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Abstract: Chronic kidney disease (CKD) is complex and current treatment remains limited. As we know, glomerular
injury plays a dominant role in kidney disease progression. However, accumulating evidence demonstrated that re-
nal tubules, rather than being victims or bystanders, are major initiators in renal fibrosis progression. Renal tubules
are rich in mitochondria and mitochondrial dysfunction may participate in renal tubular phenotypic changes and
ultimately promote renal fibrosis. Previous studies have proved that artemether displayed renal protective effects,
but the mechanisms remain unclear. In this experiment, we showed that artemether reduced urinary protein/cre-
atinine ratio and attenuated renal tubular injury. Both in vivo and in vitro results indicated that artemether could
restore renal tubular phenotypic alterations. Meanwhile, the unbalanced expressions of Bax and Bcl-xL in renal
tubules were restored by artemether. In addition, artemether also regulated mitochondrial pyruvate metabolism,
increased mitochondrial biogenesis, and improved mitochondrial function. Taken together, this study suggested
that artemether could attenuate renal tubular injury by regulating mitochondrial biogenesis and function. It has
great potential to be translated to the clinic as a therapeutic agent for treating kidney diseases, especially those

associated with renal tubular injury.
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Introduction

Chronic kidney disease (CKD) is complex and
affects approximately 10% people globally. The
etiology of CKD is heterogeneous and current
treatment remains limited [1]. Therefore, better
understanding of the underlying pathogenesis
is urgently needed for developing effective the-
rapies targeting CKD.

Previous investigations have suggested that
glomerular injury plays a dominant role in kid-
ney disease development and progression.
However, growing numbers of studies revealed
that renal tubules, rather than being victims or
bystanders, are major initiators in renal fibrosis
progression [2]. In the classic mouse model of
adriamycin nephropathy (AN), it is generally
accepted that podocyte damage was the main
contributor and renal tubular injury was result-

ed from persistent proteinuria [3]. Recent stud-
ies have shown that renal tubular injury oc-
curred during the initial phase of adriamycin
injection and could trigger glomerular injury [4].
In response to external stimuli, renal tubules
manifest cellular phenotypic alteration, mito-
chondrial dysfunction, cell cycle arrest and in-
tracellular signaling pathways disorder [5-7].

Mitochondrial dysfunction and redox imbalance
were regarded as the critical pathophysiologic
mechanisms underlying the cytotoxicity of adri-
amycin [8-10]. At the same time, cell phenotype
also changes to adapt to these pathophysiolo-
gical processes. As the hub of substance and
energy metabolism, mitochondria were closely
related to cell morphological alterations [11].
Considering that renal tubules are rich in mito-
chondria and constitute major part of the kid-
ney, we hypothesize that mitochondrial dys-
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function may participate in renal tubular pheno-
typic changes and ultimately promote kidney
fibrosis.

Artemether is an artemisinin analogue and
served as anti-malaria drug. It was reported
that artemisinin-based drugs displayed anti-
fungal, antibacterial, anti-HIV, anticancer, and
antidiabetic properties [12]. In addition, they
also exhibited certain renal protection property
[13-15], but the detailed mechanisms remain
unclear. In this study, we explored the impor-
tance of phenotypic changes and mitochondri-
al function in the progression of renal tubular
injury, and demonstrated that artemether may
exert renal tubular protection by targeting mito-
chondria.

Materials and methods
Animal experiments

Animal experiments were approved by Institu-
tional Animal Care and Use Committee at
the Guangzhou University of Chinese Medi-
cine (Approval number: 20200331002). Male
BALB/c mice (20-25 g) were obtained from
Laboratory Animal Center of Southern Medi-
cal University (Guangzhou, China). Adriamycin
(10.4 mg/kg, Sigma-Aldrich, St. Louis, MO,
USA) was injected via tail vein to induce AN
mouse model. Mice in normal control group
were injected with saline solution. After two
weeks, mice were divided randomly into AN
group, AN+artemether (AN+Art) group, and con-
trol group. Mice in AN+Art group were fed with
medicated feed containing 0.3 g/kg arte-
mether (ConBon biotechnology, Chengdu, Si-
chuan, China). The normal control and AN
groups were fed with standard diet. The inter-
vention lasted for two weeks.

