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Abstract: Preglomerular arteriopathy (PA) induced by hyperuricemia contributes to the progression of chronic kidney
disease (CKD). Green tea polyphenols (GTPs) are antioxidant ingredients thought to assist in preventing hyperuri-
cemia. However, the underlying mechanism by which GTPs affect renal function remains unclear. Both normal and
remnant kidney (RK) rats were administrated oxonic acid (OX) to induce hyperuricemia. The hyperuricemia RK rats
were concomitantly treated with GTPs. Hematoxlyin-eosin (H&E) and periodic acid-Schiff (PAS) staining methods
were used to examine renal function and arterial morphology. The expression of proteins in the Jagged1/Notch1
pathway was assessed via immunohistochemistry, in situ hybridization, the quantitative polymerase chain reaction
(qPCR), and western blotting techniques. Our results showed that an RK rat model with preglomerular vascular dis-
ease had been successfully established. Treatment of the RK rats with GTPs effectively alleviated the damage due
to preglomerular arteriopathy, significantly alleviated pathological symptoms, and reduced the levels of proteinuria,
serum UA, BUN, and creatinine. Our results also suggested involvement of the Jagged1/Notchl pathway in the pre-
glomerular vascular lesions. The levels of Jaggedl, Notch1-ICD, Hes5, and p-STAT3 were significantly decreased in
RK + OA-treated rats when compared with those in RK rats. Treatment with GTPs upregulated the levels of Jagged1,
Notchl, Hesb, p-STAT3, and MnSOD2, and downregulated xanthine oxidase (XO) expression in rats with preglomeru-
lar arteriopathy. However, the beneficial effects of GTPs were lost when the Jagged1/Notch1-STAT3 pathway was
inactivated by siRNA. In conclusion, GTPs exert a therapeutic effect on perglomerular arteriopathy. Our results also
revealed a novel mechanism that mediates preglomerular arteriopathy, and suggest GTPs as effective novel renal
protective agents.
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Introduction

Hyperuricemia, defined as a serum uric acid
(UA) concentration > 408 pmol/L (6-8 mg/dL),
is associated with chronic kidney diseases
(CKDs), chronic cardiovascular diseases, and
gout [1]. It has long been accepted that hyper-
uricemia is a consequence of impaired renal
function, and new evidence suggests that hy-
peruricemia can induce endothelial dysfunc-
tion and alter vascular architecture [2-4]. The
vascular changes that occur, such as the thick-
ening of vessel walls, can result in ischemia to
the postglomerular circulation and glomerular
hypertension. A recent clinical study confirmed

that high serum UA levels were related to
renal arteriolar damage in patients with CKD
[B]. Therefore, the preglomerular arteriopathy
caused by hyperuricemia is critical for the pro-
gression of renal disease.

The Notch signaling pathway participates in
regulating cell differentiation, proliferation, and
apoptosis [6]. The binding of a Notch ligand
(e.g., Delta-likel, 3, 4 or Jaggedl, 2) to its
receptor (Notch1-4) mediates the transcription
of downstream target genes such as Hesl,
Hes5, Heyl, and Hey2. During the biological
response to a vascular injury, the expression of
Jagged/Notch pathway proteins (e.g., Jaggeddi,


http://www.ajtr.org

GTPs protect against renal injury through jagged1/notch1 signaling

Notchl, Heyl, Hey?2) is induced in the endothe-
lial or vascular smooth muscle cells [7, 8].
Genetic alternations of Jaggedl1, Notchl, or
Hey2 lead to defects in the vasculature and its
response to arterial injury [9, 10]. Recent stud-
ies have shown that Notch-1 is essential for
UA-induced oxidative stress [11]. The link
between oxidative stress and renal vascular
lesions has been documented [12]; however, it
remains unknown whether the Jagged/Notch
pathway participates in formation of the pre-
glomerular vascular lesions found in cases of
CKD accompanied by hyperuricemia. It has
recently been reported that many ingredients
found in foods thought to have antioxidant
effects help to protect against various chronic
diseases [13]. For instance, green tea is one of
the most popular beverages worldwide, and
contains a high levels of polyphenolic constitu-
ents [14]. Green tea polyphenols (GTPs) have
been demonstrated to prevent the formation
of and scavenge free radical species by acting
as metal chelators or antioxidant enzyme
modulators [15]. In addition, GTPs also exert
antioxidant, anti-inflammatory, and anticancer
effects by activating the Akt/GSK-33/caveo-
lin and phosphatidylinositol (Pl) 3-kinase/Akt
pathways, as well as other signaling pathways
[15, 16]. A recent study has showed that GTPs
reduce UA levels by regulating xanthine oxi-
dase (XO) activity in the liver and renal urate
transporters in hyperuricemic conditions [17].
Nevertheless, the effects of GTPs on renal
function in patients with both CKD and hyper-
uricemia remain uncertain. In this study, we
employed an experimental model of chronic
renal disease to determine whether GTPs are
effective in preventing preglomerular arteriopa-
thy, and subsequently alleviating progressive
renal disease accompanied by hyperuricemia.

