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Abstract: Objectives: Renal tubular injury plays an important role in the progression of diabetic kidney disease.
Previous studies demonstrated that artemether, an antimalarial agent, exerts renal tubular protection in diabetes.
However, the detailed mechanisms remain unclear. Several studies have indicated that disorders of iron metabo-
lism have a great impact on renal tubular injury. Therefore, this study was performed to explore whether the thera-
peutic effects of artemether on diabetic renal tubular injury are related to iron metabolism. Methods: Male C57BL/6
J mice were randomly divided into three groups. Mice in the type 1 diabetic (T1D) control and streptozotocin (STZ)
groups were fed a regular diet; mice in the STZ plus artemether (STZ+Art) group were treated with artemether.
Results: Artemether significantly reduced the urinary albumin:creatinine ratio and tubular injury in mice with T1D.
Artemether also restored the energy imbalance and restored the changes of mitochondrial cristae in mice with T1D.
Increased protein and mRNA levels of ferritin heavy chain (FTH) and ferritin light chain (FTL) were observed in renal
tubules of diabetic mice. In response to iron overload, levels of iron transport-related proteins and the antioxidant
system related to iron metabolism were abnormal in diabetic mice. Artemether significantly restored the protein and
mRNA expression levels of both FTH and FTL. Both the iron transport and antioxidant systems were also restored by
artemether to varying degrees. Conclusions: Artemether attenuates renal tubular injury in diabetic mice; this effect
might be related to its regulation of iron metabolism.
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Introduction

With the increasing incidence of diabetes, dia-
betic kidney disease (DKD) is gradually becom-
ing the leading cause of end-stage renal dis-
ease [1]. The etiology and pathophysiology of
DKD remain unclear. Effective therapeutic re-
gimens for DKD are limited, especially in pa-
tients with type 1 diabetes (T1D). It is of great
significance to explore potential pathophysio-
logical mechanisms and develop innovative
therapeutic targets for DKD prevention.

Previous evidence has highlighted the role of
renal tubular injury in DKD progression [2].
Tubular injury can be caused by many factors,
including hypoxia, proteinuria, toxins, metabolic
disorders, and cellular senescence [3]. Multiple

pathophysiological processes are involved in
tubular injury, among which mitochondrial dam-
age is a major hallmark [4]. In recent years, dis-
orders of iron metabolism have been recog-
nized to be closely associated with various
types of kidney injury [5]. Iron is an essential
element for life and participates in multiple
physiological processes in the human body.
Iron-containing proteins play key roles in oxygen
transport, storage, and utilization. As the main
sites of oxidative phosphorylation, mitochon-
dria are inextricably linked to iron metabolism
[6]. Results of a Mendelian randomization study
revealed that increased systemic iron status
was positively associated with type 2 diabetes
[7]. However, iron status in renal tissues from
patients with diabetes mellitus remains un-
known. The study of renal iron metabolism in
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the early stages of diabetic nephropathy is ben-
eficial to guide clinical intervention.

Artemether, an artemisinin derivative, has been
routinely used for the treatment of malaria.
Recent studies demonstrated that artemisinin
derivatives also display anticancer, antidiabet-
ic, renoprotective, anti-inflammatory, and im-
munoregulatory effects [8]. It was also report-
ed that these biological functions are fulfilled
via the regulation of mitochondrial function and
iron metabolism [9-12]. However, whether arte-
mether can improve DKD by targeting these
biological processes is unknown. Therefore, we
explored the hypothesis that artemether im-
proves DKD by regulating mitochondrial func-
tion and iron metabolism and provide more evi-
dence for the medical applications of arte-
mether in DKD.

