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Abstract

Heme (Fe2+ protoporphyrin IX) is an essential molecule that has been implicated the potent antimalarial action of
artemisinin and its derivatives, although the source and nature of the heme remain controversial. Artemisinins also exhibit
selective cytotoxicity against cancer cells in vitro and in vivo. We demonstrate that intracellular heme is the physiologically
relevant mediator of the cytotoxic effects of artemisinins. Increasing intracellular heme synthesis through the addition of
aminolevulinic acid, protoporphyrin IX, or transferrin-bound iron increased the cytotoxicity of dihydroartemisinin, while
decreasing heme synthesis through the addition of succinyl acetone decreased its cytotoxic activity. A simple and robust
high throughput assay was developed to screen chemical compounds that were capable of interacting with heme. A natural
products library was screened which identified the compound coralyne, in addition to artemisinin, as a heme interacting
compound with heme synthesis dependent cytotoxic activity. These results indicate that cellular heme may serve a general
target for the development of both anti-parasitic and anti-cancer therapeutics.

Citation: Zhang S, Gerhard GS (2009) Heme Mediates Cytotoxicity from Artemisinin and Serves as a General Anti-Proliferation Target. PLoS ONE 4(10): e7472.
doi:10.1371/journal.pone.0007472

Editor: Ashley I. Bush, Mental Health Research Institute of Victoria, Australia

Received July 9, 2009; Accepted August 28, 2009; Published October 28, 2009

Copyright: � 2009 Zhang, Gerhard. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Geisinger Clinic funds were used to fund this research. The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: gsgerhard@geisinger.edu

Introduction

Heme (Fe2+ protporphyrin IX) is a ubiquitous and essential

tetrapyrrole molecule that performs a wide array of fundamental

physiological functions, including oxygen transport, electron

transfer, and transcriptional regulation. Heme is highly redox

active and is potentially toxic in its free form, which is present at

sub-micromolar concentrations in most cells [1]. Heme has been

implicated in the anti-malarial mechanism of artemisinin (ART)

and its derivatives which are toxic to malaria parasites at

nanomolar concentrations [2]. We have recently shown that

redox active heme is the most efficient and kinetically favorable

activator of artemisinin in vitro relative to oxidized ferric heme

(hemin), inorganic ferrous iron, ferric iron, hemoglobin, or

methemoglobin [3] which show only limited reactivity under

certain experimental conditions [3,4,5,6]. Artemisinin molecules

contain an endoperoxide linkage that is required for anti-parasitic

activity. The endoperoxide bond accepts an electron presumably

from heme, which results in drug activation, subsequent bond

breakage, and the formation of an alkoxyl radical in the

artemisinin molecule [7]. Heme-artemisinin adducts have been

identified in malaria-infected mice [8], a strong indication that the

C4 radical of artemisinin is relevant to the antimalarial activity of

artemisinin.

In addition to acting as an anti-malarial agent, artemisinins are

also selectively cytotoxic to cancer cells in vitro, including drug-

and radiation-resistant cancer cell lines [9]. Artemisinins have also

been shown to be effective against cancer in rodent models

[10,11,12] and have begun to be used in human cancer patients

[13,14,15]. Despite the significant efforts to delineate their anti-

malarial mechanism, how artemisinins exert their cytotoxic effects

has only recently begun to be investigated. Artemisinins have been

reported to inhibit tumor lymphangiogenesis by suppression of

vascular endothelial growth factor C in a mouse lung cancer cell

line [16], block estrogen receptor expression in a human breast

cancer cell line [17], and increase calcium levels and activate p38

in a human lung cancer cells [18].

We hypothesized that the initial interaction with heme served as

a common mechanism of activation for artemisinins in exerting

cytotoxic effects against both malaria parasites and cancer cells.

Cancer cells have an increased capacity to synthesize heme [19],

as well increased requirements for iron from increased synthetic

demand due to higher rates of proliferation [20]. Aminolevulinic

acid (ALA), a heme precursor derived from the condensation of

glycine and succinyl-CoA in the mitochondria by the enzyme ALA

synthase which is the rate-limiting step in the heme synthesis

pathway and is feedback inhibited by heme, has been used as a

pharmacological agent to increase heme synthesis to generate

photosensitive heme precursors such as PPIX for photodynamic

therapy in treating cancers [21,22].

We demonstrate that pharmacological inhibition of heme

synthesis decreases the cytotoxicity of artemisinins, while stimu-

lation increases cytotoxicity. We also developed an in vitro high-

throughput heme interaction assay to screen a library of natural

products that identified several compound(s) with reactivity

towards heme that exhibited exquisite molecular specificity. One

compound, coralyne, was highly cytotoxic with dependence upon

heme synthesis. The heme interaction high-throughput screening

assay may serve as a useful tool to identify new compounds against

cancer, malaria, and other parasites. Heme may be an especially

attractive target molecule for the development of a new molecular

class of chemotherapeutic agents.
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Methods

Chemicals
Dihydroartemisinin (DHA) and sodium artesunate (ATS) were a

generous gift from Dafra Pharma N.V. (Belgium). All other

chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Hemin, PPIX, ART, DHA, and ATS and peroxide compounds

were prepared in DMSO (used immediately or stored at 220uC
for later use). Succinyl acetone (SA), ALA and holotransferrin

(HTF) were prepared in 0.1 M phosphate buffer, pH 7.0. Sodium

dithionite solution was freshly prepared for each assay in 80 mM

phosphate buffer, pH 7.0 containing 20% DMSO.

Heme Interaction Assay
The following reagents were added in sequence into standard

clear flat bottom polystyrene 96 well microplate (Costar) wells:

hemin (0.125 mM in DMSO, final 20 uM), chemical compounds

(in DMSO at 40 uM), dithionite (200 mM in 80 mM phosphate

buffer pH 7.0, containing 20% DMSO, final 160 mM). The

molar ratio of compound:heme was 2:1. Parallel wells for each

compound were prepared that did not contain hemin. The plate

was shaken 10 times in the microplate reader before reading at

415 nm using a Spectra MAX250 Microplate Reader (Sunnyvale,

CA, USA). The absorbance of wells without heme was subtracted

from the corresponding wells with hemin for each microplate. The

positive control contained DHA (10:1 to heme) and for the

negative control DHA was omitted.

Natural Product Library Screen
The 720 compound Natural Product Collection library

(Supporting Information S1) from Microsource Discovery

Systems, Inc. (Gaylordsville, CT, U.S.A.) was screened using the

Heme Interaction Assay. Screening aliquots of compounds were

obtained from the 10 mM stock plates by dilution to 1 mM using

DMSO and dispensed into aliquot plates for storage at 280uC. A

final concentration of 40 uM (2:1 molar ratio to heme) was used

for primary screening. To measure the power of the screening

assay, Z-factor analysis [23] was performed (Supporting
Information S1). Data from the primary screen were analyzed

using Z score analysis [24] (Supporting Information S1).

Compounds with a Z-score of $2, or #22, were selected for

follow-up analysis. The secondary screen consisted of repeating the

heme interaction assay using an increased compound concentra-

tion of 200 uM (10:1 molar ratio to heme) and the compounds

with greater than a 10% A415 reduction were selected for further

absorption spectral and cytotoxic analyses.

