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Abstract: Diabetic kidney disease (DKD), the leading cause of kidney failure, is characterized by albuminuria and
renal hypertrophy. Metabolic alterations and mitochondrial dysfunction play critical roles in DKD initiation and pro-
gression. Artemether, a methyl ether derivative of artemisinin used for the treatment of malaria, has been identified
as a putative candidate for treating diabetes, but its effect on DKD has not been studied. The goal of this study
was to examine the effect of artemether on type 2 diabetic db/db mice. Our results show that artemether reduced
urinary albumin excretion, prevented diabetic kidney hypertrophy, attenuated glomerular basement membrane and
tubular basement membrane thickening, and ameliorated foot process effacement in type 2 diabetic db/db mice.
Artemether also protected against hyperglycemia and improved diabetic symptoms. In addition, it increased serum
insulin level and restored the normal ratio of insulin, glucagon, and somatostatin levels in islets. Specifically, arte-
mether increased the respiratory exchange ratio and regulated mitochondrial function and the redox state in the
kidney. In conclusion, this experiment confirmed the renal protection ability of artemether in DKD. The mechanisms
of this effect might be associated with the ability of artemether to increase mitochondrial pyruvate carrier content.
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Introduction

Type 2 diabetes (T2D) mellitus has increased
significantly in incidence and has become a
substantial burden on clinical and public health
[1]. Diabetic kidney disease (DKD), which is
characterized by albuminuria and renal hyper-
trophy, is the leading cause of kidney failure [2].
However, the pathophysiology leading to the
progression of DKD remains poorly under-
stood.

Recent studies demonstrated that metabolic
alterations and mitochondrial dysfunction play
critical roles in DKD initiation and progression
[3]. For example, the respiratory exchange ratio
(RER), which is an indicator of energy substrate
utilization during constant breathing, declines
abruptly between 5 and 8 weeks of age in T2D
db/db mice [4]. This result indicates that the
energy-producing metabolic substrate shifts
from carbohydrates to lipids and proteins. A

transcriptomic and metabolomic study showed
that the T2D kidney displays increased glycoly-
sis, fatty acid B-oxidation, and tricarboxylic acid
cycle flux, along with whole-body metabolic sta-
tus [5]. Increased utilization of fatty acids for
energy production leads to enhanced mito-
chondrial H,0, production relative to glycolytic
metabolite pyruvate oxidation [6]. Overpro-
duction of reactive oxygen species (ROS) in
mitochondria then promotes mitochondrial dys-
function [7]. In general, the enlarged diabetic
kidney is characterized by aerobic glycolysis,
known as the Warburg effect. However, the ini-
tial factor promoting metabolic reprogramming
in DKD remains unclear.

As the gatekeeper for pyruvate transport into
mitochondria, the mitochondrial pyruvate carri-
er (MPC) is thought to be the key cellular com-
ponent that bridges glycolysis and oxidative
phosphorylation [8]. MPC1 is deleted or under
expressed in multiple cancers, and these al-
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terations correlate with poor prognosis.
Restoration of MPC1 and MPC2 expression in
cancer cell lines enhanced pyruvate oxidation
and decreased glycolysis, which is consistent
with a reversal of the Warburg effect [9]. In
addition, MPC1-deficient mice exhibit a de-
creased RER during exercise, which strongly
implicates MPC1 is one important component
in metabolic substrate utilization [10]. However,
the role of the MPC in DKD has not been inves-
tigated to date.

Artemether is a methyl ether derivative of arte-
misinin that is used for the treatment of malar-
ia [11]. Recent studies demonstrated that arte-
mether displays antiviral and fungicidal proper-
ties, anti-inflammatory and antiasthma effects,
as well as potential anticancer functions [12].
In addition, it enhances insulin secretion in
human islets and has been identified as a puta-
tive candidate for treating diabetes [13].
However, the effect of artemether on DKD has
not yet been studied; therefore, we performed
the experiments reported herein to determine
the potential role and mechanisms of arte-
mether in treating DKD.