Materials and methods
Experimental animals

The protocols for all animal studies were ap-
proved by The Animal Care Committee of
the Central South University of China. Female
Sprague-Dawley rats (180-220 g) were used for
all the experiments. Each rat was anaesthe-
tized with amobarbital sodium (30 mg/kg);
after which, a 5/6 nephrectomy was perform-
ed by removing the right kidney and surgically
resecting the upper and lower thirds of the
left kidney. To induce hyperuricemia, the rats
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were fed a normal-salt diet containing 2% OA
(Ji'nan branch of a chemical company located
in Jinan, Shandong, China) starting three days
after the renal ablation. To prevent hyperurice-
mia, GTPs (Hua Cheng Bio, Changsha, Hunan,
China) were administered at a dose of either
750 mg/kg or 350 mg/kg by gastric gavage on
a daily basis; after which, a chromatographic
analysis was performed (Figure S3). The rats
were assigned to three groups: RK (n = 8); RK +
OA (n = 8); RK + OA + GTP (n = 8). Four weeks
after the operation, the rats were sacrificed for
further examination.

Uric acid, proteinuria, and renal function

Blood samples were collected from the rats
and centrifuged at 4000 g for 10 min to obtain
serum. Next the levels of serum UA, BUN, cre-
atinine, and reactive oxygen species (ROS)
were determined using commercial assay kits.
Urine samples were collected from the rats
and used for proteinuria analysis. All assays
were performed according to instructions pro-
vided with the assay Kkit.

Cell culture and transfection

HK-1 cells were purchased from ATCC (Man-
assas, VA, USA) and cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium con-
taining 10% fetal bovine serum (FBS) and 1%
streptomycin-penicillin (Gibco, Waltham, MA,
USA) in a 37°C chamber containing 5% CO,,.
Cells in their log-growth phase were used for
further experiments. HK-1 cells were cultured
in vitro and divided into four groups: blank
group; hyperuricemia group; hyperuricemia +
GTP group (siRNA NC); hyperuricemia + GTP +
siRNA group (siRNA-jaggedl). The cells were
transfected for 72 hours and then collected for
use in subsequent assays. The nucleotide
fragments used for transfection were: siRNA-
jaggedl sense: 5-ACACUUUGAAGUAUGUGUC-
AC-3’; si-NC sense: 5-ACACUUUGAAGUAUGU-
GUCAC-3’ (Ruibo Bio, Beijing, China).

Renal histology

Specimens of rat renal tissue were fixed in
4% paraformaldehyde for 24 h and then em-
bedded in paraffin. Hematoxylin-eosin (H&E),
periodic acid Schiff (PAS), and Masson’s tri-
chrome staining were performed on 4 ym tis-
sue sections. All analyses of tissue samples
were performed in blinded manner.
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Glomerulosclerosis (GS) index scores and tu-
bulointerstitial (Tl) index scores were based
on semi-quantitative scoring systems. The
score assessments were made by viewing
periodic-acid Schiff (PAS)-stained tissue sec-
tions at a magnification of x200 [18]. The GS
index was assessed in 20 glomeruli per ani-
mal and graded on a scale of O to 4 according
to the percentage of glomeruli displaying oblit-
eration or hyalinosis: grade O = no sclerosis;
grade 1 = 0-25%; grade 2 = 25-50%; grade
3 = 50-75%; grade 4 = 75-100%. The Tl index
was assessed in 20 fields per kidney section,
and the lesions were graded on a scale of O to
5 according to the amount of tissue area that
displayed tubule interstitial changes (tubular
atrophy, casts, interstitial inflammation, and
fibrosis): grade O = normal; grade 1 = 0-10%;
grade 2 = 10-25%; grade 3 = 25-50%; grade 4
= 50-75%; grade 5 = 75-100%. The final index
score for each rat was determined by calculat-
ing the mean value of all the obtained scores.

Images of arcuate (x200), interlobular (x200),
and afferent (x400) arteries were analyzed as
previously described [4], and the results were
used to evaluate the wall thickening of preglo-
merular arteries. Briefly, an outline of the ves-
sel and its internal lumen (excluding the endo-
thelium) were studied with a Motic Med 6.0
digital medical image analysis system (Motic
Group Co., Xiamen, Fujian, China). The total
medial area was calculated by subtracting the
lumen area from the outline area. Next, the
M/L ratio was calculated in 10 arteries of each
type to obtain the mean value for each rat.