Cell Culture and cytotoxicity assays
The lymphoblastoid leukemia cell line Molt-4 (ATCC CRL-

1582), the breast cancer cell line MDA-MB-231 (ATCC HTB-26)

and the prostate cancer cell line PC-3 (ATCC CRL-1435) were

obtained from ATCC (Manassas, VA, USA). Molt-4 and MDA-

MB-231 cells were maintained in RPMI-1640 medium, and PC-3

cells were cultured in F-12K medium, supplemented with 10% calf

bovine serum in a humidified incubator with 5% CO2 at 37uC.

Molt-4 cells were seeded at approximately 16106/ml followed by

addition of compounds or equal volumes of DMSO and incubated

for 24 hours or 48 hours. Compounds or equal volumes of DMSO

were added to MDA-MB-231 and PC-3 cells at 60% confluence

and incubated for 48 hours. DHA was used at 10 uM, 25 uM, or

40 uM, HTF at 12 uM, SA at 0.5 mM, ALA at 1 mM, and PPIX

at 5 uM. Changes in cell number (proliferation) or cellular ATP

level (cell viability) were analyzed. Live cells were distinguished

from dead cells via Trypan Blue staining and counted using

hemacytometer. The CellTiter-Glo Luminescent Cell Viability

Assay [25] (Promega, WI, USA) was used to measure cellular ATP

levels (Wallac 1420 multilabel counter).

Statistical analysis
Results are presented as mean6s.d. for the indicated number of

experiments. Statistical analyses were performed using one-way

ANOVA and Student’s t-test. A value of P,0.05 was considered

to be statistically significant.

Results

Cytotoxicity of artemisinin depends on heme synthesis
Previous studies have shown that leukemia cells are particularly

sensitive to the artemisinin derivative dihydroartesunate (DHA)

[26]. As an initial cell line to study, we selected MOLT-4 cells

which have also been previously shown to be highly susceptible to

DHA [27,28]. Using this model for DHA cytotoxicity, we

performed a dose response time course study (Figure S1) to

identify a level of drug that resulted in significant cytotoxicity but

not complete loss of the culture within 24 hours. A DHA

concentration of 25 uM was selected. We then addressed the

potential role of heme as the primary target for the cytotoxicity of

artemisinin towards cancer cells by increasing or decreasing the

rate of heme synthesis, which may be controlled pharmacologi-

cally. MOLT-4 cells were cultured with 25 uM DHA for 24 hours

and cell viability measured via ATP content [25]. At 24 hours, the

ATP level in the DMSO treated control cells increased by 119%

(more than doubled) relative to time = 0, which was normalized to

100% in Figure 1A, and the cell number increased by 143%

(normalized to 100% in Figure S2A). The ATP content in the

culture treated with 25 uM DHA (Figure 1A) was only about

35% of the increase in ATP that was measured in control cells

(p,0.05) while the increase in cell number (Figure S2A) was less

than 30% of the increase of control cells (P,0.05). The smaller

decrease in ATP content relative to the decrease in cell number

measured via trypan blue exclusion is consistent with previous

cytotoxicity studies [27]. To block heme synthesis and induce a

relative heme deficiency, exogenous succinyl acetone (SA) was

used to inhibit the enzyme aminolevulinate dehydratase to prevent

the condensation of two molecules of ALA to form porphobilin-

ogen and deplete the remainder of the heme synthetic pathway

[29,30]. The addition of SA by itself at 0.5 mM had no effect on

cell viability or cell number, but essentially completely prevented

cytotoxicity when co-incubated with DHA (Figures 1A and S2A).

These results suggest that on-going heme synthesis may be

essential for DHA cytotoxicity in Molt-4 cells. In addition, cellular

heme levels of early log-growth cells do not appear to be sufficient

to enable DHA cytotoxicity.

We then tested whether increasing heme synthesis could

potentiate the effects of DHA. To increase heme synthesis,

exogenous aminolevulinic acid (ALA) was provided as a heme

synthetic precursor, bypassing the ALA synthetase rate-limiting step

and driving the synthetic pathway [31]. For this experiment, a lower

concentration of DHA (10 uM) was used as a more stringent test for

increased cytotoxicity. In this experiment, at 24 hours, the ATP

level in the DMSO treated control cells increased by 111% relative

to time = 0, which was normalized to 100% in Figure 1B, and the

cell number increased by 112% (normalized to 100% in Figure
S2B). The increase in ATP content of the culture exposed to 10 uM

DHA for 24 hours was only 66% of the DMSO control,

(Figure 1B) with a net loss of 4% in cell number from the initial

culture (Figure S2B). Incubation of cells with 1.0 mM ALA by

itself had no effect on the increase in ATP or cell number. However,

Artemisinin, Heme, and Cancer
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co-incubation of 1.0 mM ALA with 10 uM DHA (Figures 1B and

S2B) abrogated any increase in ATP content or cell number relative

to control cells and resulted in a further decrease in ATP content

(p,0.05), as well as a further loss in cell number relative to DHA

treated cells (p,0.05). ALA appeared to significantly increase DHA

cytotoxicity. To confirm this, SA was used to counter the effects of

ALA because SA blocks an enzymatic step downstream from where

ALA acts to increase heme synthesis. SA reversed the increased

cytotoxicity of ALA and DHA and resulted in increases in ATP

levels and cell numbers similar to controls (Figures 1B and S2B).

These results suggest that ALA-induced heme synthesis can

potentiate the cytotoxic effects of DHA, which could be blocked

by the addition of SA to inhibit heme synthesis. In order to

determine whether these effects were specific to Molt-4 cells, two

cell lines of disparate tissue origin were analyzed, the breast cancer

cell line MDA-MB-231 and the prostate cancer cell line PC-3. Both

have been used in previous cytotoxicity studies involving artemisinin

[32,33]. Because these two cell lines are not as sensitive to the

cytotoxic effects of artemisinin as are Molt-4 cells, a higher

concentration of DHA (40 uM) was used and the incubation period

was extended to 48 hours. DHA decreased cell viability, as

expected, to a similar degree in both cell lines (Figure 2). Cell

viability was further decreased in each of the cell lines by the

addition of ALA, similar to the effect of ALA seen with Molt-4 cells.

SA could then prevent most of the decrease in cell viability from

DHA, although not to as great an extent as with Molt-4 cells. The

mechanism for the lesser effect of SA in these cell lines is not clear,

although the optimum dose of SA needed to maximally suppress

heme synthesis has not been determined.

The modulation of heme synthesis with ALA does not exclude that

other heme precursors may be mediating DHA cytotoxicity. To

provide chemical specificity, protoporphyrin IX (PPIX), the

penultimate molecule in the heme synthetic pathway into which a

ferrous iron is inserted to generate heme, was used to increase heme

synthesis[34]. PPIX at 5 uM had no significant effect on the increase

in ATP content in the culture and caused a slightly decrease (p,0.05)

in the cell number at approximately 84% of the increase in control

cell number (Figures 3A and S3A). However PPIX dramatically

increased the cytotoxicity from DHA, which resulted in 33% loss of

ATP content (p,0.05) relative to control cells and a similar net loss of

cell number (p,0.05) from the initial culture (Figures 3A and S3A).

