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Abstract

Beraprost sodium (BPS), as a prostacyclin analog, plays a significant role in various diseases based on its antiplatelet and
vasodilation functions. However, its regulation and role in chronic kidney disease (CKD) still remain elusive. Here, we deter-
mined whether BPS could alleviate renal interstitial fibrosis, and improve the renal function and its therapeutic mechanism.
In vitro, BPS increased angiogenesis in the HUVECs incubated with BPS detected by tube formation assay and repair damaged
endothelial cell—ell junctions induced by hypoxia. In vivo, mice were randomly assigned to a sham-operation group (sham), a
unilateral ureteral obstruction group (UUO), and a BPS intragastrical administration group (BPS), and sacrificed at days 3 and 7
post-surgery (six in each group). In UUO model, tissue hypoxia, renal inflammation, oxidative stress, and fibrotic lesions were
detected by q-PCR and Western blot techniques and peritubular capillaries (PTCs) injury was detected by a novel technique of
fluorescent microangiography (FMA) and analyzed by MATLAB software. Meanwhile, we identified cells undergoing endo-
thelial cell-to-myofibroblast transition by the coexpression of endothelial cell (CD31) and myofibroblast (a-SMA) markers in the
obstructed kidney. In contrast, BPS protected against interstitial fibrosis and substantially reduced the number of endothelial cell-
to-myofibroblast transition cells. In conclusion, our data indicate the potent therapeutic of BPS in mitigating fibrosis through
repairing renal microvessels and suppressing endothelial-mesenchymal transition (EndMT) progression after inhibiting inflam-
matory and oxidative stress effects.

Key messages

*  BPS could improve renal recovery through anti-inflammatory and anti-oxidative pathways.

* BPS could mitigate fibrosis through repairing renal microvessels and suppressing endothelial-mesenchymal transition
(EndMT).

Keywords Beraprost sodium - Peritubular capillaries - Inflammation - Oxidative stress - Endothelial-mesenchymal transition -
Renal interstitial fibrosis
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Chronic kidney disease (CKD) leading to end stage renal fail-
ure arises from many kidney damage. Renal fibrosis, charac-
terized by oxidative stress, chronic inflammation, fibroblast
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The kidney is a highly vascular organ, and the
tubulointerstitium is particularly susceptible to injury, clinical-
ly resulting in the progress of CKD [3]. The renal peritubular
capillaries delivering oxygen and nutrients to the tubules are
crucial for the proper functioning of the kidney [4]. Several
recent studies suggest capillary rarefaction and endothelial
injury are important pathophysiological processes promoting
renal fibrosis [5—7]. One explanation for this pathophysiology
is tissue hypoxia. Such a hypoxic state of the kidney is pri-
marily because of the decreased blood supply and increased
oxygen demand and the augmented oxygen diffusion between
arterial and venous vessels owing to the extracellular matrix
accumulation [8, 9]. Loss of capillaries accompanied by hyp-
oxia would induce an injury cascade with oxidative stress and
inflammation [10]. Oxidative stress contributes significantly
to progression of kidney disease by upregulating production
of reactive oxygen species (ROS), which are critical players
that can alter the structure and function of endothelial cells,
and thereby induce EndMT and tubulointerstitial lesions [11].
Another central factor driving the pathogenesis of interstitial
fibrosis is inflammation resulting from the production of pro-
inflammatory molecules and leucocytic infiltration, which
leading to subsequently more rapid loss of renal function
[12, 13].

Prostaglandin 12 (PGI2), primarily synthesized in endothe-
lial cells, has strong antiplatelet and vasodilation functions. As
a prostacyclin analog, beraprost sodium (BPS) avoids prosta-
cyclin’s chemical instability and short plasma elimination
half-life and becomes orally administered prodrug of PGIL,.
Several studies have reported that BPS is a vasoactive sub-
stance, which has been used to treat pulmonary arterial hyper-
tension [14], atherosclerosis obliterans [15], and microvascu-
lar complications of diabetic nephropathy [16] through
expanding renal vessels, improving microcirculation.
However, whether BPS could serve as a therapeutic tool to
alleviate renal interstitial fibrosis has not been previously in-
vestigated. On the basis of previous studies, we hypothesized
that BPS could alleviate renal interstitial fibrosis through im-
proving renal microcirculation, further inhibiting inflamma-
tion and oxidative stress and ultimately suppressing EndMT.
In this study, we sought to determine this hypothesis in both
cells and mouse models of CKD.

