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ARTICLE INFO ABSTRACT

Aims: Renal fibrosis is the most common final stage of progressive renal disease, characterized by fibroblast
proliferation, fibroblast-to-myofibroblast differentiation and excessive accumulation of extracellular matrix.
Dihydroartemisinin (DHA) exerts antitumor, antibacterial, and antifibrotic effects. The aim of this study was to
determine whether DHA has beneficial effects on unilateral ureteral obstruction (UUO)-induced renal fibrosis in
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Ei?)lr:[;ast mice and to examine explore the underlying possible mechanisms.

Proliferation Materials and methods: Eight-week-old male C57BL/6 mice were intragastrically administered DHA for 14 con-
Differentiation secutive days after UUO operation. Afterward, interstitial collagen deposition, expression of collagen I and III,
PI3K/AKT fibronectin, a-smooth muscle actin (a-SMA), proliferating cell nuclear antigen (PCNA), and S100 calcium-binding

protein A4 (S100A4) were assessed in the kidneys. Transforming growth factor beta 1 (TGF-B1)-induced primary
human kidney fibroblasts were treated with DHA to further investigate the mechanism underlying its action.
Key findings: In vivo, DHA reduced UUO-induced morphological and pathological changes and the degree of
renal fibrosis. In addition, DHA mitigated fibroblast proliferation and differentiation in kidney tissue induced by
UUO. In vitro, DHA significantly attenuated the TGF-B1-induced primary human kidney fibroblast proliferation
and fibroblast-to-myofibroblast differentiation. Moreover, treatment with DHA attenuated the up-regulation of
phosphorylation of phosphatidylinositol-3-kinase (PI3K) and protein kinase B (AKT) in UUO model and TGF-f31-
induced primary human kidney fibroblasts.

Significance: We provide in vivo and in vitro evidence that DHA may relieve renal fibrosis through regulation of
fibroblast proliferation and differentiation by mitigating the PI3K/AKT pathway. DHA may potentially be used
as a therapeutic antifibrotic agent for the treatment of renal fibrosis.

1. Introduction into myofibroblasts, induced by various factors [3]. Myofibroblasts,

which are characterized by the development of a-smooth muscle actin

Renal fibrosis is a common pathological process occurring in
chronic kidney disease (CKD), characterized by thickening of the tub-
ular basement membrane and excessive accumulation of extracellular
matrix (ECM). Renal fibrosis is caused by a complex set of etiological
factors, such as inflammatory, immunological, metabolic, obstructive,
or other systemic diseases [1,2]. Numerous studies have revealed that
renal fibrosis is mediated by multiple mechanisms, and the central
cellular event is the proliferation of fibroblasts and their differentiation

(a-SMA) fibers, have a contractile phenotype and abundantly synthe-
size collagen and ECM proteins [4]. Persistent production of ECM de-
creases the glomerular filtration rate and adversely affects renal func-
tion, eventually resulting in the acceleration of renal injury [5].
However, there are no effective therapies to completely prevent the
progression of renal fibrosis or slow the progressive loss of renal
function in CKD. The treatment options for patients with end-stage
renal disease are limited to dialysis and renal transplantation.

Abbreviations: DHA, dihydroartemisinin; UUO, unilateral ureteral obstruction; ECM, extracellular matrix; CKD, chronic kidney disease; BUN, blood urea nitrogen;
Scr, serum creatinine; CT, computed tomography; a-SMA, a-smooth muscle actin; S100A4, S100 calcium-binding protein A4; PCNA, proliferating cell nuclear
antigen; TGF-B1, transforming growth factor beta 1; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; CCK-8, Cell Counting Kit-8; H&E, Hematoxylin and
Eosin; qPCR, quantitative polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
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Meanwhile, herbal medicines have traditionally been used for CKD, and
their constituent natural compounds are considered essential sources
for drug discovery [6].