Cell culture and treatment

Normal rat kidney epithelial cells (NRK-52E,
ATCC, Manassas, VA, USA) were cultured in the
condition as previously described [15]. Cells
were cultured in 24-wells plates for 24 hours to
attach. Then they were treated with adriamycin
(1 uM) containing different concentrations of
artemether (0O, 50, 100, 150 uM) for 24 hours.

Urinary protein/creatinine and renal H,0, as-
say

The total protein and creatinine in urine were
measured by the Bradford method and bio-
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chemical method respectively [15]. H,0, con-
tent in renal tissue homogenate was measured
by the Amplex UltraRed reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufac-
turer’s protocol.

Pathological analysis

At the end of the study, mice were sacrificed
and the kidney tissues were collected. Paraffin-
embedded kidney slices were stained with peri-
odic acid-Schiff (PAS) to evaluate renal tubular
injury. Twenty tubular areas were randomly
selected in each sample and the index was
scored 0 to 4 (0, <5%; 1, 5-25%; 2, 25-50%; 3,
50-75%; 4, >75%), as previously described [10].

Immunohistochemistry

Immunohistochemical staining was perform
according to the previous method [10]. Briefly,
Kidney slices were deparaffinized and rehydr-
ated. Subsequently, the slices were boiled in
citrate buffer for antigen unmasking. After rins-
ing, the slices were incubated with primary an-
tibody against vimentin (CST, Danvers, MA,
USA), zonula occludens-1 (ZO-1, Invitrogen),
Bax (CST), and Bcl-xL (CST) respectively over-
night at 4°C. Then the slices were rinsed and
incubated with secondary antibodies (MaiXin,
Fuzhou, China). DAB solution was used as a
chromogen and the slices were counterstained
with hematoxylin.

Immunoblotting analysis

Samples of renal tissue and cell culture were
homogenized and prepared in sample loading
buffer (Bio-Rad). Total protein was separated
by SDS-PAGE gels and transferred to PVDF
membranes (Merck Millipore, Danvers, MA,
USA). After blocking with 5% milk for 1 h at
room temperature, the membranes were incu-
bated overnight at 4°C with the following pri-
mary antibodies: p-E-cadherin (S838+S840),
vimentin, ZO-1, cleaved PARP, Bax, Bcl-xL, PDH
(pyruvate dehydrogenase), PDP1 (pyruvate de-
hyrogenase phosphatase 1), PDK1 (pyruvate
dehydrogenase kinase 1), OPAL (optic atrophy
1), VDAC (voltage-dependent anion channel),
ERRa (estrogen-related receptor «), NRF1 (nu-
clear respiratory factor 1), HSP60 (60 kDa
heat shock protein), and B-actin. After incubat-
ing with secondary antibodies, the membranes
were imaged by the ChemiDoc Imaging System
(Bio-Rad). Primary antibodies were obtained
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Table 1. Sequences of the primers for gPCR

Gene Primer Sequence (5'-3’)
Mouse Kim-1  F: GTTAAACCAGAGATTCCCACACG
R: TCTCATGGGGACAAAATGTAGTG
F: CTAGCAGAAACAAACCGGGC
R: CCGGCTGCGTATTCTACGTT
Mouse B-actin  F: GGACTCCTATGTGGGTGACG

R: AGGTGTGGTGCCAGATCTTC

Mouse ND1

from different companies and listed below. p-E-
cadherin (S838+S840): Abcam (Cambridge,
UK); Vimentin, cleaved PARP, Bax, Bcl-xL, PDH,
PDP1, VDAC, ERRa, NRF1, and HSP60: CST;
PDK1: Enzo Life Science (Farmingdale, NY,
USA); OPA1: BD Biosciences (Franklin Lakes,
NJ, USA); ZO-1: Invitrogen; B-actin: Sigma
Aldrich.