Materials and methods
Animal experiments

All animal experiments were approved by the
Guangzhou University of Chinese Medicine
Institutional Animal Care and Use Committee
and were conducted according to relevant
guidelines and regulations. Male db/db mice
(BKS.Cg-Dock7™/*Lepr®/Nju) and lean wild
type control mice were purchased from the
Model Animal Research Center of Nanjing
University and were housed in the Central
Animal Facility at Shenzhen Graduate School of
Peking University. The 8-week-old mice were
allocated randomly to the following groups:
lean wild type T2D control (T2D-ctrl) group, db/
db group, and db/db+artemether (db/db+Art)
group. The T2D-ctrl and db/db group mice were
fed a regular diet, and the db/db+Art group
mice were fed a regular diet supplemented with
0.67 g/kg artemether (ChengDu ConBon
Biotech Co., LTD, China). The treatment lasted
for 12 weeks.

Tissue preparation

At the end of the experiment, mice were sacri-
ficed and blood, pancreas, and kidney samples
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were collected. The tail of the pancreas and
renal cortex (sized 1 mm?3) were fixed in 2.5%
glutaraldehyde and post-fixed in 1% osmic acid
for electron microscopy (EM) analysis. Some of
the pancreas and kidney tissue samples were
fixed in 10% formalin and used for histopatho-
logical examination and immunofluorescence
staining. Some of the kidney tissue was used to
isolate mitochondria. The remaining kidney tis-
sue was immediately snap-frozen in liquid nitro-
gen and stored at -80°C for later analysis.

Physiological and metabolic parameters

Fasting blood glucose was measured using a
blood glucose meter (Roche, Basel, Swit-
zerland). Urine was collected using metabolic
cages (Tecniplast, Buguggiate, Italy). HbA, lev-
els were measured using an Ultra2 HDbA
Analyzer (Primus, Kansas City, MO, USA).
Urinary glucose was detected using an auto-
matic biochemical analyzer (Roche, Basel,
Switzerland). The energy expenditure and RER
of the mice were determined using the
Comprehensive Lab Animal Monitoring System
(Columbus Instruments, Columbus, OH, USA).

Light microscopy

Paraffin-embedded pancreas sections (3 pm)
were stained with hematoxylin and eosin (H&E)
and scanned with a slide scanner (Motic
Easyscan Digital Slide Scanner, Xiamen, China)
to measure the mean islet area, islet area/pan-
creas area, and islet density. The number of
islets was counted, and islet density was calcu-
lated by islet number/pancreas area. Kidney
sections (4 ym) were stained with periodic acid-
Schiff (PAS) and scanned to evaluate renal mor-
phological changes. A total of 30-40 renal glo-
merular tuft areas (GTAs), 30-40 renal glomeru-
lar mesangial matrix areas, 50-80 proximal
renal tubular areas (PAS staining possessing
brush border) and tubular lumen areas (axial
ratio less than 1.5) were measured. The renal
glomerular tuft volume (GTV) was calculated
using a previously described method [14]. The
tubular wall area was calculated by subtracting
the tubular lumen area from the renal tubular
area.

Electron microscopy analysis

EM photographs (JEM-1400, JEOL, Tokyo,
Japan) were analyzed using ImageJ software
(National Institutes of Health, Bethesda, MD,
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USA). A total of 8-10 glomerular and tubular
photographs in each sample were selected to
measure the glomerular basement membrane
(GBM), foot process width (FPW), and tubular
basement membrane (TBM) thickness. The
average GBM and TBM thicknesses were esti-
mated as the ratio of the area inside the recog-
nized GBM and TBM segments to the length of
the central line [15]. The FPW was calculated
using a previously described method [14].