Dihydroartemisinin (DHA), derived from the natural small-molecule
compound artemisinin, is a safe and effective antimalarial drug re-
commended by the World Health Organization [7]. In recent years, DHA
has attracted attention of researchers because it exhibits an ample array of
pharmacological activities, such as antitumor, antibacterial, and antifibrotic
properties [8-10]. A research showed that DHA significantly decreased
collagen synthesis and inhibited fibroblast proliferation in bleomycin-in-
duced pulmonary fibrosis [11]. Another research demonstrated that DHA
alleviated oxidative stress and reduced the increase in the myofibroblasts-
like processes of the type II alveolar epithelial cells (AECs) in bleomycin-
induced pulmonary fibrosis [12]. Thus, we hypothesize that DHA may
prevent renal fibrosis and try to explore the effect of DHA on fibroblast
proliferation and myofibroblasts activation and its potential mechanism.

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (also known
as AKT) pathway plays a significant role during the process of fibrosis by
regulating many upstream and downstream factors and can promote the
proliferation of fibroblasts and their differentiation into myofibroblasts
[13]. Some studies have shown that natural compounds could regulate the
fibrosis-related PI3K/AKT pathway and indicated that PI3K/AKT signaling
might be a potential target for antifibrosis therapy [14,15].

The aims of the present study were to investigate whether DHA
attenuates renal fibrosis and to explore the underlying mechanism. In
this study, we determined the in vivo and in vitro protective effects of
DHA against renal fibrosis using a unilateral ureteral obstruction (UUO)
model and a transforming growth factor beta 1 (TGF-B1)-stimulated
primary human kidney fibroblast model, respectively. Our results
confirmed that DHA attenuated UUO-induced kidney fibrosis, and also
prevented the fibroblast proliferation and fibroblast-to-myofibroblast
differentiation partly through regulation of PI3K/AKT pathway.

2. Materials and methods
2.1. Drug

DHA (> 98% purity; MW 284.35) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China).

2.2. Ethics statement

The protocols of the experiments were approved by the Committee on
the Ethics of Animal Experiments of Central South University (China). All
experiments were performed in accordance with the guidelines of the
National Institutes of Health. The mice were anesthetized by in-
traperitoneal injection with chloral hydrate (400 mg/kg), and all efforts
were made to minimize animal suffering while performing surgery.

2.3. Animals and treatments

Animal experiments were conducted on 8-week-old male C57BL/6
mice of specific-pathogen-free grade (Department of Laboratory Animal
Unit of Central South University, China). The animals were housed under
a 12/12-h light/dark cycle and controlled temperature (23 * 1 °C). The
method used for the UUO operation was as described in a previously
published study [16]. Briefly, all surgeries were performed under an-
esthesia with 10% chloral hydrate (400 mg/kg). In the UUO group, the
left lateral dorsal surface of the mice was incised, the left ureter was
exposed and ligated with 4-0 silk sutures, and the ligatures were cut off
to prevent retrograde urinary tract infections. The sham operation was
performed in a similar manner, except for the ureter ligation.

Twenty-four male C57BL/6 mice were randomly divided into the
following four groups: (1) a sham group; (2) a UUO group; (3) a DHA
group; and (4) a UUO + DHA group. The mice in the latter two groups
were intragastrically administered DHA (40 mg/kg once a day) for 14
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consecutive days after surgery. The mice in the sham and UUO groups
were administered equal volumes of a 0.9% NaCl solution. All animals
were sacrificed on day 14 after surgery. The left kidneys were dec-
apsulated, washed with ice-cold normal saline, and then rapidly dis-
sected. Part of each kidney was fixed in 10% formalin, and the re-
maining part was stored at —80 °C for further study.

2.4. Renal function analysis

All animals were sacrificed on the 14th day after surgery. Blood was
taken from the ophthalmic artery, and the serum obtained by cen-
trifugation was immediately sent to the department of Clinical
Laboratory, Xiangya Hospital, Central South University for determina-
tion of blood urea nitrogen (BUN) and serum creatinine (Scr) levels by
colorimetry assays (Beckman AU5800, USA).

