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Artemisinin displays bactericidal activity via copper-mediated DNA damage
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ABSTRACT
Artemisinin (ARS) and its semi-synthetic derivatives are effective drugs to treat malaria and 
possess multiple therapeutic activities based on their endoperoxide bridge. Here, we showed 
that ARS displayed antibacterial efficacy in Drosophila systemic infections caused by bacterial 
pathogens but killed only Vibrio cholerae (VC) in vitro, involving reactive oxygen species (ROS) 
generation and/or DNA damage. This selective antibacterial activity of ARS was attributed to the 
higher intracellular copper levels in VC, in that the antibacterial activity was observed in vitro 
upon addition of cuprous ions even against other bacteria and was compromised by the copper- 
specific chelators neocuproine (NC) and triethylenetetramine (TETA) in vitro and in vivo. We 
suggest that copper can enhance or reinforce the therapeutic activities of ARS to be repurposed 
as an antibacterial drug for the treatment of bacterial infections.
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Antimicrobial resistance (AMR) of bacterial pathogens is 
a growing problem worldwide [1]. The emergence of 
pathogens resistant to one or more antimicrobial drugs 
is increasing at an alarming rate. As a result, infectious 
diseases that are extremely difficult or impossible to treat 
with conventional drugs are becoming a global health 
threat. A critical component of the AMR solution is the 
development of novel antimicrobial drugs to cover the 
diminishing effectiveness of the currently available anti-
bacterial regimens. Although conventional antibiotic 
pipelines need to be substantially reinvigorated in 
response to the growing emergency, much attention has 
been recently paid to drug repurposing or repositioning 
that utilizes approved drugs or abandoned compounds to 
treat a different indication [2]. This approach is valid in 
that known drugs and compounds have already been 
tested in humans and detailed information is available 
regarding their pharmacology, formulation, dose, and 
toxicity, etc., [3]. This “salvage” discovery either via the 
established mechanism of action or by identification of 
new ones is advantageous over traditional “de novo” 
discovery in that it could significantly reduce the discov-
ery and development timeline as well as the overall cost of 
bringing drugs to market.

ARS is the most potent antimalarial drug obtained 
from the extract of Artemisia annua [4,5]. It is widely 

used not only for the rapid treatment of Plasmodium 
falciparum malaria but also for its high safety with few 
side effects and its tolerance profile [6,7]. ARS is 
a sesquiterpene lactone-type compound, and its phar-
macophore is considered to be the endoperoxide 
bridge of its 1,2,4-trioxane moiety [8]. Based on the 
pharmacophore of ARS, several semi-synthetic deriva-
tives have also been developed for effective clinical use, 
including artesunate, arteether, and artemether [9,10]. 
Multiple antimalarial mechanisms of ARS have been 
suggested and have yet to be fully understood. 
Nevertheless, the generation of reactive oxygen species 
(ROS) via endoperoxide bridge cleavage of the 
1,2,4-trioxane scaffold is the presumable cytotoxic 
mechanism of ARS [11,12]. Furthermore, previous stu-
dies demonstrated that the decomposition of ARS was 
induced by hemes or free ferrous ion, which is 
mediated by a Fenton reaction [12,13]. Besides ferrous 
iron, cuprous copper could also catalyze the reductive 
activation of ARS at the endoperoxide in vitro [14]. 
The ARS-derived ROS and/or the carbon-centered 
organic radicals have the potential to facilitate the 
clearance of the parasite P. falciparum from the blood 
[11,15]. The ability of ARS carbon-centered radicals to 
alkylate hemes and specific proteins in the parasite has 
been suggested to be the key to the antimalarial activity 
[16–18]. Two parasite proteins, the translationally 
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controlled tumor protein homolog and the sarcoplas-
mic reticulum Ca2+-transporting ATPase of 
P. falciparum (identified as PfATP6), have been 
reported as the putative targets of ARS, but the current 
consensus is that PfATP6 is not directly involved in the 
action or resistance of ARS [19,20]. Although the exact 
molecular mechanism of targeting and inhibition by 
ARS has yet to be discovered, it is clear that its anti-
malarial activity is dependent on transition metals, 
such as iron [21].

Beyond its antimalarial activity, ARS and its deriva-
tives have been shown to possess multiple therapeutic 
activities, such as antiviral, antifungal, anticancer, and 
anti-inflammatory activities [22–26]. These activities 
might also involve ROS generation, which has been 
verified to cause cellular damage. Since ROS generation 
is also implicated in antibacterial mechanisms for bac-
tericidal antibiotics and redox-cycling chemicals, it 
would be worthwhile to explore the potential antibac-
terial activity of ARS, based on its generation of ROS in 
the presence of iron or other transition metals.