Immunohistochemistry (IHC) staining

Paraffin embedded sections (4 um) were depa-
raffinized and blocked for 10 min with 0.3%
hydrogen peroxide at room temperature, fol-
lowed by antigen retrieval. After being rinsed
with PBS, the sections were incubated over-
night at 4°C with rabbit polyclonal antibodies
against Jaggedl (1:100, Abcam, Cambridge,
MA, USA), Notch1-ICD (1:100, Anbobio, San
Francisco, CA, USA), MnSOD,, (1:500, Abcam),
X0 (1:100, Abcam, Cambridge, MA, USA), rabbit
monoclonal antibodies against Hes5 (1:200,
Abcam, Cambridge, MA, USA), and mouse mo-
noclonal antibodies against p-STAT3 (1:400,
Cell Signaling Technology, Beverly, MA, USA).
Negative control tissue sections were incubat-
ed without the primary antibody. Next, the sec-
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tions were stained using a two-step EnVision
System (Dako Cytomation, Santa Clara, CA,
USA) according to manufacturer’'s instruc-
tions. Each tissue section was viewed under a
microscope, and ten arteries of each type
(arcuate, interlobular and afferent) were ana-
lyzed using the Motic Med 6.0 digital medical
image analysis system. The amount of signal-
positive area relative to the vascular area was
calculated, and the mean values were used to
evaluate gene expression.

In situ hybridization (ISH)

Paraffin embedded sections (4 um) were depa-
raffinized and treated with pepsin (Boster,
Beijing, China) for 15 min at 37°C. After post-
fixation in 4% paraformaldehyde (PFA), the sec-
tions were hybridized with digoxigenin (DIG)-
labeled nucleic acid probes (40 ng/uL) at
42°C overnight. The oligonucleotide sequence
used for Jaggedl was 5-CGGATGTCTTCGGC-
AGAAATGGC-3’, and was synthesized by San-
gon Bio (Shanghai, China). Negative control
hybridizations were performed with the omis-
sion of probes. The slides were sequentially
washed in 2xSSC, 0.5xSSC, and 0.2xSSC at
37°C and then sequentially incubated with
the blocking buffer for 30 min at 37°C, with
anti-DIG/biotin conjugate antibodies (Boster,
Beijing, China) for 60 min at 37°C, and with
streptavidin-biotin complex (SABC) for 60 min
at 37°C. Finally, the slides were stained with
0.05% DAB (Boster, Beijing, China). Each sec-
tion was examined under a microscope, and
ten arteries of each type (arcuate, interlobular,
and afferent) were analyzed using the Motic
Med 6.0 digital medical image analysis sy-
stem. The amount of Jaggedl positive area
relative to the vascular area was calculated,
and the mean values were used to evaluate
Jaggedl expression.

gPCR

Tissue samples were pulverized in liquid nitro-
gen and the dispersed cells were collected by
centrifugation at 10,000 g for 1 min. The cells
were then treated with Trizol reagent (100 mg
tissue: 1 mL Trizol, cells: 600 pL Trizol) (In-
vitrogen, Carlsbad, CA, USA). The cell solution
was transferred to an Ep tube and 200 pL of
chloroform was added. After vibration for 15
sec, 500 L of isopropanol was added to the
upper agueous phase and the 2-phase solution
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Table 1. Primer sequences used in the qPCR assay

Western blotting assay

ID Sequence (5’-3) Product (bp)
GAPDH F CCTCGTCTCATAGACAAGATGGT 169
GAPDH R GGGTAGAGTCATACTGGAACATG

jaggedl1lF CAAAGTGTGCCTCAAGGAGT 147
jagged1R AAAGGCAGTACGATGCGATT

notchl-cd F  CGTGGACAAGATCAACGAGT 235
notchl-cd R ACCATCCTTGCACAAACCAT

hes5 F CCCAACTCCAAACTGGAGAA 128
hesb5 R CACGAGTAACCCTCGCTGTA

Total cellular proteins were extracted using
reagents in a radio immunoprecipitation
assay (RIPA) kit, and the protein extracts
were centrifuged at 10000 g for 30 min.
The bicinchoninic acid (BCA) assay was
used to quantify the amount of total pro-
tein in each extract. Next, a 50 yg sample
of protein from each extract was separat-
ed by electrophoresis on an 8% sodium

F, Forward primer; R, Reverse primer.