Co-incubation of PPIX and SA had no effect on the increase in ATP

level or cell number, and when incubated with DHA, did not affect

cytotoxicity (Figures 3A and S3A). This is consistent with PPIX

acting further downstream in the heme synthetic pathway than SA.

Because PPIX does not result in the activation of artemisinin in vitro

Figure 2. Modulation of heme synthesis alters DHA cytotoxic-
ity in MDA-MB-231 and PC-3 cells. (A) Cell viability of MDA-MB-231
cells cultured with DHA, ALA, or SA. ALA further increased the
cytotoxicity of DHA (p,0.001), which was largely reversed by SA
(p,0.001). (B) Cell viability of PC-3 cells cultured with DHA, ALA, or SA.
ALA also further increased the cytotoxicity of DHA (p,0.001), which
was largely reversed by SA (p,0.001), similar to the effects seen with
MDA-MB-231 cells.
doi:10.1371/journal.pone.0007472.g002

Figure 1. Modulation of heme synthesis alters DHA cytotoxic-
ity in MOLT-4 cells. (A) Cellular viability of MOLT-4 cells cultured with
DHA, succinyl acetone (SA), or both for 24 hours was measured using
ATP levels. Values are mean +/2 s.d. for six replicates. SA prevented
DHA’s cytotoxicity (p,0.001). (B) Cell viability of MOLT-4 cells cultured
with DHA, aminolevulinic acid (ALA), and/or SA. ALA further increased
the cytotoxicity of DHA (p,0.001), which was reversed by SA (p,0.001).
doi:10.1371/journal.pone.0007472.g001
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[3], we attribute the effects of PPIX on the cytotoxicity of DHA to its

stimulation of heme synthesis.

Another alternative explanation for the role of heme is that it is

merely a means of increasing intracellular iron. To test this

possibility, holotransferrin was added as an additional source of

cellular iron [27]. As shown in Figures 3B and S3B, holotrans-

ferrin alone did not have a significant effect on the increases in ATP

or cell number but dramatically increased the cytotoxic effect of

DHA, an observation previously interpreted as due to the direct

effects of iron [35,36]. However, the newly acquired intracellular

iron could also be used for heme synthesis. The addition of SA

completely negated the effect of holotransferrin (Figures 3B and

S3B), indicating that blocking heme synthesis can block the effect of

iron supplementation via transferrin. These results suggest that non-

heme iron contributes to the cytotoxicity of artemisinin through its

use for heme synthesis.

Spectrophotometric characterization of the
Heme-Artemisinin interaction

With data supporting a primary role for heme in the mechanism

of artemisinin’s cytotoxicity towards human cancer cells, similar to

its role in activating artemisinin in the killing of malaria parasites,

we hypothesized that heme could serve as a potentially novel

intracellular target for the development of both anti-neoplastic and

anti-parasitic agents. In order to configure a high throughput

assay, we used artemisinin (ART) as a model compound to

characterize the interaction with heme using a simple absorption

spectrum [37]. We have previously shown that artemisinin does

not interact with hemin (oxidized heme) [3]. When hemin (Fe3+)

was reduced to heme (Fe2+) by the addition of dithionite, a shift in

the Soret peak absorbance [38] from 389 to 415 nm occurred

(Figure 4). With the addition of artemisinin, the 415 nm Soret

peak decreased and a peak at 476 nm appeared, as previously

observed [37]. As the ratio of artemisinin to heme was increased,

the 415 nm peak was incrementally decreased and was abrogated

at very high drug:heme ratios, while the peak at 476 nm increased

further. The chemical species underlying the peak at 476 nm is not

known but may be due to altered heme porphyrin ring spectral

properties. Deformations of porphyrins are known to result in

significant changes in the chemical and spectroscopic properties of

the porphyrin ring. For example, properties of porphyrin rings can

be modified through non-planar distortions such as altered

oxidation potentials, modified basicity of the inner nitrogen atoms,

and changes in axial ligand binding affinity [39]. Covalent

modification of heme by artemisinin may also be a mechanism

since artemisinin is known to alkylate heme [6].

Sensitivity and specificity of the heme-artemisinin
interaction

The sensitivity and specificity of detection were estimated using

artemisinin, two related artemisinin derivatives, DHA and

artesunate (ATS), as well as amodiaquine, a quinoline anti-

malarial compound. Quinolines mediate their anti-malarial

activity through interruption of hemin polymerization to prevent

the formation of hemozoin that prevents toxicity from heme

derived from ingested red blood cell hemoglobin. No effect on

Soret band absorbance was observed from amodiaquine up to a

ratio of 10:1 with 20 uM heme (Figure 5). However, the assay

was very sensitive for the detection of the artemisinin compounds,

detecting a .20% decrease in A415 absorbance at an artemisinin

drug:heme ratio of 0.4:1 with 20 uM heme (Figure 5).

Figure 3. Effect of protoporphyrin IX and holotransferrin on
DHA cytotoxicity. (A) Cell viability of MOLT-4 cells cultured with DHA,
the heme precursor protoporphyrin IX (PPIX) and/or SA. PPIX increased
DHA cytotoxicity (p,0.001), which could not be reversed by SA,
consistent with PPIX acting later in the heme synthetic pathway than
SA. (B) Cell viability of MOLT-4 cells cultured with DHA, holotransferrin
(HTF), and/or SA. HTF enhanced DHA cytotoxicity (p,0.001), which was
reversed by SA (p,0.001).
doi:10.1371/journal.pone.0007472.g003

Figure 4. Absorbance at 415 nm is a sensitive indicator of the
heme-artemisinin interaction. Absorption spectra of heme with
increasing molar ratios of artemisinin to heme. A decrease in the Soret
415 nm absorbance peak occurs with the appearance of a peak at
476 nm.
doi:10.1371/journal.pone.0007472.g004

Artemisinin, Heme, and Cancer
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We also addressed whether the endoperoxide moiety of

artemisinin was a general mechanism for interaction with heme.

A series of other compounds which possess peroxide groups

including di-tert-amyl peroxide, tert-butyl peroxide, 2-butanone

peroxide, dicumyl peroxide, benzoyl peroxide, lauroyl peroxide,

and 9-a,11-a-di-hydroxy-5,8-epidioxy-5-a,8-a-ergostan-3-b-yl ac-

etate (possesses an endoperoxide group) were not reactive in the

assay at concentrations of 40 uM (Figure S4).

The potential effects of antioxidant compounds on the heme-

artemisinin interaction were also tested. Butylated hydroxytoluene

(BHT) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic

acid (Trolox) up to 40 uM also had no effect (Figure S5).

Heme Interaction High Throughput Screening (HI HTS)
Assay

Hemin has been used as the target in previous high throughput

screening studies. Approaches involving ultraviolet/visible spec-

trophotometry [40] and high performance liquid chromatogra-

phy/diode array detector/mass spectrometry [41] have been

proposed. While potentially useful as rapid, high throughput

screening methods, such instrumentation may be costly, and are

based upon physico-chemical interactions with hemin. We sought

to develop a simple, robust microplate assay using absorption

spectrometry based upon the interaction of compounds with heme

(not hemin). However, conditions to prevent heme from

spontaneously oxidized and allow for its solubility in aqueous

solution while not interfering with the Soret absorption peak

needed to be empirically determined. Our approach was to

maintain heme in its reduced form using dithionite [42] and to use

sufficient DMSO to maintain heme in its monomeric state [43],

which also eliminated interference of absorbance from dithionite

in overlapping wavelengths with the heme Soret band absorbance.

