where glutathione derivatisation was carried out using o-phthalaldehyde (oPA).
Cell lysates were de-proteinised by incubating with 28% trichloroacetic
acid on ice for 10 min. Following centrifugation at 14,000g for 15 min
at 4 °C, supernatants were collected and assayed. For the measurement
of reduced glutathione, 10 µl of the supernatant was mixed with 90 µl of
buﬀer (100 mM sodium phosphate, 5 mM EDTA at pH 8.0). This mixture (20 µl) was then mixed with 425 µl of buﬀer and 25 µl of oPA
(5 mg/ml) and then incubated at room temperature for 15 min. For the
measurement of oxidized glutathione, 10 µl of the supernatant was
mixed with 4 µl of N-ethylmaleimide (0.04 M) and incubated at room
temperature for 30 min, after which 86 µl of NaOH (0.1 M) was added.
This mixture (20 µl) was added to 45 µl of NaOH (0.1 M) and 10 µl of
oPA (5 mg/ml) and incubated at room temperature for 15 min. Each

2.15. Catalase activity
Catalase activity was measured, using the method described by Li
and Schellhorn [35], by monitoring the decomposition of hydrogen
peroxide (H2O2). Brieﬂy, in a quartz cuvette 100 µg sample protein was
added to 5 mM H2O2 in 50 mM phosphate buﬀer (pH 7.0) and absorbance was immediately monitored at 240 nm for 5 min at 22 °C.
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sample was pipetted into a 96 well plate, in duplicate, and ﬂuorescence
measurements were made using a SpectraMax M2e plate reader. The
concentrations of reduced and oxidized glutathione in each sample
were determined by interpolation from standard curves of reduced and
oxidized glutathione (Sigma-Aldrich; 0–10 µM) derivatized by oPA.

three tested O2 conditions, photodynamic treatment with MAL increased DHE oxidation, compared to the respective control for each O2
condition (Fig. 1C). However, no signiﬁcant diﬀerences in ethidium
ﬂuorescence were observed between treatments under each O2 condition. Photodynamic treatment also signiﬁcantly increased mito-DHE
oxidation under each O2 condition, compared with each O2 condition's
respective control (Fig. 1D). Furthermore, treatment-induced mito-DHE
oxidation was signiﬁcantly diﬀerent between each O2 condition (hyperoxia > temporary hyperoxia > physioxia).
Compared to the physioxic control group, the hyperoxic control
group exhibited a small increase in mito-DHE oxidation (Fig. 1D),
whilst there was no diﬀerence in the ﬂuorescence of the control group
under temporary hyperoxia compared to the physioxic control group.
This conﬁrms that “reperfusion events”, characterized by increased
“whole cell” (Fig. 1C) or mitochondrial (Fig. 1D) ROS production [38],
did not occur in the physioxic condition.
Electron paramagnetic resonance (EPR) spectroscopy was used in
conjunction with spin trapping to assess the photodynamic generation
of 1O2 by irradiated PpIX in cell lysates (Fig. 1E–I). 2,2,6,6-Tetramethylpiperidine (TMP) was used to trap generated 1O2, forming the
detectable spin adduct TEMPOL, which produces a three line spectrum
with hyperﬁne splitting of aN = 16.3 G [30]. Photodynamic irradiation
under each O2 condition led to signiﬁcant increases in TEMPOL formation (Fig. 1E-H) compared to the control group. The concentration of
TEMPOL formed was determined by comparison to a standard curve
(Fig. 1I). As with mito-DHE, TEMPOL formation was signiﬁcantly different between each O2 condition (Fig. 1E; hyperoxia > temporary
hyperoxia > physioxia).