In this study, we have confirmed the antibacterial 
activity of ARS by enhancing its solubility and by 
improving the intrinsic antibacterial activity [27]. As 
a result, we have identified a previously unexplored bac-
tericidal activity of ARS in the presence of a transition 
metal ion, Cu+, which enhances the antibacterial activity 
of ARS in vitro. All the tested bacteria were permeable to 
ARS, but the MIC values differed markedly, with the 
lowest (3.13 μg/ml) for VC. We also observed that ROS 
generation and/or DNA damage might be the key to the 
bactericidal activity of ARS as previously reported for the 
antimalarial activity [28]. These results suggest that ARS 
could be repurposed as an antibacterial against VC.

Materials and methods

Bacterial strains and culture conditions

The bacterial strains used in this study are listed in Table 
S1. PA, VC, EC, SA, and BS strains were grown at 37°C 
using Luria-Bertani (LB) (1% tryptone, 0.5% yeast 
extract, and 1% NaCl) broth, Müller-Hinton (MH) 
broth (Cat No. 275,730; BD Difco, USA), and M9- 
glucose minimal medium (1.2% Na2HPO4, 0.3% KH2 

PO4, 0.05% NaCl, 0.1% NH4Cl, 2 mM MgSO4, 0.1 mM 
CaCl2, and 0.4% glucose) or on 2% Bacto agar-solidified 
LB plates. Overnight-grown cultures were used as inocu-
lum (1.6 × 107 cfu/ml) into fresh medium and grown at 
37°C in a shaking incubator up to the logarithmic 
(OD600 = 0.7) phase, and then the cell cultures were 
used for the experiments described herein.

ARS and its derivatives

ARSF, which is conjugated with an acridine moiety, 
was synthesized and purified as described previously 
[20]. ARS and ART were purchased from Sigma- 
Aldrich (Cat No. 361,593 and A3731; USA). The 
other ARS derivatives (compounds 3–10) were 
obtained from Toronto Research Chemicals (Cat No. 
A777400, A774300, D448360, A637875, A777550, 
D294728, A794900, and D232150; Canada). The com-
pounds were dissolved in dimethyl sulfoxide (DMSO).

Assessment of permeability

The bacterial cells were cultured to OD600 of 0.7 in LB 
medium. The cell cultures were incubated with 0.1 mg/ml 
of ARSF for 5 min and 40 min. After incubation, the cells 
were washed with PBS buffer (10 mM Na2HPO4, 1.8 mM 
KH2PO4, 137 mM NaCl, 2.7 mM KCl; pH 7.4) twice. The 
penetrated ARSF was detected by using an Axio 5 fluores-
cence microscope (Carl Zeiss, Germany) at 488-nm 
excitation.

Measurement of antibacterial efficacy

Drosophila systemic infection was performed as pre-
viously described [29,30]. Drosophila melanogaster 
strain Oregon R, was grown and maintained at 25°C 
using corn meal-dextrose medium [0.93% agar, 6.24% 
dry yeast, 4.08% corn meal, 8.62% dextrose, 0.1% 
methyl paraben, and 0.45% (v/v) propionic acid]. For 
systemic infection, 4- to 5-day-old adult female flies 
were infected by pricking at the dorsal thorax with 
a 0.4 mm needle (Ernest F. Fullam, Inc., USA). The 
needle was dipped into PBS-diluted bacterial suspen-
sion containing PA (107 cfu/ml), VC (5 × 107 cfu/ml) 
or SA (108 cfu/ml) grown to the OD600 of 3.0. Prior to 
infection, the flies were pretreated with a new medium 
overlaid with 50 µl of ART (0.1, 0.5, 1 or 5 mg/ml) for 
18 h. Infected flies were transferred to the medium 
overlaid with ART. For copper-chelation, media over-
laid with 50 µl of ART (1 mg/ml) and 50 µl of NC (1 or 
10 μM) (Cat N0. N1501; Sigma-Aldrich, USA) were 
prepared. Survival rates of the infected flies were mon-
itored for up to 72 h post-infection. Flies that died 
within 12 h for PA and SA, 6 h for VC were excluded 
in mortality determination. Each mortality assay was 
repeated at least four times.

Measurement of antibacterial activity

The antibacterial activity was evaluated by spotting 
assay, LIVE/DEAD BacLight staining (Cat No. L7007; 
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Invitrogen, USA), and viability assay. For transition 
metal treatment, sub-lethal concentrations (1/2 or 1/4 
MIC) of FeSO4 (Cat No. 215,422; Sigma-Aldrich, USA) 
and CuCl (Cat No. 229,628; Sigma-Aldrich, USA) were 
added to LB or MH media.

Spotting assay
The bacterial cells were cultured to OD600 of 0.7 in LB 
medium. Ten-fold serial dilutions (3 μl) of the cell 
cultures in LB broth were spotted onto an LB agar 
plate containing ARS and its derivatives to enumerate 
the surviving bacteria. The plates were incubated over-
night at 37°C.