Materials and methods
Animals and diabetic mouse models

Male C57BL/6) mice were purchased from
Guangdong Medical Laboratory Animal Center.
All mice were housed in the Center Animal
Facility at Shenzhen Graduate School of Peking
University and exposed to a 12 h/12 h light/
dark cycle. Animal studies were performed in
accordance with relevant guidelines and were
approved by Guangzhou University of Chinese
Medicine Institutional Animal Care and Use
Committee and experimental animal Ethics
Committee (No. 20190301011).

T1D was established in 8-week-old C57BL/6J
mice by the intraperitoneal injection of strepto-
zotocin (STZ; Sigma-Aldrich, St. Louis, MO, USA)
at a dose of 55 mg/kg body weight/day (dis-
solved in citrate buffer) for five consecutive
days. Diabetic control (T1D-ctrl) mice received
an intraperitoneal injection of an equal volume
of citrate buffer. Mice were randomly divided
into three groups: the T1D-ctrl group, fed a reg-
ular diet; the STZ group, fed a regular diet; mi-
ce with T1D treated with artemether (STZ+Art
group), fed a regular diet supplemented with
1.6 g/kg artemether. The treatment began nine
days after the last injection of STZ and lasted
for 8 weeks. Artemether was purchased from
Chengdu ConBon Biotech Company (Chengdu,
China).
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Tissue preparation

At the end of the experiment, mice were sa-
crificed, and blood samples were collected.
Kidneys were removed, immediately snap-fro-
zen in liquid nitrogen, and stored at -80°C for
further analysis.

Light microscopy

Paraffin-embedded kidney sections were st-
ained with periodic acid-Schiff (PAS; Baso Dia-
gnostics, Zhuhai, China) and scanned using a
digital slide scanner (3DHistech Ltd., Budapest,
Hungary) to assess changes in renal morphol-
ogy. For each slide, 50-80 proximal tubular
areas were measured and analyzed, as previ-
ously described [13].

Urine analysis

Urine from all mice was collected using meta-
bolic cages (Tecniplast, Buguggiate, Italy). Ur-
inary albumin excretion was measured using an
enzyme-linked immunosorbent assay (Bethyl
Laboratories, Montgomery, TX, USA), according
to the manufacturer’s instructions. Urinary cre-
atinine levels were measured using an au-
tomatic biochemical analyzer (Roche, Basel,
Switzerland). The urinary albumin:creatinine
ratio (UACR) was then calculated.

Western blot

The renal cortex was homogenized in RIPA lysis
buffer (Cell Signaling Technology, MA, USA)
using an automatic homogenizer (Bertin In-
struments, France). Laemmli sample buffer
(Bio-Rad, Hercules, CA, USA) containing B-mer-
captoethanol was added to the protein sam-
ples prior to boiling for 10 minutes, followed by
protein separation using SDS-polyacrylamide
gel electrophoresis and transference to poly-
vinylidene difluoride membranes (Merck Milli-
pore, Danvers, MA, USA). Immunoblots were
blocked in 5% skim milk at room temperature
for one hour and then incubated with primary
antibodies at 4°C overnight with shaking. After
washing, immunoblots were incubated with
horseradish peroxidase-conjugated mouse or
rabbit secondary antibodies at room tempera-
ture for one hour. Protein bands were then
scanned and analyzed using the ChemiDoc™
MP imaging system (Bio-Rad). The results were
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Table 1. List of primer sequences used for gPCR

