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Artemisinin (1), a naturally occurring sesquiterpene lactone
endoperoxide isolated from Artemisia annua L., is an inter-
esting lead compound used in the development of many
drugs.1 Following reports about its chemical structure and
antimalarial effect,2 artemisinin and its reductive compound
dihydroartemisin (2)3 have been used in the treatment of
malaria, especially for chloroquine-resistant strains of Plas-
modium falciparum.4 However, owing to the low bioavaila-
bility of artemisinin (1) attributable to its poor water- or
oil-soluble nature,5 many attempts have been made to syn-
thesize novel artemisinin derivatives that have improved
physical properties, pharmacokinetic profiles, and enhanced
potency. As shown in Figure 1, semisynthetic acetal-type
artemisinin derivatives (3) from dihydroartemisinin (2)6–9

and nonacetal-type derivatives (4)10–12 are good examples.
In addition to their antimalarial properties, artemisinin and
its derivatives have recently been shown to exhibit
anticancer,13,14 antiviral,15,16 and anti-inflammatory
effects.17 Because of the Chinese pharmacologist Dr.
Youyou Tu’s great contribution to the drug development
research on artemisinin, including antimalarial therapy, she
won the Nobel Prize in Physiology or Medicine in 2015.18

In our laboratory, we developed an efficient synthetic
method to obtain nonacetal-type artemisinin derivatives (4)
from the substitution reaction of 10α- or 10β-benzenesulfo-
nyl-dihydroartemisinin with organozinc reagents19 and C-
10 exo-olefinated deoxoartemisinin derivatives (5) via
Ramberg–Bäcklund rearrangement.20 Interestingly, all of the
target compounds, except nonacetal derivatives (4) and syn-
thetic intermediates such as 10-substituted sulfidylyl (6) and
sulfonyldihydroartemisinin (7), inhibited angiogenesis,21–24

which is a key step in the growth, invasion, and metastasis
of tumors,25 and can be an important therapeutic strategy for

cancer and related diseases.26 Recently, we also reported the
synthesis of 10-substituted triazolyl artemisinins (8) and their
strong cytotoxicity against various cancer cells.27–29 Over
the course of about 15 years of our novel drug discovery
program, we have prepared four types of artemisinin mimic
libraries derived from artemisinin as shown in Figure 1, and
using these libraries, we have identified a potential osteopo-
rosis drug candidate.
Osteoporosis is a skeletal disease characterized by low

bone mineral mass, impaired bone strength, deteriorated
bone structure, and an increased risk of fracture.30,31 Dur-
ing the course of life, the bone undergoes continuous
remodeling to maintain its strength. Bone remodeling is
tightly regulated by bone-forming osteoblasts and bone-
resorbing osteoclasts and the maintenance of bone homeo-
stasis depends on the balance between bone formation and
bone resorption. Individuals are predisposed to osteoporosis
when there is a disturbance in bone homeostasis. The
majority of therapeutic agents currently used in the treat-
ment of osteoporosis are bone resorption inhibitors and
the availability of anabolic agents like parathyroid hor-
mone (PTH) is limited.32 Moreover, bone resorption inhi-
bitors have a limited capacity to facilitate bone mass
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Figure 1. Structures of artemisinin (1), dihydroartemisinin (2),
and synthesized artemisinin mimic library (3–8), 10-exo-methyl-
ene artemisinin (9).
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recovery and have deleterious side effects. Therefore,
there is a need for novel anabolic agents that directly
increase bone mass.33

Thus, because of the clear need for alternative osteoporo-
sis treatments, we screened our in-house libraries to deter-
mine whether any of the compounds activate mineralization
in and differentiation of MC3T3-E1 preosteoblasts to osteo-
blasts. Among the tested 130 compounds, which were made
up to a concentration of 10 μM, from the artemisinin mimic
libraries, only one compound, 10-exomethylene artemisinin
(9), was found to activate osteoblast differentiation, which
was measured by alizarin red S staining.34 Compound
9 was firstly reported by the McChesney group35 and it
was also found in the synthesis of library 5 as a side prod-
uct.20 To confirm its antiosteoporosis property, we tried to
synthesize compound 9 by using the Tebbe reagent, as
reported by the McChesney group. However, we were una-
ble to obtain the compound even under various reaction
conditions as indicated in Table 1. The product obtained
using the McChesney reaction condition (entry 1, Table 1)
was endo-methylene artemisinin (10), while under other
conditions such as change in reaction temperature (entries
2 and 3, Table 1), we could not obtain compound 9. We
hypothesized that the endo-compound 10 is more thermo-
dynamically stable than the exo-compound 9, which
explains why compound 10 was generated in place of com-
pound 9. Therefore, to obtain the target artemisinin (9) that
activates osteoblast differentiation, we used the Petasis rea-
gent, dimethyltitanocene (Cp2TiMe2), which is more stable,
inexpensive, and easily prepared from methylithium and
titanocene dichloride (Cp2TiCl2).