LIVE/DEAD BacLight staining.
The bacteria were cultured to OD600 of 0.7 in LB broth 
and then diluted to approximately 107 cfu/ml. The cells 
were treated with ART and/or CuCl for 1 h. After the 
treatment, the cells were stained with 6 μM SYTO9 and 
30 μM propidium iodide (PI) for 15 min at room 
temperature. The stained cells were observed by using 
an Axio 5 fluorescence microscope (Carl Zeiss, 
Germany) at 480-nm excitation for SYTO9 and at 490- 
nm excitation for PI.

Viability assay
The indicated bacterial strains (1 × 108 cfu/ml) that had 
been grown to the logarithmic growth phase (OD600 

= 0.7) were treated with a sub-lethal concentration (1/4 
MIC) of ART for 5 h. The colony forming units were 
measured.

Copper chelation and detection

For copper chelation, the cells were pretreated with 
either NC (1.5 μM) or TETA (1.5 mM) (Cat No. 
259,535; Sigma-Aldrich, USA) for 2 h before ART or 
H2O2 treatment. To qualitatively measure the intracel-
lular level of copper ions, the bacteria were cultured to 
OD600 of 0.7 in LB broth containing 10 μM of CuCl. 
The cells were then washed and incubated in 10 μM of 
CopperGREENTM (Cat No. GC902; Goryo Chemical, 
Japan), which is known to selectively react with Cu+ for 
1 h. The intracellular level of Cu+ was visualized under 
a fluorescence microscope.

Determination of minimal inhibitory concentrations 
(MICs)

MICs for ARS and its derivatives were determined in 
MH broth by the broth microdilution method using 
standard microbiological procedures according to 
NCCLS guidelines, as per document no. M07-A8 

(2012) [31]. The medium with a 2-fold serial dilution 
of each compound in MH broth was subjected to 
inoculation with the indicated bacterial strains 
(5 × 105 cfu/ml) that had been grown at 37°C to the 
logarithmic growth phase (OD600 = 1.0) and then incu-
bated at 37°C on a rotary shaker. The MIC values were 
recorded to be the lowest concentration of the com-
pound at which no signs of growth were observed 
based on the OD600 value of less than 0.05 after 18 h 
of incubation.

Measurement of ROS generation

ROS generation was detected using hydroxyphenyl 
fluorescein (HPF) (Cat No. H36004; Invitrogen, USA), 
which is known to react with hydroxyl radicals and 
peroxynitrite anions. The bacteria were cultured to 
OD600 of 0.5 in M9 minimal medium and incubated 
with HPF (5 μM) for 30 min. The cells were then 
washed and resuspended in 1 ml of M9 minimal med-
ium containing 313 μg/ml of ARS. The samples were 
incubated for 3 h at 37°C, and the fluorescence was 
imaged using an LSM 880 scanning confocal micro-
scope (Carl Zeiss, Germany) at 488-nm excitation.

Measurement of DNA damage

DNA damage was evaluated in vivo by detection of 
RecN foci, and in vitro by DNA strand break assay.

Detection of RecN foci
The recN gene was fused with mClover3 at N-terminus 
with a linker (GLGSGGGSGGGSGGTA) and then 
cloned into pBAD24, which was introduced into the 
wild type VC. The bacteria were grown to an early 
logarithmic growth phase (OD600 = 0.3) with 0.2% arabi-
nose. The cells (1 μl) were applied on 2% agarose pads 
containing either AT (31.3 μg/ml) and H2O2 (150 μM), 
and incubated for 30 min. The dsDNA break foci were 
monitored using an Axio 5 fluorescence microscope 
(Carl Zeiss, Germany) at 488-nm excitation.

DNA strand break assay
For the DNA strand break assay, the conversion of 
plasmid from supercoiled form to open circular form 
was detected as previously described [32]. 30 ng of the 
pUCP19 plasmid was incubated in a 3.5 mM NaHCO3 

buffer (pH 7.2) with 20 μM glutathione (GSH) (Cat N0. 
PHR1359; Sigma-Aldrich, USA) as a reductant to 
recycle the metal ions, 10 mM ARS or ART, and 10 μM 
FeSO4 or CuCl for 20 min. The reaction mixture was 
resolved by electrophoresis on a 1% agarose gel, and 
then visualized with UV light after EtBr staining.
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Time-to-kill experiment

The bacteria were cultured to OD600 of 0.7 in MH 
broth and then diluted to approximately 5 × 105 cfu/ 
ml. The cell cultures were treated with 1.56, 3.13, 6.25, 
and 12.5 μg/ml of ARS and incubated at 37°C. At 1- or 
2-h time intervals, aliquots (1 ml) were taken from the 
samples and then plated onto MH agar plates to enu-
merate viable bacteria. The experiments were per-
formed four times.