Gene Primer Sequence (5'-3’)
Mouse NGAL F: ACCACGGACTACAACCAGTTCGCC

R: ACTTGGCAAAGCGGGTGAAACG
Mouse FTH F: GCTGAATGCAATGGAGTGTGCA

R: GGCACCCATCTTGCGTAAGTTG
Mouse FTL F: CTTGCCCGGGACTTAGAGCA

R: ATGGCTGATCCGGAGTAGGA
Mouse ISCU F: CCTGTGAAACTGCACTGCTC

R: TCTCTGGCTCCTCCTTCTTG
Mouse TfR F: ATGCCGACAATAACATGAAGGC

R: ACACGCTTACAATAGCCCAGG
Mouse DMT1 F: CAATGTCTTTGTCGTGTCCGT

R: GCGACCATTTTAGGTTCAGGAAT
Mouse SLC40A1 F: ACCAAGGCAAGAGATCAAACC

R: AGACACTGCAAAGTGCCACAT
Mouse SLC7A11 F: GGCACCGTCATCGGATCAG

R: CTCCACAGGCAGACCAGAAAA
Mouse GPX4 F: CGCAGCCGTTCTTATCAATG

R: CACTGTGGAAATGGATGAAAGTC
Mouse B-actin F: GGACTCCTATGTGGGTGACG

R: AGGTGTGGTGCCAGATCTTC

expressed as the integrated optical density rel-
ative to B-actin. Primary antibodies used in this
study were as follows: Optic atrophy 1 (OPA1;
BD Transduction Laboratories™, NY, USA), cyto-
chrome oxidase (COX) IV, AMP-activated protein
kinase (AMPK), phospho-AMPK (Thrl172) (Cell
Signaling Technology), transporter of outer
mitochondrial membrane (TOM20), FTH, trans-
ferrin receptor (TfR), Cystine/glutamate trans-
porter antibody (xCT; Abcam, Cambridge, UK),
transcription factor A mitochondrial (Tfam;
Merck Millipore), B-actin (Sigma-Aldrich), FTL
(GeneTex, Irvine, CA, USA), divalent metal tr-
ansporter 1 (DMT1), glutathione peroxidase 4
(GPX4) (Proteintech Group, Chicago, IL, USA).

RNA isolation, reverse transcription, and quan-
titative PCR analysis

Total RNA was extracted using the TRIzol
reagent and an automatic homogenizer. After
centrifugation, the supernatant was purified
using the PureLink™ RNA Mini Kit (Invitrogen,
Carlsbad, CA, USA). The first strand of cDNA
was synthesized using oligo(dT)12-18 primers
and M-MLV reverse transcriptase (Invitrogen),
according to the manufacturer’s protocol.

Real-time quantitative PCR was performed us-
ing the QuantStudio™ 5 Real-Time PCR Instru-
ment (Applied Biosystems, Carlsbad, CA, USA).
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Reactions were carried out using cDNA, 1 mM
primer, and SYBR green PCR master mix
(Applied Biosystems). The cycling program was
denatured at 95°C for 5 minutes, 45 cycles of
95°C for 15 seconds and 55°C for 15 seconds,
and extension at 72°C for 20 seconds, and a
melting curve was generated. Primers used in
this study were synthesized by Sangon Bio-
technology Company (Shanghai, China), and
the sequences are listed in Table 1. Gene
expression was normalized to that of B-actin,
and the fold change in expression relative to
the control group was calculated using the 224t
method.

Immunohistochemical staining

Paraffin-embedded renal sections were de-
waxed and rehydrated for immunohistochemi-
cal (IHC) staining. After antigen retrieval using
citrate buffer or EDTA buffer, sections were
incubated with 3% hydrogen peroxide for 15
minutes at room temperature to eliminate
endogenous peroxidases and blocked in 10%
goat serum (MXB Biotechnologies, Fuzhou,
China) for 15 minutes at room temperature.
The sections were stained with primary anti-
bodies at 4°C overnight. After washing, sec-
tions were incubated with the MaxVision™ HRP-
Polymer using the anti-Mouse/Rabbit IHC Kit
(MXB Biotechnologies, Fuzhou, China) at room
temperature for 15 minutes. The sections we-
re then treated with diaminobenzidine (MXB
Biotechnologies), followed by counterstaining
with hematoxylin and mounting in neutral bal-
sam mounting medium.

Transmission electron microscopy

Renal cortex samples (1 mm x 1 mm) were
fixed in 2.5% glutaraldehyde and then postfix-
ed in 1% osmic acid for transmission electron
microscopy (TEM). The TEM images were cap-
tured using a JEM-1400 camera (JEOL, Tokyo,
Japan).

