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Artemisinin derivatives prevent obesity by inducing
browning of WAT and enhancing BAT function
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Dear Editor,

Obesity and its related disorders have become a global
pandemic [1]. Obesity leads to multiple chronic mor-
bidities such as fatty liver, type 2 diabetes and cardio-
vascular diseases, and even increases the risk of several
cancers. Five drugs have been approved by the Food
and Drug Administration (FDA) for long-term weight
management; however, there is still a long way to go
before achieving satisfactory clinical outcome due to
modest efficacy and unfavorable side effects [2]. Cur-
rent anti-obesity medications focus mainly on restricting
energy intake either by decreasing fat absorption or by
suppressing appetite. There is no clinical record of suc-
cessful pharmacotherapy to treat obesity by enhancing
energy mobilization. Thermogenesis by brown adipose
tissue (BAT) and beige adipose tissue which arises from
the browning of white adipose tissue (WAT) is emerg-
ing as an appealing strategy to combat obesity in recent
years. Thermogenesis improves metabolic homeostasis
by dissipating energy in the form of heat. This process
is achieved through the activation of uncoupling protein
1 (UCPI1). UCP1 is unique to thermogenic adipocytes
including brown and beige adipocytes, serving as a mor-
phological and functional marker for these cells [3]. A
few compounds have been reported to activate thermo-
genesis [4-6]. These compounds were found previously
to elicit beneficial effects on metabolism and enhancing
thermogenesis was discovered later as one of the mech-
anisms. Up to now, no high-throughput screening has
been carried out to find small-molecule compounds able
to activate thermogenesis for pharmacological applica-
tions such as treating obesity or other related metabolic
disorders. With this purpose in mind, we established two
high-throughput methods. 3T3-L1 cells are a well-char-
acterized preadipocyte cell line, which differentiate into
typical white adipocytes. During the differentiation of
3T3-L1 cells, expression of UCP1 is barely detectable [7].
We therefore reasoned that expression of UCP1 in 3T3-
L1 cells could serve as a readout for the browning of
white adipocytes and this system could be used to iden-

