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Abstract

Mitochondrial bioenergetics and reactive oxygen species (ROS) often play important roles in
cellular stress mechanisms. In this study we investigated how these factors are involved in the
stress response triggered by resazurin (Alamar Blue) in cultured cancer cells. Resazurin is a redox
reactive compound widely used as reporter agent in assays of cell biology (e.g. cell viability and
metabolic activity) due to its colorimetric and fluorimetric properties. In order to investigate
resazurin-induced stress mechanisms we employed cells affording different metabolic and
regulatory phenotypes. In HL-60 and Jurkat leukemia cells resazurin caused mitochondrial
disintegration, respiratory dysfunction, reduced proliferation, and cell death. These effects were
preceded by a burst of ROS, especially in HL-60 cells which also were more sensitive and
contained autophagic vesicles. Studies in Rho? cells (devoid of mitochondrial DNA) indicated that
the stress response does not depend on the rates of mitochondrial respiration. The anti-proliferative
effect of resazurin was confirmed in native acute myelogenous leukemia (AML) blasts. In
conclusion, the data suggest that resazurin triggers cellular ROS production and thereby initiates a
stress response leading to mitochondrial dysfunction, reduced proliferation, autophagy and cell
degradation. The ability of cells to tolerate this type of stress may be important in toxicity and
chemoresistance.

Keywords

Cellular stress (reactive oxygen species, mitochondrial respiration); Cell fate (autophagy, cell
death); Cell proliferation; Resazurin (Alamar Blue)

Introduction

Cellular stress occurs when a cell is exposed to conditions, such as oxidative stress and
nutrient starvation, that threaten its survival. The molecular mechanisms of cellular stress
range from specific signaling pathways to random reactions of unstable chemical species
[Calabrese et al., 2008]. Severe stress leads to the propagation of detrimental cascades
involving elements such as macromolecule damage, energy catastrophe, autophagy and cell
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death. The type of response depends on both the nature and the extent of the stress-related
events as well as cell-specific properties. Specifically, the production of reactive oxygen
species (ROS) and disturbances in energy metabolism are two common phenomena that may
signal cellular stress.

Resazurin is a blue-colored compound used as an oxidation-reduction indicator in assays
examining sperm viability [Comhaire and VVermeulen, 1995], bacteria [Benere et al., 2007],
cell proliferation [Porter et al., 2005], toxicity [Husain et al., 1997] and mitochondrial
metabolism [Abu-Amero and Bosley, 2005; Zhang et al., 2004]. It is also the primary
constituent of the Alamar Blue assay for cell viability [O'Brien et al., 2000; Rasmussen,
1999]. In these assays, resazurin is converted to the pink-colored and fluorescent product
resorufin. In living cells, this conversion is typically attributed to the reduction of resazurin
by different oxidoreductase enzyme systems that use NAD(P)H as the primary electron
donor [O'Brien et al., 2000; Zalata et al., 1998].

Exogenous compounds that react with, and disturb, vital cell functions may induce cellular
stress. In the present study, we investigated cellular stress responses induced by the
xenobiotic compound resazurin, which is known to react with a wide array of biological
substances [O'Brien et al., 2000; Prutz, 1995; Prutz et al., 1996]. When present in cells,
resazurin reacts with cell components such as NADH, thiols (e.g., glutathione), amino acids
and phenols in both non-enzymatic and enzymatic reactions [Prutz et al., 1996] [Villegas et
al., 2005]. Importantly, chemical reactions involving resazurin often involve the generation
of ROS [Prutz et al., 1996]. Resazurin is known to accept electrons from free radicals and to
react with molecular oxygen in a fashion that promotes ROS generation [Prutz, 1995; Prutz
et al., 1996]. Additionally, resazurin acts as an electron acceptor in the electron transport
chain within the inner mitochondrial membrane [Ahmed et al., 1994] and has also been
linked to oxidation-reduction reactions in the cytosol and nucleus [Gonzalez and Tarloff,
2001]. In summary, the presence of resazurin in living cells is likely to affect redox
conditions and energy homeostasis.

Although the chemical reactivity of resazurin has been described, there is little information
regarding the physiological consequences of resazurin exposure in living cells. It is
generally accepted that resazurin exhibits low toxicity within the timeframe of the assays
[Ahmed et al., 1994; Fields and Lancaster, 1993], and the compound is well tolerated in rats
[Lutty, 1978]. Hence, potential effects of resazurin itself are normally not evaluated in cell
culture applications. On the other hand, cytotoxic effects of resazurin have been
demonstrated in leukemia cells [Gloeckner et al., 2001] and ovarian cancer cells [Squatrito
etal., 1995].