Statistics

Statistical analysis was performed using GraphPad Prism 
version 8.0 (GraphPad Software, USA). Data for each 
analysis represent a set of three repetitions. Statistical 
significance between the groups is indicated, based on 
a p value of less than 0.01 (*, p < 0.01; **, p < 0.005, ***, 
p < 0.001) by using the Kaplan–Meier log-rank test and 
Student’s t test. Error bars represent standard deviation.

RESULTS

ARS is permeable to bacterial species

To investigate the potential antibacterial activity of 
ARS, especially against Gram-negative bacteria, we 
initially tested the permeability to ARS of bacterial 
cells by using an acridine-linked fluorescent ARS deri-
vative (ARSF) (Figure S1A) [20]. The bioactivity of 
ARSF was not affected at all by the covalent conjuga-
tion with the fluorescent moiety (Figure S1B). As 
shown in Figure 1, ARSF-derived green fluorescence 
was distributed in the cytoplasm of the budding yeast, 

Saccharomyces cerevisiae (SC), which is reported to be 
susceptible to ARS [33]. Fluorescence was also detected 
inside the tested Gram-negative and Gram-positive 
bacteria within 5 min after ARSF treatment, suggesting 
that ARSF rapidly penetrated the bacterial cell mem-
brane, especially in VC, Staphylococcus aureus (SA), 
and Bacillus subtilis (BS). More interestingly, the ARSF- 
derived fluorescence remained for several minutes, 
except in the VC cells, where the fluorescence formed 
foci within 40 min.

ARS displays antibacterial activity in Drosophila 
infection

To assess the potential antibacterial activity of ARS, we 
first exploited the Drosophila systemic infection model 
established for the major bacterial pathogens, which is 
amenable to elucidating the antibacterial efficacy of 
candidate compounds [30,34]. We tested artesunate 
(ART), which displays better aqueous solubility than 
ARS and thus is more appropriate for the Drosophila 
infection model. The flies were pricked with PA, VC, or 
methicillin-resistant SA as described in Materials and 
Methods. ART (0.1–5 mg/ml) was included in the fly 
media for feeding the flies 18 h prior to infection. 
Figure 2 shows that ART rescued the infected flies 
from mortality caused by PA or SA at 1 or 5 mg/ml 
and interestingly by VC even at 0.1 or 0.5 mg/ml 
(Figure 2(c)). These protective effects of ART against 
both Gram-negative and Gram-positive bacterial 
pathogens, especially VC, have led us to the idea of 
repurposing ARS and its derivatives to antibacterial 
drugs.

Figure 1. Permeability of ARS in bacterial species.
Representative fluorescence microscopic images by fluorescence-labeled ARS (ARSF) in yeast and various bacterial species. The budding 
yeast (S. cerevisiae, SC) and Gram-negative (P. aeruginosa, PA; V. cholerae, VC; and E. coli, EC) and Gram-positive (S. aureus, SA; and B. subtilis, 
BS) bacteria were incubated with 0.1 mg/ml of ARSF for 5 min (upper panel) and 40 min (lower panel). After incubation, the cells were 
washed with PBS, and visualized by fluorescence microscopy. No autofluorescence was detected without ARSF in this experimental 
condition.
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ARS displays antibacterial activity in vitro against 
VC

To further investigate ARS for antibacterial use, we 
assessed its in vitro antibacterial activity. Unexpectedly, 
this activity was not fully consistent with the in vivo 
antibacterial efficacy against the bacterial pathogens. The 
test revealed that only VC was susceptible to ARS treat-
ment (Figure 2(d)). VC cells in the logarithmic growth 
phase rarely survived, as the number of cells was reduced 
by more than 105 fold on LB agar plates with ARS or ART, 
whereas the other bacteria were not susceptible. The 
MICs of ARS were also determined for the bacterial 
pathogens (Figure 2(e)); the lowest value of 3.13 μg/ml 
(12.5 mM) was obtained for VC, a value 200- to 1,000-fold 
less than those for the other bacteria. These results suggest 
that the antibacterial activity of ARS has rarely been 
observed in vitro against the bacterial pathogens except 
for VC under ordinary experimental conditions.

A variety of the semi-synthetic ARS derivatives have 
been developed to study the structure–activity relationship 
(SAR) of the ARS bioactivity [35]. We have tested nine ARS 
derivatives for antibacterial activity using VC (Figure S2). 
Dihydroartemisinin (compound 5) was the most effective 
at killing VC, with an MIC value of less than 1.56 μg/ml. 
Deoxyartemisinin (compound 10), which does not possess 

the endoperoxide, was not effective at all (i.e. MIC > 100), 
indicating the importance of the endoperoxide bridge in 
VC killing as for antimalarial activity [8]. The other deri-
vatives used in this study displayed no less antibacterial 
activity than did ARS, except for 9-desmethylene 9-oxo- 
artemisitene (compound 8). This suggests the critical invol-
vement of the hydrophobic substituents at the C11 position 
of the ARS scaffold in VC killing.

