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Dihydroartemisinin inhibits indoxyl sulfate
(IS)-promoted cell cycle progression in mesangial
cells by targeting COX-2/mPGES-1/PGE, cascade
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Abstract: Dihydroartemisinin (DHA) is a semisynthetic derivative of artemisinin and has been used as an antima-
larial drug. Recently, roles of artemisinin and its derivatives in treating diseases besides antimalarial effect were
documented. Thus, this study was undertaken to investigate the role of DHA in indoxyl sulfate (IS)-promoted cell cy-
cle progression in glomerular mesangial cells, as well as the potential mechanisms. Under the basal condition, DHA
significantly retarded the cell cycle progression as shown by decreased cell percentage in S phase and increased
cell percentage in G1/GO phases in line with reduced cell cycle proteins cyclin A2 and cyclin D1. Interestingly, DHA
also inactivated the COX—2/mPG.ES—1/PGE2 cascade which has been shown to play a critical role in promoting the
mesangial cell cycle progression by our previous studies. Next, we investigated the role of DHA in IS-triggered cell
cycle progression in this mesangial cell line. As expected, DHA treatment significantly retarded IS-induced cell cycle
progression and inhibited the activation of COX-2/mPGES-1/PGE, cascade induced by IS. In summary, these data
indicated that DHA inhibited the cell cycle progression in glomerular mesangial cells under normal condition or IS
challenge possibly through the inhibition of COX-2/mPGES-1/PGE, cascade, suggesting a potential of DHA in treat-
ing glomerular diseases with mesangial cell proliferation.
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Introduction acting as a nephrotoxin [1, 3-5]. Studies also
showed that IS could result in complex redox

Maintenance of the residual renal function change in mesangial cells (MCs) and cell prolif-

(RRF) is of importance for both predialysis and
dialysis patients with end stage renal disease
(ESRD) due to its critical role in small-solute
clearance, fluid balance, phosphorus control,
and the removal of middle-molecular uremic
toxins. More importantly, RRF also contributes
to the removal of toxins relying on renal metab-
olism or tubular secretion such as indoxyl sul-
fate (IS). Evidence showed that serum concen-
tration of IS was significantly elevated in ESRD
patients [1]. However, indoxyl sulfate is difficult
to be removed by conventional hemodialysis
because of its binding to albumin in advanced
chronic kidney disease (CKD) [2]. The enhanced
IS could quicken renal cell injury and lead to
subsequent fibrosis and inflammation, thereby

eration in vascular smooth muscle cells [6, 7].
Our study also reported that IS can induce
mesangial cell proliferation through COX-2/
mMPGES-1 pathway [8, 9]. Recently, some tradi-
tional Chinese medicines were found to be
effective in treating glomerular diseases, which
triggered our interest to explore the role of dihy-
droartemisinin, a semisynthetic derivative of
artemisinin, in 1S-induced mesangial cell prolif-
eration, as well as the potential mechanisms.

Artemisinin is a natural product of the plant
artemisia annua and has been used as an anti-
malarial drug in the past decades [10]. In the
recent years, besides the antimalaria effect,
artemisinin and its derivatives also showed the
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efficacy in treating lupus nephritis and some
kinds of cancers [11-13]. Dihydroartemisinin
(DHA), a semisynthetic derivative of artemisinin
(ARS), has been documented to have antican-
cer activity. Furthermore, DHA was also report-
ed to be protective in some disease models
including arthritis, allergic asthma, and myocar-
dial infarction [14-16]. However, the role of DHA
in the pathogenesis of glomerular diseases is
still elusive. In the present study, we investigat-
ed the effect of DHA on the cell cycle progres-
sion of mesangial cells under the normal condi-
tion or IS challenge, as well as the potential
mechanisms.

Materials and methods
Materials

IS was bought from Sigma Chemical Company
(St. Louis, MO). Fetal bovine serum (FBS), peni-
cillin-streptomycin, trypsin EDTA solution and
Dulbecco’s modified Eagle’s medium (DMEM)
were from Gibco company (Invitrogen, Grand
Island, New York). Cyclin A2 rabbit polyclonal
antibody and cyclin D1 mouse monoclonal anti-
body were purchased from Abcam company
(Cambridge, MA). COX-2 and mPGES-1 antibod-
ies were bought from Cayman Chemicals (Ann
Arbor, Michigan) and Anti-GAPDH (ab9485) was
supplied by Cell Signaling Technology (Danvers,
MA). The PGE, enzyme immunoassay kit was
from Cayman Chemicals (Ann Arbor, Michigan).
DHA was bought from Beyotime Biotechnology
(Shanghai, China).