2.17. Resazurin microtitre assay
Clear-bottomed, black, 96-well plates were seeded with A431 cells
at a density of 1.5 × 106 cells per ml (200 µl, 3 ×105 cells per well) and
maintained under conditions of physioxia or hyperoxia for 48 h, prior to
treatment with a concentration range of either 0–2 mM H2O2 or
0–50 µM auranoﬁn prepared in DMEM. Following treatment, cells were
washed with PBS, and then 5.5 µM resazurin (Sigma-Aldrich) prepared
in fresh medium was applied. After 2 h of incubation at 37 °C, the
ﬂuorescence of the resoruﬁn product was measured by ﬂuorescence
plate reader (excitation 571 nm, emission 585 nm).
2.18. Data analysis and statistics
Data are presented as mean ± one standard deviation of at least
four replicates and P values were calculated using two-tailed Student's ttest for pairwise comparisons, unless otherwise stated.
3. Results
The majority of reported experiments were carried out with both
MAL and ALA pro-drugs and the results were similar. Therefore, the
results for experiments carried out with MAL are reported below
(Figs. 1 and 2) and results for ALA can be found in the Supplementary
Figs. (Figs. S4 and S5). Representative contour plots and histograms
from ﬂow cytometry data are presented in Fig. S6.
For clarity, where cells were exposed to diﬀerent O2 concentrations,
we refer to diﬀerent “O2 conditions”. A group of cells within each
condition remained untreated (“control”) to ensure that any observed
eﬀects were not due to the act of exposing cells to diﬀerent O2 conditions. Where cells were exposed to diﬀerent pro-drugs and/or subjected
to photo-irradiation, we have referred to diﬀerent “treatments”.

3.4. Cells cultured long-term under hyperoxic conditions are resistant to
photodynamic cell killing
In phenotypically identical cells, elevated PpIX accumulation and
ROS levels in hyperoxic cells, compared with physioxic cells, would be
expected to translate to increased damage to, and killing of, the hyperoxic cells [39]. To test this, cell death, mitochondrial integrity and
lipid peroxidation were assessed (Fig. 2). No signiﬁcant diﬀerence was
observed in the extent of cell death of controls (Fig. 2A) or dark toxicity
controls (treatment with MAL in the absence of irradiation; Fig. S7)
under each O2 condition. Following photodynamic treatments, cell
death signiﬁcantly increased under each O2 condition (Fig. 2A). No
signiﬁcant diﬀerences in cell death were observed between photodynamic treatments under physioxia and hyperoxia. Photodynamic
treatment under temporary hyperoxia resulted in signiﬁcant increases
in cell death compared to equivalent treatments under physioxia and
hyperoxia (Fig. 2A). No statistically signiﬁcant correlation was found
between PpIX accumulation and photodynamic cell killing. Annexin VFITC and propidium iodide staining allowed the identiﬁcation of
apoptotic and necrotic populations of cells (Fig. 2B–D). Cells identiﬁed
as “late apoptotic” (dual stained; Fig. 2D) accounted for the largest
proportion of dead cells and exhibited the largest changes following
treatment, whilst cells stained with either annexin V-FITC (“apoptotic”;
Fig. 2B) or propidium iodide (“necrotic”; Fig. 2C) alone exhibited
smaller changes following treatment. Normal human epidermal keratinocytes (NHEK) did not exhibit any signiﬁcant changes in cell death
under each O2 condition following photodynamic treatment (Fig. S8).
The lack of NHEK susceptibility to PpIX-based photodynamic cell
killing under diﬀerent conditions has previously been reported [40,41].
Mitochondrial membrane potential (ΔѰm) was assessed by TMRM
staining, to determine treatment-induced mitochondrial damage.
Signiﬁcant decreases in ΔѰm were observed following photodynamic
treatments (Fig. 2E) and ΔѰm positively correlated with total cell death
(r2 = 0.89, P = 0.0001). Lipid peroxidation following photodynamic
treatments was assessed using the probe C11-BODIPY581/591 (Fig. 2F)
and its mitochondria-targeted derivative mito-C11-BODIPY581/591 (MitoPerOx [29], Fig. 2G). Oxidation of C11-BODIPY581/591 and mito-C11-