Due to the broad cross-reactivity of resazurin, we speculated that it would provoke a stress
response in cells, which was supported by preliminary observations in cell culture. In the
present study, resazurin exposure was used as a model of cellular stress. The aim was to
investigate the contributions of ROS generation and mitochondrial impairment as two
candidate mechanisms known to play important roles in cellular stress. We used two
leukemia cell lines, HL-60 and Jurkat, which have distinct differences in terms of their
metabolic profiles and survival signaling [Freeley et al., 2007; Jiang et al., 2008]. These
cells were also compared with primary acute myelogenous leukemia (AML) cells.
Proliferation, viability and morphology were assessed to study tolerance of the treatment and
the nature of the stress response. The effects of resazurin on ROS production and
mitochondrial respiratory function were investigated in detail. Cells lacking mitochondrial
respiration (MDA-MB-435 Rhao? cells) were used to investigate the importance of
mitochondrial respiration during resazurin-induced cellular stress.

J Cell Biochem. Author manuscript; available in PMC 2011 October 15.
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Materials and Methods

Cell culture

All cells were cultured at 37 °C with 5% CO» in humidified incubators. The human acute
myeloid leukemia cell line HL-60, derived from a French-American-British (FAB)-M2
patient (DSMZ GmbH, Braunschweig, Germany), and the leukemic T-cell line Jurkat
(American Type Culture Collection, ATCC) were cultured in HEPES-modified RPMI-1640
medium (GIBCO, Invitrogen). The medium was supplemented with 10% fetal bovine serum
gold (PAA laboratories GmbH, Pasching, Germany) along with streptomycin (5 pg/ml),
penicillin (5 units/ml) and L-glutamine (2 mM) (all from Sigma Aldrich). The MDA-
MB-435 cell line (ATCC) and the derived mitochondrial DNA-depleted MDA-MB-435
Rho? cell line [Delsite et al., 2002] were maintained in Dulbecco's modified Eagle's medium
(Ham's F-12, 50:50 mix, Mediatech, Herndon, VA) also supplemented with 10% fetal
bovine serum gold, 2 mM L-glutamine, 1% penicillin/streptomycin and 50 pg/mL uridine
(Sigma-Aldrich). The MDA-MB-435 cell line was originally described as a breast cancer
cell line, but recent observations suggest that it is of melanoma origin [Rae et al., 2007].

Resazurin conversion

Resazurin conversion in total cell cultures was measured in flat-bottomed 96-well NUNC
tissue culture plates in triplicate cultures (5 x 10 cells/well). Resazurin (Sigma-Aldrich),
dissolved in PBS (pH 7.4), was added at concentrations corresponding to 5%, 10% or 20%
of the commercial Alamar Blue assay, which is equivalent to 22 pM, 44 uM and 88 pM
resazurin, respectively [O'Brien et al., 2000]. Fluorescence excitation was measured at 530
nm while emission was recorded at 590 nm (SpectraMAX-GenimiEM, Molecular Devices
Corporation, Sunnyvale, CA) at various time points (0-48 h). Reduction of resazurin to
resorufin in single cells was measured by flow cytometry. After incubation in the presence
of resazurin, cells were washed twice with PBS and kept on ice until flow cytometric
analysis was preformed (Ex 488, Em 585/42; BD FACS Calibur™ flow cytometer and BD
CellQuest computer software, BD Bioscience). Further data analysis was done using FlowJo
flow cytometry software (Tree Star, Inc.).

Proliferation assay

DNA synthesis was determined by [3H]-thymidine incorporation as previously described
[Tronstad et al., 2001]. Briefly, 2 x 10% cells/well were grown and treated in 96-well NUNC
tissue culture plates before addition of [3H]-thymidine (1 pCi/well; TRA310, Amersham
International, Amersham, UK). Following 6 h incubation, the DNA was harvested and
radioactivity was assessed by liquid scintillation counting (Packard Microplate Scintillation
and Luminescence counter, Perkin EImer Life and Analytical Science, Inc., Waltham, USA).

ROS measurements

ROS levels were measured using the fluorescent probe 5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA) according to the
manufacturer's recommendations (Invitrogen, Carlshad, USA). For the earliest time point
(0.25 hours of resazurin exposure) the cell cultures received resazurin simultaneously with 5
uM CM-H,DCFDA, whereas the other cultures were pretreated with resazurin for 2, 4 or 24
hours before addition of the probe. Following 15 min (minutes) of incubation (37 °C, 5%
COy) in presence of 5 uM CM-H,DCFDA the cells were washed twice with PBS and kept
on ice until flow cytometric analysis was preformed (Ex 488, Em 530/30; BD FACS
Calibur™ flow cytometer, BD CellQuest computer software, BD Bioscience; FlowJo flow
cytometry analyzing software, Tree Star, Inc.). Cell debris and irregular particles were gated
out before the population median fluorescence intensities were determined and used to
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calculate the mean values of each group of cultures. The interaction between resazurin and
CM-H,DCFDA in the absence of cells was measured in RPMI-1640 medium with different
concentrations of H,O,. Resazurin (44 uM) and CM-H,DCFDA (5 uM) were added
followed by 15 min of incubation (37 °C, 5% CO5). CM-H,DCFDA fluorescence was then
detected (Ex 488, Em 535; Cary Eclipse fluorescence spectrophotometer, Varian).