ARS is associated with reactive oxygen species 
(ROS) formation and DNA damage

Previous studies have suggested that ARS-mediated ROS 
generation contributes to the antimalarial activity [11,15]. 
To assess whether the ART treatment resulted in ROS 
formation in VC, the increase in the intracellular ROS 
level was assessed after ART treatment. Intracellular ROS 
was observed by staining with hydroxyphenyl fluorescein 
(HPF), which is known to sense hydroxyl radicals. As 
shown in Figure 3(a), ART treatment led to elevated fluor-
escence, indicative of ROS formation in VC, in contrast to 
no sign of ROS formation in ARS-resistant bacteria (PA 
and EC). To further confirm that ROS formation plays 
a role in the ART antibacterial activity against VC, we 
examined the ART-mediated growth inhibition of VC 

Figure 2. Antibacterial efficacy of ARS in vivo and in vitro.
(A to C) Survival rates of bacteria-infected flies were determined upon administration of an ARS derivative, artesunate (ART). The bacterial 
pathogens such as PA (A), SA (B), and VC (C) were introduced into the flies with either nothing (open) or ART (1 mg/ml or 5 mg/ml for PA 
and SA, 0.1 mg/ml or 0.5 mg/ml for VC) (filled). Those infected flies were transferred to the new corn meal media, and the survival was 
measured over time. The dotted lines represent the time required to reach 50% mortality. The statistical significance based on a log-rank 
test is indicated (**, p < 0.005; ***, p < 0.001). (D) Susceptibility of bacterial species to ARS and ART. The Gram-negative (PA, VC, and EC) and 
Gram-positive (SA and BS) cells were grown to a logarithmic growth phase. Ten-fold serial dilutions from the cell cultures were spotted onto 
an LB agar plate (-) or an LB agar plate containing 12.5 μg/ml of either ARS or ART. The numbers indicate the log(cfu) of the applied 
bacterial spots. (E) Minimal inhibitory concentrations (MICs) of ARS and ART for the bacterial species in (D).
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under anaerobic conditions (Figure 3(b)). The oxyR and 
anr mutants of PA were included to monitor the anaerobic 
culture condition, in that anaerobic conditions do support 
the serial dilution of the PA oxyR mutant, but not that of 
the PA anr mutant [36,37]. As a result, the antibacterial 
activity was not clearly observed under anaerobic condi-
tions, despite the fact that growth and the colony morpho-
types have apparently been altered under the anaerobic 
conditions. We also confirmed that the ART-mediated 
VC killing was abrogated by ectopic expression of a stable 
catalase from PA (KatA) [38], as assessed by the LIVE/ 
DEAD BacLight viability probe (Figure 3(c) and S3). Given 
that KatA efficiently removes the toxic amount of H2O2, 
a relatively stable intermediate ROS during aberrant elec-
tron transfer, these results suggest that ART antibacterial 
activity involves ROS generation under aerobic conditions.

The involvement of ROS in the ARS antibacterial 
activity prompted us to explore whether ARS bioactiv-
ity is associated with ROS-mediated DNA damage. 
Since DNA damage involving double-strand breaks 
(DSBs) can recruit the damage-inducible repair foci 
involving RecN [39], we have created a RecN- 
mClover3 fusion to visualize the ART-mediated DNA 
damage in VC cells. As shown in Figure 4(a and b), we 
found that RecN foci were formed by ART as well as H2 

O2. These results suggest that ART could cause DNA 
damage in vivo, reminiscent of the effect of ROS.

ARS is bactericidal, which is enhanced by copper 
ion

The involvement of ROS in the ARS-mediated antibac-
terial killing indicates that ARS is bactericidal. To 

confirm its mode of action, we first performed time- 
to-kill assays and determined that ARS is bactericidal 
against VC (Figure S4). In this standard time-to-kill 
assay, more than a 3-log reduction in viability was 
observed by ARS treatment within 6 h.