was let sit for 10 min. The solution was then
centrifuged at 12000 g for 10 min, and 1 mL
of 75% ethanol was added to the precipitate.
The precipitate was then pelleted by centri-
fugation at 7500 g for 5 min at 4°C; after
which, the supernatant was removed and the
tube was dried for 10 min. Next, the RNA-
containing pellet was dissolved in DEPC water,
and its RNA content and purity were deter-
mined by ultraviolet spectroscopy. A reaction
solution containing the following ingredients
was prepared according to instructions pro-
vided with the reaction kit: 2 ug total RNA, 1 pL
oligo primer (50 uyM), 1 yL dNTP mix (10 uM),
and ddH,0. The solution was pre-incubated
for 5 min at 65°C. Next, a cDNA first chain
synthesis reaction system containing the fol-
lowing ingredients was prepared: 2 uyL 10xRT
buffer, 4 yL MgCl, (25 pM), 2 uL DTT (0.1 M), |
puL RNAase OUT (40 U/uL), 1 uL SuperScrip 1l
RT (200 U/uL), and ddH,O (Promega, USA). The
reaction conditions were as follows: 50°C for
50 min followed by 85°C for 5 min. Real-time
quantitative PCR was then performed using a
SYBR Premix Ex Taq GC kit (Takara, Japan), a
LightCycler 480 PCR machine (Roche Diagnos-
tics, Indianapolis, IN, USA), and the following
conditions: denaturation at 94°C for 30 sec,
followed by 40 cycles of denaturation at 94°C
for 5 sec and annealing at 60°C for 30 sec.
The primer sequences used and amplification
lengths are shown in Table 1. GAPDH was used
as an internal control. The relative levels of
gene expression were semiquantitatively ana-
lyzed using the 222t method; where 244t =
gene copy number in the test group/gene copy
number in the control. All the experiments were
conducted in triplicate.
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dodecyl sulfate polyacrylamide gel for 3 h,

and the separated protein bands were

transferred onto a polyvinylidene fluoride
(PVDF) membrane by electrophoresis at 200
mA for 100 min. After being blocked with
5% skimmed milk at room temperature for 60
min, the membrane was incubated with the fol-
lowing primary antibodies (anti-notchl, anti-
jagged1, anti-hesb, anti-p-STAT3, anti-MnSOD,
anti-XO, and anti-GAPDH; Abcam, USA) at 4°C
overnight. Following incubation, the membrane
was washed with phosphate buffered saline
Tween 20 (PBST) solution and then incubated
with a HRP-labeled secondary antibody (Ab-
cam, USA) at room temperature for 60 min.
The membrane was then treated with electro-
chemiluminescence (ECL) reagent and deve-
loped.

Hoechst staining

Cells were treated with berberine (50 uM)
for 48 h and then harvested by trypsinization.
After being washed twice with phosphate buff-
ered saline (PBS) solution, the cells were re-
suspended in binding buffer and cultured at
37°C for 24 h; after which, they were stained
with 0.1 ug/mL Hoechst 33342 (Sigma-Aldrich,
Temecula, CA, USA). A fluorescence microsco-
pe (Olympus IX71; Olympus Corporation, Tokyo,
Japan) equipped with a filter for Hoechst 33342
(365 nm) was used to detect any changes in
nuclear morphology.

Reactive oxygen species (ROS)

Cells were digested and incubated for 20 min
at 37°C with a 0.1% 2’,7’-Dichlorodihydrofluo-
rescein diacetate (DCFH-DA) probe (Beyotime,
Beijing, China) that had been diluted with
serum-free medium to a final concentration
of 10 mM, as recommended in the manufac-
turer’s instructions The cells were then wash-
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Table 2. The rat body weights and levels of proteinuria, serum UA, BUN, and creatinine before and