MC culture

The mouse MC line (S§v40 MES 13) was pur-
chased from the China Center for Type Culture
Collection (CCTCC Wuhan, China). Cells were
preserved at 37°C in humidified 5% CO, atmo-
sphere in DMEM which consists of 10% fetal
bovine serum (FBS; GIBCO), 5.6 mM glucose,
100 U/mL penicillin, 44 mM NaHCO,, 100 mg/
mL streptomycin and 14 mM 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid. After
MCs were cultured to 60%-70% confluence,
they were treated with IS for 24 h at doses of O
uM, 250 uM and 500 uM with or without DHA
treatment at a dose of 10 uM.

Cell cycle analysis

MCs were treated with vehicle, DHA with or
without IS in serum-free DMEM for 24 h. Then
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the cells were rinsed twice with PBS, digested
with 0.25% trypsin and fixed in 70% ethanol for
at least 2 h at 4°C. Next, the cells were collect-
ed by centrifugation, treated with RNase and
stained with propidium iodide using the cell
cycle detection kit (KeyGEN, Shanghai, China).
The number of cells in G1, S and G2/M cell
cycle phases were detected by flow cytometry
(BD FACS Calibur flow cytometer, Bedford, MA)
and data analysis was implemented with mod-
fit 3.0 software.

Quantitative real-time PCR (QRT-PCR)

The total RNA was extracted from cultured MCs
using a TRIzol reagent (TakaRa) according to
the manufacturer’s protocol. Reverse transcrip-
tion was carried out using a PrimeScript RT
reagent Kit (TaKaRa) following the manufactur-
er’s instruction. Oligonucleotides (cyclin D1: for-
ward, 5-CGCCCTCCGTTTCTTACTTC-3’, and re-
verse, 5-GCAGTCAGGGGAATGGTCT-3’; cyclin
A2: forward, 5-AAGATGCCCTGGCTTTTAGTG-3’,
and reverse, 5-TAACATTCACTGGCTTTTCGTCT-
3’; Cyclooxygenase-2: forward, 5-AGGACTCTG-
CTCACGAAGGA-3’, and reverse, 5-TGACATGG-
ATTGGAACAGCA-3’; and GAPDH: forward, 5-
GTCTTCACTACCATGGAGAAGG-3’, and reverse,
5-TCATGGATGACCTTGGCCAG-3’) were design-
ed using Primer 5 software (online at http://
frodo.wi.mit.edu/) and produced by Invitrogen.
By using SYBR Premix Ex Taq (TaKaRa), the
real-time PCR amplification was operated using
the ABI 7500 Real-Time PCR Detection System
(Foster City, CA). The cycling program consisted
of a preliminary denaturation (95°C for 10 min),
followed by 40 cycles (95°C for 15 s and 60°C
for 1 min). The relative gene expression level
was calculated through Delta-delta Ct method
and GAPDH was used as the internal control.

Western blotting analysis

At the recommended time, MCs were washed
with ice-cold PBS and lysed on ice in lysis buf-
fer with protease inhibitors. After centrifuga-
tion, the protein concentration was measured
using a micro BCA protein assay kit with bovine
serum albumin as a standard (Pierce, Thermo).
Then, 60 ug of cellular protein was separated
by SDS-PAGE and transferred onto PVDF mem-
branes (Bio-Rad). TBS-T (0.1% Tween 20 in
TBS) containing 5% nonfat milk was used to
block the membranes for 1 hour at room tem-
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Figure 1. The effect of DHA on cell cycle progression in MCs. The percentage of cells at different cell cycle phases
was detected by flow cytometry after MCs were treated with the indicated doses of DHA for 24 h. A-C. Representative
images of cell cycle with different doses of DHA. D-F. Percentage of cells at S, G1/GO0, and (S+G2)/M phases. Values
are means * SE; n = 6 for each group. *P<0.05 vs. control, **P<0.01 vs. control.

perature, and then incubated with primary anti- GAPDH (1:2000) overnight at 4°C. Eventually
bodies against cyclin D1 (1:1000), cyclin A2 (1: HRP-labeled secondary antibodies were added
500), COX-2 (1:2000), mPGES-1 (1:1000), and (at room temperature for 1 h). GAPDH was used
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Figure 2. Effects of DHA on the expressions of cyclin D1 and cyclin A2 in MCs. (A, B) After MCs were treated with DHA
(5 and 10 uM) for 24 h, a dose-dependent increase of cyclin A2 (A) and cyclin D1 (B) mRNA levels was observed.
(C) Representative images of cyclin A2 and cyclin D1 Western blots in dose-dependent experiments. (D) Quantifica-
tion of the Western bots in (C). All values are means + SE; n = 6 for each group. *P<0.05 vs. control, **P<0.01 vs.

control.

as a loading control. Band intensity was mea-
sured using Image J software (NIH, Bethesda,
MD, USA).