2.5. Histological examination

Kidney tissues were fixed in a 4% paraformaldehyde solution and
then embedded in paraffin for the preparation of tissue sections for
pathological examination, for which the sections were stained with
hematoxylin and eosin (H&E), Masson's trichrome, and Sirius red. For H
&E staining, slides were immersed in a hematoxylin solution for 3 to
5min, then differentiated with acid alcohol, and counterstained with
eosin for 3 min. For Masson's trichrome staining, slides were immersed
in a potassium bichromate solution overnight and then sequentially
stained with a mixed hematoxylin A and B solution for 3min, a
Ponceau-acid fuchsin solution for 5min, a phosphomolybdic acid so-
lution for 2min, and an aniline solution for 5min. For Sirius red
staining, slides were immersed in a Sirius red solution for 10 min.
Images of H&E- and Masson's trichrome-stained sections were acquired
under a microscope (Nikon, Japan). Images of Sirius red-stained sec-
tions were acquired using polarized light microscopy (Nikon, Japan).

2.6. Immunohistochemical examination

In brief, paraffin sections were deparaffinized, rehydrated, im-
mersed in 3% hydrogen peroxide for 10min to inactivate any en-
dogenous peroxidase, and then incubated for 30 min in blocking buffer
containing 5% bovine serum albumin (BSA). After blocking, the sec-
tions were incubated overnight at 4 °C with antibodies against collagen
I, collagen III (1:100; Servicebio, China), followed by incubation at
room temperature (20-25°C) with a horseradish peroxidase (HRP)-
conjugated anti-rabbit secondary antibody (1:100; Sigma-Aldrich, St.
Louis, MO, USA). Images of five randomly selected fields were acquired
under a microscope (Nikon, Japan).

2.7. Immunofluorescence staining

Briefly, paraffin-embedded sections (5-um thickness) were depar-
affinized, and non-specific binding was blocked by incubation with 3%
BSA for 30 min. Thereafter, the slides were incubated with primary anti-
bodies against PCNA (1:100; Servicebio, China), SI00A4 (1:100; Boster,
China), and a-SMA (1:100; Servicebio, China) overnight at 4 °C, followed
by incubation with an Alexa Fluor 488-conjugated goat anti-rabbit sec-
ondary antibody (1:100; Beyotime, China) or an Alexa Fluor 594-con-
jugated goat anti-mouse secondary antibody (1:100; Beyotime, China) at
room temperature for 30 min in the dark. Finally, the slides were in-
cubated with a 4’,6-diamidino-2-phenylindole solution at room tempera-
ture for 10 min and mounted with coverslips using anti-fade medium.
Images were acquired using fluorescent microscopy (Nikon, Japan).

2.8. Primary human kidney fibroblasts isolation and culture

Segments of macroscopically and histologically normal renal cortex
were obtained from the kidney of a 45-year-old male that was surgically
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removed as part of treatment for renal cell carcinoma (tumor stage:
T2aNOMO; largest tumor diameter: 7.2 cm). The patient had no hy-
pertension, diabetes, tuberculosis, or any other disease before surgery.
No renal impairment was noted; BUN and Scr levels were 7.1 mmol/L
and 82.9 umol/L, respectively. Before surgery, a 64-multidetector row
computed tomography (CT) scanner with a 0.5-mm step interval was
used in the patient to acquire enhanced CT scans, including arterial,
parenchymal, and secretory phases, to determine the staging of the
tumor. Informed consent was obtained before each operative proce-
dure, and the use of human renal tissue was approved by the Xiangya
Hospital Human Research Ethics Committee. Briefly, normal renal
tissue was isolated at least 5cm from the edge of the tumor, renal
cortical tissue was dissected from the medulla, chopped the with sur-
gical scissors until finely minced, digested with 5 ml enzyme mix (1 mg/
ml Collagenase I (Sigma-Aldrich, USA) and 10 pg/ml Dnase I (Solarbio,
China), incubate at 37 °C for 1 h with gentle agitation. Added 10 ml PBS
and passed the entire suspension through 80 um cell strainer into a new
50 ml tube. Centrifuge for 5min at 500 xg. Removed the supernatant
and used red blood cell lysate (Solarbio, China) to remove the red blood
cell. Cells were resuspended in Dulbecco's modified Eagle's media and
Ham's F-12 (DMEM/F-12) (Hyclone, USA) containing 10% fetal calf
serum (FBS) (Cyagen Bioscience, China), 1% antibiotics (streptomycin
and penicillin) and were incubated at 37 °C in a humidified atmosphere
of 5% CO,. Cells were used between the second and sixth passages. To
investigate the effect of DHA on the TGF-B1-induced proliferation and
differentiation of fibroblast, Prior to TGF-B1 treatment, fibroblasts were
quiescent by growing in DMEM/F-12 with 0.2% FBS for 12h, then
pretreated with DHA (10 pmol/L(uM), Macklin Biochemical Co. Ltd.,
China) for 1 h, following treatment with TGF-B1 (10 ng/ml, Peprotech,
USA) for 24 h.