after treatment with GTPs

Group 4w 8w 12w
Body weight Sham 50.00 £ 10.00 73.57 +20.14 101.67 + 18.92
RK 35.71 £ 6.34° 49.28 + 8.38° 71.00 + 11.402
RK + OA 24.00 + 6.48%" 25.71 + 7.862° 48.57 + 16.512°
RK + OA + Tea low dose 25.00 £ 5.77%P¢ 41.00 £ 7.072° 66.00 £ 5.70%°
RK + OA + Tea high dose  28.00 + 6.892°¢ 52.87 + 9.352°¢ 69.34 + 3.672¢
RK + OA + AP 16.25 + 6.29%b° 39.33 £8.752°¢ 65.00 + 10.362°
Proteinuria Sham 3.12 +£1.06 3.10 £ 1.00 3.16 £+ 0.95
RK 531 +1.72 713 +1.212 7.64 £ 1.61°
RK + OA 8.40 + 2.05%° 9.49 + 1.55%P 5.58 + 1.292°
RK + OA + Tea low dose 5.42 + 1.493cd 4.26 + 1.04°° 5.13 + 1.443°
RK + OA + Tea high dose 5.25 + 1.34acd 4.15 + 0.87°° 4.64 + 1.052°
RK + OA + AP 777 £ 2.262° 5.72 £ 1.572¢ 559 +1.79°
Serum UA Sham 87.10 + 23.06 87.60 + 21.30 86.93 £ 20.63
RK 87.88 + 28.49 102.55 + 22.52 77.66 £ 20.75
RK + OA 206.10 + 59.15%° 226.48 + 36.892° 195.88 + 51.672°
RK + OA + Tea low dose  180.82 + 38.042>  153.96 + 31.5230¢ 143.38 + 36.68?2P°
RK + OA + Tea high dose  175.35 + 34.162*  137.58 + 28.1820¢ 130.74 + 40.343b¢
RK + OA + AP 154.24 + 28.553¢  147.95 + 25.273b¢ 135.05 + 33.80%¢
BUN Sham 5.34 +1.40 5.31+1.32 5.27 + 1.46
RK 8.77 £ 1.25° 10.74 + 1.08° 12.13 + 1.48°
RK + OA 11.66 + 0.91°° 13.06 + 2.723° 15.72 + 4.433°
RK + OA + Tea 12.64 + 2.232 9.44 + 1.38%°4 9.54 + 1.534¢
RK + OA + AP 12.28 + 3.772 13.37 + 1.582 11.18 + 2.15%¢
Creatinine Sham 52.36 £ 11.75 52.36 + 10.77 57.85 £ 9.81
RK 68.03 £ 12.56° 70.05 +£9.072 78.20 + 13.73°
RK + OA 88.10 + 15.15 93.15 + 16.42%° 102.30 + 20.15%°
RK + OA + Tea 87.32 + 10.743" 73.25 + 10.932¢ 66.13 + 9.62°
RK + OA + AP 97.64 + 7.332° 75.33 + 12.814° 83.48 + 10.59%¢

3P < 0.05 vs. Sham; P < 0.05 vs. RK; °P < 0.05 vs. RK + OA; ¢P < 0.05 vs. RK + OA + AP. AP: allopurinol.

ed three times with PBS and tested with a
Beckman Coulter CytoFLEX flow cytometer
(Beckman Coulter, Brea, CA, USA).

Statistical analysis

All statistical analyses were performed using
SPSS Statistics for Windows, Version 17.0
(SPSS Inc., Chicago, IL, USA). Statistical results
are presented as the mean + SD. Differences
between groups were evaluated by one-way
ANOVA, followed by the Bonferroni (data with
homogeneity of variance) or Game-Howell (da-
ta with uneven variance) post-hoc compari-
son test. Correlations between variables were
assessed by Pearson’s correlation analysis.

Statistical significance was defined as a
P-value < 0.05.
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Results

Hyperuricemia caused preglomerular vascular
disease in the RK model

The 5/6 nephrectomies were performed to
induce CKD in the rats, and oxonic acid (OA)
was given to induce hyperuricemia. The suc-
cessful establishment of a CKD model was
confirmed by the significant increases in pro-
teinuria, BUN, creatinine levels, glomeruloscle-
rosis, and interstitial fibrosis (Table 2). An OA
concentration of 750 mg/kg was selected for
use in this study based on the body weights,
proteinuria levels, and serum UA levels of the
rats. Administration of OA to the RK rats accel-
erated their renal disease progression (Figure
1A). The morphology of preglomerular arteries

Am J Transl Res 2018;10(10):3276-3290



GTPs protect against renal injury through jagged1/notchl signaling

Sham RK RK+OA

Interlobular

3281 Am J Transl Res 2018;10(10):3276-3290



GTPs protect against renal injury through jagged1/notch1 signaling

10.001

@l Sham

8.00

600

M/L ratio (%)

Arcuate

&3 RK

Interlobular

) RK+0A 'I'

—

Afferent

Arteries

Figure 1. The morphology of glomeruli and preglomerular arteries. A: Histologic examinations were performed after
H&E staining (upper panel) and PAS staining (lower panel) to observe the morphology of glomeruli in the Sham, RK,
and RK + OA groups. OA aggravated renal damage in RK rats. B: Representative images of arcuate arteries (x200),
interlobular arteries (x200), and afferent arteries (x400). C: The wall thickness of preglomerular arteries was evalu-
ated by calculating the M/L ratio. OA promoted periarterial adventitial fibrosis and thickening of the preglomerular

artery in RK rats.

was analyzed by PAS staining. Histological
examinations revealed that extensive renal
ablation had induced prominent periarterial
adventitial fibrosis and thickening of the pre-
glomerular artery (arcuate artery, interlobular
artery, and afferent artery) wall (Figure 1B). OA
administration caused hypertrophy of the pre-
glomerular vessels, as indicated by their higher
media to lumen ratios (M/L) when compared
with those of RK rats (Figure 1C).