36 As shown in Table 1,
titanium-mediated carbonyl olefination of artemisinin (1)
using the Petasis reagent at 60�C, the recommended reac-
tion temperature in Ref. 36 (entry 4, Table 1), generated
an inseparable mixture of 9 and 10 at a ratio of 2:1. The
ratio of each isomer (9 and 10) was confirmed by

comparison of H-12 chemical shift; the H-12 chemical
shift of compound 9 was found to be 5.34 ppm and that of
compound 10 to be 5.54 ppm.37 Because their retention
time in thin layer chromatography is the same, specific
reaction conditions had to be determined to selectively
obtain our target compound 9. The variation in reaction
temperature between entries 5 and 6 yielded a more selec-
tive product ratio; however, it still did not yield optimal
results. Ultimately, we found that by blocking the light,
we could obtain compound 9 (entry 7, Table 1) in isola-
tion. Although we did not clarify the role of light energy
in forming kinetically stable exo-methylene isomer (9), we
assumed the energy to form thermodynamically stable
endo-isomer (10) is deficient under darkness condition.
Although the reaction time is longer than that in the origi-
nal conditions, we found these conditions to be optimal to
yield our target compound 9.
To determine the effect of compound 9 on minerali-

zation during osteoblast differentiation, we compared
the level of mineralized nodule formation using alizarin
red S staining34 of MC3T3-E1 cells treated with 0, 1,
2.5, 5, and 10 μM of compound 9 for 21 days. As
shown in Figure 2, compound 9 significantly increased
bone nodule formation.
Because alkaline phosphatase (ALP) is an early differen-

tiation marker of osteogenesis, we examined whether com-
pound 9 regulates ALP activity. The ALP staining38 and
ALP enzyme assay39 showed that treatment with 2.5 μM of
compound 9 enhanced ALP activity by 58% (p = 0.088
vs. osteogenic), when compared to control (osteogenic) as
shown in Figure 3.
During osteogenic differentiation, transcription factors

including runt-related transcription factor 2 (Runx2) and
osterix (Osx) regulate osteogenic gene expression.40,41

Runx2 is considered to be one of the master transcription
factors regulating bone formation.42 Runx2 increased the
expression of osteogenic genes such as Alp, osteocalcin
(Ocn), and bone sialoprotein (Bsp), which were used as
osteoblast differentiation markers. In addition, type I colla-
gen is a known marker of bone mineralization.43

(Figure 4)
To gain insight into the molecular mechanisms of com-

pound 9 in the regulation of osteoblast differentiation,
mRNA expression levels of osteoblast-associated molecular
markers including Runx2, Alp, Bsp, Osx, Ocn, and type I
collagen (Col1α1) were examined by quantitative real-time
polymerase chain reaction (qPCR).44,45 The expression
levels of Runx2, Alp, Bsp, Osx, Ocn, and Col1α1 mRNA
significantly increased at 2.5 μM of compound 9, by
24, 40, 55, 70, 65, and 52%, respectively, as compared to
control levels. These results suggest that compound 9 pro-
motes osteoblast mineralization and bone formation by
increasing the expression of osteoblast-associated mole-
cules during differentiation. (Figure 4)
In conclusion, C-10 exo-methylene artemisinin (9)

which may potentially be of use in the treatment of

Table 1. Synthesis of 10-exomethylene artemisinin (9) using
Tebbe and Petasis reagents under various reaction conditions
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Entry Reagents

Yield (%)

Reaction conditions9 10

1 Tebbe — 60 −40 to 25�C, 1.5 h or 5 h
2 Tebbe — 55 −50 to 25�C, 1.5 h
3 Tebbe — 57 25�C, 1.5 h
4 Petasis 38 18 60�C, 12 h
5 Petasis 47 14 50�C, 12 h
6 Petasis 45 20 40�C, 12 h
7 Petasis 62 — 50�C, 12 h, under darkness
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osteoporosis was selectively synthesized using the Petasis
reagent under darkness condition at 50�C. Compound
9 was confirmed to enhance the mineralization of MC3T3-
E1 cells by alizarin red S staining, which implies that it
activates osteoblast differentiation. It also increases the
expression of ALP, an early differentiation marker of oste-
ogenesis, and transcription factors including Runx2 and
Osx that regulate osteogenic gene expression. Considering
the effect of compound 9 on osteoblast differentiation acti-
vation, we can say that it is a promising antiosteoporosis
drug candidate.
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