Statistical analysis

Data analysis was conducted using IBM SPSS
Statistics software (version 25.0). Data were
expressed as the mean + standard deviation
(SD). An unpaired Student’s t test was per-
formed for comparisons between groups. Dif-
ferences among groups were analyzed using
one-way analysis of variance followed by Le-
vene’s or Dunnett’s T3 post-hoc analysis. P val-
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Figure 1. Artemether reduces UACR and alleviates renal tubular injury in mice with T1D. A: Quantification of UACR in
each group. B: Proximal tubular area (um?) of each group. C: mRNA expression of NGAL in each group. D: Represen-
tative PAS staining of the proximal tubules in each group. E: Representative immunohistochemically stained images
of NGAL in renal tissue. For each group, n=4-8. Scale bar, 20 ym. "P<0.05 and ***P<0.001 vs. the T1D-ctrl group.

#P<0.05 and ##P<0.001 vs. the STZ group.

ues less than 0.05 were considered statistical-
ly significant.

Results

Artemether reduces UACR and alleviates renal
tubular injury in mice with T1D

Increased UACR is an important manifestation

of diabetic nephropathy. As shown in Figure
1A, compared to the T1D-ctrl group, there was
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a significant increase in UACR in the STZ gr-
oup, and UACR was reduced effectively by arte-
mether treatment. As shown in Figure 1B-E,
tubular hypertrophy was observed in the STZ
group; Urinary neutrophil gelatinase-associat-
ed lipocalin (NGAL) mRNA levels, a tubular in-
jury biomarker, also increased significantly in
mice with T1D. In response to artemether, the
hypertrophy resolved and the NGAL levels were
downregulated.
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Figure 2. Mitochondrial protein composition and biogenesis show no re-
markable differences in mice with early DKD. A-E: Representative western
blot images and quantification of OPA1, COX IV, TOM20, and Tfam; n=4 per

group.

Mitochondrial protein composition and biogen-
esis show no remarkable differences in mice
with early DKD

OPA1, COX IV, and TOM20 are important com-
ponents of mitochondria, and Tfam is a mito-
chondrial transcription factor. As shown in the
Figure 2A-E, there were no significant differ-
ences in the composition of these proteins
among the three groups.

Artemether helps regulate the renal energy
state in mice with T1D

The expression of p-AMPK (Thr172) increased
remarkably as a result of insulin deficiency in
the kidneys of mice with T1D, which indicated a
low energy supply. Artemether treatment led to
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§TZ

and iron-sulfur cluster assem-
bly enzyme (ISCU) were ob-
served by western blot analy-
sis and RT-PCR, respectively,
in the STZ group compared
with the T1D-ctrl group, and
artemether downregulated th-
ese expression levels. These results were fur-
ther supported by IHC staining. Of note, the
staining revealed that these proteins were
mainly expressed in renal tubules and only
rarely expressed in glomeruli (Figure 5G, 5H).

STZ+Art

Artemether regulates iron transport in renal
tubular cells in early DKD

As can be seen in Figure 6A-E, the protein and
mMRNA expression levels of TfR and DMT1 in the
renal tissues of mice with T1D were downregu-
lated, while the level of ferroportin (gene name:
SLC40A1) mRNA increased slightly (Figure 6F),
indicating that when iron overloading occurred
in the renal tissues in early stages of DKD, the
renal tubule uptake of iron was inhibited and
iron export was enhanced. However, these lev-
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Figure 3. Artemether exerts effects on the regulation of the renal energy state in mice with T1D. A-C: Representa-
tive western blot images and quantification of p-AMPK (Thr172) and AMPK. D: Expression ratio of p-AMPK (Thr172):
AMPK. For each group, n=4. "*P<0.001 vs. the T1D-ctrl group. #P<0.01 and ##P<0.001 vs. the STZ group.

els returned to near normal after artemether
treatment in the STZ+Art group, suggesting that
this intervention may be conducive to stabiliz-
ing intracellular iron homeostasis.