Oxygen consumption rates

Oxygen consumption rates were analyzed using Oxygraph O2K and DatLab software
(Oroboros Instruments, Austria). The mitochondrial experiments were conducted in samples
of 1-4 x 108 HL-60 cells in RPMI-1640 medium (GIBCO, Invitrogen, Carlshad, USA) at 37
°C to reflect normal culture conditions, and the measurements were taken after sequential
additions of resazurin (22-88 uM), oligomycin (2 ug/ml), carbonylcyanide-4-
(trifluoromethoxy)-phenylhydrazone (FCCP) (titrated to maximal activity, titration range
0.1-1.4 uM), rotenone (0.5 uM), antimycin A (2.5 uM) and NaCN (10 uM). Cells were also
pretreated with 44 or 88 uM resazurin for 24 h before they were analyzed in the oxygraph
using the same chemicals listed above.

Transmission electron microscopy

Cells were fixed in 0.1 M Na-Cadcodylate buffer, pH 7.4, containing 1.5% glutaraldehyde
for 15 min. Samples were rinsed with 0.1 M Na-Cacodylate buffer (10 min) and post-fixed
in 1% osmium tetraoxide (OsOg,) for 60 min. The specimens were dehydrated using graded
ethanol and embedded in epoxy resin, and ultra-thin sections were double-stained with
uranyl acetate and lead citrate. Specimens were examined with a Jeol JEM-1230 at the
Molecular Imaging Centre in Bergen. Pictures were taken and analyzed using the GATAN
multiscan camera.

Nuclear morphology — cell death

Nuclear morphology was investigated using the DNA intercalating dye Hoechst 33342 as
previously described [Erikstein et al., 2009]. The nuclei were visually classified as normal,
when the fluorescence was evenly distributed and of low intensity, or as abnormal, when
nuclei were fragmented or condensed (higher fluorescence intensity) compared to normal
morphology [Gjertsen et al., 1994]. To determine the fraction of cells with normal/abnormal
nuclear morphology, 300-500 cells were counted in each well.

AML blast cells from patients

The study was approved by the local Ethics Committee (Regional Ethics committee III,
University of Bergen, Norway), and samples were collected after informed consent was
given. AML cells were isolated from blood samples by density gradient separation
(Lymphoprep; Axis-Shield, Oslo, Norway). This method separates a high percentage (>
90%) of AML blast among leukocytes [Bruserud et al., 2004]. Separated cells were frozen in
10% DMSO and stored in liquid nitrogen until use. Clinical and molecular characteristics of
the four patients are shown in Table 1. Peripheral blood leukocyte samples with more than
80% AML blasts from four patients with de novo disease were cultured for evaluation of
resazurin-mediated effects.

Statistical analysis

Statistical comparisons were made using GraphPad PRISM® (version 3.0 and 5.0, GraphPad
Software, Inc., USA) software with one-way analysis of variance and Tukey's multiple
comparison post-tests to determine significant differences between several treatment groups.
A students unpaired or paired t-test was employed when only two groups were compared.

J Cell Biochem. Author manuscript; available in PMC 2011 October 15.
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The number of experiments (n) and experimental replicates are given in the figures and
legends.

Resazurin reduces leukemia cell proliferation

The effects of resazurin on cell proliferation were investigated in two leukemia cell lines,
HL-60 and Jurkat. First, the conversion of resazurin to resorufin (the principle reaction of
viability assays such as the Alamar Blue assay) was measured in cell cultures (Fig 1A).
Cells were treated with 22 uM, 44 uM or 88 uM resazurin, with 44 uM representing the
concentration normally used in the viability assay [Ahmed et al., 1994]. Resorufin
fluorescence accumulated in the two cell cultures with time, as expected (Fig 1A), and their
fluorescence intensities were generally of similar levels. Apparently, 22 uM resazurin was
not sufficient to saturate the capacity for dye conversion since the intensity was lower than
those of 44 uM and 88 puM resazurin. In both cell lines, the rate of resazurin conversion was
at its highest in the 4-24 h period compared to conversion at the 0-4 and 24-48 h periods.
The ability of individual cells to accumulate intracellular resorufin was confirmed by flow
cytometry (Fig 1B). These data clearly demonstrate that the cellular level of fluorescence
reaches a near maximum level after only four hours. The continuous increase observed in
cell cultures (Fig 1A) may thus be explained by the accumulation of extracellular resorufin
in the cell culture medium.