Figure 3. Enhancement of ARS-induced ROS generation in VC.
(A) ROS generation by ART in vivo. The VC, PA, and EC cells (5 × 105 cfu/ml) that had been grown to a logarithmic growth phase were 
incubated for 3 h in M9 minimal medium containing hydroxyphenyl fluorescein (HPF), with nothing (-) or ART (313 μg/ml). The ROS 
generation is analyzed by the levels of the HPF fluorescence under fluorescence microscope, which were merged with the bright-field 
microscopic images. (B) Antibacterial activity of ART under anaerobic condition. The VC and PA (anr and oxyR mutants) cells were grown to 
the logarithmic growth phase. Ten-fold serial dilutions from the cell cultures were spotted onto an LB agar plate (-) or an LB agar plate 
containing 12.5 μg/ml of ART for aerobic culture. For anaerobic culture, 50 mM KNO3 was added to LB agar plates. The numbers indicate the 
log(cfu) of the applied bacterial spots.(C) Effect of catalase on ARS-induced VC killing. The VC cells containing either pBAD24 (-) or pBAD24- 
KatA (KatA OP) were grown to the logarithmic growth phase and then pulse-treated with ART (313 μg/ml) or H2O2 (750 μM). After 
treatment, the cells were stained using the mixture of SYTO9 and propidium iodide (PI) and visualized by fluorescence microscope.

Figure 4. Enhancement of ARS-induced DNA damage in VC.
(A and B) Formation of DNA double-strand breaks (DSBs) by ART 
in vivo. The VC cells were treated with either ART (31.3 μg/ml) and 
H2O2 (150 μM) for 30 min. The DNA DSBs were monitored as the 
foci formation by RecN-mClover3, which was visualized by fluores-
cence microscope (A). The foci-positive cells in A were counted as 
the cells with DNA damage and the fractions of those with DNA 
damage were quantitated (B). Statistical significance between the 
groups is indicated, based on a p value of less than 0.001 (***) by 
Student’s t test. The values are averaged from the three indepen-
dent technical replicates and the error bars represent the standard 
deviations.
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Since ROS generation involves transition metal ions 
such as Fe2+ and Cu+ [40] and, more importantly, the 
endoperoxide bridge of ARS is able to form an organic 
free radical by extracting an electron from Fe2+ of 
hemoglobin [15,41], we hypothesized that transition 
metal ions might play a crucial role in ARS bactericidal 
activity. To this end, we have examined whether the 
ART antibacterial activity was affected by supplement-
ing Fe2+ and Cu+. It was found that the bacteria were 
killed even by ART at a sub-inhibitory concentration 
(1.57 μg/ml) in the presence of Cu+, but not Fe2+, at 
their sub-inhibitory concentrations (0.313 mM for Cu+ 

and 2.5 mM for Fe2+) (Figure 5(a)). The Cu+-mediated 
enhancement of VC killing was also confirmed by 
3-h pulse treatment with ART and Cu+ at sub- 
inhibitory concentrations as shown in Figure 5b and 
S5. More importantly, Cu+ addition significantly 
enhanced ART antibacterial activity against all the bac-
terial species tested, although bacteria other than VC 
were not affected at all by the ART treatment in the 

absence of Cu+ supplementation (Figures 2(d) and 5 
(c)). These results suggest that copper, rather than iron, 
may effectively act as a transition metal to generate 
carbon-centered ARS radicals by endoperoxide cleavage 
in VC.

To confirm the possibility of copper-mediated fis-
sion of ARS in vitro, we investigated whether DSBs 
were induced by ART in the presence of Cu+. As 
shown in Figure 5, DSBs of plasmid pUCP18 by ART 
were observed in the presence Cu+. It was found that 
the DSBs were further enhanced by ART in the pre-
sence of Fe2+, although Fe2+ treatment itself was able to 
induce DSBs even in the absence of ART (Figure 5(d)). 
This might be due to the different in vitro reactivity 
between Fe2+ and Cu+ under oxic conditions. The 
weaker activity of ARS than ART to induce DSBs 
might be accounted for by its poor aqueous solubility.

In order to further confirm the involvement of Cu+ 

in ART antibacterial activity, VC cells that had been 
pretreated with either a Cu+-chelating agent, NC or 

Figure 5. Enhanced antibacterial activity of ARS by copper addition.
(A) Effect of transition metal ions, Fe2+ or Cu+ on the susceptibility of VC to the sub-inhibitory concentration (1.57 μg/ml) of ART (ARTsub). 
The VC cells were grown to the logarithmic growth phase. Ten-fold serial dilutions from the cell cultures were spotted onto an LB agar plate 
(-) and an LB agar plate with ART (ARTsub), which had been unsupplemented (-) or supplemented with 2.5 mM FeSO4(Fe2+

sub), or 0.313 mM 
CuCl (Cu+

sub). The numbers indicate the log(cfu) of the applied bacterial spots. (B) Effect of Cu+ on the pulse-treatment of ART in VC killing. 
The VC cells were grown to the logarithmic growth phase. The cells were pulse-treated with ART (31.3 μg/ml) and/or CuCl (0.25 mM). After 
treatment, the cells were stained using a mixture of SYTO9 and propidium iodide (PI) and visualized by fluorescence microscope. (C) Effect 
of Cu+ on the susceptibility of bacterial species to the sublethal concentration of ART (ARTsub). The five bacterial (PA, VC, EC, SA, and BS) 
cells (5 × 105 cfu/ml) were treated with the following: noting (empty); ART (yellow; ARTsub) at the sub-inhibitory concentrations (PA, 
1.25 mg/ml; VC, 0.75 μg/ml; EC, 0.156 mg/ml, SA, 0.313 mg/ml; BS, 0.625 mg/ml); CuCl (green; Cu+