Immunostaining analysis

Briefly, pancreatic sections were deparaffinized
and rehydrated. Then, the sections were sub-
jected to antigen retrieval by boiling in citric
acid buffer (pH 6) for 20 min. After rinsing three
times with phosphate-buffered saline (PBS),
the sections were incubated with primary anti-
bodies against insulin (Cell Signaling Tech-
nology, Danvers, MA, USA), glucagon (Abcam,
Cambridge, UK), and somatostatin (GeneTex,
Irvine, CA, USA) overnight at 4°C. The sections
were then washed with rinse buffer and incu-
bated for 1 h at room temperature with Alexa
Fluor-conjugated secondary antibodies. The
resulting images were visualized and captured
on a confocal microscope (LSM710, Carl Zeiss,
Oberkochen, Germany). A total of 6-8 photo-
graphs were randomly selected in each pan-
creas section to calculate the insulin-, gluca-
gon-, and somatostatin-positive area.

Enzyme-linked immunosorbent assay (ELISA)

An albumin ELISA kit (Bethyl Laboratories,
Montgomery, TX, USA) and insulin ELISA kit
(Merck Millipore, Danvers, MA, USA) were used
according to the manufacturer’s instructions to
measure mice urine albumin and serum insulin,
respectively.

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

Mitochondrial H,0, production rate was mea-
sured using Amplex UltraRed reagent (Invit-
rogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Kidney mitochon-
dria were isolated from normal male C57BL/6J
mice (obtained from Guangdong Medical La-
boratory Animal Center) as previously described
[16] and incubated in mitochondrial assay
medium (sodium citrate buffer, 50 mM, pH
6.0; mitochondrial concentration, 0.2 mg/ml).
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Different concentrations of artemether (1 pl)
dissolved in dimethyl sulfoxide (DMSQO) were
pre-added to the assay medium to obtain final
concentrations of 1, 0.1, 0.025, 0.0125, 0.005,
and O pg/ul (only DMSO). Then Amplex Ul-
traRed/HRP work solution was added to each
microplate well to initiate the reaction. The fluo-
rescence was measured at Ex/Em 490/585
nm using a Synergy H1 microplate reader
(BioTek Instruments, Winooski, VT, USA).

Immunoblotting

Renal cortex was homogenized in lysis buffer.
Renal cortex and mitochondrial proteins were
prepared in sample loading buffer (Bio-Rad,
Hercules, CA, USA). The proteins were separat-
ed on SDS-PAGE gels and transferred to PVDF
membranes (Merck Millipore, Danvers, MA,
USA). After blocking in Tris-buffered saline
(TBS) buffer containing 5% nonfat dry milk for 1
h at room temperature, the membranes were
incubated and gently shaken overnight at 4°C
with primary antibodies. After washing with
TBS, the membranes were incubated with sec-
ondary antibodies for 1 h at room temperature
with shaking. After washing, the protein bands
were detected and analyzed usinga ChemiDoc™
MP Imaging System (Bio-Rad, Hercules, CA,
USA). B-Actin and voltage-dependent anion
channel (VDAC) were used as the loading con-
trol for renal cortex protein and mitochondrial
protein respectively. Primary antibodies again-
st catalase, SOD2 (superoxide dismutase 2),
MPC2, MPC1, VDAC, PDP1 (pyruvate dehyroge-
nase phosphatase 1), and PDH (pyruvate dehy-
drogenase) were obtained from Cell Signaling
Technology. The PGC-1a (peroxisome prolifera-
tor-activated receptor y coactivator 1) anti-
body was obtained from Novus Biologicals
(Littleton, CO, USA), the PDK1 (pyruvate dehy-
drogenase kinase 1) antibody was obtained
from Enzo Life Science (Farmingdale, NY, USA),
and the B-actin antibody was obtained from
Sigma Aldrich (St. Louis, MO, USA).