Artemether enhances the antioxidant stress
system to protect against iron-mediated tubu-
lar injury in mice with T1D

Compared to the T1D-ctrl group, the protein
and mRNA expression levels of xCT (gene na-
me: SLC7A11) were significantly decreased in
the STZ group and increased after artemether
treatment (Figure 7A, 7B, 7D, 7F). In contrast,
GPX4 expression increased in the STZ group,
which was further enhanced after artemether
treatment in the STZ+Art group (Figure 7A, 7C,
7E, 7G).

Discussion
The results of the present study demonstrated
that artemether could alleviate renal tubular

injury due to T1D, which might be associated
with the regulation of iron homeostasis.
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Proximal tubular injury plays an important role
in the progression of DKD [14]. In recent years,
with advances in DKD research, renal tubule
injury is increasingly prominent in early DKD,
suggesting that renal tubule lesions may oc-
cur earlier than microvascular lesions. NGAL is
expressed in renal tubular epithelial cells, and
increased NGAL levels are evidence of tubular
injury [15, 16]. In our study, lesions in diabetic
kidneys manifest as proximal tubular growth,
resulting from an increase in transport capacity
due to diabetes mellitus [17]. Artemether ame-
liorated diabetic tubular injury, including de-
creasing NGAL levels and proximal tubular
hypertrophy, which may be associated with its
regulation of mitochondrial function.

Levels of mitochondrial components OPA1,
COX IV, and TOM20 in diabetic and normal kid-
neys were not changed, implying that mitochon-
drial number was unaltered in the kidneys in
early stages of T1D.

AMPK plays a key role in the regulation of cel-
lular energy homeostasis. Our results show
that AMPK is activated in the diabetic kidney,

Am J Transl Res 2022;14(9):6095-6106
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TEM

T1D-ctrl

STZ STZ+Art

Figure 4. Artemether attenuates mitochondrial damage in renal tubular cells in mice with T1D. Representative TEM
images display morphological changes in mitochondrial cristae in proximal tubular epithelial cells. The correspond-
ing scale bar of each image is labeled in the left bottom. BB, brush boarder, a symbol of proximal tubular epithelial
cells. An asterisk (*) indicates the loss of mitochondrial cristae in proximal tubular epithelial cells of diabetic mice.

indicating relative low ATP production. Mito-
chondria are important ATP production organ-
elles and are abundant in renal tubules. We
thus speculated that mitochondrial dysfunc-
tion occurred in tubules of diabetic animals.
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Indeed, the TEM results provided substantial
evidence that mitochondrial damage was as-
sociated with a loss of mitochondrial cristae in
the proximal tubular epithelial cells of diabetic
mice. The enzyme complexes of the oxidative

Am J Transl Res 2022;14(9):6095-6106
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Figure 5. Artemether ameliorates iron overload and restores iron homeostasis in renal tubules of mice with T1D.
A-C: Representative western blot images and quantification of FTH and FTL in renal tissues of mice with T1D. D-F:
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Relative mRNA levels of FTH, FTL, and ISCU. G: Representative images of IHC staining of FTH in each group. H:
Representative images of IHC staining of FTL in each group; n=4-8 per group. Scale bar, 20 ym. **P<0.01 and
“*P<0.001 vs. the T1D-ctrl group. *#P<0.01 and ##P<0.001 vs. the STZ group.
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Figure 6. Early DKD regulates iron transport in renal tubules. A-C: Representative western blot images and quantifi-
cation of TfR and DMT1. D-F: Relative mRNA levels of TfR, DMT1, and ferroportin. G: Representative images of IHC
staining of TfR in each group; n=4-8 per group. Scale bar, 20 uym. "*P<0.01 and "*P<0.001 vs. the T1D-ctrl group.
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respiratory chain are localized in the mitochon- lower ATP production. Previous studies demon-
drial cristae, and the loss of the cristae leads to strated that artemether could improve kidney
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Figure 7. Artemether enhances the antioxidant stress system to protect against iron-mediated tubular injury in mice
with T1D. A-C: Representative western blot images and quantification of XCT and GPX4. D, E: Relative mRNA levels
of xCT and GPX4. F: Representative images of IHC staining of XCT in each group. G: Representative images of IHC
staining of GPX4 in each group. For each group, n=4-6. Scale bar, 200 ym. "*P<0.01 and "**P<0.001 vs. the T1D-ctrl