2.9. Cell proliferation assay

For various treatment conditions, primary human kidney fibroblasts
were plated in 96-well plates and cultured with or without DHA and
TGF-B1 for 24 h. Primary human kidney fibroblasts proliferation was
investigated using a Cell Counting Kit 8 (Dojindo, Japan) according to
the manufacturer's instructions.

2.10. Quantitative polymerase chain reaction

Total RNA was isolated from kidney tissue and primary human
kidney fibroblasts using the TRIzol reagent (TaKaRa, Japan) according
to the manufacturer's protocol. Reverse transcription (RT) of RNA
(1 pug) to cDNA was performed using the PrimeScript RT reagent kit
with gDNA Eraser (TaKaRa, Japan) in a thermal cycler (Bio-Rad, USA).
The primers used for the target genes are listed in Table 1. Real-time
quantitative polymerase chain reaction (QPCR) was conducted using
SYBR Premix Ex Taq II (TaKaRa, Japan) in a real-time PCR detection
system (CFX96 Touch™, Bio-Rad, USA). The relative expression of

Table 1
The primer sequences for real-time PCR.
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collagen I, collagen III, fibronectin, and a-SMA mRNA was determined
by normalizing the expression level of each gene to that of the GAPDH
gene using the 2~ 24¢ method.

2.11. Western blotting

Total protein lysates were obtained from kidney tissue and primary
human kidney fibroblasts using the radioimmunoprecipitation assay
buffer (Beyotime, China) with a proteinase inhibitor cocktail (Roche
Diagnostics, Indianapolis, IN, USA) and PhosSTOP(Roche Diagnostics,
Indianapolis, IN, USA). The protein concentration was estimated using
a bicinchoninic acid assay kit (Sigma, USA). Equivalent amounts of
protein (30 pg) were separated by 10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and electroblotted onto polyvinylidene
difluoride membranes (Millipore, USA). After blocking, the membranes
were incubated with primary antibodies against collagen I (1:1000;
Boster, China), collagen III (1:1000; Servicebio, China), fibronectin
(1:1000; Servicebio, China), a-SMA (1:500; Servicebio, China), PCNA
(1:2000; Servicebio, China), phospho (p)-PI3K (1:1000; Cell Signaling
Technology, USA), PI3K (1:1000; Proteintech Group, China), p-AKT
(1:1000; Servicebio, China), AKT (1:1000; Servicebio, China), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:2000;
Servicebio, China) overnight at 4 °C. Subsequently, the membranes
were incubated for 1h with HRP-conjugated secondary antibodies
(1:5000 goat anti-rabbit IgG, Boster, or 1:3000 goat anti-mouse IgG,
Millipore, USA). Protein bands were detected using enhanced chemi-
luminescent reagents (Millipore, USA). Images were obtained using a
ChemiDoc XRS system (Bio-Rad, USA).

2.12. Statistical analysis

All results are expressed as the mean =+ standard deviation (SD).
Comparisons among different groups were made by one-way analysis of
variance, followed by the Student-Newman-Keuls test. P < 0.05 was
considered statistically significant. All analyses were performed using
GraphPad Prism 6.0.

3. Results

3.1. DHA attenuated morphological changes and renal function impairment
in the UUO model

H&E staining showed that in the sham and DHA groups, the glo-
merular and tubular structures were normal, and tubules were packed
closely in renal tissue, which indicated that DHA (40 mg/kg/day)
caused no obvious damage to the renal structure, therefore, 40 mg/kg
DHA was used in subsequent experiments (Fig. 1A). In the UUO group,
the interstitial spaces were significantly wider, with infiltration of in-
flammatory cells and perivascular exudates, while glomerular capil-
laries became dilated, and tubular cells underwent necrosis and atrophy