Effects of GTPs on preglomerular arteriopathy

Because GTPs can function as antioxidants,
we investigated the effect of GTPs on preglo-
merular arteriopathy. The results showed that
when compared with PA symptoms in the RK +
OA group, the pathological symptoms of PA
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were remarkably alleviated following the treat-
ment with GTPs (Figure 2A). Furthermore, the
mean weight of rats in RK + OA + GTP group
was significantly higher than that in the RK +
OA group, and the levels of proteinuria, serum
UA, BUN, and creatinine in the RK + OA + GTP
group all decreased in a GTP-dose dependent
manner (Table 2). Data concerning the M/L
ratio of the preglomerular artery indicated that
the values for the arcuate, interlobular, and
afferent arteries of rats in the RK + OA + GTP
group were significantly decreased when com-
pared to those values in the RK + OA group
(Table 3), and this was further confirmed by
H&E and PAS staining data (Figures S1 and S2).
This implied that GTP treatment could effec-
tively prevent the damage caused by preglo-
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Figure 2. Effect of GTPs and Jaggedl on preglomerular arteriopathy. A: GTPs relieved the pathological symptoms
caused by OA in RK rats. Representative images of arcuate arteries (x200), interlobular arteries (x200), and affer-
ent arteries (x400). B: Expression of Jagged1 mRNA on the preglomerular arteries of rats in the RK + OA group was
analyzed by ISH (representative images). C: The levels of Jagged1 mRNA on the preglomerular arteries in the Sham,
RK, and RK + OA groups. D: The M/L ratios of the preglomerular arteries were determined by Pearson’s correlation

analysis.

Table 3. The media to lumen ratio of preglomerular artery

th the M/L ratios of the preglomerular

arteries (Figure 2D).

Group N Arcuate artery Interlobular Afferent artery

artery Jagged1/Notchl signaling is critical
Sham 8 1.68+0.32  1.88+0.32  2.38+0.36 for vascular remodeling [19]. Accord-
RK 8 3.44+0.56™ 3.77+1.04" 5.05+0.97" ingly, we determined the levels of
RK+O0A 8 5.71+0.68* 5.18+0.91™" 8.21+0.78""* Jaggedl, Notchl-ICD, and Hes5 on

RK+OA+GTP 8 2.49+0.43"** 2.69+0.40"** 3.52+0.55""*+*

the preglomerular vessels (Figure 3A).

*P < 0.05, P < 0.01 vs. Sham; TP < 0.05 vs. RK; *P < 0.01 vs. RK; 2P <

0.01 vs. RK+0A.

merular vascular disease in the hyperuricemic
CKD model.

Involvement of the jagged1l/notchl pathway in
preglomerular vascular lesions

To investigate the mechanism underlying pre-
glomerular arteriopathy, the expression of Jag-
gedl was examined using ISH (Figure 2B). In
the normal rats, most of the Jaggedl mRNA
was found on the arterial intima and media,
and only small amounts were found on the
arterial adventitia. Rats in the RK and RK + OA
groups displayed significantly decreased levels
of Jagged1 expression in the arcuate (Sham vs.
RKvs. RK + OA, 23.36 + 4.56 vs. 13.49 £+ 2.74
vs. 8.10 + 3.04, P < 0.01), interlobular (Sham
vs. RK vs. RK + OA, 24.99 + 2.24 vs. 9.29 +
1.86 vs. 5.83 + 2.23, P < 0.01), and afferent
arteries (Sham vs. RK vs. RK + OA, 23.17 +
243 vs. 11.06 + 1.48 vs. 7.10 + 243, P <
0.01) (Figure 2C). Moreover, the levels of
Jagged1l mRNA were significantly correlated wi-
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Our results showed that the levels of
Jaggedl, Notch1-CID, and Hes5 were
significantly lower in the RK rats, and
were further decreased in the hyper-
uricemic RK rats when compared to their levels
in the control rats (Figure 3B), suggesting that
Notch1 signaling is suppressed during the for-
mation preglomerular vascular lesions. Simi-
larly, the preglomerular vascular levels of Mn-
SOD2, a ROS scavenger, and also p-STAT3
expression, were decreased in the RK group
and were lowest in the RK + OA group (Figure
3C and 3D). In contrast, XO, which promotes
ROS production, exhibited higher levels in the
RK group and reached its highest level in the
RK + OA group (Figure 3C and 3D). gPCR and
western blot studies indicated that the levels of
Jaggedl, Notch1-ICD, Hesb, and p-STAT3 were
significantly decreased in RK + OA group when
compared to those in the RK group (Figure 4A
and 4B). Importantly, a quantitative analysis
revealed positive correlations among the levels
of Notchl-ICD, Jaggedl, Notchl-ICD, Hesb,
p-STAT3, and MnSOD2 in the RK + OA group,
(Figure 4C), suggesting that Jaggedl/Notchl-
STAT3-MnSOD2 signal transduction plays a
role in the progression of preglomerular vascu-
lar injuries.
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Figure 3. Expression of Jaggedl, Notch1-ICD, Hes5, p-STAT3, MnSOD2, and XO on the preglomerular arteries. A:
Expression of Jaggedl, Notch1-ICD, and Hes5 on the preglomerular arteries was analyzed by IHC, and representa-
tive images are shown. B: Quantitative analysis of the Jaggedl1, Notch1-ICD, and Hesb5 levels. C: Representative
images of p-STAT3, MnSOD2, and XO staining in the Sham group. D: The levels of p-STAT3, MnSOD2, and XO on the
preglomerular arteries in each group were quantified.