Case vignette

A 42-year old man with no medical history was admitted to
the Nephrology unit for chronic renal insufficiency and hyper-
tension. On admission, vital examination (2016-04-12)
showed blood pressure of 179/111 mmHg, proteinuria of 2+,
serum creatinine level of 105 pmol/l. The patient was diag-
nosed with CKD1, hypertension (grade 3, high risk), and was
given long-term treatment, such as protecting renal function,
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improving microcirculation (beraprost sodium), controlling
blood pressure, and improving proteinuria. Three months lat-
er, the patient was re-admitted for reexamination, and vital
examination (2016-07-04) showed blood pressure of 138/
82 mmHg, proteinuria of +—, serum creatinine level of
81 pmol/l, BUN level of 6.5 mmol/l (Table 1). However,
blood pressure slowly increased to 150/110 mmHg since the
discontinuation of beprost sodium on July 18, demonstrating
BPS as a potent vasodilator. We followed up the patients for
12 months. The data showed that the urinary protein decreased
spirally. According to the level of serum creatinine and urea,
the patients kept good after discharge (Supplementary fig. S5).
It can be seen that the pharmacological mechanism of BPS is
dilation of blood vessels, antagonism of renin-angiotensin-
induced vasoconstriction, increase of renal blood flow, im-
provement of renal hypoxia and glomerular filtration rate,
and enhancement of renal clearance of toxins. Inhibiting the
rising rate of serum creatinine and urea demonstrates that BPS
has independent renal protection and delays the progress of
the disease.

Materials and methods
Ethics statement

All methods were performed in accordance with the relevant
guidelines and regulations. All animal experiments were per-
formed by procedures approved by the Ethics Committee for
Animal Research at the Xuzhou Medical University.

Cell culture

The HUVECs were cultured in a modified minimum essential
medium (Hyclone, Logan, NY, USA) supplemented with 10%
fetal bovine serum (FBS; Hyclone, Logan, UT, USA) and 1%
mycillin (Beyotime, Shanghai, China) at 37 °C in 5% CO, and
95% air. HUVECs in hypoxia group were cultured for 12 h
into an airtight humidified chamber flushed with a gas mixture
containing 5% CO2, 95% N2, and 1% O2 at 37 °C. HUVECs
in hypoxia + BPS group were cultured with BPS (BEIJING
TIDE PHARMACEUTICAL CO., LTD) at 1.0 umol/l. The
cells were cultured according to the manufacturer’s instruc-
tions and the culture medium was changed every 2 or 3 days.
HUVECSs at passage 3 were used for the following
experiments.

Animal models

Thirty-six mice (body weight: 18-22 g, 6- to 8-week-old
C57B1/6] males) were purchased from the Laboratory
Animal Centre of Xuzhou Medical University (Jiangsu,
China). The animals were maintained in a temperature (22 +
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Table 1 Renal function in sham,
UUO, and BPS groups (mean + 3 days 7 days
s.e.am., n =6 each)
Sham uuo BPS Sham uuo BPS
BUN  7.50 £ 0.04 731+ 1.61 5.90 = 1.07 7.17 £0.61 7.50 + 0.99 632+ 1.48
Scr 1562 +£0.75  15.67 +291 1409+ 1.82  1495+0.93 1497+ 152  11.59 + 1.46*"

Abbreviations: BUN, blood urea nitrogen; Scr, serum creatinine; UUO, unilateral ureteral occlusion; BPS, UUO +

beraprost sodium administration

#P <0.05 vs. sham; * P> 0.05 vs. UUO

1 °C) and lighting (12 h light-dark cycle) controlled room
with free access to food and water. After 1 week of acclima-
tization, the mice were randomly divided into the three fol-
lowing groups (n=16 in each group): sham-operated mice
(sham group), UUO mice intragastrically administered dis-
tilled water as a vehicle control (UUO group), and UUO mice
treated with BPS (BPS group). To establish the UUO model, a
left abdominal incision was made on the mouse after exposure
to anesthesia (chloral hydrate 10.0%, 0.003 ml/g intraperito-
neal). The left ureter was then ligated with 40 silk suture, and
the incision was closed in layers. Sham animals were subject-
ed to a similar left abdominal incision, but the left ureter was
not ligated. BPS (BEIJING TIDE PHARMACEUTICAL
CO., LTD) was administrated orally to UUO model at
0.6 mg/kg/d b.i.d., whereas mice in the UUO group were
intragastrically administered an equal volume of double-
distilled water at the same time every day.

At days 3 and 7 post-surgery, mice from the three groups
were sacrificed. Mice blood was obtained from the retro-
orbital plexus to measure the concentration of serum creati-
nine (Scr) and blood urea nitrogen (BUN), then the left kid-
neys were extracted and washed in saline solution. One part of
the kidneys was fixed in 10% formaldehyde for morphologi-
cal and immunohistochemical staining, while the other part
was stored at — 80 °C for later PCR and Western blot analysis.

Tube formation assay

Tube formation was performed as previously described [17].
In brief, endothelial cells (1 x 10%) were seeded in a 48-well
plate coated with 100 pl of growth factor-reduced Matrigel
TM (BD, USA) and incubated with and without varied con-
centrations of BPS at 0.1, 1.0, and 10.0 umol/1 for tube stabi-
lization for 24 h at 37 °C. Tube formation was quantified by
measuring the total tube loops in five random microscopic
fields with a computer-assisted microscope (OLYMPUS,
JAPAN).