The decrease in Soret band absorbance at 415 nm that occurs

when heme interacts with artemisinin was selected as a simple

primary readout of a single endpoint assay, rather than using

absorption spectra or focusing on the peak that occurs at 476 nm.

The decrease in the Soret band absorbance will reflect a variety of

alterations of the heme molecule and serves as a general indicator

that a compound is interacting with heme. It is also a major

change in the interaction with artemisinins. The peak observed at

476 nm may be unique to artemisinin. Other compounds may

produce peaks at different wavelengths. Full wavelength spectra

would therefore be useful to detect such new absorption peaks in

secondary screens.

A simple and robust HTS 96 well microplate assay was

developed to monitor heme’s Soret band absorbance at 415 nm as

a single endpoint assay. The assay includes the simple sequential

steps of adding hemin, the chemical compound, and dithionite to

reduce hemin to heme, followed by shaking and reading in a

microplate reader. Parallel wells set up without heme are used to

correct for A415 absorbance by compounds. The assay provides

for a wide detection range, with an absorbance at 415 nm of about

2 absorbance units for 20 uM heme relative to a background

empty well absorbance of about 0.10. Thus, the signal:background

ratio is approximately 20.

Within-plate, plate-to-plate, and day-to-day assay
variation

The variation in the performance of the assay was assessed using

artemisinin. The coefficient of variation (CV) across an entire plate

was 2–4%, whether measured as the variation of the assay without

artemisinin (at about 2 absorbance units), or with a 8 uM:20 uM

artemisinin:heme ratio (at about 1 absorbance unit).

The variation across microplates was similar to the within-plate

variation at ,5% (data not shown). The CV across different days

was less than 8% (Figure S6). A Z-factor analysis [23] yielded a

value of 0.701 on plate measurements performed on 5 consecutive

days, indicating excellent performance. The main reagents used

for the assay, hemin and DMSO, are stable chemicals and are very

inexpensive, another advantage for high throughput screening.

Only the dithionite stock solution was freshly prepared and all

steps in the assay proceed sequentially with no incubations.

Screening of a natural products library
The HI HTS assay was used to conduct an initial feasibility

screen of a library of 720 compounds categorized as natural

products [44]. Each compound was used in the microplate assay at

a final concentration of 40 uM with heme at 20 uM. A primary

screen yielded most compounds with little change in A415

(Figure 6).

Two criteria were used to select compounds for further analysis,

z-score in the primary screen and an arbitrary threshold of .10%

reduction in A415 in the secondary screen. For the primary screen,

Figure 5. Sensitivity and specificity of detection of the heme-
artemisinin interaction. Reduction of A415 peak absorbance was
quantified with increasing drug:heme ratios. Drug compounds include
ART, DHA, and artesunate (ATS), and amodiaquin.
doi:10.1371/journal.pone.0007472.g005

Figure 6. Primary screen of a natural products library for HI
compounds. Percent reduction in A415 absorbance was plotted for
each compound. The molar ratio of compound to heme was 2:1
(40 uM:20 uM).
doi:10.1371/journal.pone.0007472.g006
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the compounds satisfying the criterion of z-score .2 or ,22 were

subjected to a secondary screen at an increased compound

concentration of 200 uM (10:1 molar ratio to heme). In this

secondary screen, only four compounds passed a threshold of

.10% A415 reduction (Figure S7), including artemisinin (99%

reduction in A415), coralyne (73% reduction in A415), 5a-

cholestan-3b-ol-6-one (35% reduction in A415), and 3-hydroxy-

4(succin-2-yl)-caryolane d-lactone (11% reduction in A415). Arte-

misinin was one of the components of the commercial compound

library. Consistent with the results for the effects of other

antioxidants, nine antioxidant compounds contained in the natural

products library including purpurogallin, silibinin, guaiazulene,

guaiazulenel, chlorogenic acid, 4-acetoxyphenol, pomiferin, epica-

techin, and pyrocatechuic acid, did not exhibit activity in the assay.

The reaction with heme of these four compounds at 200 uM

was further analyzed using absorption spectra from 400 to

500 nm. Lower length wavelengths were not scanned because

dithionite has a broad peak from ,280 to 400 nm that would

interfere. The 400 nm to 500 nm absorption spectrum of the

interaction of heme and artemisinin displayed the characteristic

disappearance of the 415 nm Soret band, as well as the previously

described new peak at ,476 nm (Figure 7). Coralyne also caused

a dramatic decrease of heme Soret band absorbance but did not

generate a new peak in the tested wavelength range. This is

consistent with a significant structural change in the heme

porphyrin ring structure, such as cleavage of the ring, and the

generation of an intermediate or complex without absorbance

characteristics. The compound 5a-cholestan-3b-ol-6-one caused a

moderate reduction in heme Soret band absorption along with the

generation of a new absorption peak(s) over-lapping the Soret

415 nm peak (right shoulder in Figure 7). The nature of the

chemical species underlying this additional peak is not known. The

compound 3-hydroxy-4(succin-2-yl)-caryolane d-lactone was the

least reactive compound and caused only a small reduction in

heme Soret band without evidence of new absorption peaks.

HI HTS compound cytotoxicity and dependence upon
heme synthesis

The cytotoxic effects of the 4 lead compounds on the

proliferation and viability of MOLT-4 cells was determined

(Figure 8). Cells were seeded and exposed to compounds at

40 uM in the medium for up to 48 hours, a higher drug

concentration than in previous experiments was used in order

to detect cytotoxicity from weaker HI compounds. In this

experiment, at 48 hours, the ATP content [25] in the DMSO

control cells increased by over 200% relative to time = 0, which

was normalized to 100% in Figure 8, with ATP level with ALA

increasing by 140% and those exposed to ALA/SA increasing by

187%, both normalized to 100%. No impact on ATP levels was

seen from 3-hydroxy-4(succin-2-yl)-caryolane d-lactone. A small

reduction in cell viability was seen with exposure to 5a-cholestan-

3b-ol-6-one (an increase in ATP of 88%). Artemisinin had a

modest impact on cell viability (an increase in ATP of 67%), in

contrast to the strong effects seen with certain artemisinin

derivatives, such as DHA used in Figure 1, consistent with

previous reports of differential cytotoxicity among artemisinin

compounds [45,46]. DHA is the reduced lactol derivative of

artemisinin, and semi-synthetic derivatives such as artemether,

arteether, artesunate and artelinate are ethers or esters of the

lactol. Differential solubility and/or chemical reactivity with

heme may account for differences in cytotoxicity among these

derivatives. The strongest cytotoxic effect of the 4 HI compounds

was seen with coralyne (an increase in ATP of 33%), previously

been shown to be an anti-cancer agent whose mechanism has

been attributed to inhibition of topoisomerase I activity

[47,48,49].