Enzyme immunoassay

Centrifugation of cell culture medium for 5 min
at 12,000xg was done. According to the manu-
facturers’ instructions, the concentration of
PGE, in the medium was measured by enzyme
immunoassay (Cayman Chemical).

Data analysis

Data are presented as means + SE and statisti-
cal analysis was completed using ANOVA analy-
sis followed by a Bonferroni posttest. P<0.05
means statistically significant.

Results
DHA inhibited cell cycle progression in MCs

In order to define the role of DHA in cell cycle
progression in normal mesangial cells, we mea-
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sured the cell cycle by flow cytometry in MCs
exposed to different doses of DHA. As shown by
the data, DHA caused a moderate but signifi-
cant increase of cell number in G1/GO phases
and a decrease of cell number in S phase
(Figure 1A-F). These data suggested that DHA
could directly retard cell cycle progression in
MCs.

DHA downregulated cyclin D1 and cyclin A2 in
MCs

To further validate DHA effect on cell cycle pro-
gression in MCs, we detected the expressions
of key cell cycle-related proteins including cyclin
D1 and cyclin A2. Here we found that DHA
decreased the mRNA levels of cyclin D1 and
cyclin A2 in dose dependent manner as deter-
mined by qRT-PCR (Figure 2A, 2B). By Western
blotting, we observed a similar pattern of the
protein expressions of cyclin D1 and cyclin A2
(Figure 2C, 2D). These data further confirmed
the DHA effect on cell cycle progression in MCs.

Am J Transl Res 2018;10(2):422-431
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DHA reduced COX-2/mPGES-1 expressions
and decreased PGE, production in MCs

Previously, we reported that COX-2/mPGE-1/
PGE, cascade played an important role during
the cell cycle progression and cell proliferation
in MCs. To study the potential mechanism
mediating the DHA effect on retarding cell cy-
cle progression of MCs, COX-2 and mPGES-1
expressions were detected by gRT-PCR and
Western blotting. As shown by the data, COX-2
and mPGES-1 expressions were all strikingly
decreased at both mRNA and protein levels
after DHA treatment (Figure 3A-D). To further
examine the efficacy of DHA inhibition on
COX-2/mPGES-1/PGE, cascade in this experi-
mental setting, we measured PGE, production
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Figure 3. Expressions of COX-2 and mPGES-1 in
DHA-treated MCs. MCs were treated with the indi-
cated doses of DHA (5, 10 uM) for 24 h and then
COX-2 and mPGES-1 mRNA and protein expres-
sions (A-D) were analyzed by qRT-PCR and Western
blotting. (E) Enzyme immunoassay of PGE, in the
medium. Values are means + SE; n = 6 for each
group. *P<0.05 vs. control, **P<0.01 vs. control.

in the medium. As shown in Figure 3E, PGE2
level was significantly blocked by DHA. These
results demonstrated that COX-2/mPGES-1/
PGE, cascade could be directly inhibited by
DHA in MCs.

DHA blocked IS-Induced cell cycle progression
in MCs

Furthermore, we examined the effect of DHA
treatment on IS-induced cell cycle progression
in MCs. As expected, DHA treatment decreased
the cell percentage in S phase and increased
the cell percentage in G1/GO phases in MCs
challenged with IS (Figure 4A-H). These data
demonstrated that DHA could be of importance
in retarding IS-promoted cell cycle progression
in MCs.

Am J Transl Res 2018;10(2):422-431
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Figure 4. Effects of DHA on cell cycle progression in MCs after IS treatment. The cells were treated with IS (500 uM)
for 24 h, then DHA (10 uM) was added to the cells with IS for another 24 h. (A-D) Representative images of cell cycle
following IS challenge with or without DHA treatment. (E-H) Percentage of cells at S (E), G1/GO (F), G2/M (G), and
(S+G2)/M (H) following IS challenge with or without DHA treatment. Values are means + SE; n = 6 in each group.
*P<0.05 vs. control, **P<0.01 vs. control.
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Figure 5. DHA blocked IS-induced upregulation of cyclin A2 and cyclin D1 in MCs. The cells were treated with IS (500
uM) for 24 h. Then DHA (10 uM) was added to the cells with IS for another 24 h. (A, B) gRT-PCR analyses of cyclin A2
(A) and cyclin D1 (B). (C) Representative images of the Western blots of cyclin A2 and cyclin D1. (D) Quantification
of the Western blots of cyclin A2 and cyclin D1. Values are means = SE; n = 6 in each group. *P<0.05 vs. control,
**P<0.01 vs. control.