Renal histology

To evaluate renal morphology, kidney samples were fixed in
10% formaldehyde, embedded in paraffin, sectioned into

4-um-thick sections, deparaffinized and then incubated for
15 min in Histochoice. Subsequently, the sections were se-
quentially incubated for 5 min in 100% alcohol, 95% alcohol,
85% alcohol, 75% alcohol and then stained with hematoxylin-
eosin, Masson’s trichrome, and picrosirius red. The areas of
interstitial fibrosis were detected using Masson’s trichrome
staining to visualize the collagen fibers, which were stained
dark blue and picrosirius red staining, which were stained red.
Ten microscopic visual fields of kidney tissues were randomly
selected in the sections under high-power magnification (x

40).

FMA

FMA was performed as previously described [18]. Briefly,
mice were placed on a surgical heating pad (37 °C) after anes-
thetized with chloral hydrate (10.0%, 0.003 ml/g intraperito-
neal). The abdomen was cut via a midline incision extending
from the symphysis pubis to the jugulum. All solutions were
prewarmed to 41 °C according to Rafael Kramann et al. One
milliliter of heparinized saline followed by 1 ml of 3 M KCI
was injected in the beating left ventricle using a vein needle.
The right atrium was then cut and the mouse was perfused
with 41 °C prewarmed PBS (10 ml), immediately followed by
5 ml of the agarose-microbead mixture (500 ml 0.02 mm
FluoSpheres plus 4.5 ml 1% agarose/mouse). The kidneys
were excised after the perfusion and carefully placed in a small
beaker surrounded by ice for 10 min. Thereafter, the kidneys
were fixed in 4% paraformaldehyde on ice for 2 h, then incu-
bated in 30% sucrose in PBS at 4 °C overnight and embedded
by optimum cutting temperature (OCT). OCT-embedded kid-
neys were cryosectioned into 10 pm sections and mounted on
Superfrost slides. Sections were washed in PBS (minutes),
stained with 49,6-diamidino-2-phenylindole and mounted in
ProLong Gold (Life Technologies). For immunofluorescence
staining, selected sections were washed with PBS for 5 min,
and then incubated with 5% donkey serum in PBS containing
0.4% Triton-X-100 for 1 h at room temperature before incu-
bation with rabbit anti-CD31 rabbit antibody (1:20, ab28364,
abcam), anti-alpha smooth muscle actin rabbit antibody
(1:100, ab32575, abcam), anti-alpha smooth muscle actin
mouse antibody (1:200, ab7817, abcam), and anti-VE-
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cadherin antibody (1:200, ab33168, abcam) at 4 °C for 18 h.
Donkey anti-Mouse IgG (H + L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488 (1:2000, #A-21202,
ThermoFisher) and Goat anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor 594
(1:200, #A-11037, ThermoFisher) were added to the sections
and incubated for 2 h at room temperature. Tissue sections
were mounted with ProLong Gold Antifade reagent
(18255385, Invitrogen). Thereafter, all images were visual-
ized with a confocal laser microscope (FV1000; Olympus,
Tokyo, Japan).

Quantitative RT-PCR

RNA from whole tissue samples was isolated using the
RNeasy kit (Roche, USA). Quantitative RT-PCR was per-
formed using an ABIPRISM 7300 Sequence Detection
System. The final reaction contained template complementary
DNA, iTaq SYBR Green Supermix with ROX (Bio-Rad,
Hercules, CA, USA) and gene-specific primers (Table 2).
The following PCR conditions were used: 50 °C for 2 min
and 95 °C for 10 min, followed by 40 cycles for 30 s at 95 °C,
45 s at 60 °C, and 30 s at 72 °C. GADPH was used as an
internal control. The cycle threshold values of GADPH and
other specific genes were acquired after PCR. The normalized
fold expression was obtained using the 2-AACT method. The
results were expressed as the normalized fold expression for
each gene.

Western blotting

Kidney tissue samples were lysed in RIPA and PMSF
(RTIPA:PMSF =100:1) on ice 30 min and then centrifuged at

Table 2 The sequences for the primers

Gene Primer sequences

GAPDH 5'-ACCACTTGGTATCGTGGAAGG-3'
5'-GCCATCACGCCACAGTTTC-3’

VEGF 5'-GCTGTAACGATGAAGCCCTG-3'
5'-GACCCTTTXCCTTTXATCGA-3’

TGFfp1 5'-TCGCTTTGTACAACAGCACC-3’
5'-ACTGCTTCCCGAATGTCTGA-3’

HIF-1 5'-CTCACCAGACAGAGCAGGAA-3’
5'-AAGGGAGCCATCATGTTCCA-3'