3.1. Measurement of O2 within culture medium
The O2 concentration of the media under the physioxic condition
was measured (Fig. S2) at the beginning of culture (0 h), after a day of
incubation (24 h) and prior to experimentation (48 h). At the beginning
of culture, the O2 concentration was 1.8 ± 0.7%. A small increase to
2.4 ± 0.7% (not statistically signiﬁcant) was measured after 24 h of
incubation. After a medium change and another 24 h incubation, the O2
concentration was 2.1 ± 0.7%. The O2 concentration of the media
under air was 19.3 ± 1.0%.
3.2. Intracellular PpIX accumulation is signiﬁcantly decreased by cell
culture under physioxia compared to culture under hyperoxia
Initially, MAL-induced intracellular PpIX accumulation was measured under each O2 condition in the absence of photoirradiation. PpIX
accumulation was signiﬁcantly diﬀerent under each O2 condition (hyperoxia > temporary hyperoxia > physioxia) for cells treated with
MAL (Fig. 1B).
3.3. The photo-generation of reactive oxygen species reﬂects the
accumulation of PpIX
Oxidation of dihydroethidium (DHE) and its mitochondria-targeted
derivative, mito-DHE (MitoSOX Red), was used to measure the photogeneration of whole-cell (Fig. 1C) and mitochondria-localized (Fig. 1D)
reactive oxygen species (ROS), respectively [37]. Under each of the
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Fig. 3. The eﬀects of culturing A431 cells under physioxia or hyperoxia on gene expression. Expression of genes in A431 cells cultured under physioxia (2%
O2), hyperoxia (air) or physioxia + temporary hyperoxia (2% O2 + 1 h air) as indicated in Fig. 1A. Gene abbreviations: Aryl hydrocarbon receptor nuclear
translocator (ARNT); Bcl-2-associated X protein (BAX); B-cell lymphoma 2 (BCL2); BH3 interacting-domain death agonist (BID); caspase 3 (CASP3); catalase (CAT);
ferrochelatase (FECH); c-Fos (FOS); glutathione peroxidase 1 (GPX1); hypoxia-inducible factor 1α (HIF1A); heme oxygenase (HMOX); c-Jun (JUN); Nrf-2 (nuclear
factor (erythroid-derived 2)-like 2 (NFE2L2)); nuclear factor NF-kappa-B p105 subunit (NFKB1) and p100 subunit (NFKB2); NADPH quinone oxidoreductase (NQO1);
protoporphyrinogen oxidase (PPOX); peroxiredoxin 1–3 (PRDX1–3); superoxide dismutases 1 and 2 (SOD1, SOD2); thioredoxins 1 and 2 (TXN, TXN2) and thioredoxin reductase 1 (TXNRD1). * = P < 0.05, ** = P < 0.01, *** = P < 0.001, compared to physioxia. + = P < 0.05, + + = P < 0.01, +++ = P < 0.001,
compared to hyperoxia. Data are presented as mean ± 95% conﬁdence intervals, with statistical signiﬁcance determined by a two-tailed Student's t-test; n = 6–8.

BODIPY581/591 increased under each O2 condition and correlated positively with cell death (r2 = 0.95, P = 0.0008; r2 = 0.97, P = 0.0003,
respectively).

(Fig. 2), despite signiﬁcant diﬀerences in PpIX accumulation and ROS
generation (Fig. 1). The data presented thus far provide evidence that
cells cultured under hyperoxia and physioxia might have quantitative
diﬀerences in the levels of their antioxidant defences required for
protection against treatment-induced oxidative stress. A Taqman® lowdensity array platform was used to assess the expression of selected
genes following the culture of cells under each O2 condition (Fig. 3).
Genes were selected for analysis a priori, based on their potential roles
in PpIX-based photodynamic cell killing, such as antioxidant defence

3.5. Adaptation to hyperoxic conditions signiﬁcantly enhances basal
cellular redox defences, conferring resistance to oxidative stressors
Similar levels of cellular damage and death were observed following
photodynamic treatment under the physioxic and hyperoxic conditions
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Fig. 4. The eﬀects of culturing A431 cells under physioxia or hyperoxia on antioxidant enzyme activities and glutathione levels. Cells were cultured under
physioxia (2% O2) or hyperoxia (air) for 48 h, as indicated in Fig. 1A, and lysates were subsequently measured for antioxidant enzyme activities. (A) Superoxide
dismutase (SOD) activity. (B) Thioredoxin reductase (TrxR) activity. (C) Glutathione reductase (GR) activity. (D) Catalase activity. Each inset graph is representative
of the absorbance time-course for each assay (n = 8). (E) Reduced glutathione (GSH). (F) Oxidized glutathione (GSSG). (G) Total glutathione (GSH + GSSG). (H)
GSH:GSSG ratio (n = 12). Data are presented as mean ± one standard deviation. ** = P < 0.01, *** = P < 0.001 determined by two-tailed Student's t-test.