Statistical analysis

Data are expressed as mean + SD. Data analy-
sis was performed using SPSS statistics soft-
ware (IBM, NY, USA). Comparisons between
two groups were performed using unpaired
Student’s t test. Differences among multiple
groups were analyzed by using one-way ANOVA.
Significance was defined as P<0.05.
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Figure 1. Artemether reduces urinary albumin excretion and prevents diabetic kidney hypertrophy. A. Urinary albu-
min excretion at 0, 6, and 12 weeks in the indicated groups. B. Kidney weight in each group at the end of the study.
C-E. Bar graphs indicating the GTA, GTV, and mesangial matrix area of each group. F-H. Bar graphs indicating the
proximal tubular area, tubular lumen, and wall area in various groups. |. Representative kidney images. Scale bars,
1 cm. J. PAS staining for the glomerulus. Scale bars, 20 um. K. PAS staining for the renal tubule. Scale bars, 20 ym.
n=6 per group. ***P<0.001 vs. the T2D-ctrl group. *P<0.05 and #*P<0.01 vs. the db/db group.
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Figure 2. Artemether attenuates GBM and TBM thickening, reduces podocyte FPW. A-C. Bar graphs representing the
quantification and statistical analysis of GBM thickness, TBM thickness, and FPW. n=3 per group. D. Typical glom-
erulus EM photographs of the GBM and FPW. Scale bars, 1 um. E. Representative tubule EM images of the TBM.
Scale bars, 1 ym. *P<0.05 and **P<0.01 vs. the T2D-ctrl group. #*P<0.05 vs. the db/db group.

Results

Artemether reduced urinary albumin excretion
and prevented diabetic kidney hypertrophy

Urinary albumin excretion was significantly
higher in db/db mice than in the control group
mice at the time of initial treatment and
increased gradually until the end of the study
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(Figure 1A). Albumin excretion was significantly
reduced after 12 weeks of treatment with arte-
mether (Figure 1A). At the end of the experi-
ment, db/db mice kidneys were significantly
heavier than the control group kidneys (Figure
1B, 1l). Artemether treatment significantly
decreased kidney weight (Figure 1B, 1l). The
db/db mice also displayed increased mesan-
gial matrix and hypertrophic glomeruli and

Am J Transl Res 2019;11(3):1389-1402
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in the development of albu-
minuria [18]. We found that
FPW was larger in db/db mice,
but was significantly reduced
by artemether treatment (Fig-
ure 2C, 2D).

Artemether improved diabetic
symptoms and protected
against hyperglycemia

12W

Compared with control mice,
db/db mice presented poly-
dypsia, polyuria, polyphagia,
and increased feces produc-
tion during the course of the
experiment. Artemether sig-
nificantly improved these typi-
cal metabolic symptoms (Fig-
ure 3A-D). Consistent with
these diabetic symptoms, db/
db mice exhibited apparent
obesity and higher blood glu-
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els after 4 weeks of treatment,
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Figure 3. Artemether improves diabetic symptoms and protects against hy-
perglycemia. (A) Water consumption, (B) Urine volume, (C) Food intake, and
(D) Feces production at O, 6, and 12 weeks in various groups. (E, F) Line
charts indicating the changes of body weight and fasting blood glucose dur-
ing the course of the experiment. (G, H) Bar graphs representing the quanti-
fication of HbA, and urinary glucose at the end of the study. n=6 per group.
*P<0.05, **P<0.01 and ***P<0.001 vs. the T2D-ctrl group. #*P<0.05,

#P<0.01 and #*##P<0.001 vs. the db/db group.

proximal tubules. These pathological changes
were all ameliorated by artemether therapy
(Figure 1C-H, 1), 1K).

Artemether attenuated GBM and TBM thicken-
ing, ameliorated foot process effacement

Diffuse thickening of GBM and TBM are the ear-
liest structural changes of DKD [17]. Our results
showed thickening of both GBM and TBM in db/
db mice. Artemether treatment for 12 weeks
attenuated this thickening (Figure 2A, 2B, 2D,
2E). Foot process effacement plays a key role
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db/db

study (Figure 3F). The body
weight of mice in the db/
db+Art group was increased
after 8 weeks of treatment
and remained stabilized at
this level until the end of the
experiment (Figure 3E). In
addition, the HbA, and uri-
nary glucose levels were high-
er in db/db mice compared
with control mice, but were significantly low-
ered by artemether treatment (Figure 3G, 3H).

db/db+Art

Artemether increased serum insulin and re-
stored the normal ratio of insulin, glucagon,
and somatostatin levels in islets