MCP1 5'-CCACTCACCTGCTGCTACTCATTC-3’
5'-CTGCTGCTGGTGATCCTCTT

GTAG-3'

IL-6 5'-ACGGCCTTCCCCTACTTCACA-3'
5'-CCACGATTTCCCAGAGAACA-3’

UCP2 5'-CTCCCAATGTTGCCCGTAAT-3’

5-GTGAAGTGGCAAGGGAGGTC-3'
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12,000 rpm for 15 min at 4 °C. After the protein samples were
heated in boiling water for 5 min, approximately 150 pg of
total protein was loaded on 10% or 12% sodium dodecyl
sulfate-polyacrylamide (SDS) gels and transferred to a
polyvinylidene difluoride (PVDF) membrane by
electroblotting. Non-specific binding was blocked by incubat-
ing the membrane in 3% bovine serum albumin (BSA) for 1 h
at room temperature. The membrane was then incubated over-
night at 4 °C with primary antibodies against TGF-31
(1:1000, Abcam), UCP2 (1:800, Abcam), NT (1:200,
SANTA CRUZ), MCP-1 (1:2000, Abcam), IL-6 (1:500,
ABclonal), HIF1- (1:500, Proteintech), and VEGF (1:200,
Abcam), followed by an incubation with ECL secondary an-
tibodies. The signal was detected with ImageQuant LAS 4000
mini and was quantified by beta actin.

Statistical analyses

Data are presented as the mean &+ SD, and statistical analysis
was performed with Graph-Pad Prism software, version 6.0c.
Comparisons between groups were analyzed by one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test
or post hoc Bonferroni correction. A P value less than 0.05
was considered statistically significant.

Results
BPS regulates capillary-like formation in vitro

A matrigel-based tube formation assay was performed to as-
sess the ability of HUVEC to form an organized tubular net-
work (Fig. 1a). In the normal culture medium, rarely formed
capillary-like structures was observed. However, BPS treat-
ment leads to a significant increase in the number of tube
formation (Fig. 1b). These results demonstrated that BPS
plays an important role on angiogenic activity.

BPS regulates endothelial junctions in vitro

Vascular endothelial cadherin (VE-cadherin) is specifically
represent for endothelial adherens assembly and barrier archi-
tecture. HUVECs in the normoxia group showed consistent
expression of VE-cadherin at cell—cell contacts. However, this
expression followed a sawtooth distribution typically associ-
ated with the lack of tight junctions in the hypoxia group. The
proteins of VE-cadherin that were regularly distributed on the
cell membrane were dispersed in the cytoplasm and nucleus
after 12 h hypoxia condition. Conversely, in the BPS group,
VE-cadherin at regions of cell-cell contact became more
abundant and the morphology of endothelial cells tends to
be normal compared with those cultured under hypoxia con-
ditions (Fig. 1c¢).
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Fig. 1 BPS regulates capillary-like formation and endothelial junctions
in vitro. HUVEC were seeded on the matrigel matrix and transfected with
BPS or negative control. The tube-like structures were observed using a
microscopy 24 h after transfection. a Representative images and quanti-
fication of the organization into capillary-like structures in control and
BPS groups. b The bar graph shows a significant increase of the number

Gene expression and protein expression levels
of vascular endothelial growth factor (VEGF)
and hypoxia-inducible factor-1a (HIF-1a)

The expressions of VEGF mRNA at different time points after
UUO were assessed by q-PCR. As shown in Fig. 2d, VEGF
mRNA was significantly reduced after UUO compared with

of branches in the BPS group compared with control (n =6). ¢ The
expression and the distribution of VE-cadherin (red) were regulated and
high expressed in the normoxia group, but was reduced and rearranged in
the hypoxia group. The morphology of endothelial cells and cell—cell
contact was slightly recovered in the BPS group. Nuclei were stained
with DAPI (blue) (n = 6)

that in the sham group, and increased after BPS treatment.
Immunohistochemical staining and Western blot analysis re-
vealed similar trends in VEGF protein levels to those observed
in the RT-PCR results (Fig. 2a—). These results suggest that
BPS may promote angiogenesis in obstructed kidneys.
HIF-1a gene expression increased owing to the rarefaction
of the PTC in the UUO group compared with that in the sham
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<« Fig. 2 Comparisons of VEGF, HIF-1x and TGF 31 expressions in each
group by Western blot analysis and qRT-PCR. a VEGF staining was
decreased in the UUO group compared with that in the sham group at
day 7 post-surgery, whereas the staining was increased in the BPS group
compared with that in the UUO group. HIF-1x expression was increased
in the UUO group, while was decreased in the BPS group compared with
the UUO group. Bar=20 pm. b Representative (2 bands shown per
group) immunoblotting of VEGF and HIF-1«. ¢ Graphic presentation
of the quantitative data demonstrated that VEGF protein expression was
decreased in the UUO group compared with the sham group at both day 3
and 7 post-surgery, whereas was increased in the BPS group compared
with the UUO group; HIF-1o expression was increased in the UUO
group compared with that in the sham group, while the expression was
decreased in the BPS group compared with the UUO group. Relative
protein levels after normalization with 3-actin are reported. d VEGF
mRNA expression levels were decreased in the UUO group and increased
in the BPS group at day 7. There were no significant differences in VEGF
mRNA expression at day 3 post-surgery between the UUO and BPS
groups. The HIF-1ac mRNA expression was elevated in the UUO group
and decreased in the BPS group at days 3 and 7. e-h The fibrotic marker
TGFf1 protein and mRNA expressions were elevated in the UUO group
and decreased in the BPS group at each time point. (*P < 0.05 vs. sham
group; *P < 0.05 vs. UUO group). Of note, data represent » = 10 mice in
each group