To determine if resazurin and/or its metabolites influence cell proliferation, we measured
[3H]-thymidine incorporation (i.e., DNA synthesis) in cell cultures treated for 6 or 24 h
periods. HL-60 cells were clearly more sensitive, and their proliferation was significantly
reduced even after a short time (6 h) in the lowest resazurin concentration (22 uM). After 24
h, a dose-dependent response was observed; 88 uM resazurin gave nearly complete
inhibition. Jurkat cells were more resistant, and an effect was only seen after 24 h at the
highest dose (88 uM). The attenuating effect of resazurin on [3H]-thymidine incorporation
was also observed in cultures of primary AML blasts isolated from patients. Cells from
different individuals displayed unique in vitro proliferative capacities (ranging from 359 to
1145 counts per minute (cpm) per well); however, three of four patient samples
demonstrated significantly decreased proliferation in the presence of resazurin (200 uM)
(Fig 1D). The fourth patient (P4) showed the same tendency, but we only had duplicate
determinations of this sample and could therefore not perform a statistical analysis.

Morphology of cellular stress, autophagy and cell death

The stress-related mechanisms induced by resazurin were investigated in more detail by
studying cell morphology. Following treatment and Hoechst-staining of the nuclei, nuclear
abnormalities such as chromatin condensation and, at times, fragmentation were observed by
fluorescence microscopy. These phenotypes are hallmarks of apoptotic cell death [Galluzzi
et al., 2009]. The fraction of abnormal nuclei increased after exposure to resazurin (Fig 2A).
A low or negligible number of cells with abnormal nuclei were seen after 6 h, but after 24 h,
there was a dose-dependent increase in both cell lines (Fig 2A). Consistent with the effect on
proliferation (Fig 1C), HL-60 cells were clearly more sensitive than Jurkat cells. Similar
observations were also made in primary AML blast cultures in which there was an overall
increase in the fraction of abnormal nuclei for the four patients (Fig 2D; p < 0.001).

Transmission electron microscopy (TEM) indicated that HL-60 cells were larger and
appeared to harbor more mitochondria than Jurkat cells (Fig 2B). Treatment with 44 uM or
88 uM resazurin for 24 h induced distinct morphological changes (Fig 2B) with more
pronounced effects at the higher concentration. The major observations in affected cells

J Cell Biochem. Author manuscript; available in PMC 2011 October 15.
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were the following: 1) nuclear chromatin condensation consistent with the observations in
Fig 2A; 2) mitochondrial alterations such as cristae disintegration, swelling and lysis; 3)
double-membrane organelles with dense content, classified as autophagic vesicles, within
HL-60 cells indicating an induction of autophagy [Degtyarev et al., 2008] and 4) an intact
cell membrane without apoptotic blebbing.

These observations suggest that resazurin induces cellular stress that culminates in
autophagy and cell death. These findings were more evident in HL-60 cells than in Jurkat
cells, a finding that correlates well with the observed effect on cell proliferation (Fig 1).

Resazurin promotes cellular ROS production

Resazurin has various alternative reaction schemes under biological conditions, and several
include ROS generation [Prutz, 1995; Prutz et al., 1996], which may trigger autophagy and
apoptosis [Ferraro and Cecconi, 2007]. We therefore studied ROS production using the
fluorescent indicator CM-H,DCFDA. First, we investigated if resazurin reacts
spontaneously with CM-H,DCFDA in the absence of cells and if this disturbs ROS
measurements. The signal from CM-H,DCFDA was measured (using a fluorometer) in the
presence of increasing concentrations of hydrogen peroxide (in RPMI) in both the presence
and absence of resazurin (Fig 3A). Resazurin clearly quenched the hydrogen peroxide-
mediated ROS signal. Such interactions would most likely be a problem with alternative
ROS probes due to the complex chemistry of resazurin. Therefore, aware that resazurin may
result in the underestimation of ROS levels, even when detected in single cells by flow
cytometry, we decided to employ the CM-H,DCFDA probe in cell culture studies. Despite
interference, the ROS signal significantly increased in cultures exposed to resazurin for 15
min (Fig 3B). Although the fold ROS induction varied to some degree for five different
experiments, the ROS level consistently increased to a greater extent in HL-60 cells
compared to Jurkat cells. The level declined in HL-60 cells at later stages while it remained
at a high level in Jurkat cells. The gradual decline of the ROS-signal at late time points in
HL-60 cells was possibly due to leakage of the probe caused by the corresponding decrease
in these cells' viability (Fig 2A). The experiment was repeated in HL-60 cells suspended in
RPMI medium without phenol red and HEPES to investigate if these two redox reactive
medium components were involved [Prutz et al., 1996; Spierenburg et al., 1984]. The fold
ROS induction after addition of resazurin was similar under these conditions (data not
shown), demonstrating that resazurin does not react with phenol red or HEPES to cause
ROS production. The dramatic difference in ROS induction between HL-60 and Jurkat cells
underscores resazurin's role in mediating this effect via biological mechanisms. This may
also explain why HL-60 cells are more sensitive than Jurkat cells.

