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Artemether improves type 1 diabetic kidney disease
by regulating mitochondrial function
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Abstract: Many patients with type 1 diabetes mellitus suffer from progressive diabetic kidney disease (DKD). The
progression of DKD is largely attributed to mitochondrial dysfunction, with key contributions from mitochondrial re-
active oxygen species. Recent studies have revealed that the antimalarial drug artemether has antidiabetic effects.
To identify potential effects on type 1 DKD in the present study, mice with streptozotocin-induced diabetes were
treated with artemether. Treatment reduced urinary excretion of albumin and tubular injury biomarkers, increased
serum albumin and total protein levels, and attenuated renal hypertrophy. In addition, artemether treatment pre-
vented hyperglycemia, raised serum insulin levels, and restored glucagon/insulin and somatostatin/insulin ratios
in islets. We found that artemether improved mitochondrial function and regulated redox balance in kidney. These
results demonstrate that artemether provides renal protection in type 1 diabetes mellitus, which may be due to

improved mitochondrial function.
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Introduction

Diabetes is the leading cause of chronic kidney
disease and end-stage renal disease. Although
strict control of blood glucose and blood pres-
sure slow disease progression, many patients
still suffer from progressive diabetic kidney dis-
ease (DKD) [1]. The factors that precipitate the
development and progression of DKD remain
elusive, particularly in patients with type 1 dia-
betes (T1D) mellitus [2]. Therefore, studies in-
vestigating the pathogenesis and exploring
new medications are urgently needed.

The kidneys are mitochondria-rich, highly meta-
bolic organs that require vast amount of energy
[3]. Mitochondrial stress can rapidly activate
cytosolic signaling pathways that ultimately
alter nuclear gene expression [4]. Mitochondrial
dysfunction is increasingly postulated to be
central to DKD progression [5]. The convention-
al theory is that hyperglycemia leads to over-
production of reactive oxygen species (ROS)
which drive diabetic complications. However,

this hypothesis has been challenged by the
negative results of antioxidant-based clinical
trials [6]. Moreover, superoxide production is
reduced in the kidneys of mice with streptozoto-
cin (STZ)-induced diabetes, a model of T1D [7].
Increased mitochondrial superoxide production
is considered an indicator of healthy mitochon-
dria [8]. Accumulating evidence indicates that
ROS are not simply byproducts of mitochondrial
metabolism, but play a critical role in the regula-
tion of a wide variety of biological processes [9].
Mitochondrial superoxide can be converted to
hydrogen peroxide (H,0,) by superoxide dis-
mutase (SOD) enzymes to induce cellular ef-
fects [10].

Artemether is a methyl ether derivative of arte-
misinin used for the treatment of malaria [11].
Previous studies found that artemether and
other artemisinin derivatives exhibit antidiabet-
ic effects [12] as well as antiviral, fungicidal,
anti-inflammatory, antiasthma, and anticancer
effects [13]. However, the effect of artemether
on DKD in T1D has not been investigated. Thus,
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the aim of the present study is to determine the
effects and underlying mechanisms of arte-
mether on DKD in T1D.

Materials and methods
Animal experiments

Animal studies were approved by the Guang-
zhou University of Chinese Medicine Institu-
tional Animal Care and Use Committee and
were performed under protocols in accordance
with relevant guidelines and regulations. Male
C57BL/6J mice were obtained from Guang-
dong Medical Laboratory Animal Center and
were housed in the Central Animal Facility at
Shenzhen Graduate School of Peking Univer-
sity. The TAD mice were induced by the ad-
ministration of multiple low doses of STZ (55
mg/kg, dissolved in citrate buffer) to mice
(22-26 g) intraperitoneally on 5 consecutive
days. Normal T1D-control (T1D-ctrl) mice we-
re intraperitoneally injected with an equal vol-
ume of citrate buffer. The diabetic mice were
randomly allocated into STZ group and STZ +
artemether (STZ + Art) group according to the
fasting blood glucose 9 days after the last
injection of STZ. Mice in T1D-ctrl and STZ
groups were fed with regular diet, and mice in
STZ + Art group were fed a regular diet supple-
mented with 0.67 g/kg artemether (ChengDu
ConBon Biotech Co., LTD, China). The treatment
lasted for 8 weeks.

Tissue preparation

At the end of the study, blood, pancreas, and
kidney samples were collected immediately
after the mice were sacrificed. Pancreas and
kidney tissue samples were fixed in 10% forma-
lin for histopathological examination and immu-
nofluorescence staining, and other kidney tis-
sue samples were used to isolate mitochondria
or immediately snap-frozen in liquid nitrogen
and stored at -80°C for later analysis.