group. However, compared with the UUO group, the BPS
group exhibited dramatically decreased HIF-1c gene expres-
sion. Immunohistochemical staining and Western blot analy-
sis confirmed that the increase in HIF-1o seen in UUO models
was substantially decreased in BPS group at each time point
(Fig. 2a—). These results demonstrate that BPS treatment al-
leviates the hypoxic conditions associated with obstructed
kidney.

Gene expression and protein expression levels
of transforming growth factor-p1 (TGF-B1)

Although increased TGF-31 gene and protein expressions were
detected in the obstructed kidney, demonstrating the progression
of renal fibrosis. Conversely, gene and protein expressions were
expressed at lower levels in the UUO mice treated with BPS,
compared with the UUO group (Fig. 2e—h). In brief, our data
indicated that renal fibrosis was significantly alleviated after the
treatment of BPS in established UUO models.

Gene expression and protein expression levels
of nitrotyrosine (NT), anti-uncoupling protein 2
(UCP2) expression levels

To further explore the mechanism underlying the antifibrotic
effect of beraprost sodium, we examined whether the thera-
peutic effect of BPS on renal fibrosis was mediated by sup-
pressing oxidative stress. As shown in Fig. 3d, low UCP2
gene expression levels were detected in the sham group.
However, the UCP2 gene expression was dramatically in-
duced in the obstructed kidney at days 3 and 7, while de-
creased after BPS treatment. Similar results were obtained

by immunohistochemical staining and Western blot analysis
(Fig. 3a—c). Marked upregulation of NT and UCP2 protein
was observed in the fibrotic kidneys after UUO, whereas they
were decreased in the BPS group compared with those in the
UUO group. These data demonstrate the superior anti-
oxidative effect of BPS.

Gene expression and protein expression levels
of monocyte chemotactic protein 1 (MCP1)
and interleukin-6 (IL-6)

Inflammation is believed to be an important factor in the path-
ogenesis of renal fibrosis. We investigated the hypothesis that
the protective action of BPS is attributed to its anti-
inflammatory effect. As shown in Fig. 3h, the mRNA expres-
sion levels of MCP1 and IL-6 were significantly elevated at
different time points in the obstructed kidneys compared with
the control mice. However, BPS treatment significantly
prevented these increases. Consistent with the genetic analy-
sis, treatment with BPS-induced parallel decreases in the pro-
tein expression of the inflammatory markers in the UUO
group (Fig. 3e—g). These data demonstrate the anti-
inflammatory capability of BPS.

Peritubular capillary changes detected
by fluorescence microangiography (FMA)

To observe peritubular capillary changes in each group, we
applied fluorescence microangiography (FMA) approach
combined with MATLAB analysis of peritubular capillary
size and density (Fig. 4). Obstructed kidney led to a reduction
in capillary number, total perfused area compared with the
sham group. However, the total area and total number of cap-
illaries were significantly increased after the administration of
BPS compared with the UUO group. The individual capillary
cross-sectional area in UUO group was smaller than that in the
sham group, but the treatment of BPS has no good effect on it.
Meanwhile, there was no differences of individual capillary
perimeter within the three groups, indicating that peritubular
capillary size did not significantly change after UUO model
and BPS treatment. The higher magnification of the far right
images showed that capillaries surrounded by CD31* endo-
thelial cells in the UUO group appeared a reduced luminal
FMA signal, indicating that these capillaries lack perfusion,
but increased FMA perfused area was shown in the BPS
group. All microvascular characteristics were analyzed by
MATLAB-based script (Supplementary fig. S1). Staining
and quantification of x-SMA protein expression showed a
significant increase in the UUO group compared with the
sham group and BPS treatment inhibited the fibrotic progress
(Fig. 5). These results provide more direct and precise evi-
dence that BPS could promote the renal microcirculation
and subsequently alleviate renal interstitial fibrosis.
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<« Fig. 3 Western blot analysis of nitrotyrosine (NT), UCP2, MCP1, and
IL-6 and comparisons of UCP2, MCP1, and IL-6 mRNA expressions in
each group by qRT-PCR. a NT, UCP2 staining was increased in the UUO
group at day 7 post-surgery, while were decreased in the BPS group.
Bar =20 um. b Representative (2 bands shown per group) immunoblot-
ting of NT and UCP2. ¢ Graphic presentation of the quantitative data
demonstrated that NT and UCP2 protein expressions were elevated in
the UUO group at day 3 and 7 post-surgery compared with that in the
sham group and decreased in the BPS group compared with that in the
UUO group. d The mRNA expression levels of UCP2 were upregulated
in the UUO group at days 3 and 7, whereas the levels were downregulated
in the BPS group. e MCP1 and IL-6 staining were increased in the UUO
group, whereas were decreased in the BPS group. Bar=20 um. f
Representative (2 bands shown per group) immunoblotting of MCP1
and IL-6. g Graphic presentation of the quantitative data demonstrated
that MCP1 and IL-6 protein expressions were increased in the UUO
group compared with that in the sham group at day 3 and 7 post-surgery,
whereas were suppressed by BPS treatment. There were no significant
differences in VEGF protein expression at day 3 post-surgery between the
UUO and BPS groups. h The mRNA expression of MCP1 and IL-6 were
elevated in the UUO group and decreased in the BPS group. VEGF
mRNA expression at day 3 post-surgery did not significantly change after
BPS administration compared with the UUO group. (*P < 0.05 vs. sham
group; *P < 0.05 vs. UUO group). Of note, data represent » = 10 mice in
each group

