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a  b  s  t  r  a  c  t

Artemisia  annua  L. is used  throughout  Asia  and Africa  as tea  and  press  juice  to treat  malaria  and  related
symptomes  (fever,  chills).  Its  active  ingredient,  artemisinin  (ARS),  has  been  developed  as  antimalarial
drug  and  is used  worldwide.  Interestingly,  the  bioactivity  is not  restricted  to  malaria  treatment.  We  and
others found  that ARS-type  drugs  also  reveal  anticancer  in  vitro and  in  vivo.  In  this  review,  we give  a
systematic  overview  of the literature  published  over  the  past  two  decades  until the  end  of  2016.  Like
other  natural  products,  ARS  acts  in  a  multi-specific  manner  against  tumors.  The  cellular  response  of  ARS
and  its derivatives  (dihydroartemisinin,  artesunate,  artemether,  arteether)  towards  cancer  cells  include
oxidative stress  response  by  reactive  oxygen  species  and  nitric  oxide,  DNA  damage  and  repair  (base
excision  repair,  homologous  recombination,  non-homologous  end-joining),  various  cell  death  modes
(apoptosis,  autophagy,  ferroptosis,  necrosis,  necroptosis,  oncosis),  inhibition  of  angiogenesis  and  tumor-
related  signal  transduction  pathways  (e.g.  Wnt/�-catenin  pathway,  AMPK  pathway,  metastatic  pathways,
and  others)  and  signal  transducers  (NF-�B,  MYC/MAX,  AP-1,  CREBP,  mTOR  etc).  ARS-type  drugs  are  at  the
stairways  to the clinics.  Several  published  case  reports  and  pilot  phase  I/II  trials indicate  clinical  anticancer
activity  of these  compounds.  Because  of  unexpected  cases  of hepatotoxicity,  combinations  of  ARS-type
drugs  with  complementary  and alternative  medicines  are  not  recommended,  until  controlled  clinical
trials  will  prove the  safety  of non-approved  combination  treatments.

©  2017  Elsevier  Ltd. All  rights  reserved.
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1. Introduction

Artemisinin is a 1,2,-trioxane from the Chinese medicinal plant
Sweet Wormwood (Artemisia annua L., Asteraceae). The plant was
first mentioned by Hong Ge ( , (281–340 B.C.) as remedy to treat
fever and chills in the “Handbook of Prescriptions for Emergency
Treatment” (Hou Bei Ji Fang, ). The fact that it was still
listed in the “Compedium of Materia Medica” (Ben Cao Gang Mu,

), by Li Shizen ( ) in the year 1596 and is even known
nowadays may  be taken as a clue for its usefulness and activity.

In 1967, China’s former chairman Mao  Zedong initiated a
research project to search for malaria-active medicinal plants from
Chinese medicine. During the Vietnam War, the Vietnamese gov-
ernment asked China for help, because numerous Vietnamese
soldiers suffered from malaria. Among the 500 scholars, who
screened traditional Chinese plants and remedies, was Tu Youyou.
She observed that A. annua was among the most active herbs.
However, her results were not always repeatable with sufficient
reliability. Going back to the ancient textbooks, Tu Youyou rec-
ognized that the recommended preparation of A. annua was  not
a hot decoction, as most frequently used standard procedure for
medicinal herbs. Rather, the historical text described the use of
a pressed juice of A. annua.  Taking these details seriously, Tu
Youyou then found that A. annua was more effective against Plas-
modia infections, if she prepared low temperature extractions
of this plant [1–3]. Bioactivity-guided fractionation subsequently
allowed structure elucidation of sesquiterpene lactones of the
artemisinin-type [2,4]. Together with its derivatives, artemisinin
reached worldwide attraction, and artemisinin-based combination
therapies nowadays belong to the established standard treatments
of malaria worldwide [5–11]. As appreciation that artemisinin
(ARS) helped to save millions of lifes, Tu Youyou was  honored with
numerous awards, including the Lasker DeBakey Clinical Research
Award in 2011 and the Nobel Prize for Medicine or Physiology 2015
[12–15].

2. The antimalarial activity of artemisinin

In erythrocytes, Plasmodium trophozoites and schizonts feed on
hemoglobin as the source for amino acids. Hemoglobin is toxic
for Plasmodia,  since heme-iron generates reactive oxygen species
(ROS). Therefore, the malaria parasites convert hemoglobin to the
non-toxic hemozoin [16,17]. During this reaction, the released
heme-iron cleaves the endoperoxide bridge of ARS by a Fe(II)
Fenton-type reaction, and free radical intermediates kill the Plas-

modia [18–20]. Other mechanisms of the antimalarial activity of
ARS include

• the inhibition of redox cycling,
• the inhibition of a glutathione S-transferase termed Plasmodium

falciparum exported protein 1 (EXP1),
• the inhibition of Plasmodium falciparum PfATP6, which represents

a sarcoendoplasmatic reticulum Ca2+ ATPase (SERCA),
• the inhibition of digestive vacuole cysteine protease, as well as
• the alkylation of specific parasite proteins, including translation-

ally controlled tumor protein (TCTP) [21–26]

DNA lesions have not been observed in Plasmodia,  in contrast to
cancer cells [27].

3. Beyond malaria: activity of artemisinin to other diseases

Interestingly, numerous hints were accumulated during the past
years, that activity of ARS is not restricted to malaria and that it may
also be of therapeutic interest for several other diseases (Fig. 1). It
was Tu Youyou, who  provided first data that dihydroartemisinin
may  be beneficial for the treatment of Lupus erythematosus-related
nephritis by inhibiting the production of anti-ds-DNA antibodies,
the secretion of TNF-�, and NF-�B signaling pathway [28]. ARS-
type drugs also revealed bioactivity towards viruses (e.g. human
cytomegalovirus, HCMV), schistosomiasis, trypanosomiasis, can-
cer in vitro and in vivo, and even against plant tumors [29–37].
Resent results indicated that A. annua and ARS may  not only be
active against infectious and malignant diseases, but also to reduce
glucose and act against diabetes mellitus [38,39].

Here, we present a timely review on the anti-cancer activ-
ity in vitro and in vivo of ARS and its derivatives artesunate
(ART), artemether (ARM), arteether (ARE), as well as the
first metabolite, dihydroartemisinin (DHA). Furthermore, we
report on clinical data in cancer patients. Non-approved sec-
ond generation derivatives, nanotherapeutic strategies with
artemisinin-type compounds, as well as combination therapies
involving ARS-type drugs were not included in this review. We
searched the PubMed and Google Scholar databases with the
following search term combinations: ‘artemisinin/artesunate’
and ‘cancer’ plus (1) ‘in vivo/xenograft/mice/rat’, (2) ‘cell
cycle arrest’, (3) ‘reactive oxygen species/oxidative stress’,
(4) ‘iron/transferrin’, (5) ‘DNA damage/DNA repair’, (5)
‘apoptosis/autophagy/necroptosis/ferroptosis’, (6) ‘angiogene-
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