tify compounds that elicit thermogenesis. 3T3-L1 cells
were seeded onto 96-well plates and then developed into
mature adipocytes under standard differentiation con-
dition in the presence or absence of various compounds
(10 uM). Oil Red O staining was used to eliminate com-
pounds detrimental to adipogensis. Compounds that did
not affect lipid accumulation were subjected to one-step
gqPCR to detect the expression of browning-related genes
including UCPI (Supplementary information, Figure
S1A). In total, we screened over 3 000 compounds and
identified one candidate, artemether (ATM, chemical
structure shown in Figure 1A). 3T3-L1 cells exposed to
ATM were smaller in size and contained multiple small
lipid droplets, which is the typical feature of thermogenic
adipocytes (Supplementary information, Figure S1B).
One-step qPCR showed that the relative mRNA levels of
browning-related genes, such as PRDM16, PGCla and
UCPI, were elevated after treatment of ATM (Supple-
mentary information, Figure S1C). We went on to con-
firm the browning effect of ATM in the C3H10T1/2 cells,
which is a mesenchymal stem cell (MSC) line that can
be induced to undergo adipogenic development. In vitro
differentiation of C3H10T1/2 cells can be divided into
two phases: a commitment phase induced by BMP4 or
BMP7 and a differentiation phase induced by a defined
cocktail. BMP7 during the commitment phase drives
C3H10T1/2 cells to develop into brown adipocytes [8],
whereas BMP4 promotes adipogenesis [9]. We treated
C3H10T1/2 cells with ATM throughout the BMP4-in-
duced commitment phase and the differentiation phase
(group b), or in the commitment phase only (group c),
or in the differentiation phase only (group d; Supple-
mentary information, Figure S1D). Adipocytes in groups
b and d displayed browning features (Supplementary
information, Figure S1E and S1F), demonstrating that
ATM functions in the differentiation phase. ATM-treated
C3HI10T1/2 cells displayed the typical morphology of
thermogenic adipocytes: smaller in size and containing
plurilocular lipid droplets (Figure 1B). The expression
levels of browning-related genes such as UCPI, PGClo
and PRDM 16, and mitochondrial gene cytochrome C
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Figure 1 Artemisinin derivatives prevent obesity by inducing browning in WAT and enhancing thermogenesis in BAT. (A) Chemical
structure of ATM. (B) The morphological change induced by ATM (15 uM) in BMP4-committed C3H10T1/2 cells, with BMP7-com-
mitted cells as a positive control. (C) The increase in the expression levels of browning-related genes resulted from ATM treatment
in BMP4-committed C3H10T1/2 cells, with BMP7-committed cells as a positive control. (D) MTG staining in BMP4-committed
C3H10T1/2 cells treated with or without ATM (15 uM). (E) The chemical structure of DHA. (F) The morphological change induced by
DHA (7.5 pM) in BMP4-committed C3H10T1/2 cells. (G) The increase in the expression levels of browning-related genes resulted
from DHA treatment in BMP4-committed C3H10T1/2 cells. (H) The body weigh of HFD-fed mice over treatment of ATM for 8 weeks.
*P < 0.05; student’s t-test; n = 8. (I) The morphology and weight ratio of adipose tissues of HFD-fed mice after treatment with ATM for
8 weeks. *P < 0.05; student’s t-test; n = 8. (J) Representative IHC staining of UCP1 in the inguinal fat of HFD-fed mice after treatment
with ATM for 8 weeks. (K-L) Western blotting analysis of UCP1 expression in the inguinal fat (K) and BAT (L) of HFD-fed mice after
treatment with ATM for 8 weeks. (M-N) Representative HE staining of BAT (M) and the liver tissue (N) of HFD-fed mice treated with
or without ATM for 8 weeks. (O) GTT and ITT of HFD-fed mice treated with or without ATM for 8 weeks. *P < 0.05; student’s t-test; n
= 5. (P) Rectal temperatures of HFD-fed mice exposed in cold environment for the indicated periods after being treated with or with-
out ATM for 8 weeks. *P < 0.05; student’s t-test; n = 5. (Q-T) Western blotting analyses of the indicated proteins in BMP4-committed
C3H10T1/2 cells after treatment with ATM (Q, S) or DHA (R, T). In B-D, F, G, and Q-T, C3H10T1/2 cells were treated with BMP4 or
BMP?7 for 3 days followed by incubation with the induction cocktail with or without ATM or DHA for another 8 days. The indicated as-

says were then performed.

(Cyto C) were upregulated by ATM in a dose-dependent
manner (Figure 1C). Moreover, extensive mitochondrial
biosynthesis was observed in ATM-treated C3H10T1/2
cells as shown by MitoTracker Green (MTG) staining
(Figure 1D). To further verify the browning effect of
ATM, stromal vascular fractions (SVFs) containing
primary preadipocytes were isolated from the inguinal
adipose tissues of male C57BL6/J mice. SVFs exposed
to ATM developed into brown-like adipocytes character-
ized by plurilocular lipid droplets (Supplementary infor-
mation, Figure S1G) and enhanced expression of brown-
ing-related genes (Supplementary information, Figure
S1H). Taken together, ATM induces browning during the
differentiation of white adipocytes. In contrast, among
the previously identified thermogenesis-activating com-
pounds, resveratrol [4] and salsalate [5] enhance the
function of BAT, while berberine mainly promotes ther-
mogenesis in mature brown and white adipocytes [6].