Renal morphology

Renal histology was investigated using hematoxylin-cosin,
Masson’s trichrome, and picrosirius red staining. As shown
in Fig. 6a, there was no significant histological abnormality in
the sham group. After unilateral ureteral occlusion, severe
morphological lesions and extracellular matrix (ECM) pro-
duction were detected. However, compared with the UUO
group, renal pathological alterations and collagen deposition
were substantially improved after administration of therapeu-
tic BPS.

BPS alleviates EndMT in UUO models

Immunostaining was performed to identify cells undergoing
EndMT on the basis of coexpression of endothelial cell
(CD31) and myofibroblast (a-SMA) markers. Samples taken
from the sham-operated group showed the presence of both
CD317" endothelial cells and resident a-SMA™* cells, but no
double-labeled cells were evident (Fig. 6d). Obstructed kidney
exhibited a decrease of CD31" endothelial cells and the
coexpressing CD317a-SMA™* cells were apparent, indicating
an active role for EndMT progression in the fibrotic kidneys
after UUO. By contrast, higher numbers of a-SMA™
myofibroblasts, but fewer CD31" endothelial cells in the
BPS group were detected compared with the UUO group,
and CD31*a-SMA* EndMT cells correlated with interstitial
fibrosis were downregulated. These findings suggest that
EndMT may account for a considerable portion of the fibro-
blasts in UUO models, but BPS can mitigate EndMT
progression.

Renal function

To further investigate whether BPS could improve renal func-
tion, serum creatinine (Scr) and blood urea nitrogen (BUN)
obtained from the retro-orbital plexus were assessed. BUN at
different time points and Scr at day 3 were not significantly
different among the groups (Table 1, P> 0.05 each), but serum
creatinine was decreased in the BPS group compared with the
UUO group at day 7 (Table 1, P < 0.05 each).

Discussion

In this study, we found that the rarefaction of peritubular cap-
illaries accompanied by severe hypoxia were induced by the
obstructive kidney, which escalating the extent of renal injury
and impede recovery, leading to renal fibrosis. BPS treatment
could mitigate the development of renal interstitial fibrosis
that were likely primarily attributed to the inhibition of inflam-
mation and oxidative stress and further suppressing EndMT.

Chronic kidney disease (CKD) has received increased at-
tention as a public health problem globally [19]. A recent
national cross-sectional study in China showed that the overall
prevalence of CKD was 10.8% [20]. Although numerous re-
searchers have made great efforts to explore the mechanisms
of CKD over the last several decades, the current methods for
CKD treatment are still ineffective. Therefore, a better under-
standing of the pathogenesis of CKD and methods to arrest the
progression of renal fibrosis are urgently needed.

Yokoyama et al. demonstrated that endogenous PGI2
played a significant role in the renal development and func-
tional preservation, since prostacyclin synthase knockout
mice develop severe renal damage [21]. BPS, a stable PGI2
analog, has potent vasodilation effect in a variety of organs
[22]. BPS is clinically used in patients with chronic arterial
occlusive disease and pulmonary arterial hypertension; it is
also used in CKD patients through improving regional blood
flow. However, the potential mechanism of BPS against renal
fibrosis remains to be elucidated.