Physiological and metabolic parameters

Fasting blood glucose was measured using a
blood glucose meter (Roche, Basel, Switzer-
land). Urine was collected using metabolic
cages (Tecniplast, Buguggiate, Italy). Glycosy-
lated hemoglobin Alc (HbAlc) levels were mea-
sured using an Ultra2 HbA1c analyzer (Primus,
Kansas City, MO, USA). Serum total protein
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(TP), albumin (ALB), urinary glucose, and N-ac-
etyl-B-D-glucosaminidase (NAG) levels were
detected using an automatic biochemical ana-
lyzer (Roche).

Light microscopy

Kidney sections (4 um) were stained with peri-
odic acid-Schiff (PAS) and scanned by a slide
scanner (Motic Easyscan Digital Slide Scanner,
Xiamen, China) to evaluate renal pathological
alterations. A total of 30-40 renal glomerular
tuft areas (GTAs), 30-40 renal glomerular me-
sangial matrix areas, 35-60 proximal renal
tubular areas (PAS staining possessing brush
border) and tubular lumen areas (axial ratio
less than 1.5) were measured. The renal glo-
merular tuft volume (GTV) was calculated using
a previously described method [14]. The tubu-
lar wall area was calculated by subtracting the
tubular lumen area from the renal tubular area.
Paraffin-embedded pancreas sections (3 pm)
were stained with hematoxylin and eosin (H&E)
and scanned to measure the mean islet area.
The images were analyzed using Image) soft-
ware (National Institutes of Health, Bethesda,
MD, USA).

Immunostaining analysis

Pancreatic sections were deparaffinized and
rehydrated. Then, the sections were subjected
to antigen retrieval by boiling in citric acid buf-
fer (pH 6) for 20 min. After rinsing three times
with phosphate-buffered saline, the sections
were incubated with primary antibodies against
insulin (Cell Signaling Technology, Danvers, MA,
USA), glucagon (Abcam, Cambridge, UK), and
somatostatin (GeneTex, Irvine, CA, USA) over-
night at 4°C. The sections were then washed
with rinse buffer and incubated for 1 h at room
temperature with Alexa Fluor-conjugated sec-
ondary antibodies. The fluorescence was visu-
alized and imaged with a confocal microscope
(LSM710, Carl Zeiss, Oberkochen, Germany).
Four to 10 photographs were randomly select-
ed in each pancreas section to calculate the
ratio of glucagon/insulin and somatostatin/
insulin in islets.

Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assay kits were
used to measure urine albumin (Bethyl Labo-
ratories, Montgomery, TX, USA), neutrophil ge-
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latinase-associated lipocalin (NGAL; R&D Sys-
tems, Minneapolis, MN, USA), kidney injury mol-
ecule-1 (Kim-1; R&D Systems), and serum insu-
lin (Merck Millipore, Danvers, MA, USA) accord-
ing to the manufacturer’s instructions.

Kidney mitochondria isolation and mitochon-
drial H,0, release rate assay

Kidney mitochondria were isolated as previous-
ly described [15]. The mitochondrial H,O, rele-
ase rate was measured using Amplex UltraRed
reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions. Briefly,
equivalent amounts of mitochondrial proteins
in each group were incubated in mitochondrial
assay medium. Then Amplex UltraRed/horse-
radish peroxidase work solution was added to
each microplate well to initiate the reaction.
The fluorescence was measured at excitation
and emission wavelengths of 490 nm and 585
nm, respectively, using a Synergy H1 micro-
plate reader (BioTek Instruments, Winooski, VT,
USA).

Immunoblotting analysis

Renal cortex samples (homogenized in lysis
buffer) and mitochondrial proteins were pre-
pared in sample loading buffer (Bio-Rad, Her-
cules, CA, USA) and separated on SDS-PAGE
gels and transferred to PVDF membranes
(Merck Millipore). After blocking in Tris-buffered
saline containing 5% nonfat dry milk for 1 h at
room temperature, the membranes were incu-
bated and gently shaken overnight at 4°C with
primary antibodies. After washing with Tris-
buffered saline, the membranes were incubat-
ed with secondary antibodies for 1 h at room
temperature with shaking. After washing, the
protein bands were detected and analyzed
using a ChemiDoc MP imaging system (Bio-
Rad). B-Actin and voltage-dependent anion ch-
annel (VDAC) were used as the loading controls
for renal cortex protein and mitochondrial pro-
tein, respectively. Primary antibodies against
catalase, superoxide dismutase 2 (S0D2), and
VDAC were obtained from Cell Signaling Tech-
nology. The antibody against peroxisome pro-
liferator-activated receptor y coactivator 1o
(PGC-1a) was obtained from Novus Biologicals
(Littleton, CO, USA), the pyruvate dehydroge-
nase kinase 1 (PDK1) antibody was obtained
from Enzo Life Science (Farmingdale, NY, USA),
and the B-actin antibody was obtained from
Sigma Aldrich (St. Louis, MO, USA).
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mRNA analysis