To explore the hypoglycemic mechanism of
artemether, we measured serum insulin and
evaluated pancreatic islet morphological ch-
anges. At the end of the study, db/db mice pre-
sented hyperinsulinemia, and artemether treat-
ment raised the serum insulin levels to a signifi-

Am J Transl Res 2019;11(3):1389-1402
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Figure 4. Effects of artemether on serum insulin and pancreatic islets morphological changes. (A) Bar graphs show-
ing the serum level of insulin in each group at the end of the experiment. Pancreatic H&E staining was performed
to evaluate the islet morphological alterations. (B-D) Bar graphs denoting the quantification of mean islet area, islet
area/pancreas area, and islet density in different groups. (E-G) Representative pancreas and islet images in various

groups. Scale bars: 1 mm for (E); 200 pym for (F); 50 um for (G). n=6 per group. **P<0.01 and ***P<0.001 vs. the
T2D-ctrl group. #P<0.01 vs. the db/db group.

T2D-ctrl db/db

cantly higher level (Figure 4A). H&E staining cantly higher in db/db mice compared with con-
revealed that the mean islet area, islet area/ trol mice (Figure 4B-G). Mean islet area values
pancreas area, and islet density were all signifi- were similar in the db/db+Art and the db/db
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Merge

T2D-ctrl db/db db/db+Art

Figure 5. Artemether recovers the unbalanced ratio of insulin, glucagon and somatostatin content in islets. A-C. Bar
graphs showing the quantification and statistical analysis of the insulin-, glucagon-, and somatostatin-positive areas
in different groups. n=4 per group. D. Insulin, glucagon, and somatostatin co-immunostaining was performed on
pancreatic sections to assess the percentage of insulin-, glucagon-, and somatostatin-positive areas per islet. Scale
bars, 50 pm. *P<0.05 and **P<0.01 vs. the T2D-ctrl group. #P<0.05 and #*P<0.01 vs. the db/db group.

Figure 6. Representative islet EM
images in different groups. The ul-
trastructural changes in the islet
cells revealed that o- and &-cells
were more easily observed in db/
db mice. The insulin granules in
the B-cells also became loose in
this group. After artemether treat-
ment for 12 weeks, the db/db+Art
group islets were densely packed
with insulin granules, which had
a size and morphology similar to
those observed in control mice.
Scale bars: left, 5 ym; right, 2 ym.

T2D-ctrl

groups mice (Figure 4B). The
islet area/pancreas area and
islet density values were sl-
ightly increased in artemether-
treated mice compared with
db/db mice, but not to a sig-
nificant degree (Figure 4C,
4D). To determine the cellular
composition of the islet cells,
we stained tissue sections
with insulin, glucagon, and
somatostatin primary antib-
odies. The immunostaining
results (Figure 5A-D) showed
that insulin-positive area was
decreased, and the gluca-
gon- and somatostatin-posi-
tive area were increased sig-
nificantly in db/db mice com-
pared with control mice. Ar-
temether treatment recovered

db/db

db/db+Art
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Figure 7. Effects of artemether on RER and energy expenditure. A-C. Line charts indicating changes of RER through-
out the entire day at O, 6, and 12 weeks in various groups. D-F. Bar graphs representing the quantification of energy
expenditure at O, 6, and 12 weeks in different groups. n=4 per group. *P<0.05, **P<0.01 and ***P<0.001 vs. the
T2D-ctrl group. #P<0.05, #P<0.01 and #*##P<0.001 vs. the db/db group.

the unbalanced ratio of insulin, glucagon and
somatostatin content in islets. EM photographs
of the ultrastructural changes in islet cells
(Figure 6) revealed that o- and 0-cells were
more easily observed and insulin granules
became loose in db/db mice. However, the
islets of db/db+Art group mice were densely
packed with insulin granules, which had a size
and morphology similar to those observed in
control mice.

