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a b s t r a c t

Reactive oxygen species (ROS) play an essential role in the survival and progression of cancer. Moderate
oxidative stress drives proliferation, whereas high levels of ROS induce cytotoxicity. Compared to cancer
cells, healthy cells often exhibit lower levels of oxidative stress. Elevation of cellular ROS levels by small
molecules could therefore induce cancer-specific cytotoxicity. We have employed high-throughput phe-
notypic screening to identify inducers of ROS accumulation. We found 4,5-dihalo-2-methylpyridazin-3-
one (DHMP) and 2,3,4,5(6)-tetrachloro-6(5)-methylpyridine (TCMP) moieties to strongly deplete GSH, to
cause ROS accumulation and to induce cell death. Small molecules containing these fragments will most
likely share the same properties and should therefore be carefully considered in the development of
bioactive molecules.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Reactive oxygen species (ROS), i.e. radical and non-radical reac-
tive molecules comprising oxygen, such as superoxide (O2

��),
hydrogen peroxide (H2O2) and hydroxyl radicals (�OH), are by-
products of the cellular metabolism, largely originating from the
mitochondria, and play a role as signaling molecules in a variety
of cellular processes.1,2 However, at high levels, ROS can induce
cytotoxicity, as they can directly react with biomolecules, thereby
causing e.g. DNA mutations, oxidation of proteins and lipid
peroxidation.3

In many cancer cell lines the redox balance is shifted towards
higher ROS levels when compared to non-malignant cells.4,5

Moderately elevated ROS levels promote cancer survival by
increasing DNA mutation rates. However, further elevation has
detrimental impact on cells as it can cause cell death.6 Therefore,
many cancer cells constantly exploit a large portion of their antiox-
idative response measures, which renders them more sensitive
towards further increase in ROS concentrations.7,8 Thus,
ROS-inducing small molecules may induce cancer-selective cell

death.1 We identified compounds increasing cellular ROS levels
by means of a phenotypic screening.

Strong depletion of cellular GSH was observed after treatment
with hit compounds containing either a 4,5-dihalo-2-methylpyri-
dazin-3-one (DHMP) or 2,3,4,5(6)-tetrachloro-6(5)-methylpyridine
(TCMP) moiety. Herein we show that DHMP and TCMP moieties
are reactive with GSH in solution and deplete GSH in cells, thereby
inducing ROS accumulation, which might trigger the observed
cytotoxicity.

2. Results

To identify small-molecule inducers of ROS in cells, a pheno-
typic assay, adapted from Adams et al., in U-2OS cells using the
ROS indicator CM-H2DCFDA was employed to screen a library of
186,117 compounds.9 As GSH is the most abundant antioxidant
and GSH depletion by small molecules is directly linked to ROS
accumulation, hit compounds were then tested for depletion of
cellular GSH.10–12 Several compounds depleted GSH in U-2OS cells
(Fig. S1) and more than half of the 30 most active GSH depleters
bore a 4,5-dihalo-2-methylpyridazin-3-one (DHMP) moiety, while
4 compounds contained a 2,3,4,5(6)-tetrachloropyridine (TCMP)
moiety (Table S1). Additionally, another 7 compounds bore a
5-chloro-2-(methylsulfonyl)pyrimidin-4-yl)methanone moiety,
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however, this fragment was already described in the context of cel-
lular GSH depletion.13 4,5-dichloro-2-methylpyridazin-3-ones and
2,3,4,5-tetrachloropyridines have recently been described as cyto-
toxic fragments with an unknown mode of action.14 To explore the
link between DHMP and TCMP moieties, ROS accumulation, GSH
depletion and cytotoxicity, six representative compounds with dif-
ferent ROS-inducing activities were selected for in-depth charac-
terization (Fig. 1).

Accumulation of ROS after one hour of incubation with the six
test compounds was also explored in HeLa cells. The GSH depleter
1-chloro-2,4-dinitrobenzene (CDNB), which induces ROS accumu-
lation via depletion of cellular GSH, was included as positive con-
trol (Fig. 2a). Strong ROS induction was observed at 10 mM for
DHMP01 (63.96% ± 18.47), DHMP02 (78.23% ± 8.31), TCMP01
(73.78% ± 13.35) and TCMP02 (98.33% ± 15.68), whereas DHMP03
(9.73% ± 7.21) and TCMP03 (12.14% ± 14.83) did not affect cellular
ROS levels (Fig. 2b–d).

Next, the cytotoxic effect of the test compounds was examined
by means of real-time live-cell imaging via propidium iodide stain-
ing to detect loss of cell membrane integrity. 5 mM of DHMP01 or
TCMP01 and 10 mM of DHMP02 or TCMP02 were cytotoxic in HeLa
cells (Fig. 3a–b and d–e). Cells treated with 10 mM of DHMP01,
DHMP02 or TCMP01 showed severe changes in cellular morphol-
ogy already after 2 h incubation, indicating a rapid cytotoxic effect
(Fig. S2a). DHMP03 and TCMP03 did not influence cellular viability
(Figs. 3c,f and S2). The induction of ROS accumulation and cytotox-
icity by the test compounds strongly suggests a causative link
between oxidative stress and cell death.

To address this assumption, HeLa cells were incubated with 5
mM of the antioxidant N-acetylcysteine (NAC) prior to the addition
of DHMP01 or TCMP01 at cytotoxic concentrations (Fig. 4a and
Fig. S3). Preincubation with NAC rescued the cytotoxic influence
of both compounds along with the absence of morphological
changes that were observed after treatment (Fig. 4b). Additionally,
the impact of a co-treatment of the compounds with the GSH syn-
thesis inhibitor L-buthionine sulfoxinimine (BSO) was analyzed.
Treatment of HeLa cells with moderately cytotoxic concentrations
of the test compounds and subcytotoxic concentrations of BSO
enhanced the cytotoxicity synergistically (Fig. 4c and d). Taken
together, the cytotoxicity rescue by antioxidants and the synergy
with a GSH synthesis inhibitor indicate a possible link between
redoxmodulation and cell death induced by DHMP01 and TCMP01.

Consequently, the influence on the total cellular GSH content
was determined after 1 h of incubation with 10 mM of each test
compound in HeLa cells. Both non-cytotoxic and ROS-inactive
compounds DHMP03 and TCMP03 did not influence cellular GSH
levels. DHMP01, DHMP02 and TCMP02 decreased the total GSH
content approximately by half, similarly to the known GSH deplet-
ing compound CDNB (Fig. S4). TCMP01 did not show any GSH
depletion, although both ROS induction and cytotoxicity were
observed at the applied concentration of 10 mM.

The depletion of GSH by the test compounds may depend on the
presence of certain enzymes, either catalyzing the reaction with
GSH or transforming the test compounds into reactive metabolites.
To assess the reactivity towards GSH directly, all test compounds
were incubated in solution with 5 mM GSH, approximately

Fig. 1. Chemical structures of (a) 4,5-dihalo-2-methylpyridazin-3-ones (DHMPs) and (b) 2,3,4,5(6)-tetrachloro-6(5)-methylpyridines (TCMPs) and their representative test
compounds (c and d, respectively).
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