speciﬁc to photodynamic-induced oxidative stress. Following culture
under the physioxic or hyperoxic O2 conditions, cells were treated with
either hydrogen peroxide (H2O2; Fig. 5A) or the thioredoxin reductase
inhibitor auranoﬁn (Fig. 5B) for a further 24 h to induce toxicity.
Compared to cells treated under hyperoxia, physioxic cells were less
viable when treated with 1–2 mM H2O2 and 12.5–50 µM auranoﬁn.
Lipid oxidation, as measured by C11-BODIPY581/591 (Fig. 5C), was
greater under physioxia compared to hyperoxia over 24 h. When
treated with cumene hydroperoxide (an inducer of lipid oxidation) for
30 min, lipid oxidation increased 8.2-fold under physioxia, but only 1.8fold under hyperoxia. Mitochondrial ROS generation, as measured by
mito-DHE (Fig. S9) was also signiﬁcantly higher under physioxia
compared to hyperoxia, over 24 h.

(e.g. CAT, GPX1, PRDX1 and TXN [42–45]), apoptosis (e.g. CASP3, BCL2
and BAX [46]) and haem biosynthesis (e.g. PPOX, CPO and FECH [47]).
Additionally, genes that may be aﬀected or regulated by O2 concentration were selected (e.g. HMOX1, NFE2L2 and TXNRD1 [48,49]).
Of the 28 genes assessed (Supplementary Table 1) 17 were found to
have statistically signiﬁcant diﬀerences in expression (Fig. 3; P < 0.05,
two-tailed Student's t-test) between each O2 environment. The expression of BAX, CASP3, FECH, ARNT, NFE2L2 (Nrf-2), HMOX1, CAT, GPX1,
NQO1, SOD1, PRDX1 and TXNRD1 was higher under hyperoxia compared to physioxia. These data suggest that cells cultured under hyperoxia are adapted to cope with oxidative stress (in this instance, induced by the PpIX-dependent photodynamic treatment) through
greater expression of key antioxidant genes. Under temporary hyperoxia, the expression of BAX, BID, NFE2L2, HMOX1, NQO1, SOD1, SOD2,
TXN2 and TXNRD1 was signiﬁcantly increased compared to physioxia,
suggesting a response by physioxic cells to hyperoxia-induced oxidative
stress. Diﬀerences in antioxidant gene expression were reﬂected by
diﬀerences in antioxidant enzyme activity (Fig. 4A-D). Under hyperoxia, the activities of superoxide dismutase, thioredoxin reductase,
glutathione reductase and catalase were signiﬁcantly higher compared
to physioxia. Additionally, under hyperoxia, cells had signiﬁcantly less
reduced glutathione (GSH; Fig. 4E) and more oxidized glutathione
(GSSG; Fig. 4F) compared to physioxia. Cells under hyperoxia also had
signiﬁcantly less total glutathione (Fig. 4G). The ratio of GSH:GSSG
(Fig. 4H) was signiﬁcantly higher under physioxia compared to hyperoxia.
Cells were also exposed to alternative oxidative stressors to establish
whether these observations could be considered broadly, or if they were