DHA blocked IS-induced expressions of cyclin
A2 and cyclin D1 in MCs

induced by uremic toxin IS. As expected, DHA
attenuated the upregulation of COX-2 and
mPGES-1 (Figure 6A-D) and the increment of
PGE, (Figure 6E) after IS treatment. These data
suggested that the DHA effect on retarding
IS-induced cell cycle progression in MCs could
be through modulating COX-2/mPGES-1/PGE2
cascade to some extent.

In addition to the effect on the cell number in
different phases of cycle, we also found that
DHA significantly blocked 1S-induced upregula-
tion of cyclin D1 and cyclin A2 at mRNA and pro-
tein levels (Figure 5A-D). These data further
confirmed that DHA could block IS-triggered

cell cycle progression in MCs. Discussion

DHA blocked IS-induced activation of COX-2/

MPGES-1/PGE, cascade in MCs RRF is of importance in both predialysis and

dialysis patients. Accumulating evidence dem-

Finally, we examined the effect of DHA on the
activation of COX-2/mPGES-1/PGE, cascade
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onstrated that the loss of RRF is a critical factor
for mortality and morbidity in peritoneal dialy-

Am J Transl Res 2018;10(2):422-431
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sis (PD) patients [17-19]. RRF is pretty valuable
for the clearance of uremic toxins with middle
and large molecular weights [17, 20]. Indoxyl
sulfate is prominently accumulated in the circu-
lation of dialysis patients and quickens the dis-
ease progression [21]. In this study, we found
that DHA can hinder the cell cycle progression
(@ key process of cell proliferation) in MCs
under normal condition or IS challenge.

DHA is valuable as an anti-malarial medication

[10, 22-24]. Evidence has demonstrated that
artemisinin is effective against cancer [25]. Re-
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Figure 6. DHA blocked IS-induced activation of
COX-2/mPGES-1/PGE, cascade in MCs. (A, B)
The mRNA analyses of COX-2 (A) and mPGES-1
(B). Cells were pretreated with IS for 24 h and
then were treated with DHA for another 24 h
at a dose of 10 uM. (C) Representative images
of Western blots of COX-2 and mPGES-1 after
DHA treatment. (D) Quantification of the West-
ern blots of COX-2 and mPGES-1. (E) Enzyme
immunoassay of PGE, in the medium. Values
are means * SE; n = 6. *P<0.05 vs. control,
**P<0.01 vs. control.

cently, investigations have affirmed that DHA
plays an essential role in anti-inflammation [26,
27]. Here our study demonstrated that DHA sig-
nificantly blocked the cell cycle progression
and reduced cyclin A2 and cyclin D1 expression
in MCs. The results suggested that DHA could
serve as a modulator of cell cycle progression
and cell expansion in MCs.

Our previous study demonstrated that COX-2
and mPGES-1 mediated IS-induced mesangial
cell proliferation [9, 28]. In the present study,
we found that DHA downregulated the expres-

Am J Transl Res 2018;10(2):422-431
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sion of COX-2 and mPGES-1 at both mRNA and
protein levels in MCs under the normal condi-
tion or IS challenge in parallel with the reduced
PGE, production. Considering the established
role of COX-2/mPGES-1/PGE, cascade in MC
proliferation and MC injury [8, 9, 28, 29], the
DHA effect on retarding the cell cycle progres-
sion of MCs could be through the blockade of
this prostaglandin cascade at least to some
extent.

Based on the results of this experiment, DHA
was suggested to be an essential candidate in
protecting MCs via inactivating COX-2/mPGES-
1/PGE, cascade in residual nephrons. Thus,
DHA might be effective in protecting the RRF by
inhibiting the MC proliferation and subsequent
glomerular sclerosis. Moreover, we also obser-
ved that DHA could directly retard the cell cycle
progression of MCs, indicating that the applica-
tion of DHA could be extended to other primary
and secondary glomerular diseases with me-
sangial cell proliferation because MC activation
served as a key factor leading to the glomerular
damage and final loss of renal function. In the
future, the in vivo experiments in testing the
efficacy of DHA and other artemisinin deriva-
tives on treating glomerular diseases with
mesangial cell proliferation will be required.
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