Gene Forward primer Reverse primer
h-GAPDH CCAGAACATCATCCCTGCCT CCTGCTTCACCACCTTCTTG
h-a-SMA TGCCTTGGTGTGTGACAATG TCACCCACGTAGCTGTCTTT
m-GAPDH GAAGGTGGTGAAGCAGGCATCT

CGGCATCGAAGGTGGAAGAGTG m-Fibronectin

TCCCGGGCAGAAAGTACATT TTCAGGGAGGTTGAGCTCTG
m-Collagen I GAGCGGAGAGTACTGGATCG GCTTCTTTTCCTTGGGGTTC
m-Collagen III CCCCTGGTTCTTCTGGACAT

TGGGCCTTTGATACCTGGAG m-a-SMA

CTTCGCTGGTGATGATGCTC

GTTGGTGATGATGCCGTGTT

31



B. Zhang, et al. Life Sciences 223 (2019) 29-37
A
200 X
400 X .
:‘«‘.”-‘ "-_.‘ $ies B\ o
uuo UUO+DHA
B D
- 0 .
5 E 15 = 40
220 ©° ok
< : : A
©15 € =30 :
2 510 =
-E, 10 o % 20
c
2 £5 3
$ E 510
> 3 £
o - | (/2]
< O & T
S S

Fig. 1. Effects of DHA on morphological changes and renal function. (A) Gross histopathology of the kidney. Representative kidney sections were stained with H&E
(top panel: x 200 magnification, bar = 50 um; bottom panel: X 400 magnification, bar = 50 um). (B) Changes of in the kidney weight/body weight ratio in mice. (C)
Measurement of the levels of BUN in serum of mice. (D) Measurement of the levels of Scr in serum of mice. The data are presented as the mean + SD, n = 5-7.

**P < 0.01 versus Sham group; #P < 0.05, ##P < 0.01 versus UUO group.

(Fig. 1A). Meanwhile, in the UUO + DHA group, the morphological
changes induced by UUO significantly improved (Fig. 1A). In addition,
the kidney weight index was significantly higher in the UUO group than
in the sham group. However, treatment with DHA significantly reduced
the kidney weight index compared with that in the UUO group
(Fig. 1B). As shown in Fig. 1C and D, the levels of BUN and Scr were
significantly higher in the UUO group than in the Sham group. How-
ever, treatment with DHA at doses of 40 mg/kg/day significantly de-
creased Scr and BUN levels, which indicates the ability of DHA to im-
prove renal function. These results showed that DHA prevented
morphological changes and renal function impairment induced by UUO
in vivo.

3.2. DHA alleviated renal collagen deposition and interstitial fibrosis in the
UUO model

Extracellular matrix deposition is the significant characteristic of
fibrosis, including collagens, fibronectin, elastin, laminin, and etc. [17].
As shown in Fig. 2A, the collagen deposition was not observed in the
sham and DHA groups, while collagen deposition was obvious in renal
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tissues from the UUO group, stained with Masson's trichrome and Sirius
red (Fig. 2A). Compared with those from the UUO group, renal tissues
from the DHA-treated mice showed reduced collagen deposition areas
(Fig. 2A). Moreover, the immunohistochemical staining results showed
that the expression of collagen I and collagen III, which were the im-
portant component of extracellular matrix, markedly increased in renal
tissues from the UUO group on day 14 and was significantly reduced in
the UUO + DHA group (Fig. 2A).

Furthermore, our results showed that the mRNA levels of collagen I,
collagen III, and fibronectin were markedly higher in the UUO group
than in the sham group (Fig. 2B). In the UUO + DHA group, the mRNA
levels of collagen I, collagen III, and fibronectin significantly decreased
compared with those in the UUO group. We also found that the protein
expression of collagen I, collagen III, and fibronectin was significantly
higher in the UUO mice than in the sham group. Intervention with DHA
significantly inhibited the upregulation of collagen I, collagen III, and
fibronectin in UUO mice at the protein level (Fig. 2C). These data re-
vealed that DHA attenuated extracellular matrix deposition and the
extent of fibrosis induced by UUO.
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Fig. 2. Effects of DHA on ECM deposition in the UUO model. (A) Representative micrographs of Masson's trichrome- and Sirius red-stained renal tissues, and
immunohistochemical staining of renal sections for collagen I and III. (B) Expression levels of collagen I, collagen III, and fibronectin mRNA in renal tissue of mice,
determined by gPCR. (C) Protein expression of collagen I, collagen III, and fibronectin in renal tissue of mice. The data are presented as the mean *+ SD, n = 5-7.