Total RNA was isolated from renal tissue by
using the TRIzol Plus RNA purification kit (In-
vitrogen). First-strand cDNA was synthesized
with oligo(dT),,,, primers and M-MLV reverse
transcriptase (Invitrogen) according to the man-
ufacturer’s instructions. Real-time quantitative
PCR was performed using SYBR green master
mix (Applied Biosystems, Foster City, CA, USA)
and gene-specific primers in the Stratagene M
x 3000 P real-time PCR system (Agilent Te-
chnologies, Santa Clara, CA, USA). The primers
were synthesized by Sangon Biotechnology
Company (Shanghai, China) and designed to
detect catalase (forward, GGACGCTCAGCTTT-
TCATTC; reverse, TTGTCCAGAAGAGCCTGGAT),
SOD2 (forward, CCCAGACCTGCCTTACGACTAT;
reverse, GGTGGCGTTGAGATTGTTGA), and B-
actin (forward, GGACTCCTATGTGGGTGACG; re-
verse, AGGTGTGGTGCCAGATCTTC). The amplifi-
cation conditions were 95°C for 5 min follow-
ed by 45 cycles of 95°C for 15 s, 55°C for 15
s, and 72°C for 20 s. Relative mRNA expres-
sion was calculated by the 2227 method no-
rmalized against the housekeeping gene -
actin.

Immunohistochemistry

Kidney paraffin sections (4 ym) were mounted
on slides, dewaxed, and rehydrated. Antigen
retrieval was performed by boiling in sodium
citrate buffer (pH 6) for 20 min and then cooling
to room temperature. Sections were treated
with 3% H,0, for 10 min, blocked with goat
serum for 30 min, and then incubated with pri-
mary antibodies against catalase and SOD2
overnight at 4°C. After washing with rinse buf-
fer, the sections were incubated with horserad-
ish peroxidase-polymer conjugated anti-mo-
use/rabbit 18G complex (MaiXin, Fuzhou, Chi-
na) for 15 min, with diaminobenzidine as a
chromogen for 1 min and hematoxylin as a
counterstain for 2 min.

Statistical analysis

Data are expressed as mean * standard devia-
tions. Data analysis was performed using SPSS
statistics software (IBM, Armonk, NY, USA).
Comparisons between two groups were per-
formed using unpaired Student’s t tests. Di-
fferences among multiple groups were ana-
lyzed by using one-way ANOVA. Significance
was defined as P < 0.05.
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Results

Artemether improved mitochondrial function
and regulated mitochondrial redox balance

As the production of superoxide is considered
as an indicator of healthy mitochondria and
physiological oxidative phosphorylation, we as-
sessed mitochondrial H,O, release in renal tis-
sues to address the effect of artemether on
mitochondrial function. As shown in Figure 1A,
the renal mitochondrial H,0, release rate was
significantly lower in diabetic mice (STZ group)
than in controls. However, 8 weeks of arte-
mether treatment significantly increased mito-
chondrial H202 release rate. Additionally, mito-
chondrial protein PDK1 levels were higher in
the STZ group than in controls and were signifi-
cantly reduced by artemether treatment (Figure
1B and 1C). However, no significant difference
in PGC-1a was observed in renal tissues from
control and STZ mice, with a small but insignifi-
cant increase in the group treated with arte-
mether (Figure 1D and 1E). Levels of catalase
and SOD2, important proteins regulating mito-
chondrial redox balance, decreased in the STZ
mice; artemether treatment significantly upreg-
ulated expression of catalase but not SOD2
(Figure 1D, 1F and 1G). gPCR analyses revealed
that catalase and SOD2 mRNA levels in renal
tissues (Figure 1H and 1l) were consistent with
the protein levels. As shown in Figure 1J and
1K, catalase and SOD2 were primarily expre-
ssed in tubules and scarcely expressed in gl-
omeruli.