Artemether increased the respiratory ex-
change ratio, but did not affect energy expen-
diture

Diabetes is associated with carbohydrate and
lipid metabolism disorders, so it is important to
determine whether artemether influences ener-
gy metabolic substrate utilization. To address
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this question, the energy expenditure and RER
were measured in mice of each group. As
shown in Figure 7D-F, db/db mice displayed
higher energy expenditure during the course of
the experiment compared with the control
group. However, no difference in energy expen-
diture was observed between the db/db mice
and db/db+Art mice groups. Compared with
control mice, db/db mice exhibited lower RER in
the dark phase at the start of initial treatment
and fell to an even lower value at 6 and 12
weeks. This result indicated that the type 2 dia-
betic mice were more dependent on lipids as a
source of energy substrate. In addition, the cir-
cadian rhythm of RER was disrupted in db/db
mice (Figure 7A-C). However, artemether treat-
ment significantly increased the daily RER of
db/db mice, but failed to alter their circadian
rhythm (Figure 7A-C).
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Figure 8. Artemether inhibits renal mitochondrial H,0, production, reduces serum and urine H,0O, level, regulates
related renal cortical and mitochondrial protein expression. (A) Inhibiting effect of artemether on isolated renal
mitochondrial H,0, release rate. n=4 per group. ***P<0.001 vs. the Mito (mitochondria) group, ##P<0.001 vs. the
DMSO group. (B) Serum concentration and (C) urinary excretion in various groups at the end of the study. n=6 per
group. (D) Western blot images of PGC-1«, catalase, SOD2, and B-actin in the renal cortex of mice in various groups.
(E, F) Bar graphs showing the fold change in protein expression after normalization to the internal control B-actin.
n=4 per group. (G) Western blot images of PDK1, MPC2, MPC1, PDP1, PDH and VDAC in renal mitochondria in dif-
ferent groups. (H, |) Bar graphs displaying the fold change in protein expression after normalization to VDAC. n=4
per group. *P<0.05, **P<0.01 and ***P<0.001 vs. the T2D-ctrl group. ¥P<0.05 and #**P<0.01 vs. the db/db group.
A4pP<0.01 vs. the T2D-ctrl group.

dependent manner. Enhanced fatty acid oxida-
tion in mitochondria is involved in DKD, and

Artemether inhibited renal mitochondrial H2O2
production and reduced serum and urine H,0,

level

As shown in Figure 8A, artemether inhibited
renal mitochondrial H,0, production in a dose-
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mitochondrial H,0, production is greater when
fatty acids relative to the glycolytic metabolite
pyruvate are oxidized. Compared with control
mice, serum H,0, level and urinary H,O, excre-
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tion increased significantly in db/db mice and
both of them were reduced by artemether treat-
ment (Figure 8B, 8C).

Artemether increased renal cortical PGC-1a
expression and mitochondrial MPC content

To further address the role of artemether on
mitochondrial function, we measured related
proteins in kidney and mitochondria. Compared
with control mice, db/db mice exhibited signifi-
cantly lower catalase and higher SOD2 levels in
the renal cortex. No significant difference in the
levels of PGC-1a was observed between con-
trol and db/db mice (Figure 8D-F). Artemether
increased PGC-1a levels significantly, but did
not affect catalase and SOD2 expression in the
renal cortex (Figure 8D-F). As shown in Figure
8G-I, higher levels of the mitochondrial pro-
teins, PDH and PDK1, were observed in db/db
mice compared with control mice. The mito-
chondrial content of PDP1 was also slightly
increased, but not to a significant degree, in
db/db mice. Artemether treatment did not
affect PDH and PDK1 expression, but it caused
significant increase in PDP1 levels compared
with control mice. Both carriers that facilitate
pyruvate transport into mitochondria, MPC1
and MPC2, were significantly decreased in db/
db mice and both of them were significantly
increased after artemether treatment.

Discussion

Herein, we report for the first time that arte-
mether improved DKD in T2D mice. The under-
lying mechanisms may be associated with the
effects of artemether on renal MPC expression
and regulation of mitochondrial function.