**p < 0.01 versus Sham group; #P < 0.05, ##P < 0.01 versus UUO group.
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Fig. 3. Effects of DHA on the proliferation of fibroblasts in the UUO model in vivo. (A) Expression of SI00A4 and PCNA in renal tissue, detected by immuno-

fluorescence. (B) Protein expression of PCNA in renal tissue, determined by western blotting. The data are presented as the mean * SD, n = 3. **P < 0.01 versus
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Fig. 4. Effects of DHA on the differentiation of fibroblasts in the UUO model in vivo. (A) Expression of a-SMA in renal tissue, detected by immunofluorescence. (B)
mRNA levels of a-SMA were quantified by qPCR. (C) Protein expression of a-SMA in renal tissue was determined by western blotting. The data are presented as the
mean * SD, n = 3. **P < 0.01 versus Sham group; #P < 0.05, ##P < 0.01 versus UUO group.

3.3. DHA mitigated proliferation of kidney fibroblasts in the UUO model

S100A4 (also known as fibroblast-specific protein 1) has been
widely accepted as a fibroblast-specific marker [18]. PCNA, which
plays an important role in DNA synthesis, DNA repair, cell cycle pro-
gression, and cell proliferation, is a sensitive indicator of proliferation
[19,20]. To evaluate whether DHA could mitigate fibroblast prolifera-
tion, the expression of S100A4 and PCNA was detected on post-
operative day 14 in kidney tissue through immunofluorescence
staining. Kidney sections showed high positive PCNA coexpressed with
S100A4 in the fibroblast of UUO-induced mice but not in control and
DHA groups kidney. In contrast, the number of fibroblasts (S100A4
positive) coexpressed with PCNA were significantly lower in the
UUO + DHA group than those in the UUO group (Fig. 3A). In addition,
significantly lower expression of PCNA in renal tissue from the
UUO + DHA group compared with that of the UUO group was con-
firmed by western blotting (Fig. 3B). These results indicated that DHA
attenuated fibroblast proliferation in vivo.

3.4. DHA mitigated myofibroblast activation in the UUO model

To further confirm the effect of DHA on myofibroblast activation,
the major molecular marker of myofibroblasts, a-SMA, was detected by
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immunofluorescence, qPCR, and western blotting. Immunofluorescence
staining (Fig. 4A) showed that a-SMA positive cells notably increased in
the kidneys of UUO mice compared with that in the sham group.
However, DHA treatment mitigated the number of a-SMA positive cells.
Moreover, mRNA (Fig. 4B) and protein (Fig. 4C) levels of a-SMA dra-
matically increased in the UUO group compared with those in the sham
group. qPCR and western blotting analyses indicated that the levels of
a-SMA were significantly lower in the UUO + DHA group than in the
UUO group. These results revealed that DHA alleviated the myofibro-
blast activation induced by UUO in the kidney tissue.

3.5. DHA inhibited TGF-1-induced proliferation and differentiation of
primary human kidney fibroblasts in vitro

Appearance of the isolated primary human kidney fibroblasts is
shown in Fig. 5A. To determine the effect of DHA on cell viability, the
primary human kidney fibroblasts were treated with different DHA
concentrations (0, 3, 10, 30 uM). The CCK-8 assay showed that 30 uM
DHA significantly decreased cell viability (Fig. 5B); therefore, for fur-
ther experiments, we chose a lower concentration (10 uM) that had no
obvious deleterious effect on the cells. TGF-f1 is the most important
profibrotic factor, which is often used as the stimulator for fibroblasts
proliferation and differentiation [21]. The CCK-8 assay showed that the