Resazurin exposure leads to impairment of mitochondrial respiration

Resazurin interacts with oxygen and mitochondrial metabolism [Prutz, 1995; Prutz et al.,
1996; Talbot et al., 2008], and it was therefore of interest to measuring oxygen consumption
rates in cell culture. Resazurin was first added to cell culture medium (RPMI) in the absence
of cells. This induced spontaneous consumption of molecular oxygen present in the chamber
(Fig 4A). The effect disappeared when the instrument light source (visual light, broad
spectrum) was turned off and when RPMI medium was exchanged with PBS. The oxygen
consumption rate was induced to an equal level in RPMI medium lacking or containing
phenol red and HEPES (data not shown). These results demonstrate that resazurin
participates in oxygen-dependent photo-oxidation reactions that involve RPMI constituents
other than phenol red and HEPES.

To examine if resazurin interacts directly with mitochondrial respiration, oxygen
consumption rates in HL-60 cells were continuously monitored during sequential infusion of
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resazurin and respiratory modulators. The oxygen consumption rate was spontaneously
induced upon addition of resazurin (Fig 4B); however, the induction was equal to the
residual activity observed after complete respiratory inhibition with antimycin A and to
chemical induction in RPMI (Fig 4A). This suggests that the resazurin-mediated increase in
oxygen consumption in cell cultures is solely due to chemical interactions with RPMI
constituents and not mitochondrial respiration. Furthermore, resazurin did not alter the
maximal uncoupled capacity of the electron transport system (ETS) or rotenone-insensitive
activity (Fig 4B).

To investigate if resazurin affects respiratory function over time, we measured oxygen
consumption in both HL-60 and Jurkat cells after 24 h of treatment (Fig 4C). Interestingly,
untreated HL-60 cells had a significantly higher basal respiratory activity than Jurkat cells.
Resazurin exposure caused a loss of mitochondrial function in both cell types, and the effect
was more severe with 88 uM than with 44 uM resazurin. The uncoupled respiratory rate
(ETS), which is a measure of the total respiratory capacity, was significantly reduced.
Although routine respiration also fell, the cells clearly tried to adapt by utilizing a larger
fraction of their respiratory capacity. Simultaneously, the respiratory control ratio
(ETS:oligomycin insensitive activity) was reduced from 10.6 to 4.5 and 4.4 in HL-60 cells
treated with 44 uM and 88 uM, respectively. In Jurkat cells, the ratios were determined to be
6.3t0 3.1 and 1.1, respectively. This loss in respiratory control indicates that there is an
attenuation of mitochondrial integrity, which is supported by the TEM images (Fig 2B and
C). These data suggest that the bioenergetic function of mitochondria is compromised after
resazurin treatment.

Mitochondrial respiration is not required for resazurin-induced cellular stress

One interpretation of the data presented thus far is that a low basal respiratory rate, as seen
in Jurkat cells, may confer a protective effect against resazurin-induced stress. To test this
possibility, we compared MDA-MB-435 Rho? cells, which are respiratory deficient, with
the original MDA-MB-435 cell line [Delsite et al., 2002]. The MDA-MB-435 cells were
extremely sensitive to resazurin, both in terms of abnormal nuclei (Fig 5A) and proliferation
(Fig 5B), and the effects were maximal even at the lowest dose of resazurin. Interestingly,
MDA-MB-435 RhoC cells were equally sensitive compared to the wild type MDA-MB-435
cells. These data indicate that there is no correlation between the bioenergetic function of
mitochondria and cellular sensitivity to resazurin-induced stress. It cannot be excluded,
however, that Rho? cells undergo additional or alternative stress responses given that their
metabolic machinery is amputated compared to the wild type cells.

Discussion

The data presented herein demonstrate that resazurin induces cellular stress mechanisms that
reduce cell proliferation and ultimately lead to autophagy and cell death. Resazurin clearly
causes oxidative stress due to increased ROS generation, and it possibly results in energetic
stress due to mitochondrial impairment. Here we suggest a mechanism in which resazurin
triggers ROS production via its vigorous cross-reactivity with cellular constituents and
metabolites, which initiates a cellular stress response and leads to mitochondrial dysfunction
and degradation of the cell.