Renal enlargement is the hallmark pathological
feature of DKD. It is mainly manifested as
enlarged glomeruli and proximal tubules,
increased mesangial matrix, and thickened
GBM and TBM. Artemether prevented kidney
hypertrophy and ameliorated these lesions.
The podocyte foot process became wider in
DKD, which can lead to proteinuria. Artemether
treatment restored FPW width and significantly
reduced urinary albumin excretion. Because
artemether improved hyperglycemia and
increased serum insulin levels, it is possible
that the renal protection mechanism of arte-
mether is associated with its effect on
hypoglycemia.
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As the earliest structural change of DKD, dif-
fuse GBM thickening has been shown to occur
in some nondiabetic patients, the majority of
whom develop abnormal blood glucose over
time and are subsequently diagnosed with dia-
betes [19]. Other researchers found that glo-
merular enlargement and thickening of base-
ment membrane appears in the rhesus monkey
prior to development of clinical diabetes, and
these renal lesions correlate with hyperinsu-
linemia or the prediabetic state [20]. Therefore,
we hypothesized that the initiation of renal
lesions and hyperglycemia are both results of
metabolic reprogramming of the body in
response to the environment. The diabetic kid-
ney was characterized by incomplete glucose
oxidation and enhanced fatty acid utilization.
This alteration was indirectly manifested as
decreased RER and decreased MPC content
in renal mitochondria. Artemether treatment
increased RER, but did not affect total energy
expenditure. This result indicated that arte-
mether shifted the energy metabolic substrate
from lipids and proteins to glucose. As the end
product of glycolysis, pyruvate lies at the inter-
section of glycolysis and tricarboxylic acid cycle,
and its transport into the mitochondrial matrix
influences carbohydrate, fatty acid, and amino
acid metabolism. MPC is a mitochondrial inner
membrane carrier and mediates the transport
of cytosolic pyruvate into mitochondria. Its
absence leads to defective mitochondrial pyru-
vate uptake and utilization, which results in
developmental defects and various diseases
like lactic acidosis and cancers [21]. In this
study, artemether increased renal MPC con-
tent, which may explain its effect on metabolic
substrate selection. Compared with control
group mice, the mitochondrial levels of PDH
and PDK1 in the db/db mice group increased
significantly, but levels of mitochondrial PDP
increased only slightly, but not to a significant
degree. Although artemether treatment did not
affect PDH and PDK1 content, the increasing
trend of PDP levels was more pronounced in
artemether-treated mice. Taken together, these
results revealed that artemether increased the
oxidation of pyruvate in the mitochondrial
matrix.

A recent study demonstrated that MPC1 is a
novel target gene of PGC-1a. Overexpression of
PGC-1a stimulates MPC1 transcription, where-
as depletion of PGC-la suppresses MPC
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expression [22]. We speculated that MPC
upregulation by artemether might be associat-
ed with its remarkable increasing effect on
PGC-1a, which is a broad and powerful regula-
tor of ROS metabolism. PGC-1a is deeply impli-
cated with mitochondrial function and redox
imbalance. Furthermore, PGC-1a expression is
increased by physiological stimuli (e.g., by cold
in brown fat or by exercise in muscle), which
leads to mitochondrial biogenesis and en-
hanced respiration. Simultaneously, PGC-1a
initiates an anti-ROS program that prevents a
rise in intracellular ROS levels [23]. In addition,
PGC-1a can also be induced by ROS [24]; so it
performs dual functions of stimulating mito-
chondrial electron transport while suppressing
ROS generation. In the current study, serum
H,0, and urinary H,O, excretion increased sig-
nificantly in db/db mice. The H,O, alterations
could be explained by significant reduction of
catalase in the renal cortex. Artemether signifi-
cantly reduced the serum H,O, level and uri-
nary H202 excretion, but it did not exert obvious
effects on catalase and SOD expression in the
renal cortex. Because artemether decreased
H,0, production in mitochondria that were iso-
lated from normal fresh kidney in a dose-
dependent manner, we inferred that artemether
might regulate redox balance by directly sup-
pressing mitochondrial H,0, production, not by
scavenging, at least in the T2D kidney. However,
further studies are needed to understand the
detailed mechanism.

In conclusion, our results confirmed the renal
protection provided by artemether in DKD.
Artemether has great potential to be translated
to the clinic for the treatment of diabetes and
DKD.
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