B. Zhang, et al.

A B

=15

=

£1.0

305

m

< 0.0

D E

_ 8-
Q
>
273
<?
z
x &
e
< 2
=0
“?V
3

Life Sciences 223 (2019) 29-37

-
(3}

-
o

o

KFB cell viability

w B

SMA level

N

Relative o -

v.
X

Fig. 5. Effects of DHA on TGF-B1-induced proliferation and differentiation of primary human kidney fibroblasts. (A) Phase contrast microscopic appearance of
primary human kidney fibroblasts (Third passages). (B) Viability of primary human kidney fibroblasts, evaluated by the CCK-8 assay under different DHA con-
centrations. (C) Viability of primary human kidney fibroblasts, evaluated by the CCK-8 assay. (D) Protein expression of PCNA in primary human kidney fibroblasts,
determined by western blotting. (E) mRNA levels of a-SMA were quantified by qPCR. (F) Protein expression of a-SMA in primary human kidney fibroblasts,
determined by western blotting. The data are presented as the mean + SD, n = 3. *P < 0.05, **P < 0.01 versus O M group or Control group; #P < 0.05,

##P < 0.01 versus TGF-f group.

viability of primary human kidney fibroblasts was higher in the TGF-31
group than in the control but significantly decreased in the
DHA + TGF-f1 group compared with that in the TGF-f1 group
(Fig. 5C). These data showed that DHA reduced cell viability, which
was increased by TGF-B1 treatment but had no significant effect on the
viability of fibroblasts without TGF-B1 treatment. Moreover, western
blotting analysis indicated that the level of PCNA expression was also
significantly lower in the DHA + TGF-B1 group than in the TGF-B1
group (Fig. 5D). In addition, our findings indicated that the mRNA and
protein levels of a-SMA were upregulated in TGF-B1-induced primary
human kidney fibroblasts but were significantly lower in the
DHA + TGF-B1 group (Fig. 5E and F). These data showed that DHA
prevented the fibroblasts proliferation as well as fibroblast-to-myofi-
broblast differentiation induced by TGF-f1 in vitro.

3.6. DHA suppressed the activation of the PI3K/AKT pathway in vivo and
in vitro

It has been demonstrated that the PISK/AKT signaling pathway
plays an important role in the progression of renal fibrosis and in-
flammation [22]. To further investigate the molecular mechanism of
the ameliorating effect of DHA on UUO-induced renal fibrosis, we
analyzed the effects of DHA on the PI3K/AKT signaling pathway in
UUO model and primary human kidney fibroblasts induced by TGF-p1.
The protein levels of p-PI3K, PI3K, p-AKT and AKT were measured by
western blotting. In vivo, the protein levels of p-PI3K and p-AKT were
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significantly higher in the UUO group than in the shame group
(Fig. 6A), whereas these levels were significantly suppressed in the
UUO + DHA group. In vitro, it was shown that the levels of phos-
phorylation of PI3K and AKT were markedly higher in the TGF-B1
group than in the control group. Whereas phosphorylation of PI3K and
AKT was suppressed in the DHA + TGF-p1 group. These results indicate
that DHA inhibits activation of the PISK/AKT signaling pathway in
UUO model and TGF-f1-induced primary human kidney fibroblasts.

4. Discussion

The typical feature of renal fibrosis is an excessive deposition of
ECM proteins, including collagens and fibronectin, resulting from an
imbalance in renal ECM dynamics, wherein the rate of the ECM pro-
duction exceeds that of its degradation [23]. One of the important re-
sults obtained in this study was that the DHA treatment markedly in-
hibited the upregulation of collagen I, collagen III, and fibronectin,
caused by UUO. As a result, we believed that the effects of DHA on renal
fibrosis seems directly related to the reduction of ECM components
synthesis. Myofibroblasts are a specific cell population thought to be a
source of inflammatory cytokines and extracellular matrix in various
disease conditions. However, the origin of myofibroblasts in renal fi-
brosis remains unclear. Using genetic mouse models and a fate-mapping
strategy, a previous study found that the origin of myofibroblasts in
kidney fibrosis is quite diverse; half of the myofibroblasts accumulated
via proliferation and the rest originated from differentiation. Local
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Fig. 6. DHA suppresses the activation of the PI3K/AKT pathway in vivo and in vitro.