group. #P<0.05 vs. the STZ group.

disease in mice with STZ-induced diabetes and
in db/db mice [9, 10]. Our results suggest th-
at artemether reverses AMPK activation and
maintains mitochondrial structures, which may
be renoprotective mechanisms. Actually, arte-
mether was shown to ameliorate kidney injury
by restoring redox imbalance and improving
mitochondrial function in adriamycin-induced
nephropathy in mice [11].

The kidney is also an important organ for iron
filtration and reabsorption [18]. In recent years,
studies have shown that lipid peroxidation
induced by iron overload plays an important
role in the occurrence and development of
acute kidney injury [19] and chronic kidney
disease [20]. DKD is more susceptible to iron
homeostasis due to hyperglycemia, hyperlipid-
emia, and other systemic diseases. An iron-
restricted diet was shown to improve mitochon-
drial oxidative stress and dysfunction in rats
with STZ-induced diabetes by restoring mito-
chondrial respiration and respiratory complex
activities [21]. Our previous study showed that
artemether was effective in ameliorating dia-
betic nephropathy [9]. Therefore, we construct-
ed a mouse model of T1D to investigate wheth-
er an imbalance of iron homeostasis accom-
panies diabetic nephropathy and whether the
amelioration of diabetic nephropathy by arte-
mether is related to changes in iron metabo-
lism.

Ferritin is a marker of elevated iron stores. Our
results showed that the protein and mRNA lev-
els of FTH and FTL were significantly increased
in kidney tissues of mice with T1D and were
significantly decreased after artemether inter-
vention. In addition, IHC staining showed that
FTH and FTL were mainly expressed in renal
tubules, suggesting iron overload and deposi-
tion were localized to the renal tubules in mice
with T1D. Artemether was shown to reduce the
extent of iron deposition. We then further inves-
tigated the regulation of cellular iron transport
and found that protein and mRNA levels of TfR
and DMT1 were significantly lowered, while fer-
roportin mRNA levels were slightly increased in
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mice with TID, suggesting that in cases of iron
overload, there was a compensatory mecha-
nism in the kidneys of mice with T1D that
reduced renal tubular cell iron uptake and
increased iron export. Next, we investigated
defense mechanisms against iron damage.

The system x -GSH-GPX4 pathway is one of
the major compensatory mechanisms for lipid
peroxidation induced by iron overload [22]. xCT
is one of two subunits in system x - that is
reportedly downregulated in diabetes. For ex-
ample, xCT levels are decreased in the retinas
of rats with STZ-induced diabetes [23]. In addi-
tion, a decrease in xCT was observed in the aor-
ticendothelium of db/db mice [24]. Interestingly,
our results showed that the protein and mRNA
levels of xCT decreased significantly in the kid-
neys of mice with T1D. After artemether inter-
vention, these xCT levels were increased, sug-
gesting that artemether might enhance xCT
and GPX4 expression, thereby attenuating re-
nal tubular injury induced by iron overload.

In conclusion, the protective effects of arte-
mether on the kidneys of mice with T1D may
be related to the regulation of iron metabolism
and resolution of mitochondrial damage in
proximal renal tubular cells.
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