Resazurin is the viability indicator in the commercial Alamar Blue assay reagent, which also
contains ferricyanide/ferrocyanide and methylene blue to stabilize resazurin and prevent
reduction [O'Brien et al., 2000; Rasmussen, 1999]. The effects of the Alamar Blue reagent
on cell biochemistry and physiology were equal to those observed with pure resazurin (data
not shown). We therefore conclude that resazurin is the principle toxic mediator in the
Alamar Blue assay reagent. The conversion of resazurin to resorufin, which is detected in
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the viability assay, depends on metabolic processes in the cells [Fields and Lancaster, 1993].
This is similar to other viability/proliferation detection methods such as the 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-assay [Pagé et al., 1993]. A
caveat of these assays is that the readout may also be influenced by changes in metabolic
rate that are not directly linked to viability and proliferation [Pagliacci et al., 1993; Tronstad
et al., 2001]. Furthermore, as the present study demonstrates, the possible effects of the
indicator itself are suppressed in the result of these assays and are difficult to detect. When
using such assays for toxicology screening, it should therefore be considered that resazurin
may have additional, or even synergistic, effects in combination with the test agents. Thus,
resazurin has been a useful reporting agent in biological applications, but the present
findings underscores that care should be taken when this agent is employed in living cells,
since it affects mechanisms that are crucial for maintaining cellular homeostasis.

3H-thymidine incorporation and nuclear morphology demonstrated that resazurin has
antiproliferative effects and that prolonged exposure induces cell death. This was observed
in transformed (HL-60 and Jurkat) as well as primary (AML) leukemia cells. AML is a
heterogeneous disease with recurrent aberrations in growth factor signal pathways and
transcriptional regulation—e.g., FMS-like tyrosine kinase 3 (FIt-3) and nucleophosmin-1
(NPM-1)—with a major impact on relapse of disease after treatment and survival
[Lowenberg, 2008]. In our experiments with AML cells from four patients, sensitivity to
resazurin did not tend to correlate with Flt-3 and NPM-1 status, patient age, FAB
classification or survival.

Although resazurin is converted to resorufin inside cells, we found that the increase in
resorufin fluorescence in these cultures was primarily due to extracellular accumulation of
the dye, which is consistent with previous reports [O'Brien et al., 2000]. The cell type-
specific sensitivity to resazurin did not correlate with resorufin production, the rate of which
varied for the different cell types, which was also consistent with others' observations
[Gloeckner et al., 2001]. Interestingly, the cellular level (single cells) of resorufin was
actually higher in Jurkat cells, which were more resistant than HL-60 cells (Fig 1A). These
observations indicate that the antiproliferative effect may not be mediated via resorufin;
resazurin-mediated ROS production seems to take place at the expense of resorufin
production [Prutz et al., 1996].

There was a transient burst of ROS produced immediately after addition of resazurin to the
cell cultures, and the induction was significantly more pronounced in HL-60 cells compared
to Jurkat cells. The difference between the two cell lines demonstrates that this is a
biological effect and not simply a chemical artifact. Furthermore, HL-60 cells have been
reported to be more sensitive to oxidative stress than Jurkat cells [Netto et al., 2009]. These
findings support the idea that ROS production is a critical factor in resazurin-induced stress
and provide a rational explanation for why HL-60 cells are the most sensitive in terms of
viability and proliferation. Supplementation with the antioxidants Tempol and NAC,
however, did not prevent the massive ROS production by resazurin and, therefore, did not
rescue the cells in our experiments (data not shown).

Morphological analysis of cells exposed to resazurin demonstrated that HL-60 and Jurkat
cells undergo severe stress that induced nuclear and mitochondrial alterations and resulted in
apoptosis-like cell death. The most striking differences between these cell types were that
HL-60 cells seemed to have more mitochondria than Jurkat cells and that HL-60 cells
contained autophagic vesicles after treatment with resazurin. Both autophagy and apoptosis
have previously been reported to be consequences of oxidative stress and/or energy
depletion [Maiuri et al., 2007; Sasnauskiene et al., 2009b], and apoptosis may also be the
ultimate outcome of severe autophagy [Sasnauskiene et al., 2009a]. Previous studies have
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shown that the Jurkat cell line has a phosphatase and tensin homolog (PTEN) mutation that
maintains the Akt survival signaling pathway constitutively active [Freeley et al., 2007].
There are several reports suggesting that Akt must be inactive for autophagy to occur
[Degenhardt et al., 2006; Degtyarev et al., 2008]. This may be a possible explanation for
why Jurkat cells do not seem to undergo autophagy whereas HL-60 cells do.