3.6. Inhibitors and inactivators of the thioredoxin antioxidant system
increase photodynamic treatment eﬃcacy under physioxia, but not
hyperoxia
The above gene expression data, as well as the enzyme activity
measurements, suggested that a set of antioxidant genes was upregulated by the long-term culture of cells under air, compared with 2% O2.
To further probe, at the protein level, the potential molecular pathways
involved in the hyperoxia-induced resistance of cells to photodynamic
irradiation, we performed pharmacological experiments by testing the
eﬀects of thioredoxin antioxidant system inhibitors on photodynamic
cell killing. Cells were co-treated with 1 mM MAL and each inhibitor/
inactivator at a concentration found to be non-toxic on their own
(Fig. 6A). These compounds included the thioredoxin reductase
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Fig. 5. The eﬀects of culturing A431 cells under physioxia or hyperoxia on the cellular response to treatment with oxidative stressors. Cells were cultured
under physioxia (2% O2) or hyperoxia (air) for 48 h, as indicated in Fig. 1A, and subsequently subjected to treatment with oxidative stressors. (A and B) Cell viability
(resazurin metabolic activity assay) was measured after 24 h treatment with H2O2 (0–2 mM) or auranoﬁn (0–50 µM; n = 5). (C) Cells were incubated with C11BODIPY581/591 for 24 h. After 24 h, one group of cells was treated with cumene hydroperoxide (CHP; 50µM) for 30 min prior to measurement of the C11-BODIPY581/
591
product ﬂuorescence by ﬂow cytometry. In a second group of “control” cells (not treated with CHP), baseline whole cell lipid oxidation was determined, again by
the measurement of C11-BODIPY581/591 product ﬂuorescence by ﬂow cytometry. Data are presented as mean ± one standard deviation. * = P < 0.05,
*** = P < 0.001, determined by a two-tailed Student's t-test.

“healthy” tissues, and studies have often used short-term decreases in
O2 concentration [4,5], rather than longer periods associated with
disease. Additionally, air has been used to represent post-reperfusion
oxygenation when modelling reperfusion events in vitro [55,56].
It has been reported that culturing of a variety of healthy cell types
under physioxia produced phenotypes closer to those observed in vivo
[57–60] compared to cells cultured under air. Culture under physioxia
enhanced clonal growth [61–63] and the generation of cytokines by
blood mononuclear cells [59,63]. Culturing stem cells under physioxia
improved proliferation [58,60], whilst culturing stem-like cells under
physioxia improved the development of stem cell characteristics [57],
compared to culture under air.
In the present study, the resistance of cells cultured under air to
oxidative stress-induced cell death was revealed by an absence of an
anticipated correlation between cell death and either PpIX accumulation or ROS generation. Photodynamic cell killing is dependent on three
factors: O2 concentration, photosensitiser concentration and photoirradiation energy [64]. Therefore, given that the irradiation conditions
were identical for each treatment, it was surprising to observe no difference in cell death between the physioxic and hyperoxic conditions
(Fig. 2A), despite the signiﬁcant diﬀerences in O2 concentration, PpIX
concentration and ROS generation (Fig. 1B-I). In contrast to previous in
vitro photodynamic experiments where low O2 was demonstrated to
decrease treatment eﬃcacy [16,65,66], the current study revealed that
cells cultured chronically in a physioxic environment were more susceptible to treatment-induced oxidative stress. It is likely that the previous studies [16,65,66] required cells to be cultured under - and presumably adapted to - hyperoxic conditions (air) prior to acute periods of
low O2 during short treatment phases.
In vivo studies have demonstrated an improved eﬃcacy of