Several studies demonstrated that progressive renal fibrosis
are characterized by an early and progressive decrease in rel-
ative blood volume and microvascular density in different
models [6]. These peritubular capillaries deliver oxygen to
the kidney tissue, but loss of capillaries contributes to focal
hypoxia, inducing an injury cascade with oxidative and in-
flammatory effects, which damage endothelial cells and in-
duce endothelial cells-to-myofibroblast transition. These
changes in turn exacerbate PTCs rarefaction, stimulating the
expansion of hypoxic areas and creating a vicious cycle favor-
ing fibrogenesis [23-26]. Therefore, we explored if BPS could
alleviate renal injury through promoting microcirculation.
First, we showed BPS treatment in endothelial cells result in
increased capillary-like structure formation compared
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Fig. 4 Fluorescence microangiography (FMA) (a—c) The green FMA
solution injected after sham surgery and UUO 7d, surrounding with
CD31 immunostaining (expressed on the surface of endothelial cells),
demonstrates loss of capillaries in response to obstructed kidney.
Reduced capillary number and perfused area were restored after BPS
treatment. Representative images in the box were presented by higher
magnification, demonstrating that capillaries surrounded by CD31* en-
dothelial cells in the UUO group do not appear a luminal FMA signal

endothelial cells without BPS in vitro, suggesting that BPS
contributes to angiogenesis and vessel remodeling process.
Additionally, cell-cell interactions are barrier to maintain
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indicating that these capillaries lack perfusion, but increased FMA per-
fused area was shown in the BPS group. d, e The individual capillary
cross-sectional area in UUO group was smaller than that in the sham
group, but BPS treatment has no good effect on it. There were no differ-
ences of individual capillary perimeter within the three groups. (*P < 0.05
vs. sham group; *P < 0.05 vs. UUO group). Of note, data represent n =6
mice in each group

homeostasis of blood vessels. Damage to endothelial cell-
cell junctions results in increased microvascular permeability.
Some leukocytes migrate through the endothelial cells into the
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Fig. 5 Fluorescence
microangiography (FMA) of
PTCs and immunofluorescence
staining of x-SMA in the renal
mesenchyme and quantification
revealed induction of interstitial
fibrosis after unilateral ureteral
obstruction compared with the
sham group. However, BPS sup-
pressed fibrotic expressions.

(*P < 0.05 vs. sham group; *P <
0.05 vs. UUO group). Of note,
data represent n = 6 mice in each

group

sham 7d

interstitial compartment, contributing to the swelling of the
interstitial space and compression of the microvasculature to
further extend the distance of oxygen diffusion and reduce
nutritive flow. VE-cadherin is specifically represent for endo-
thelial adherens assembly and barrier architecture. We ob-
served BPS could remodeling disrupt endothelial cell—cell
junction caused by hypoxia by detecting the increased expres-
sion of VE-cadherin, suggesting a benefit effect of BPS in
improving microcirculation in vitro.

To further investigate whether BPS had any impact on renal
microvascular in vivo, we give UUO mice intragastrically
administered of BPS. To date, microvascular density is mea-
sured by CD31 antigens immunostaining which calculate the
surface area of endothelial cells or genetic labeling (such as
Tie 2) [27], whereas the actual capillary lumen could not be
estimated. In our study, we use the novel technique, FMA,
which relies on low-melting-point agarose added with

FluoSpheres to provide a microangiogram that can be visual-
ized with a confocal laser microscope [18]. It should also
enable us analyzing total perfused capillary area, peritubular
capillary number, and individual capillary cross-sectional area
and perimeter by using MATLAB software, which could au-
tomatically generates analysis of the microvasculature by
using MATLAB script [18]. PTC-positive areas, which were
determined based on CD31 immunostaining in present study,
showed that the PTCs were damaged in the UUO group.
Meanwhile, perfused FMA™ capillary area showed lack per-
fusion in obstructed kidneys. The rarefaction of the PTCs in
turn results in tissue hypoxia, which was suggested by the
upregulation of HIF-1x. Our study showed that BPS treat-
ment could restore renal blood vessels, stimulate an augment
in PTC density, and relieve tissue hypoxia. Under hypoxia,
renal endothelial cells undergo endothelial-mesenchymal tran-
sitions. These cells can migrate to the interstitium and
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<« Fig. 6 BPS improves the morphology of renal histology and inhibits
EndMT progression in the obstructed kidney. a Representative
micrographs of hematoxylin-eosin, Masson’s trichrome and picrosirius
red staining demonstrate histological changes in the 7 days post-surgery
groups. b, ¢ Quantification of renal interstitium areas in each group on
both 3 and 7 days post-surgery. Fibrosis increased in UUO compared with
sham, decreased in the BPS group compared with the UUO group. Bar=
20 um. (*P <0.05 vs. sham group; *P <0.05 vs. UUO group). d There
were no evident two-color immunofluorescence identifies EndMT cells
that coexpress endothelial cells (CD31, red) and myofibroblast cells (a-
SMA, green) shown in the sham group. EndMT progression were in-
creased in the UUO group and decreased in the BPS group, indicating
by the coexpression of CD31"a-SMA™. White arrows indicate positive
coexpressing staining. Nuclei were stained with DAPI in blue. Bar=
20 um. Of note, data represent n = 6 mice in each group

differentiate into myofibroblasts and promote ECM produc-
tion, such as collagen [28]. These data suggest that the BPS
treatment has the ability of angiogenesis and subsequently
alleviate the degree of renal fibrosis with the underlying mech-
anisms of anti-inflammatory and anti-oxidative effects.