Artemether reduced urinary excretion of al-
bumin and tubular injury biomarkers and in-
creased serum ALB and TP levels

As shown in Figure 2A, urinary albumin excre-
tion in the STZ group mice was significantly
higher than in the control group at 4 weeks and
increased further at 8 weeks. Artemether treat-
ment significantly reduced urinary albumin
excretion. As renal proximal tubules also play a
major role in the development of albuminuria
during early stages of DKD, we measured tubu-
lar injury biomarkers in urine samples. Figure
2B-D show that the excretion of NAG, NGAL,
and Kim-1 in urine increased significantly in the
STZ group mice at 8 weeks and decreased sig-
nificantly with artemether treatment. In addi-
tion, artemether treatment ameliorated the
decreases in serum TP and ALB levels induced
by STZ (Figure 2E and 2F).
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Artemether attenuated renal hypertrophy in
DKD from T1D

At the end of the experiment, the kidneys from
mice in the STZ group mice were significantly
heavier than in the control group, and arte-
mether treatment decreased the diabetic kid-
ney weight significantly (Figure 3A and 3H). In
accordance with the enlarged kidneys, mice in
the STZ group exhibited increased mesangial
matrix areas and hypertrophic glomeruli and
proximal tubules. These pathological changes
were all attenuated by artemether treatment
for 8 weeks (Figure 3B-G, 3l and 3)).

Artemether improved typical diabetic symp-
toms and prevented hyperglycemia

Mice in the STZ group exhibited typical diabetic
symptoms, including polydipsia, polyuria, poly-
phagia, and increased feces production. These
diabetic symptoms were all improved by arte-
mether (Figure 4A-D). Fasting blood glucose in
STZ group mice was significantly higher than
control group at O week, and the difference
became more pronounced at 4 and 8 weeks.
Whereas fasting blood glucose levels were sim-
ilar between STZ and STZ + Art groups at O
week, levels in the STZ + Art group were signifi-
cantly decreased by artemether treatment at 4
and 8 weeks (Figure 4E). HbAlc and urinary
glucose levels in the STZ group were significant-
ly higher than in the control group at 8 weeks
(Figure 4F and 4G). Artemether treatment sig-
nificantly reduced HbA1c and urinary glucose
levels (Figure 4F and 4G).

Artemether raised serum insulin and restored
glucagon/insulin and somatostatin/insulin
ratios in islets

Diabetic STZ mice displayed significantly lower
serum insulin levels than control mice at the
end of the study (Figure 5A). H&E staining
revealed that the mean islet area in the STZ
group also decreased significantly (Figure 5B
and 5C). Although artemether treatment signifi-
cantly raised serum insulin levels (Figure 5A),
the mean islet area values were similar between
the STZ + Art and STZ groups (Figure 5B and
5C). To explore the impact of artemether on
pancreatic islet function, we immunostained
pancreas sections for insulin, glucagon, and
somatostatin and found that ratios of gluca-
gon/insulin and somatostatin/insulin in the
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Figure 1. Artemether improved mitochondrial function and regulated mitochondrial redox balance. A. Mitochondrial H,0, release rate in each group after artemether
treatment for 8 weeks. n = 6 per group. B. Fold changes of PDK1 expression after normalization to VDAC. n = 4 per group. C. Western blot images of renal mitochon-
drial PDK1 in various group at 8 weeks. D. Western blot images of renal tissue protein PGC-1a, catalase, and SOD2 in various group at 8 weeks. E-G. Fold changes of
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PGC-1a, catalase, and SOD2 expression after normalization to B-actin. n = 4 per group. H, . Relative mRNA expres-
sion of catalase and SOD2 in renal tissue after normalization to B-actin. n = 6 per group. J, K. Inmunohistochemical
staining of catalase and SOD2 in glomerulus and tubule. Scale bars: 20 um for glomerulus; 50 um for tubule. **P <
0.01 and ***P < 0.001 vs. the T1D-ctrl group. *P < 0.05, #P < 0.01 and ##P < 0.001 vs. the STZ group.
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Figure 2. Artemether reduced urinary excretion of aloumin and tubular injury biomarkers, and increased serum ALB
and TP levels. A. Urinary albumin excretion at 4 and 8 weeks in various groups. B-D. Urinary excretion of NAG, NGAL,
and Kim-1 at 8 weeks in each group. E, F. Serum TP and ALB levels at 8 weeks in each group. n = 6 per group. ***P

< 0.001 vs. the T1D-ctrl group. #*P < 0.05, #P < 0.01 and ##P < 0.001 vs. the STZ group.