inhibitor auranoﬁn (1 µM), the thioredoxin-1 inhibitors PX12 (10 µM),
PMX290 (1 µM), PMX464 (1 µM) and the peroxiredoxin-1/2 inactivator
conoidin A (10 µM). Following co-treatment for 3 h, cells were subjected to photodynamic irradiation as before. Each inhibitor signiﬁcantly potentiated MAL-based photodynamic cell killing under
physioxia, whilst having no signiﬁcant eﬀect under hyperoxia (Fig. 6B).
Further experiments showed that the potentiation under physioxia was
not driven by increases in PpIX accumulation (Fig. 6C) and that auranoﬁn and PX12 appeared to increase photo-generated mitochondrial
ROS (Fig. 6D).
4. Discussion
We have demonstrated that the basal redox defence mechanisms of
skin cells cultured in vitro were signiﬁcantly inﬂuenced by the O2
condition under which they were cultured and that adaptation to the
condition over 48 h inﬂuenced subsequent cellular responses to treatment-induced oxidative stress. Our experiments revealed that the culture of cells in a physiologically relevant O2 condition (2% O2) decreased the expression of Nrf2-regulated antioxidant defence genes and
other antioxidant genes, in turn leading to decreased antioxidant enzyme activities. Moreover, it appears that the culture of cells under air
(18.6% O2) imparts an “artefactual” resistance to treatment-induced
oxidative stress. This investigation provides new insights into the eﬀects
of physioxic cell culture on photodynamic cell killing, and associated
pathways, in a model of a clinically relevant treatment.
Previous in vitro investigations [6,50,51] have focused on the eﬀects
of low O2 typical of diseases in vivo [52–54]. However, cells treated
under these conditions were often compared to cells cultured under air,
incorrectly inferring that this oxygenation was representative of
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Fig. 6. The eﬀects of inhibitors of the thioredoxin antioxidant system on photodynamic cell killing of A431 cells under physioxia or hyperoxia. Cells were
cultured under physioxia (2% O2) or hyperoxia (air) for 48 h, as indicated in Fig. 1A, and subsequently subjected to treatments. (A) Dark toxicity of inhibitors under
physioxia for 24 h (n = 3–5). (B) Total cell death (annexin V-FITC and propidium iodide staining with ﬂow cytometry) following treatment of cells with 1 mM
MAL ± inhibitors (3 h) and irradiation (n = 4). (C) PpIX accumulation under physioxia was measured following treatment (3 h) with 1 mM MAL ± inhibitors
(n = 4). (D) Photo-generated ROS under physioxia were detected by mito-DHE staining (n = 4). In (B-D), a group of cells within each O2 condition remained
untreated (“control”), i.e. no pro-drug (MAL) addition nor photo-irradiation. * indicates signiﬁcance compared to the control group or where indicated by horizontal
bars. Data are presented as mean ± one standard deviation. * = P < 0.05, *** = P < 0.001, determined by two-tailed Student's t-test.

and HMOX1 mRNA indicating elevated Nrf2 activity [70]. Importantly,
the activities of key antioxidant enzymes involved in maintaining redox
homeostasis and protecting against oxidative stress were signiﬁcantly
higher in cells cultured under hyperoxia (Fig. 4) and have previously
been shown to confer resistance to photodynamic therapy, chemotherapy and radiotherapy both in vitro and in vivo [42–45,71–73].
Further investigation found that selective inhibitors of the Nrf2-regulated thioredoxin antioxidant system increased the eﬃcacy of photodynamic cell killing under physioxia, but not under hyperoxia (Fig. 6B)
in a manner that was independent of PpIX accumulation (Fig. 6C). This
is an important observation as, if these experiments had been carried
out only in cells which had been cultured, long term, under hyperoxia
(without inclusion of the long-term culture of cells at other O2 concentrations), we would have concluded that the thioredoxin antioxidant
system was not a valid target for increasing photodynamic cell killing.
By targeting enzymes that comprise the thioredoxin antioxidant system,
we have been able to demonstrate that this important pathway [74] is,
in part, responsible for the resistance to oxidative stress-induced damage and cell death observed in cells cultured under hyperoxia. Cells
cultured under hyperoxia also had a lower ratio of GSH:GSSG (Fig. 4H),
providing further evidence that cells cultured under the hyperoxic
conditions of atmospheric air exist in a persistent state of oxidative
stress. Together, our ﬁndings provide an explanation as to why cells
cultured under physioxia and hyperoxia respond to PpIX-based