Effect of GTPs on preglomerular arteriopathy Jaggedl, Notchl1-ICD, Hesb, and p-STAT3 to
via the Jagged1/Notch1-STAT3 pathway levels similar to those in the positive control

group (RK + OA + AP (allopurinol)) (Figure 4). We
When compared with the RK + OA group, treat- also investigated whether the regulatory role
ment with GTPs increased the expressions of played by GTPs in preglomerular arteriopathy
3285 Am J Transl Res 2018;10(10):3276-3290
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groups. A: mRNA levels were detected by qPCR. The levels of Jagged1, Notch1-ICD, and Hes5 were remarkably decreased in the RK rats and RK rats treated with
OA. The administration of Tea or AP reversed the effect of OA. B: Protein levels were measured by western blot methods. Jagged1, Notch1-ICD, Hes5, and p-STAT3
expression was reduced in the RK rats and RK rats treated with OA. The administration of Tea or AP reversed the effect of OA. C: Correlations between the levels
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might be mediated via the Jaggedl/Notchl-
STAT3 pathway. Treatment with GTPs signifi-
cantly restored Jaggedl, Notchl-ICD, Hesb,
p-STAT3, and MnSOD2 expression on preglo-
merular vessels. In contrast, the preglomerular
vascular levels of XO in the RK + OA + GTP
group were significantly lower than those in the
RK + OA group (Figure 5A). Additionally, GTPs
significantly reduced ROS levels in the hyperuri-
cemic RK rats (RK + OA + GTP vs. RK + OA =
498.65 + 20.19 vs. 629.79 + 24.48, P < 0.01).
Collectively, GTPs increased activity of the
Jagged1/Notch1-STAT3 signaling pathway via
their ability to inhibit ROS formation (Figure 5D)
and reduce UA levels (Table 1). Our in vitro data
indicated that the ability of GTPs to induce
Jaggedl, Notchl Hesb, p-STAT3, and MnSOD2
expression, and reduce X0, ROS and cell apop-
tosis levels, was lost when Jaggedl/Notchl
signaling was inactivated. This suggests that
GTPs alleviate preglomerular arteriopathy by
affecting the Jagged1/Notch1-STAT3 pathway
(Figure 5B, 5C, 5E, 5F).

Discussion

Renal arteriopathy is responsible for arterial
hypertension that occurs during the progres-
sion various renal diseases [4, 20]. Prevention
of preglomerular arteriopathy may be an attrac-
tive approach for treating CKD. Clinical and
animal studies have demonstrated that high
levels of UA can result in preglomerular vascu-
lar damage [2-5, 12, 21, 22]. Recent reports
have suggested that the aberrant alterations
found in preglomerular vessels may result from
oxidative stress [12, 21] and abnormal regula-
tion of the angiotensin system [2, 3, 22]. Herein,
we propose that green tea polyphenol com-
pounds may help to alleviate hyperuricemia-
induced preglomerular arteriopathy. Accumu-
lating evidence indicates that GTPs have po-
tent anti-oxidative properties that may account
for their beneficial effects in preventing the
oxidative stress associated with ischemia inju-
ries and renal damage [23, 24]. Consistent
with those findings, our results indicate that
treatment with GTPs prevented damage to the
preglomerular vascular in a hyperuricemic CKD
model.