mMRNA analysis and mitochondrial DNA (mtD-
NA) copy number measurement

Total RNA and genomic DNA (gDNA) in kidney
tissue were extracted by RNA purification kit
(Invitrogen) and gDNA purification kit (Magen,
Guangzhou, China) respectively. First-strand
cDNA was synthesized by using reverse tran-
scriptase (Invitrogen) and gene specific primers
(Table 1) were generated by Sangon Biotech-
nology Company (Shanghai, China). Quantita-
tive real-time PCR (qPCR) was performed on
the Applied Biosystems QuantStudio 5 plat-
form and the amplification conditions were set
as previously described [15]. The relative mRNA
expression and mtDNA copy number were cal-
culated by 2-44¢T,

Statistical analysis

For in vivo animal study, * symbol means com-
pare with the control group; # symbol means
compare with the AN group. For in vitro cell
study, * symbol means compare with the
Adriamycin: O+Art: O group; # symbol means
compare with the Adriamycin: 1+Art: O group.
Data are presented as the mean + SD. One-
way analysis of variance (ANOVA) followed by
Bonferroni post hoc analysis or unpaired
Student’s t-test were used for data analysis
using SPSS software (IBM, NY, USA). P<0.05
was considered significant.
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Results

Artemether reduced urinary protein/creatinine
ratio and attenuated renal tubular injury

As shown in Figure 1A, the ratio for urinary pro-
tein/creatinine was significantly increased in
AN group and was obviously decreased by
artemether therapy. The PAS staining of renal
tubules and mRNA analysis of Kim-1 in kidney
together demonstrated that obviously tubular
injury occurred in AN group (Figure 1B-D).
Artemether treatment significantly reduced
Kim-1 mRNA level and attenuated renal tubular
pathological injury (Figure 1B-D).

Artemether restored renal tubular phenotypic
changes

In order to adapt to changes of the external
environment, renal tubules underwent pheno-
typic alterations. After exposure to adriamycin,
AN group mice displayed significantly decreased
p-E-cadherin and increased vimentin in renal
tubules (Figure 2A-C). Consistent with immu-
noblotting results, the immunohistochemical
staining also indicated that vimentin expres-
sion was obviously upregulated in AN group
(Figure 2E). These phenotypic changes were
significantly restored after artemether treat-
ment (Figure 2A-C and 2E). As the main com-
ponent of tight junctions, ZO-1 in renal tubules
reduced significantly in AN group (Figure 2A
and 2D). The immunohistochemical staining
showed that the morphological distribution of
Z0-1 was obviously abnormal (Figure 2F).
Artemether therapy significantly upregulated
Z0-1 expression and improved its distribution
(Figure 2A, 2D and 2F).

To investigate whether artemether has direct
effect on cell phenotypic alterations, we per-
formed the following cell research. NRK-52E
cells were exposed to 1 pM adriamycin and
treated with different concentrations of arte-
mether for 24 hours. Compared with control
group (Adriamycin: O+Art: O group), adriamycin
significantly decreased Z0-1 and p-E-cadherin
expression (Figure 3A-C). Meanwhile, signifi-
cantly increased cleaved PARP was induced by
adriamycin (Figure 3A and 3D). The treatment
of artemether dose-dependently increased
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Figure 1. Artemether reduced urinary protein/creatinine ratio and attenuated renal tubular injury. A. Determination
of the ratio for urinary protein/creatinine in various groups. B. Quantification and analysis of Kim-1 mRNA expres-
sion level in different groups. C. Evaluation of renal tubular injury in each group under PAS staining. D. Representa-
tive images of PAS staining for renal tubules (scale bar, 50 um). n=6 per group. **P<0.01 and ***P<0.001 vs.

control; #P<0.05, ##P<0.01 and ###P<0.001 vs. AN.

Z0-1 and p-E-cadherin, and decreased cleaved
PARP (Figure 3A-D).

Artemether regulated mitochondria associated
Bax and Bcl-xL expression

Mitochondria damage is closely associated wi-
th cell phenotypic changes. The proportion of
Bax and Bcl-xL played a key role in maintaining
the morphology and function of mitochondria
[16]. As shown in Figure 4A-C, significantly
increased Bax and decreased Bcl-xL were de-
tected in AN group. Immunohistochemical
staining revealed that Bax and Bcl-xL were
mainly located in renal tubules and the expres-
sion levels were consistent with the immunob-
lotting results (Figure 4D and 4E). After arte-
mether treatment, the imbalance of Bax and
Bcl-xL expression was well restored, and their
pathological lesions were also obviously atten-
uated (Figure 4A-E).