ATM is a first-line malaria medicine. Chemically, it is
semi-synthetic derivative of artemisinin (also known as
ginghaosu). Artemisinin-based therapy is currently the
most effective treatment for uncomplicated Plasmodium
falciparum malaria. Common derivatives of artemisi-
nin include dihydroartemisinin (DHA, chemical feature
shown in Figure 1E), ATM, artesunate and arteether.
Among these, DHA is the metabolite of artemisinin in
vivo [10]. To explore whether other derivatives of arte-
misinin have similar browning effect as ATM, we ex-
posed C3H10T1/2 cells to different doses of DHA. DHA
induced browning-like features in C3H10T1/2 cells as
well, as illustrated by the smaller cell size, multiple lipid
droplets (Figure 1F) and elevated expression levels of
UCPI1 and PGCla (Figure 1G), suggesting that artemis-
inin and its derivatives share similar browning effect,
which is also confirmed by the treatment with artemisi-
nin, artesunate and arteether (data not shown).
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To explore whether ATM is able to induce browning in
vivo, we subcutaneously injected ATM into the inguinal
fat pads of male C57BL6/J mice fed with a high fat diet
(HFD). 15 uM of ATM was injected subcutaneously into
the inguinal fat pads of mice (100 pl on each side, twice
a week). Eight weeks after injection, ATM-treated mice
showed lower body weight (Supplementary information,
Figure S2A), less adipose tissues (Supplementary infor-
mation, Figure S2B and S2C), better metabolism (Sup-
plementary information, Figure S2D) and improved fatty
liver (Supplementary information, Figure S2E) compared
with the control group. Enhanced UCP1 expression in
inguinal adipose tissue and better body temperature con-
servation capability were also observed in ATM-treated
mice (Supplementary information, Figure S2F and S2G).

To further evaluate the pharmacological potential of
ATM, we assessed the systematic effect of ATM through
intraperitoneal (i.p.) injection in HFD-induced obese
mice. ATM (20 mg/kg body weight) was given twice
a week for 8 weeks. ATM significantly inhibited body
weight gain induced by HFD (Figure 1H). Both the vol-
ume and weight of WAT and BAT decreased remarkably
in ATM-treated mice (Figure 11). Expression of UCPI1,
detected by immunohistochemistry (IHC) staining and
western blotting in inguinal adipose tissues, was upreg-
ulated in mice housed either at room temperature or at
4 °C (Figure 1J and 1K). Aside from the effects in WAT,
ATM also induced UCP1 upregulation and morpholog-
ical alteration in BAT (Figure 1L and 1M), suggesting
that enhanced thermogenesis in BAT may also contribute
to weight loss in ATM-treated mice. Along with the de-
creased expansion of adipose tissues, fatty liver resulted
from HFD was largely ameliorated after ATM treatment
in comparison with the control group (Figure IN). In-
sulin tolerance test (ITT) and glucose tolerance test
(GTT) revealed significantly improved metabolism in
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ATM-treated mice (Figure 10). Meanwhile, ATM-treat-
ed mice displayed better body temperature conservation
when exposed to 4 °C (Figure 1P). Although ATM can
protect mice from developing HFD-induced obesity, it
did not affect the normal growth and metabolism of lean
mice (Supplementary Information, Figure S2H-S2L).
Notably, lean mice treated with ATM have smaller ingui-
nal adipocytes (Supplementary information, Figure S2J)
and accordingly gained better capability to preserve body
temperature in cold environment (Supplementary infor-
mation, Figure S2M).

We also explored the mechanism of ATM-induced
browning. Consistent with previous findings that the p38
MAPK/ATF?2 axis is indispensable for thermogenesis
and the Akt/mTOR pathway is deactivated during brown-
ing [11], the p38 MAPK/ATF2 axis was activated and
the Akt/mTOR pathway deactivated during browning of
C3H10T1/2 cells induced by ATM or DHA (Figure 1Q-
1T). This suggests that artemisinin derivatives may pre-
vent obesity by inducing browning during adipogenesis
through regulating these two pathways. The molecular
target of artemisinin derivatives will be further character-
ized.

In summary, we unveil that artemisinin derivatives
prevent obesity and improve obesity-related metabolic
disorders in a rodent model. /n vitro, in the presence of
artemisinin derivatives, preadipocytes or MSCs acquire
browning features during adipogenesis; in vivo, these de-
rivatives induce browning in WAT and promote thermo-
genesis in BAT. Artemisinin, a gift from ancient Chinese
medicine, has brought benefits to millions of malaria
patients over decades. With cautious optimism, this com-
pound and its derivatives would benefit more humans in
the future.
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