The effect of increasing heme synthesis on the cytotoxicity of

HI HTS compounds was determined by co-incubation with

1 mM ALA. ALA had no effect upon of 5a-cholestan-3b-ol-6-one

or 3-hydroxy-4(succin-2-yl)-caryolane d-lactone. Co-incubation

of ALA with artemisinin, however, caused a great reduction in cell

viability, with a net 27% reduction in ATP content from the initial

culture at time = 0. ALA also resulted in a dramatic reduction in

cell viability when co-incubated with coralyne, with a net loss in

ATP content of 19%. These results suggest that the mechanism of

cytotoxicity due to coralyne may be in part dependent upon

heme.

Inhibition of heme synthesis by SA was used to reverse the

effects of ALA. Incubation with SA/ALA had little effect upon

cell viability with 3-hydroxy-4(succin-2-yl)-caryolane d-lactone

Figure 7. Absorption spectra of HI compounds. Absorption
spectra of the four HI compounds were recorded over the wavelength
range of 400 nm to 500 nm, which includes the heme Soret band
absorption peak. The compound to heme molar ratio was 10:1
(200 uM:20 uM). Two of the four lead heme interacting compounds
caused a substantial reduction in A415.
doi:10.1371/journal.pone.0007472.g007

Figure 8. Heme synthesis modulates cytotoxicity of artemisinin
and coralyne in MOLT-4 cells. The cytotoxicity of two heme
interacting compounds can be modulated by increasing or decreasing
heme synthesis. MOLT-4 cells were cultured for 48 hrs with the
compounds shown, with or without ALA or ALA/SA.
doi:10.1371/journal.pone.0007472.g008
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and a slight decrease in cell viability with 5a-cholestan-3b-ol-6-

one relative to incubation with ALA without SA. We conclude

that modulation of heme synthesis has little effects upon

cytotoxicity from these two compounds, consistent with their

much lower reactivity towards heme than either artemisinin or

coralyne.

In contrast, the presence of SA completely prevented the

increase in artemisinin’s toxicity from ALA and resulted in cell

viability similar to artemisinin alone. SA also prevented the

increased cytotoxic effects of coralyne by ALA and resulted in a

cell viability level even higher than the culture treated only with

coralyne. We conclude that modulation of heme synthesis has

significant effects upon cytotoxicity from artemisinin and

coralyne, consistent with their high reactivity towards heme in

vitro. These data further support heme as a molecular target for

cytotoxicity.

The HI HTS assay appears to distinguish among slight

differences in structure. The compound palmatine, also present

in the compound library and which shares high structural

similarity with coralyne (Figure 9), does not react with heme

and shows no toxicity towards Molt-4 cells (Figure 8). Berberin,

another close structural relative of coralyne present in the

compound library, also possesses cytotoxic activity [50,51] but

did not react in the HI HTS assay. Berberin at 40 uM exhibited

strong cytotoxicity against Molt-4 cells (Figure 9). In contrast to

coralyne, ALA appeared to be somewhat protective, while SA

slightly increased cytotoxicity (Figure 9). A major structural

difference that distinguishes coralyne from both palmatine and

berberin is the presence of a fully aromatic ring structure that is

disrupted in palmatine and berberin due to reduction in the

nitrogen-containing ring. Therefore a planar configuration and

broad dislocation of p-electrons in coralyne are not present in

palmatine and berberin, which may account for their inaccessi-

bility and/or chemical non-reactivity with heme. The interaction

of coralyne with heme may be due to the favorable planar ring

structure which may allow for physical association and a strong

stacking interaction.

Discussion

Artemisinins exhibit both anti-malarial activity and selective

cytotoxicity against cancer cells. We previously have shown that

heme is the kinetically favored iron species that can react with

artemisinin [3]. We show here that heme is also involved in the

mechanism of the cytotoxic effects of artemisinins in at least three

different cell lines, suggesting that this may be a generalizable

mechanism. Heme is an essential cellular molecule whose redox

properties and participation in a variety of important cellular

functions render it a potentially valuable molecular target for the

development of anti-neoplastic agents. The essential role of heme

in mediating the anti-malarial activity of artemisinin drugs, and

the dual effectiveness of the artemisinin compounds against

malaria parasites and cancer cells, is consistent with our findings

that heme plays a similar role in mediating cytotoxicity [9].

Cancer cells have been shown to be much more sensitive to

artemisinins than their normal counterparts [27,36], and cancer

cell lines with a low percentage of G0/G1 cells and a high

percentage of S-phase cells have been found to be most sensitive to

artemisinin drugs, consistent with the relatively increased rate of

heme synthesis needed for cell division [9]. Cancer cells also differ

significantly from normal cells in their heme synthetic capacity

[19], which is the basis for several types of photodynamic therapies

for cancer [21,22].

We used a simple assay to identify other heme interacting

compounds. The mechanism by which these compounds interact

with heme may vary. Heme is comprised of a coordination

complex formed between iron and the dianionic form of

porphyrin, a heterocyclic macrocycle derived from 4 pyrrole

subunits linked on opposite sides through 4 methine bridges. The

porphyrin ring is very hydrophobic and may promote interactions

with other hydrophobic molecules. Heme’s side chains may also

provide a means for interaction. Several forms of heme exist

depending upon the modification of side chains. The free form,

heme b, contains 4 methyl groups, two propionic side chains, and

two vinyl groups which can be modified for covalent linkage to

proteins.

Figure 9. Structures of lead heme interacting compounds and structurally related compounds.
doi:10.1371/journal.pone.0007472.g009
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While these hydrophobic and/or side chain interactions may

contribute, iron moiety of heme plays a critical role. Heme iron is

coordinated to 4 pyrrole nitrogens within the pyrrole ring. The

fifth and sixth coordination positions can be liganded to proteins

or other molecules. Due to the coordinated iron, heme is a strong

reducing agent which may contribute to the interaction with HI

compounds, which could produce chemical disruption of heme’s

ring structure and loss of Soret band absorbance. The large

reduction of the Soret band A415 from coralyne, without the

appearance of any other spectroscopically detectable species, is

consistent with breakage of the heme ring structure, analogous to

the cleavage of DNA by coralyne [52]. The interaction of

artemisinins with heme appears to procede through several

intermediates as evidenced by new but unstable absorption peaks.

The initial new peak that occurs at 476 nm may be an

intermediate complex between heme and artemisinin radicals

[37], which is not stable and disappears [3], consistent with

decomposition of heme porphyrin ring.

Little is known about the molecular mechanisms responsible for

HI compound cytotoxicity. The mechanisms by which artemisi-

nins are selectively cytotoxic to cancer cells have been suggested to

include increasing reactive oxygen species and inhibiting hypoxia

inducible factor (HIF) alpha activation [53]. HIF is the primary

transcription factor that regulates gene expression in response to

hypoxia. During hypoxia, HIF-alpha levels accumulate and trigger

an increase in expression of genes involved in energy metabolism

and mitochondrial function, cell survival and apoptosis, and

resistance to oxidative stress [54], physiological processes that

require heme. HIF may also be involved in the inhibition of tumor

lymphangiogenesis by artemisinin through suppression of vascular

endothelial growth factor C [16]. Artemisinin has also been

reported to activate p38 mitogen-activated protein kinase (p38

MAPK) in human lung cancer cells [18]. HO-1, the primary

enzyme that metabolizes heme, can be significantly inhibited by

p38 MAPK inhibitors [55].