(A) Left, protein expression levels of p-PI3K, PI3K, p-AKT, and AKT in kidney of mice, determined by western blotting. Right, relative protein expression levels. (B)
Left, protein expression levels of p-PI3K, PI3K, p-AKT, and AKT in primary human kidney fibroblasts, determined by western blotting. Right, relative protein
expression levels. The data are presented as the mean + SD,n = 3. *P < 0.05, **P < 0.01 versus Sham group or Control group; #P < 0.05, ##P < 0.01 versus

UUO group or TGF-f group.

fibroblast expansion contributes to about 50% to the myofibroblast
pool, while about 35% are recruited from the bone marrow. Endothelial
to mesenchymal transition (EndMT) contributes to about 10% and
epithelial to mesenchymal transition (EMT) is responsible for about 5%
of interstitial myofibroblasts [24]. Obviously, aberrant proliferation of
renal fibroblasts and their differentiation to myofibroblasts are hall-
marks of progressive renal fibrosis, which is characterized by an ex-
cessive ECM build-up leading to the loss of tissue compliance [3,25].
Therefore, inhibition of fibroblast proliferation and differentiation can
retard the progression of renal fibrosis. The results of the current study
showed that the expression of PCNA in S100A4 positive fibroblast in the
kidneys tissue and also the expression of a-SMA increased in UUO mice
kidney, while treatment with DHA significantly reduced the expression
of PCNA and a-SMA expression in UUO mice. Therefore, one possible
mechanism of antifibrotic effects of DHA is through inhibition of fi-
broblast proliferation and differentiation in renal fibrosis.

Activation of the TGF-B pathway is considered a key event in the
development of renal fibrosis. TGF-B1, an attractant for fibroblasts,
stimulates these cells to synthesize fibrogenic cytokines and is the most
potent profibrotic factor, mediating fibroblast proliferation and acti-
vation [26,27]. In our study, when primary human kidney fibroblasts
were treated with TGF-B1 (10ng/mL) for 24 h, cells exhibited a high
viability determined by CCKS8, higher expression of PCNA and cells
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differentiated toward a myofibroblast phenotype, characterized by a-
SMA expression. While cells pretreatment with DHA was able to inhibit
the TGF-fBl-induced fibroblast proliferation, as well as their differ-
entiation into myofibroblasts, thus, our findings support that DHA may
relieve renal fibrosis through regulation of fibroblast proliferation and
differentiation.

The PI3K/AKT signaling pathway plays a central role in cell growth
and survival. Researches showed that PI3K/AKT signaling pathway play
vital role in the process of renal cell carcinoma cells epithelial-me-
senchymal transition (EMT) [28] and PI3K/AKT/mTOR signaling
pathway participated in the autophagy of human gingival fibroblasts
[29]. Another study on fibrosis signal transduction has shown that the
PI3K/AKT signaling pathway can promote the proliferation of human
lung fibroblasts and their differentiation into myofibroblasts [13]. Our
results showed that the phosphorylation levels of PI3K and AKT in the
kidney tissue induced by UUO and in primary human kidney fibroblasts
induced by TGF-$1 were significantly downregulated by the treatment
with DHA, indicating that the mechanism of the DHA inhibitory effects
on renal fibrosis and the primary human kidney fibroblast proliferation
and differentiation might involve the inhibition of the PI3K/AKT sig-
naling pathway.

The results of this study demonstrate that DHA, the major active
metabolite of artemisinin, is a safe and effective drug, which shows an
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attenuating effect on UUO-induced renal fibrosis. In this study, DHA
showed an antifibrotic effect and improved the histopathological ab-
normalities in the UUO model. Furthermore, our results showed that
the antifibrotic effect of DHA might be due to the inhibition of fibro-
blast proliferation and differentiation in vivo and in vitro. Finally, we
measured the protein levels of PI3K, p-PI3K, AKT, and p-AKT and found
that DHA suppressed the activation of the PI3K/AKT pathway in kidney
tissue induced by UUO and in primary human kidney fibroblasts in-
duced by TGF-p1. Thus, our findings showed that DHA might relieve
renal fibrosis by mitigating fibroblast proliferation and differentiation
via the PI3K/AKT pathway, which can be a new potential therapy of
treatment for kidney fibrosis.

5. Conclusion

In conclusion, the present study indicated that DHA could protect
against UUO-induced renal fibrosis and this effect might be associated
with the reduction of fibroblast proliferation and differentiation via the
PI3K/AKT pathway. Thus, DHA may potentially become a preventive or
therapeutic drug for the treatment of renal fibrosis.
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