Mitochondrial respiration was not acutely affected by addition of resazurin, but alterations in
respiratory routine activity, total capacity and respiratory control unambiguously
demonstrated that the functions of mitochondrial bioenergetics were impaired in both HL-60
cells and Jurkat cells after 24 h exposure (Fig 4C). Untreated HL-60 cells exhibited a
significantly higher basal respiratory rate than Jurkat cells (Fig 4C). Some of this can be
explained by differences in cell size illustrated in the TEM images (Fig 2B and C), but these
images also indicate that the cytoplasmic density of mitochondria is higher in HL-60 cells.
We therefore speculated that there is a positive correlation between basal respiratory rate
and resazurin sensitivity. This theory was tested by using respiratory-deficient MDA-
MB-435 RhaO cells; yet these cells were as sensitive as wild type MDA-MB-435 cells (Fig
5). Thus, the basal bioenergetic function of mitochondria does not seem to be a critical
determinant of resazurin sensitivity. It should be noted, however, that Rho? cells may
already be stressed compared to normal cells with intact mitochondria since they have less
metabolic flexibility per se and produce more ROS [Indo et al., 2007].

To summarize, these data indicate that resazurin induces an immediate burst of ROS that
leads to oxidative stress and a gradual loss of vital functions such as mitochondrial
respiration. It remains an open question whether mitochondrial impairment is simply a
consequence of ROS damage or degradation (e.g., mitophagy) or if it mediates downstream
effects in the stress response. Both oxidative stress and energy depletion are consistent with
autophagy and apoptosis-like cell death. Cellular sensitivity to resazurin may be determined
by multiple factors of metabolism, survival signaling and stress response pathways, but ROS
tolerance appears to be an important factor. In conclusion, resazurin initiates a cellular stress
response by triggering ROS production and a downstream cascade leading to mitochondrial
impairment, autophagy and cell death. More detailed studies are necessary to identify
determinants of resazurin sensitivity, but factors regulating ROS tolerance are probable
candidates.
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Fig 1. Resazurin conversion and inhibition of proliferation in leukemia cells

(A) HL-60 and Jurkat cells were treated with 22, 44 or 88 uM resazurin. The conversion of
resazurin to resorufin in the cultures was measured by fluorometry (1, 4, 24 or 48 h), and the
values are presented as the mean + SEM of three independent experiments performed in
triplicate. B) The level of resorufin was measured in single cells by flow cytometry (0, 2, 4
or 24 h). 10,000 cells were analyzed in each experiment, and the data are presented as the
mean + SEM of the median values from four or five individual cultures. (C) HL-60 and
Jurkat cell lines were treated with 22, 44, and 88 uM resazurin for 6 or 24 h, followed by
incubation (6 h) in the presence of 3H-thymidine to determine proliferation. The amount of
incorporated 3H-thymidine was assessed by scintillation counting. The results are presented
as the mean = SEM of the relative values compared to the untreated controls in three
independent experiments, each done in triplicate. (D) Primary acute myelogenous leukemic
blasts (> 90%) from four patients (P1-P4; see Materials and Methods for details) were
exposed to 200 puM resazurin for 24 h. The proliferation of native AML blasts was
determined by 3H-thymidine incorporation after treatment with resazurin. After 18

hours, 3H-thymidine was added and the cultures were incubated for an additional 6 h. The
results in A-C are presented as the mean + SEM of the relative values compared to the
untreated controls in three independent experiments, each done in triplicate. The levels of
incorporated 3H-thymidine (counts per min) are given as the mean + SD of six technical
replicates. (*: p < 0.05; **: p <0.01; ***: p < 0.001)
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Fig 2. Resazurin induces morphological features of cellular stress, autophagy and cell death in
leukemia cells

(A) HL-60 and Jurkat cells were incubated for 6 or 24 h in the presence of 22, 44 or 88 uM
resazurin prior to staining with Hoechst 33342. The fraction of cells with abnormal nuclei
(i.e., chromatin condensation and fragmentation) was assessed by fluorescence microscopy.
Values are presented as the mean + SEM of three independent experiments, each done in
triplicate. (B-C) HL-60 and Jurkat cells were incubated for 24 h with 0, 44 or 88 uM
resazurin before transmission electron microscopy analysis. The left columns in panels B)
and C) display entire cells with representative morphological features (magnitude 10,000x%).
The right columns show selected details (30,000x). Treatment with 88 uM resazurin in

J Cell Biochem. Author manuscript; available in PMC 2011 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Erikstein et al.