photodynamic therapies by temporarily increasing O2 availability
[8,19], but in vitro studies have failed to replicate this [7]. Here, we
have recapitulated the treatment-enhancing eﬀects of temporary hyperoxia observed in vivo [8,19] by exposing cells to a short period of
hyperoxia during treatment, following chronic culture under physioxia
(Figs. 1 and 2). Interestingly, exposing physioxic cells to temporary
hyperoxia resulted in signiﬁcantly more photodynamic cell killing
compared to chronically hyperoxic cells, despite identical concentrations of O2 during irradiation and less PpIX and ROS in the temporary
hyperoxia condition. This provided evidence of a fundamental diﬀerence between cells cultured under physioxia and hyperoxia, whereby
cells under hyperoxia exhibit a phenotype associated with resistance to
oxidative stress. A similar phenomenon has been reported in murine
leukaemia (LBR) cell lines exposed to PpIX-based photodynamic killing
[67]. Compared to doxorubicin and vincristine resistant lines, parent
LBR cells exhibited the lowest level of mitochondrial dysfunction posttreatment, despite generating the highest level of ROS. In contrast, the
eﬃcacy of PpIX-dependent photodynamic treatments has been shown
to correlate with photo-generated ROS, oxidative damage and cell
death when the cells concerned are phenotypically similar [68,69].
Under hyperoxia, cells expressed signiﬁcantly higher levels of genes
coding for proteins linked to maintaining cellular redox homeostasis,
including several key antioxidants and the oxidative stress-activated
transcription factor Nrf2 (Fig. 3), with increased expression of NQO1
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photodynamic cell killing in a manner that does not agree with previous
investigations [7,16,65,66,68,69]. Additional data (Fig. 5) demonstrated that our ﬁndings were not limited to photodynamic cell killing,
with cells cultured long-term under the hyperoxic condition demonstrating resistance to cumene hydroperoxide-induced lipid peroxidation
and drug-induced cell death.
Chapple et al. [75] have reported that Nrf2 activity was attenuated
in human primary endothelial cells adapted to physioxia (5% O2)
compared to cells cultured under air. Signiﬁcant changes in Nrf2regulated redox signalling were observed after one day of physioxic
culture and these changes were maintained through long-term (ﬁveday) culture. Chapple et al. [75] also reported evidence of an O2 gradient within in vitro cultures which could lead to the unintentional induction of hypoxia. The lack of eﬀect on HIF1α expression (Fig. 3) of
our physioxic condition indicates that hypoxia was not induced, but the
possible existence of an O2 gradient within our cultures should be
considered in future work. Haas et al. [76] reported that the long-term
culture of macrophages under 5% O2 attenuated the immunomodulatory response to dimethyl fumarate and cells cultured
under air exhibited a “pro-oxidant” phenotype (i.e. lower GSH:GSSG
ratio), which is in agreement with our present observations. Our data
support the theory that cells cultured under hyperoxic conditions (air)
are in a persistent state of oxidative stress. We propose that the phenotype described here (elevated antioxidant gene expression and enzyme activity) is a necessary adaptation for these cells to survive in a
high O2 environment, which in turn aﬀects how cells respond to experimental treatments. The heterogeneity in tissue oxygenation of both
healthy and diseased tissues is well documented [77] and therefore the
use of a single oxygen concentration to represent physioxia is potentially a limiting factor in the present study. Future in vitro investigations
may beneﬁt from studying a range of physiologically-relevant oxygen
concentrations to understand the full scope of cellular responses within
a tissue of interest.
In conclusion, we found that the standard in vitro O2 conditions (air)
placed cultured cells in a constant state of oxidative stress, arising from
their culture under a hyperoxic environment. As such, the majority of in
vitro cell culture experiments in contemporary laboratories are undertaken in oxidatively stressed cells. Culture in these conditions confers a
protective resistance to PpIX-based photodynamic cell killing (and
other oxidative stressors), which in turn could be considered an artefact
of current standard cell culture conditions that contributes to a poor
translation of in vitro investigations into in vivo investigations. Finally,
the present experiments – by “pre-conditioning” cells under physioxia –
rendered the levels of antioxidant enzyme activities and redox homeostasis more akin to those observed in vivo [20,78]. We observed that,
by exposing cells cultured under physioxia to temporary hyperoxia, a
higher concentration of ROS was generated in a cellular environment
with a lower basal redox defence, thus causing more damage to cellular
components and ultimately leading to an increased treatment eﬀect.
These observations should be considered particularly in relation to
experiments investigating the eﬀects of changes in O2 concentration on
functional parameters in cultured cells. The chronic culture of mammalian cells under a physiologically relevant O2 concentration, prior to
the exposure of such cells to stimuli or drugs should be incorporated
into standard protocols for cell culture experiments, and we have demonstrated here that this is relatively easy and inexpensive to achieve.

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.freeradbiomed.2018.08.025.
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