Coralyne and several of its structural analogues have been

shown to be inhibitors of DNA topoisomerase I, with structural

rigidity associated with the coralyne ring system thought to be

important for its pharmacological activity [47,48]. Palmatine and

berberin, which share significant structural similarity with

coralyne, are also DNA-binding alkaloids [50,51], although they

are not reactive with heme nor is their cytotoxicity affected by

heme synthesis as is coralyne. The binding of coralyne and

palmatine with nucleic acid in vitro may involve a substantial

hydrophobic interaction [50]. The identification of coralyne but

not its structural analogs as heme interacting compounds suggests

that its mechanism of cytotoxicity may be more complex.

The two most potent HI compounds, artemisinin and coralyne,

also both possess activity against parasites [56,57,58] and cancer

cells [49,59]. The dependence on heme synthetic activity for

cytotoxicity suggests a general mechanism for the pharmacological

function of these HI compounds in treating protozoan infections.

Analogous to cancer cells that exhibit high rates of proliferation,

malaria parasites at the intraerythrocytic stage replicate rapidly

and are highly susceptible to artemisinins through a mechansism

thought to involve heme derived from red blood cells [60].

However, malaria parasites produce heme by de nove synthesis

[61,62]. Our results suggest that artemisinins may interact with

parasite derived heme, which would explain why artemisinins can

effectively kill malaria parasites in host erythrocytes where the

hemoglobins are poisoned by carbon monoxide and the heme iron

is not available [63]. A similar mechanism may also exist for other

protozoan parasites, such as Leishmania, which are able to

synthesize heme from iron and protoporphyrin [64]. This is also

supported by the observation that the ferrous iron transporter of

Leishmania (LIT) is essential for parasite replication within

macrophages [65,66], suggesting that Leishmania parasites rely

on endogenous rather than exogenous heme that could interact

with the Leishmaniacides artemisinins [67,68,69] or coralyne

[56,57].

Supporting Information

Figure S1 Time course and dose response of DHA on Molt-4

cells. The proliferation of Molt-4 cells was significantly decreased

by concentrations of DHA exceeding 25 uM.

Found at: doi:10.1371/journal.pone.0007472.s001 (0.12 MB TIF)

Figure S2 Modulation of heme synthesis alters DHA cytotox-

icity in Molt-4 cells. Cell numbers were determined at the

beginning and the end of treatment, and the change during the

treatment was expressed as percentage, taking DMSO control as

100%. The data are presented as Mean6SD. (A) Cellular

proliferation of Molt-4 cells cultured with DHA, succinyl acetone

(SA), or both, for 24 hours was measured using cell number.

Values are mean +/2 s.d. for six replicates. SA resulted in a

statistically significant (p,0.05) increase in cell number. (B) Cell

numbers of Molt-4 cells cultured with DHA, aminolevulinic acid

(ALA), and/or SA. ALA further increased the cytotoxicity of DHA

(*p,0.05), which was reversed by SA.

Found at: doi:10.1371/journal.pone.0007472.s002 (1.50 MB TIF)

Figure S3 Effect of protoporphyrin IX and holotransferrin on

DHA cytotoxicity. (A) Cell numbers of Molt-4 cells cultured with

DHA, holotransferrin (HTF), and/or SA. HTF enhanced DHA

cytotoxicity (*p,0.05), which was reversed by SA. (B) Cell

proliferation of Molt-4 cells cultured with DHA, the heme

precursor protoporphyrin IX (PPIX) and/or SA. PPIX increased

DHA cytotoxicity (*p,0.05), which could not be reversed by SA,

consistent with PPIX acting later in the heme synthetic pathway

than SA.

Found at: doi:10.1371/journal.pone.0007472.s003 (1.50 MB TIF)

Figure S4 Reduction in absorbance at 415 nm in the presence

of various peroxides. Each peroxide compound was at 40 uM with

heme at 20 uM in dithionite sodium phosphate buffer solution

with 36% DMSO. Di-T-A = di-tert-amyl peroxide; tert-B = tert-

butyl peroxide; 2-But = 2-Butanone peroxide; Di-Cum = Dicu-

myl peroxide; Benz = Benzoyl peroxide; Laur = Lauroyl

peroxide; 5,8-Epi = 9-a,11-a-di-hydroxy-5,8-epidioxy-5-a,8-a-er-

gostan-3-b-yl acetate; DHA = Artesunate.

Found at: doi:10.1371/journal.pone.0007472.s004 (0.10 MB TIF)

Figure S5 Reaction between ferrous heme and artemisinins in

the presence of trolox (TLX) or BHT. Absorption spectra were

recorded over the wavelength range of 400 nm to 500 nm, which

shows that neither TLX nor BHT had any effect on the

interaction of heme and ART.

Found at: doi:10.1371/journal.pone.0007472.s005 (0.32 MB

DOC)

Figure S6 Day-to-day variation of the Heme Interaction assay.

Assays were conducted using an entire microplate for five

consecutive days. The ratio of artemisinin to hemin was 0.8:1.

Found at: doi:10.1371/journal.pone.0007472.s006 (0.13 MB TIF)

Figure S7 Secondary screen of the compounds selected from

primary screen. Compounds were used at 200 uM (10:1 molar

ratio to heme). Four compounds caused a 10% or more reduction

in A415 including artemisinin, coralyne, 5a-cholestan-3b-ol-6-one

and 3-hydroxy-4(succin-2-yl)-caryolane d-lactone.

Found at: doi:10.1371/journal.pone.0007472.s007 (0.09 MB TIF)
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DOC)

Author Contributions

Conceived and designed the experiments: SZ GG. Performed the

experiments: SZ. Analyzed the data: SZ GG. Contributed reagents/

materials/analysis tools: GG. Wrote the paper: SZ GG.

References

1. Tracz MJ, Alam J, Nath KA (2007) Physiology and pathophysiology of heme:

implications for kidney disease. J Am Soc Nephrol 18: 414–420.

2. Meshnick SR, Taylor TE, Kamchonwongpaisan S (1996) Artemisinin and the

antimalarial endoperoxides: from herbal remedy to targeted chemotherapy.

Microbiological reviews 60: 301–315.

3. Zhang S, Gerhard GS (2008) Heme activates artemisinin more efficiently than

hemin, inorganic iron, or hemoglobin. Bioorg Med Chem 16: 7853–7861.

4. Meshnick SR, Thomas A, Ranz A, Xu CM, Pan HZ (1991) Artemisinin

(qinghaosu): the role of intracellular hemin in its mechanism of antimalarial

action. Molecular and biochemical parasitology 49: 181–189.

5. Pandey AV, Tekwani BL, Singh RL, Chauhan VS (1999) Artemisinin, an

endoperoxide antimalarial, disrupts the hemoglobin catabolism and heme

detoxification systems in malarial parasite. J Biol Chem 274: 19383–19388.

6. Selmeczi K, Robert A, Claparols C, Meunier B (2004) Alkylation of human

hemoglobin A0 by the antimalarial drug artemisinin. FEBS letters 556: 245–248.

7. Mercer AE (2009) The role of bioactivation in the pharmacology and toxicology

of the artemisinin-based antimalarials. Curr Opin Drug Discov Devel 12:

125–132.

8. Robert A, Benoit-Vical F, Claparols C, Meunier B (2005) The antimalarial drug

artemisinin alkylates heme in infected mice. Proc Natl Acad Sci U S A 102:

13676–13680.