Artemether regulated mitochondrial pyruvate
metabolism

Renal tubules are rich in mitochondria and
pyruvate metabolism plays an important role in
energy maintenance and mitochondrial func-
tion [17]. Pyruvate is converted to acetyl-CoA by
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PDH. PDK1 phosphorylates PDH to suppress
its activity, while PDP1 dephosphorylates PDH
to enhance its activity [18]. Compared to con-
trol group, AN group displayed significantly de-
creased PDH and increased PDP1/PDK1 ratio
(Figure 5A-C). After artemether treatment, PDH
was increased slightly, but not to a significant
degree (Figure 5A and 5B). While the increas-
ed PDP1/PDK1 ratio was reduced remarkably
(Figure 5A and 5C).

Artemether increased renal tubular mitochon-
drial content

OPA1 and VDAC are representative mitochon-
drial inner and outer mitochondrial membrane
respectively [19, 20]. Compared to control
group, OPA1 and VDAC both reduced signifi-
cantly in AN group (Figure 6A-C). Meanwhile,
the mtDNA copy number in AN group also
decreased obviously (Figure 6D). H,O, is an
important signaling molecule and its produc-
tion reflects the functional status of mitochon-
dria [21]. As shown in Figure 6E, the H,0O, con-
tent in renal tissue homogenate decreased
significantly in AN group. These results to-
gether indicated that mitochondrial deficiency
occurred in mice after adriamycin exposure.
Artemether treatment significantly raised OPA1
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Figure 2. Artemether improved renal tubular phenotypic alterations. A-D. Immunoblotting images and semi-quanti-
tative analysis of p-E-cadherin (S838+S840), vimentin, and ZO-1 in renal tissue of different groups. E, F. Represen-
tative immunohistochemical staining images of vimentin and ZO-1 in kidney. The images displayed their morphologi-
cal distribution in renal tubules. Scale bar, 20 ym. n=4 per group. *P<0.05, **P<0.01 and ***P<0.001 vs. control;

#P<0.05 vs. AN.
and VDAC expression, mtDNA copy number,
and H,0, content in kidney (Figure 6A-E).

Artemether upregulated mitochondrial biogen-
esis related transcription factors

As the related transcription factors regulating
mitochondrial biogenesis and function, ERRc,
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NRF1, and HSP60O all reduced significantly in
AN group (Figure 7A-D). The changes of these
proteins well explained the mitochondrial defi-
ciency induced by adriamycin. After artemether
therapy, ERRa and NRF1 were raised signifi-
cantly (Figure 7A-C), HSP60 was raised to some
extent but not to a significant degree (Figure 7A
and 7D).
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Figure 3. Effects of artemether on renal tubular phenotypic changes in vitro. A. Representative immunoblotting im-
ages of Z0-1, p-E-cadherin (S838+S840), and cleaved PARP after exposure to adriamycin and treated with different
concentrations of artemether. B-D. Bar graphs displaying the semi-quantitative analysis of these proteins against
B-actin. n=3 per group. *P<0.05, **P<0.01 and ***P<0.001 vs. Adriamycin: O+Art: O group; #P<0.05 vs. Adriamy-

cin: 1+Art: O group.

Discussion

Accumulating evidences verified that renal
tubules play a key role in kidney damage and
fibrosis. Here we reported that artemether sig-
nificantly attenuated renal tubular injury by tar-
geting mitochondria in AN mice.

Urinary protein/creatinine ratio is a marker of
kidney damage and Kim-1 is a representative
of tubular injury [22]. In this study, artemether
significantly reduced urinary protein/creatinine
ratio and Kim-1 mRNA level in kidney. Consis-
tent with the biochemical indicators, patholo-
gical lesions of renal tubules were also obvi-
ously attenuated by artemether treatment. In
response to various stimuli, renal tubules lose
epithelial features and gain mesenchymal char-
acteristics [5]. Tight junction is an important
factor in maintaining renal tubule function [23].
With changes of cell phenotype, the tight junc-
tion of renal tubules was also impaired which
was proved by significantly reduced ZO-1.
These molecular pathological alterations were
obviously attenuated by artemether. Consistent
with in vivo results, the in vitro study indicated
that adriamycin treatment induced downregula-
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tion of p-E-cadherin and ZO-1 in NRK-52E cells.
Co-incubation of artemether dose-dependently
upregulated their expression. Meanwhile, up-
regulated cleaved PARP was also downregulat-
ed by artemether. These results suggested that
cell death pathways were closely related to
phenotypic alterations.