sub) at the sub-inhibitory concentrations 
(VC, 0.313 mM; PA, SA, and BS, 0.625 mM; EC, 1.25 mM); ART and CuCl (dark green; ARTsub+Cu+

sub) at the indicated concentrations. The 
survivor cells were enumerated by viable cell counts. Statistical significance between the groups is indicated, based on a p value of less than 
0.01 (*), 0.005 (**) or 0.001 (***) by Student’s t test. (D) Strand break induction by ARS and ART in vitro. The supercoiled (sc) plasmid DNA 
samples were incubated for 20 min with ART (10 mM) or ARS (10 mM) in the presence of GSH (20 μM) and either FeSO4 (10 μM) or CuCl 
(10 μM). Conversion of the sc DNA (filled arrow head) to either the open-circle (single-strand breaks) and/or to linear (double-strand breaks) 
forms (empty arrow head) was monitored by gel electrophoresis. Extensive double-strand breaks lead to DNA degradation. The control 
experiments with each component (GSH, ART, or ARS) were also performed.
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a Cu2+-chelating agent, TETA were tested for their 
susceptibility to ART. As shown in Figure 6(a) and 
S6A, ART antibacterial activity was significantly 
reduced by both copper-depleting agents. It is surpris-
ing that TETA was also able to compromise ART 
activity. This is likely attributed to the interconversion 
between Cu+ and Cu2+ in the cells, which could indir-
ectly affect the Cu+ level through Cu2+ depletion [42]. 
We also investigated whether or not NC could exert its 
inhibitory effect on ART antibacterial efficacy in 
Drosophila systemic infections. As shown in Figure 6 
(b), the in vivo antibacterial efficacy of ART was also 
impaired by NC, suggesting that copper ions are critical 
to the ART antibacterial activity both in vitro and 
in vivo. Lastly, we examined whether the DNA damage 
has also been impaired by NC, in that ROS-mediated 
DNA damage might be responsible for the cell death 
under our experimental conditions. The formation of 
RecN-mediated foci was impaired by NC treatment 
(Figure 6(c) and S6B). These results indicate that cop-
per ions are required for the ARS antibacterial activity 
against VC.

Discussion

To tackle the rapid emergence of AMR, multiple 
approaches have been developed to discover new antibac-
terials. Despite many efforts, new antibacterial discoveries 
still remain challenging, and alternative strategies; for 
example, combination therapies using antibacterial adju-
vants are being proposed to solve the growing problem of 
AMR. Antibacterial adjuvants are considered to be 

a promising therapeutic option that enhances bacterial 
susceptibility to treated antibacterials. These adjuvants 
improve antibacterial efficacy by compromising antibiotic 
resistance factors, enhancing antibiotic entry and accu-
mulation, or stimulating the host immune responses [43].

In this study, we have shown that the antibacterial 
activity of the antimalarial ARS, which is enhanced by 
copper, was evidently revealed based on the first obser-
vation that VC is highly susceptible to ARS compared 
to other bacterial species. We have confirmed ARS 
antibacterial efficacy in vivo using Drosophila systemic 
infections caused by VC as well as other ESKAPE 
bacterial species, such as PA and SA. This suggests 
that copper might be more proficient under 
Drosophila infection conditions than under in vitro 
culture conditions where only VC displays ARS sus-
ceptibility. Further investigation regarding the quanti-
tative assessment of copper in vivo will help address the 
difference between in vitro and in vivo antibacterial 
activity of ARS and thus provide the insight into clin-
ical application of this information. In addition, con-
sidering the pharmacological properties of copper [44] 
as well as the IC50 values and the recommended initial 
dose of ARS as antimalarial monotherapy [45,46], the 
determined MIC values for VC would be considered as 
clinically achievable.