9. Efferth T, Sauerbrey A, Olbrich A, Gebhart E, Rauch P, et al. (2003) Molecular

modes of action of artesunate in tumor cell lines. Mol Pharmacol 64: 382–394.

10. Lai H, Singh NP (2006) Oral artemisinin prevents and delays the development of

7,12-dimethylbenz[a]anthracene (DMBA)-induced breast cancer in the rat.

Cancer Lett 231: 43–48.

11. Posner GH, McRiner AJ, Paik IH, Sur S, Borstnik K, et al. (2004) Anticancer

and antimalarial efficacy and safety of artemisinin-derived trioxane dimers in

rodents. J Med Chem 47: 1299–1301.

12. Dell’Eva R, Pfeffer U, Vene R, Anfosso L, Forlani A, et al. (2004) Inhibition of

angiogenesis in vivo and growth of Kaposi’s sarcoma xenograft tumors by the

anti-malarial artesunate. Biochem Pharmacol 68: 2359–2366.

13. Efferth T (2007) Willmar Schwabe Award 2006: antiplasmodial and antitumor

activity of artemisinin–from bench to bedside. Planta Med 73: 299–309.

14. Singh NP, Panwar VK (2006) Case report of a pituitary macroadenoma treated

with artemether. Integr Cancer Ther 5: 391–394.

15. Berger TG, Dieckmann D, Efferth T, Schultz ES, Funk JO, et al. (2005)

Artesunate in the treatment of metastatic uveal melanoma–first experiences.

Oncol Rep 14: 1599–1603.

16. Wang J, Zhang B, Guo Y, Li G, Xie Q, et al. (2008) Artemisinin inhibits tumor

lymphangiogenesis by suppression of vascular endothelial growth factor C

Pharmacology 82: 148–155.

17. Sundar SN, Marconett CN, Doan VB, Willoughby JA, Sr., Firestone GL (2008)

Artemisinin selectively decreases functional levels of estrogen receptor-alpha and

ablates estrogen induced proliferation in human breast cancer cells.

Carcinogenesis.

18. Mu D, Zhang W, Chu D, Liu T, Xie Y, et al. (2008) The role of calcium, P38

MAPK in dihydroartemisinin-induced apoptosis of lung cancer PC-14 cells.

Cancer Chemother Pharmacol 61: 639–645.

19. Peng Q, Warloe T, Berg K, Moan J, Kongshaug M, et al. (1997) 5-

Aminolevulinic acid-based photodynamic therapy. Clinical research and future

challenges. Cancer 79: 2282–2308.

20. Kwok JC, Richardson DR (2002) The iron metabolism of neoplastic cells:

alterations that facilitate proliferation? Crit Rev Oncol Hematol 42: 65–78.

21. Fukuda H, Casas A, Batlle A (2005) Aminolevulinic acid: from its unique

biological function to its star role in photodynamic therapy. Int J Biochem Cell

Biol 37: 272–276.

22. Moore CM, Pendse D, Emberton M (2009) Photodynamic therapy for prostate

cancer–a review of current status and future promise. Nat Clin Pract Urol 6:

18–30.

23. Zhang JH, Chung TD, Oldenburg KR (1999) A Simple Statistical Parameter for

Use in Evaluation and Validation of High Throughput Screening Assays.

J Biomol Screen 4: 67–73.

24. Malo N, Hanley JA, Cerquozzi S, Pelletier J, Nadon R (2006) Statistical practice

in high-throughput screening data analysis. Nature biotechnology 24: 167–175.

25. Sekhon BK, Roubin RH, Tan A, Chan WK, Sze DM (2008) High-throughput

screening platform for anticancer therapeutic drug cytotoxicity. Assay Drug Dev

Technol 6: 711–721.

26. Efferth T, Dunstan H, Sauerbrey A, Miyachi H, Chitambar CR (2001) The

anti-malarial artesunate is also active against cancer. Int J Oncol 18: 767–773.

27. Lai H, Singh NP (1995) Selective cancer cell cytotoxicity from exposure to

dihydroartemisinin and holotransferrin. Cancer letters 91: 41–46.

28. Singh NP, Lai HC (2004) Artemisinin induces apoptosis in human cancer cells.

Anticancer Res 24: 2277–2280.

29. De Matteis F, Marks GS (1983) The effect of N-methylprotoporphyrin and

succinyl-acetone on the regulation of heme biosynthesis in chicken hepatocytes

in culture. FEBS Lett 159: 127–131.

30. Sinclair PR, Schuetz EG, Bement WJ, Haugen SA, Sinclair JF, et al. (1990) Role

of heme in phenobarbital induction of cytochromes P450 and 5-aminolevulinate

synthase in cultured rat hepatocytes maintained on an extracellular matrix. Arch

Biochem Biophys 282: 386–392.

31. Sinclair PR, Gorman N, Walton HS, Bement WJ, Sinclair JF, et al. (2001)

Uroporphyria in Hfe mutant mice given 5-aminolevulinate: a new model of Fe-

mediated porphyria cutanea tarda. Hepatology 33: 406–412.

32. Jones M, Mercer AE, Stocks PA, La Pensee LJ, Cosstick R, et al. (2009)

Antitumour and antimalarial activity of artemisinin-acridine hybrids. Bioorg

Med Chem Lett 19: 2033–2037.

33. Willoughby JA, Sr., Sundar SN, Cheung M, Tin AS, Modiano J, et al. (2009)

Artemisinin blocks prostate cancer growth and cell cycle progression by

disrupting Sp1 interactions with the cyclin-dependent kinase-4 (CDK4)

promoter and inhibiting CDK4 gene expression. J Biol Chem 284:

2203–2213.

34. Gardner LC, Cox TM (1988) Biosynthesis of heme in immature erythroid cells.

The regulatory step for heme formation in the human erythron. J Biol Chem

263: 6676–6682.

35. Efferth T, Benakis A, Romero MR, Tomicic M, Rauh R, et al. (2004)

Enhancement of cytotoxicity of artemisinins toward cancer cells by ferrous iron.

Free Radic Biol Med 37: 998–1009.

36. Singh NP, Lai H (2001) Selective toxicity of dihydroartemisinin and

holotransferrin toward human breast cancer cells. Life Sci 70: 49–56.

37. Creek DJ, Charman WN, Chiu FC, Prankerd RJ, Dong Y, et al. (2008)

Relationship between antimalarial activity and heme alkylation for spiro- and

dispiro-1,2,4-trioxolane antimalarials. Antimicrob Agents Chemother 52:

1291–1296.

38. Di Iorio EE (1981) Preparation of derivatives of ferrous and ferric hemoglobin.

In: Antonini E, Rossi-Bernadi L, Chiancone E, eds. Methods in Enzymology.

New York: Academic Press, Inc. pp 57–72.

39. Haddad RE, Gazeau S, Pecaut J, Marchon JC, Medforth CJ, et al. (2003) Origin

of the red shifts in the optical absorption bands of nonplanar tetraalkylporphyr-

ins. Journal of the American Chemical Society 125: 1253–1268.

40. Tekwani BL, Walker LA (2005) Targeting the hemozoin synthesis pathway for

new antimalarial drug discovery: technologies for in vitro beta-hematin

formation assay. Combinatorial chemistry & high throughput screening 8:

63–79.