STZ group were significantly higher than in con-
trol mice. Artemether treatment reduced them
significantly, which may explain the increase in
serum insulin (Figure 6A-C).

Discussion

The present study indicates that artemether
prevents kidney injury in TAD and the mecha-
nism underlying this effect may be associated
with the regulation of mitochondrial function.

The results show that artemether treatment
reduced urinary albumin excretion and in-
creased serum total protein and albumin lev-
els. It is widely accepted that glomerular abnor-
malities lead to proteinuria [16]. However, other
studies demonstrated that impaired tubular
function also contributes to albuminuria gener-
ation, especially in DKD [17]. In this study, arte-
mether reduced urinary excretion of tubular
injury biomarkers including NGAL, NAG, and
Kim-1. These well explained the lowering effect
of artemether on proteinuria. Artemether treat-
ment also prevented renal hypertrophy, a char-
acteristic of early DKD. Previous study revealed
that fasting blood glucose and HbAlc level
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were strongly correlated with kidney volume
which indicates that hyperglycemia induces
renal hypertrophy [18]. So we inferred that the
renal pathological improvement by artemether
might be associated with its hypoglycemic
effect. Pancreatic islet dysfunction is central to
the progression of diabetes, and insulin depen-
dent T1D is characterized by the loss or dys-
function of pancreatic B cells [19]. Pancreatic
islets were destroyed by STZ, and although
artemether treatment did not increase the
mean islet area, it ameliorated the imbalanced
ratio of «, 6, and B cells, which contributes to
T1D progression [20, 21]. These effects may
underpin the increase in insulin levels observed
in animals treated with artemether. However,
further investigations are needed to elucidate
the mechanisms responsible for this.

The diabetic kidney is characterized by mito-
chondrial dysfunction and the Warburg effect
[22]. PDK1, a kinase that inactivates pyruvate
dehydrogenase [23], may promote glycolysis
and increase conversion of pyruvate to lactate
by excluding pyruvate from mitochondrial con-
sumption. The results in this study revealed
that PDK1 levels are increased in mitochondria
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groups. H. Representative kidney images. Scale bars, 5 mm. I. PAS staining for the glomerulus. Scale bars, 20 pm.
J. PAS staining for the renal tubule. Scale bars, 20 um. n = 6 per group. *P < 0.05 and **P < 0.01 vs. the T1D-ctrl
group. *P < 0.05 and #*#P < 0.01 vs. the STZ group.
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Figure 5. Effects of artemether on serum insulin level and pancreatic islet size. A. Serum insulin levels in each
group at the end of the study. B. Quantification of mean islet area in different groups. C. Representative images of
pancreatic H&E staining for determination of islet size. Scale bars, 50 um. n = 6 per group. **P < 0.01 and ***P <

0.001 vs. the T1D-ctrl group. *P < 0.05 vs. the STZ group.
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Figure 6. Artemether restored the glucagon/insulin and somatostatin/insulin
ratios in islets. A, B. Quantification of glucagon/insulin and somatostatin/in-

sulin ratios in islets in different
groups at the end of the study.
n =4 per group. C. Representa-
tive confocal images depicting
insulin, glucagon and soma-
tostatin coimmunostaining in
islets. Scale bars, 50 um. **P
< 0.01 vs. the T1D-ctrl group.
#P < 0.05 vs. the STZ group.

in the diabetic kidney. Tre-
atment with artemether re-
duced these levels, sugg-
esting improved pyruvate
oxidation in mitochondria.
It is increasingly appreciat-
ed that mitochondrial ROS
act as signalling molecules
in physiology. Consistent
with previous study [7], STZ
administration reduced the
renal mitochondrial H,0,
release rate in this study,
indicating that mitochon-
drial function was impaired.
Furthermore, there was evi-
dence of mitochondrial re-
dox imbalance, as catalase
and SOD2 expression in
renal tissues was also re-
duced. Treatment with ar-
temether reversed these
effects, indicating that im-
proved mitochondrial fu-
nction protects the Kkidn-
eys in T1D.

Altogether, the results of th-
ese experiments demonst-
rate that artemether exe-
rts renal protective effe-
cts in T1D. This protection
likely involves an improve-
ment of mitochondrial fu-
nction. However, the detail-
ed mechanisms underlying
this still need further in-
vestigation.
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