The involvement of copper in the ARS bioactivity 
can be ascribed to the catalytic decomposition of the 
ARS endoperoxide by copper and iron [14]. 
Interestingly, however, we found that the antibacterial 
activity of ARS was enhanced by addition of cuprous 
(Cu+) ions but not by ferrous (Fe2+) ions. It should be 

Figure 6. Reduced antibacterial activity of ARS by copper chelators.
(A) Effect of copper chelators on the ART-induced VC killing. The cells that had been grown to the logarithmic growth phase were treated 
with copper chelators, neocuproine (NC) (1.5 μM), or triethylenetatramine (TETA) (1.5 mM). After the chelator treatment, the cells were 
incubated with ART (313 μg/ml) for 1 h, stained as in Figure 3c and visualized by fluorescence microscope. (B) Effect of NC on the 
antibacterial efficacy of ART in Drosophila infections. Survival rates of VC-infected and ART-treated flies were determined upon NC. The flies 
were infected with VC cells that had been co-treated with ART (0.1 mg/ml) and NC at the indicated concentrations (0 or 10) (μM) and then 
transferred to new media. The survival was measured over time for the infected flies. The dotted lines represent the time required to reach 
50% mortality. The statistical significance based on a log-rank test is indicated (***, p < 0.001). (C) Effect of copper chelators on the ART- 
induced DSBs. The VC cells were treated with NC (1.5 μM) and then incubated for 30 min on LB agarose pad with nothing (-) or ART 
(31.3 μg/ml). The DNA DSBs were monitored for the foci formation by RecN-mClover3, which was visualized by fluorescence microscope.
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noted that most of the studies have been focused on 
hemes and Fe2+ in regard to the antimalarial activity of 
ARS [12,21], most likely due to the scarcity of copper 
ions in bacterial cells, being one of the trace elements 
(at less than 100 μM) in biological systems [47]. Due to 
the potential toxicity of Cu+ ions, bacteria tightly reg-
ulate cytoplasmic copper concentrations at a low level 
by a copper detoxifying/exporting system. It is still 
noteworthy that Cu+ ions could enhance the toxic effect 
of ARS in bacterial cells. In the case of heme-copper 
oxidase, copper is preferred over iron in reducing oxy-
gen to water because the redox potential of copper is 
lower than that of iron (+0.15 vs +0.77 V) [48]. 
Although it needs to be further verified whether or 
not the reactivity of ARS to each metal differs, it is 
presumable that Cu+ ions could be a more biologically 
relevant contributor than Fe2+ ions in generating the 
ARS radicals in bacterial systems. This study highlights 
the therapeutic potential of this trace element as an 
adjuvant for ARS treatment of bacterial infections.

The selective antibacterial activity of ARS against VC 
was in part attributed to the higher intracellular level of 
copper in this bacterium under the ordinary in vitro 
culture conditions as shown in Figure S7. We hypothe-
sized that this unique feature of VC might be associated 
with its natural habitats, where copper availability is 
highly limited [49]. This copper scarcity in the aquatic 
environment might also be associated with the lack of 
prominent copper efflux systems such as CusABC in 
VC [50], although the intracellular copper levels remain 
unclear in bacterial systems.

It is quite probable that the generated ARS organic 
radicals could react with the molecular oxygen (O2) 
rather than directly with biological molecules. Thus, 
in the presence of O2, ROS can be formed by ARS 
radical-mediated electron transfer. The elevation of 
ARS-derived ROS generation is considered to induce 
cellular damage and death in a relatively nonspecific 
manner. ROS involvement in ARS bioactivity has been 
already suggested, in that the experiments had been 
performed under aerobic conditions, which is appar-
ently relevant to the antimalarial action of ARS during 
the intraerythrocytic asexual reproduction cycle of the 
malaria parasite, P. falciparum [51]. Despite our finding 
that ARS is deemed ineffective under anaerobic condi-
tions, the contribution of ROS generation is also evi-
dent in the antibacterial activity against VC. 
Alternatively, given that the colony morphologies of 
VC differ between aerobic and anaerobic conditions, 
it is likely that the physiomes regarding the factors 
affecting the susceptibility to ARS could differ between 
the two conditions. These might include the oxygen 
availability and, more importantly, copper availability 

or others, which will be further elucidated by identify-
ing the systems responding to resist copper toxicity in 
VC. ARS is also noteworthy because its antimalarial 
activity is evident at multiple life cycle stages of the 
parasite, in contrast to other antimalarials that are 
active only on a particular stage [52,53]. This promis-
cuous and potent activity of ARS is attributed to the 
ARS-derived radicals and/or their subsequent genera-
tion of ROS, which in turn could be translated into 
antibacterials in the presence of copper combination. 
Due to the potential toxicity caused by excessive copper 
accumulation, copper treatment in an appropriate dose 
range might be considered as a useful adjuvant [54,55]. 
This provides an insight into a combination therapy to 
repurpose an antimalarial to an antibacterial based on 
the micronutrient metal adjuvant and possibility of 
a common mechanism for the therapeutic activities of 
ARS. Therefore, further investigations of the phenoty-
pic consequences that take place during the response to 
ARS in VC are likely to address unrevealed issues in the 
precise mechanisms of ARS bioactivity and, more 
importantly, resistance, further highlighting the utility 
and necessity of the tractable bacterial system.
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