41. Bilia AR, Lazari D, Messori L, Taglioli V, Temperini C, et al. (2002) Simple and

rapid physico-chemical methods to examine action of antimalarial drugs with

hemin: its application to Artemisia annua constituents. Life Sci 70: 769–778.

42. Pasternack RF, Gibbs EJ, Mauk AG, Reid LS, Wong NM, et al. (1985) Kinetics

of hemoprotein reduction and interprotein heme transfer. Biochemistry 24:

5443–5448.

43. Egan TJ, Ncokazi KK (2004) Effects of solvent composition and ionic strength

on the interaction of quinoline antimalarials with ferriprotoporphyrin IX. J Inorg

Biochem 98: 144–152.

44. Vogt A, Tamewitz A, Skoko J, Sikorski RP, Giuliano KA, et al. (2005) The

benzo[c]phenanthridine alkaloid, sanguinarine, is a selective, cell-active inhibitor

of mitogen-activated protein kinase phosphatase-1. J Biol Chem 280:

19078–19086.

45. Reungpatthanaphong P, Mankhetkorn S (2002) Modulation of multidrug

resistance by artemisinin, artesunate and dihydroartemisinin in K562/adr and

GLC4/adr resistant cell lines. Biol Pharm Bull 25: 1555–1561.

46. Efferth T (2006) Molecular pharmacology and pharmacogenomics of artemi-

sinin and its derivatives in cancer cells. Curr Drug Targets 7: 407–421.

47. Gatto B, Sanders MM, Yu C, Wu HY, Makhey D, et al. (1996) Identification of

topoisomerase I as the cytotoxic target of the protoberberine alkaloid coralyne.

Cancer Res 56: 2795–2800.

48. Makhey D, Gatto B, Yu C, Liu A, Liu LF, et al. (1996) Coralyne and related

compounds as mammalian topoisomerase I and topoisomerase II poisons.

Bioorg Med Chem 4: 781–791.

49. Zee-Cheng KY, Paull KD, Cheng CC (1974) Experimental antileukemic agents.

Coralyne, analogs, and related compounds. J Med Chem 17: 347–351.

50. Islam MM, Chowdhury SR, Kumar GS (2009) Spectroscopic and Calorimetric

Studies on the Binding of Alkaloids Berberine, Palmatine and Coralyne to

Double Stranded RNA Polynucleotides. J Phys Chem B.

51. Bhadra K, Maiti M, Kumar GS (2008) DNA-binding cytotoxic alkaloids:

comparative study of the energetics of binding of berberine, palmatine, and

coralyne. DNA Cell Biol 27: 675–685.

52. Wang LK, Rogers BD, Hecht SM (1996) Inhibition of topoisomerase I function

by coralyne and 5,6-dihydrocoralyne. Chem Res Toxicol 9: 75–83.

Artemisinin, Heme, and Cancer

PLoS ONE | www.plosone.org 9 October 2009 | Volume 4 | Issue 10 | e7472



53. Huang XJ, Ma ZQ, Zhang WP, Lu YB, Wei EQ (2007) Dihydroartemisinin

exerts cytotoxic effects and inhibits hypoxia inducible factor-1alpha activation in

C6 glioma cells. J Pharm Pharmacol 59: 849–856.

54. Loor G, Schumacker PT (2008) Role of hypoxia-inducible factor in cell survival

during myocardial ischemia-reperfusion. Cell Death Differ 15: 686–690.

55. Liu ZM, Chen GG, Ng EK, Leung WK, Sung JJ, et al. (2004) Upregulation of

heme oxygenase-1 and p21 confers resistance to apoptosis in human gastric

cancer cells. Oncogene 23: 503–513.

56. Cortazar TM, Coombs GH, Walker J (2007) Leishmania panamensis:

comparative inhibition of nuclear DNA topoisomerase II enzymes from

promastigotes and human macrophages reveals anti-parasite selectivity of

fluoroquinolones, flavonoids and pentamidine. Exp Parasitol 116: 475–482.

57. Jean-Moreno V, Rojas R, Goyeneche D, Coombs GH, Walker J (2006)

Leishmania donovani: differential activities of classical topoisomerase inhibitors

and antileishmanials against parasite and host cells at the level of DNA

topoisomerase I and in cytotoxicity assays. Exp Parasitol 112: 21–30.

58. Kinnamon KE, Poon BT, Hanson WL, Waits VB (1998) Activity of anticancer

compounds against Trypanosoma cruzi-infected mice. Am J Trop Med Hyg 58:

804–806.

59. Wilson WD, Gough AN, Doyle JJ, Davidson MW (1976) Coralyne. Intercalation

with DNA as a possible mechanism of antileukemic action. J Med Chem 19:

1261–1263.

60. Jefford CW (2001) Why artemisinin and certain synthetic peroxides are potent

antimalarials. Implications for the mode of action. Curr Med Chem 8:

1803–1826.

61. Bonday ZQ, Dhanasekaran S, Rangarajan PN, Padmanaban G (2000) Import of

host delta-aminolevulinate dehydratase into the malarial parasite: identification
of a new drug target. Nat Med 6: 898–903.

62. Bonday ZQ, Taketani S, Gupta PD, Padmanaban G (1997) Heme biosynthesis

by the malarial parasite. Import of delta-aminolevulinate dehydrase from the
host red cell. J Biol Chem 272: 21839–21846.

63. Parapini S, Basilico N, Mondani M, Olliaro P, Taramelli D, et al. (2004)
Evidence that haem iron in the malaria parasite is not needed for the

antimalarial effects of artemisinin. FEBS Lett 575: 91–94.

64. Sah JF, Ito H, Kolli BK, Peterson DA, Sassa S, et al. (2002) Genetic rescue of
Leishmania deficiency in porphyrin biosynthesis creates mutants suitable for

analysis of cellular events in uroporphyria and for photodynamic therapy. J Biol
Chem 277: 14902–14909.

65. Huynh C, Andrews NW (2008) Iron acquisition within host cells and the
pathogenicity of Leishmania. Cell Microbiol 10: 293–300.

66. Huynh C, Sacks DL, Andrews NW (2006) A Leishmania amazonensis ZIP

family iron transporter is essential for parasite replication within macrophage
phagolysosomes. J Exp Med 203: 2363–2375.

67. Sen R, Bandyopadhyay S, Dutta A, Mandal G, Ganguly S, et al. (2007)
Artemisinin triggers induction of cell-cycle arrest and apoptosis in Leishmania

donovani promastigotes. J Med Microbiol 56: 1213–1218.

68. Yang DM, Liew FY (1993) Effects of qinghaosu (artemisinin) and its derivatives
on experimental cutaneous leishmaniasis. Parasitology 106 (Pt 1): 7–11.

69. Avery MA, Muraleedharan KM, Desai PV, Bandyopadhyaya AK, Furtado MM,
et al. (2003) Structure-activity relationships of the antimalarial agent artemisinin.

8. design, synthesis, and CoMFA studies toward the development of artemisinin-
based drugs against leishmaniasis and malaria. J Med Chem 46: 4244–4258.

Artemisinin, Heme, and Cancer

PLoS ONE | www.plosone.org 10 October 2009 | Volume 4 | Issue 10 | e7472