The Notch pathway plays important roles in
angiogenesis and vasculature maintenance un-
der both physiological and pathological condi-
tions [25]. On the other hand, the roles played
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by ROS and redox events in regulating vascular
morphogenesis have only recently been dis-
covered [26]. Interestingly, several studies
have suggested a correlation between Notch
pathway activity and oxidative stress [8, 27-29].
Because GTPs help regulate anti-oxidative
stress, we speculate that Notchl signaling
may be involved in the ability GTPs to protect
against preglomerular arteriopathy. Our in vivo
results showed that Jaggedl/Notchl pathway
activity was associated with the severity of
preglomerular vascular diseases in hyperurice-
mic RK rats. Moreover, the expression pattern
of Jagged1/Notch1 signaling on preglomerular
vessels was consistent with that of activated
STAT3 and MnSOD2, but displayed a trend
opposite to that of XOD and ROS. It was note-
worthy that restoration of the Jagged1/Notch1-
STAT3 pathway by GTPs significantly impaired
ROS production and thereby protected hyper-
uricemic RK rats against preglomerular vascu-
lar damage.

In HUVEC cells, Notchl signaling was shown
to modulate ROS generation by suppressing
Nox4 expression [27]. In myocardial infarction,
Jagged1 facilitated the activation of Notchl by
increasing Mfn2 expression and suppressing
ROS production, which subsequently attenuat-
ed the injuries due to myocardial infarction
[28]. In a hepatic I/R or burn-induced myocar-
dial injury model, Notchl increased MnSOD
expression by activating STAT3, and thereby
promoted the scavenging role of ROS [8, 29].
Consistent with those findings, our in vivo
results further verified the antioxidant role
played by Notchl and the underlying mecha-
nism mediated by Notch1-STAT3 signal trans-
duction in our model of CKD with hyperu-
ricemia.

XO inhibitors such as allopurinol and topiroxo-
stat are clinically approved for use in the treat-
ment of hyperuricemia, and have been demon-
strated to prevent the thickening of preglome-
rular artery walls in hyperuricemic RK rats [22,
30, 31]. Accumulating evidence has shown
that polyphenol compounds extracted from
natural products can suppress the expression
or activity of XO [32]. It was observed that GTP
administration decreased the serum levels of
uric acid in PO-induced hyperuricemic mice,
partly by reducing XO expression [17]. Our
results further confirmed the efficacy of GTPs
in treating hyperuricemia, even though we used

Am J Transl Res 2018;10(10):3276-3290
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Figure 5. Effects of GTP on preglomerular arteriopathy via the Jagged1/Notch1-STAT3 pathway. A: The levels of Jag-
ged1, Notch1-ICD, Hes5, p-STAT3, MnSOD2, and XO on preglomerular arteries were analyzed by IHC and quantified.
GTPs alleviated the damage caused by OA in RK rats by increasing the levels of Jaggedl, Notch1-ICD, Hes5, p-STAT3,
and MnSOD2 and reducing XO expression. B: The levels of mRNA for Jagged1, Notch1-ICD, and Hes5 were detected
by gPCR. GTPs inhibited the impact of OA by elevating Jagged1, Notch1-ICD, and Hes5 expression, while GTP siRNA
abolished the effect of GTPs. C: Western blot detection methods showed that the levels of Jaggedl, Notch1-ICD,
Hesb, p-STAT3, and MnSOD proteins were increased in the GTP group, but were negatively regulated by OA and GPT
siRNA. D: GTPs reduced the ROS content in RK rats treated with OA. E: The effect of GTPs on HK-1 cell apoptosis was
examined by Hoechst staining. GTPs suppressed the cell apoptosis that was previously induced by hyperuricemia. F:
GTPs impeded the ROS production caused by hyperuricemia. i, BLANK; ii, Hyperuricemia; iii, Hyperuricemia + GTP;

iv, Hyperuricemia + GTP + siRNA.

a different model. Moreover, GTP administra-
tion was found to increase the levels of ROS
and MnSOD. When the Jagged/Notch1-STAT3
pathway was inactivated by siRNA, the effect
of GTPs was significantly impeded. Future stud-
ies are required to determine how the Jagged/
Notch1-STAT3 pathway specifically affects the
behavior of endothelial cells and/or smooth
muscle cells isolated from preglomerular arte-
ries.

Conclusion

The present study showed that GTP compo-
unds helped to protect against CKD progres-
sion by activating the Jagged1/Notch1-STAT3
pathway. Furthermore, GTPs also alleviated
preglomerular vascular lesions and reduced
apoptosis and ROS levels. Our results highlight
the clinical benefits of using GTPs in treat-
ment of CKD, as well as the importance of
regulating Notchl pathway activity.
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Figure S1. Morphology of the glomeruli in the different groups. Histologic examinations were performed after H&E
staining.
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Figure S2. Morphology of glomeruli in the different groups. Histologic examinations were performed after PAS stain-
ing.
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Figure S3. Chromatographic analysis of GTP purity.
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