Page 15

HL-60 cells resulted in a prevalent amount of cells undergoing autophagy with nuclear
condensation. Arrows with letters represent: a = autophagosome and d = disrupted
mitochondrion. (D) Primary acute myelogenous leukemia blasts (> 90%) from four patients
(P1-P4; see Materials and Methods for details) were exposed to 200 pM resazurin for 24 h.
Nuclear morphology was visualized by Hoechst 33342 staining, and the fraction of
abnormal nuclei with condensed chromatin consistent with cell death was determined. The
percentages of cells with abnormal nuclei are given as the mean + SD of six technical
replicates. Images show sections from a typical experiment with blasts from one patient
(P3). Arrows with letters: ¢ = condensed and n = normal nuclear morphology. (*: p < 0.05;
***: p <0.001)
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A) Resazurin quenches CM-H,OCFDA

Fig 3. Resazurin induces ROS production in leukemia cells

The level of ROS was measured using the fluorescence probe CM-H,DCFDA. (A) The
effect of resazurin on the ROS signal was measured by fluorometry after 15 min of
incubation with various levels of H,O, (in RPMI-1640 medium, no cells) in the absence or
presence of resazurin (44 uM). The figure presents one representative experiment (with
duplicate samples) out of a series of three yielding comparable results. (B) The effects of
resazurin on ROS levels in individual HL-60 and Jurkat cells were assessed by flow
cytometry after incubation with resazurin (44 uM) for varying periods of time.
Representative histograms for HL-60 cells are shown. Ten-thousand cells were analyzed in
each culture, and the data are presented as the mean + SEM of the median values from 2-4
cultures. The data are representative of five comparable experiments. (**: p < 0.01; ***: p <
0.001).
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Fig 4. Resazurin does not affect mitochondrial respiration directly, but mitochondrial function is
impaired over time

(A) Non-biological (i.e., non-cellular) oxygen consumption rates in PBS and RPMI-1640 (in
the absence of cells) were monitored during three sequential additions of resazurin; final
concentrations were 22 uM, 44 uM and 66 pM, respectively. The instrument light source
(visual light, broad spectrum) was turned off at the end of the experiment. The scale bar (|
+|) that replaces the y-axis in the upper graph displays a change in oxygen concentration
corresponding to 50 nmol Oy/ml. The figure shows one representative experiment out of a
series of three yielding equivalent results. (B) Oxygen consumption rates were monitored in
HL-60 cells during the sequential addition of resazurin (final concentrations: 22 uM, 44 uyM
and 66 uM), FCCP titrated from 0.5 mM stock, (final concentrations: 0.23, 0.45 and 0.68
mM), 0.5 uM rotenone and 2.5 uM antimycin A. Control cells were treated with PBS
instead of resazurin. The figure displays typical traces representative of at least three
experiments. ROUT, routine respiration; ROUTadd, routine respiration after addition of
PBS (control) or resazurin; ETS, capacity of the electron transport system (the maximum
uncoupled rate after FCCP titration); ETSR, rotenone insensitive ETS; ROX, residual
oxygen consumption. (C) Routine respiration (ROUT) and electron transport system
capacity (ETS) rates were determined in HL-60 or Jurkat cells exposed to 44 or 88 uM
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resazurin for 24 h. All values are presented as the mean + SD of 3-4 independent
experiments (**: p < 0.01; ***: p < 0.001 double sided paired t-test).
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Fig 5. Resazurin inhibits proliferation and induces cell death in cells lacking mitochondrial
respiration

(A) The effect of resazurin on proliferation and viability was investigated in the MDA-
MB-435 cell line and the respiratory deficient daughter line MDA-MB-435 Rho?. Cells were
incubated with 22, 44 and 88 uM resazurin for 24 h before fixation. The nuclei were stained
with Hoechst 33342, and the fraction of cells with abnormal nuclei (i.e., condensed
chromatin) was analyzed by fluorescence microscopy. Values are presented as the mean
SEM of three independent experiments, each performed in triplicate (***: p < 0.001). The
fluorescence images are representative of each experiment. Arrows with letters: ¢ =
condensed nuclei and r = rounded cellular morphology. (B) Proliferation was assessed

by 3H-thymidine incorporation in MDA-MB-435 and MDA-MB-435 Rho? cells treated with
22, 44 and 88 uM resazurin. 3H-thymidine was added after 18 h of incubation, followed by
an additional 6 h of incubation. Values are presented as the mean + SEM of three
independent experiments, each performed in triplicate (***: p < 0.001). (C) Resazurin
conversion was determined by fluorometry in MDA-MB-435 and MDA-MB-435 Rho? cells
treated as described in (A). Values are presented as the mean + SEM of three independent
experiments, each performed in triplicate.
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