Mitochondria are essential organelle and have
been implicated in multiple cellular signal path-
ways [24]. To explore the intracellular changes
of renal tubules undergoing phenotypic remod-
eling, we determined the mitochondria associ-
ated proteins participating in cell death and
metabolism. Bax plays a key role in mitochon-
dria dependent apoptosis and generally ex-
pressed at a low level in cytosol, or weakly
associated to mitochondria. In response to
apoptotic stimuli, Bax is relocated to the outer
mitochondrial membrane and participates in
mitochondrial destruction process. On the con-
trary, Bcl-xL could retrotranslocate Bax from
mitochondria to cytosol and then promote cell
survive [25]. In this study, increased Bax and
decreased Bcl-xL were observed in AN group.
Corresponding to these lesions, mitochondria
also displayed metabolic rearrangements. Py-
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Figure 4. Effects of artemether on Bax and Bcl-xL expression in kidney. A. Immunoblotting bands of Bax and Bcl-xL
in different groups. B, C. Bar graphs displaying the semi-quantitative analysis of Bax and Bcl-xL in each group. D, E.
Immunohistochemical staining of Bax and Bcl-xL in kidney of each group. The representative images revealed that
they are mainly distributed in renal tubules. Scale bar, 40 um. n=4 per group. *P<0.05 and **P<0.01 vs. control;

#P<0.05 and ##P<0.01 vs. AN.

ruvate is metabolized in mitochondria and fuels
the citric acid cycle to maintain oxidative phos-
phorylation. The expression of enzymes relat-
ed to pyruvate metabolism including PDH,
PDP1, and PDK1 were disturbed. Artemether
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treatment restored the imbalance of Bax and
Bcl-xL, and improved pyruvate metabolism.

The mitochondria are double membrane bound
organelles. OPA1 and VDAC were localized to

Am J Transl Res 2022;14(3):2002-2012
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Figure 5. Artemether regulated mitochondrial pyruvate metabolism. A. Immunoblotting images of PDH, PDP1, and
PDK1 in various groups. B, C. Bar graphs showed the fold change of PDH and PDP1/PDK1 ratio in different groups.
n=4 per group. *P<0.05 and **P<0.01 vs. control; ##P<0.01 vs. AN.

the inner and outer mitochondrial membrane
respectively. Consistent with the expression
levels of OPA1 and VDAC in kidney, mtDNA con-
tent also reduced significantly in AN group.
H,0, was mainly generated in mitochondria and
participates in multiple signal transduction. Its
production may be used as an indicator to eval-
uate mitochondrial content and function [26].
In AN group, H,0, content in renal tissue signi-
ficantly reduced. These results together sug-
gested that mitochondrial deficiency may play
a critical role in renal disease progression.
Considering that ERRa, NRF1, and HSP60 are
closely related to mitochondrial biogenesis and
function [27-29], we speculate that mitochon-
drial deletion in AN group might be associated
with decreased ERRa, NRF1, and HSP6O. It
is worth mentioning that these mitochondria
related alterations were obviously attenuated
by artemether therapy.

In summary, this study provided some evidence
that artemether could attenuate renal tubular
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injury and improve cell phenotypic changes.
The underlying mechanisms might be associ-
ated with its regulation on mitochondrial func-
tion and biogenesis. Taken together, our results
demonstrate that artemether may be translat-
ed into clinic for treating kidney diseases, es-
pecially those associated with renal tubular
injury.
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Figure 7. Artemether upregulated mitochondrial biogenesis related transcription factors. A. Immunoblotting bands
of ERRa, NRF1, and HSP6O0 in various groups. B-D. Bar graphs showed the fold change of ERRa, NRF1, and HSP60
in each group. n=4 per group. *P<0.05, **P<0.01 and ***P<0.001 vs. control; #P<0.05 and ###P<0.001 vs. AN.
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