BPS treatment relieving hypoxia and remaining vessels
subsequently result in reduced renal inflammation and oxida-
tive stress in UUO model. Previous studies [29, 30] have
suggested that the renal fibrosis induced by obstructed kid-
neys is characterized by inflammatory cell recruitment, mac-
rophage infiltration, and increased proinflammatory cyto-
kines. Secretion of a large amount of cytokines activates not
only leukocyte rolling and adhesion but also cells present in
the microenvironment, such as fibroblasts and myofibroblasts,
which contributes to renal fibrogenesis [24, 31]. In this study,
our results showed that UUO models characterized by distinct
increased expression of proinflammatory cytokines such as
MCP1 and IL-6, both of which were ameliorated upon BPS
administration, that may determine the reduction of extracel-
lular matrix accumulation. In addition, oxidative stress played
a major role in sustaining fibrosis in obstructed kidneys. The
expression levels of oxidative stress markers were observed in
our study, including NT [32], used as an indirect indicator of
peroxynitrite and UCP2 [33], known as a mitochondrial inner
membrane protein that regulates proton conductance, which
are both upregulated in UUO models. However, compared
with the UUO group, the kidneys treated with BPS exhibited
markedly reduced oxidative effects, which suggested that BPS
ameliorated renal fibrosis through anti-oxidative effects.

A growing number of studies have suggested that renal
fibrosis due to oxidative stress and inflammation are associat-
ed with ECM deposition. Oxidative stress and inflammation
can activate apoptosis of renal endothelial cells and tubular
epithelial cells [34], which induce EndMT and epithelial-
mesenchymal transition (EMT) and finally facilitate extracel-
lular matrix deposition [2]. Furthermore, the excessive ROS
production [35] leads to a reduction in respiratory chain func-
tion in mitochondria and eventually results in activating
EndMT and EMT during UUO-induced renal interstitial

fibrosis. As immunostaining showed, endothelial cells under-
going EndMT in chronic kidney disease were observed by
confocal microscopy, indicating that injured endothelial cells
can transform into myofibroblasts. However, this EndMT pro-
cess was inhibited by BPS treatment by noting that fewer
CD31" endothelial cells and a-SMA™ myofibroblasts
colocalized in areas of renal interstitium. These results dem-
onstrate that BPS can lighten the progress of EndMT caused
by oxidative stress and inflammation.

To further investigate whether BPS could improve renal
function, we measured Scr and BUN obtained from the
retro-orbital plexus and found that Scr were downregulated
in BPS group compared with the UUO group, suggesting a
potential renal protection of BPS. However, no significant
differences were detected in BUN among three groups, but
the reason is unclear. Simultaneously, TGF-31 and «-SMA,
play major role in fibrosis, were also observed reducing after
BPS administration, which is associated with its anti-
inflammatory actions and anti-oxidative effects.

Several studies reported that BPS could also effectively
reduce the blood pressure of model mice [22, 36, 37].
Therefore, we speculated that the therapeutic effect of BPS
on renal fibrosis may due to its potential contribution of a
general blood pressure lowering effect. Hypertension, which
is accompanied by functional and structural alterations in
microvessels, is a risk factor leading to renal fibrosis [38,
39]. Inflammatory cell recruitment, macrophage infiltration,
and increased proinflammatory cytokines were observed dur-
ing the progression of renal fibrosis in the salt-sensitive hy-
pertension (SSHT) model [40]. Inflammatory activation re-
sults in apoptosis of endothelial cells and increase exposure
of endothelial adhesion molecules. Our study also found that
coronary artery stenosis (CAS) accompanied by hypertension
exacerbates capillary loss and consequently tissue inflamma-
tion and oxidative stress, and it synergistically magnifies kid-
ney interstitial fibrosis [41]. Therefore, BPS may inhibit renal
inflammation, decrease renal oxidative stress through its po-
tential vasodilation effect, and further prevent renal interstitial
fibrosis.

In summary, BPS, has potent vasodilating effect in various
organs, was shown renal function preservation and fibrosis
alleviation in our study. We show here that BPS can restore
damaged peritubular capillaries accompanied by oxidative
and inflammatory outburst, and subsequently relieving
EndMT and ECM deposition. We also found that microvas-
cular injury could be detected by new technical FMA, which
serve as a useful functional readout for therapeutics targeting
vascular survival. These results demonstrate the potent thera-
peutic of BPS in improving kidney failure and fibrosis after

injury.
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