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Considerable evidences have indicated that elevated uric acid (UA) was involved in renal
tubular injury leading to hyperuricemic nephropathy (HN). Scutellarin is a biologically active
flavonoid derived from the Chinese traditional herb Erigeron breviscapus Hand-Mazz, which
has been widely used in the treatment of cardiovascular and cerebrovascular diseases. In the
present study, we analyzed the effect of scutellarin on HN, by using C57BL/6 mice and
human renal tubular epithelial cell line HK-2 which was subjected to adenine/potassium
oxonate and UA to mimic a HN injury. The HN mice showed a significant decrease in renal
function with the increased SCr and blood urea nitrogen (BUN) (o < 0.05). Hematoxylin—eosin
staining results showed a histological injury in HN mice kidney tissues with severe tubular
damage. Scutellarin dose dependently alleviated the renal injury of the HN model (p < 0.05),
and a dose of 20 mg/kg/day remarkably reduced the Scr level (26.10 + 3.23 ymol/ml vs.
48.39 + 7.51 ymol/ml, p < 0.05) and BUN (151.12 + 30.24 mmol/L vs. 210.43 + 45.67 mmol/
L, p < 0.05) compared with the HN model group. Similarly, scutellarin decreased NGAL, Kim-
1, cystatin C, and IL-18 protein expression levels in HN mouse (o < 0.05). Overexpressed
CCN1 could not induce NLRP3 inflammasome activation, with no change of mRNA and
protein expression levels of NLRP3, ASC, and pro-caspase-1 compared with the control HK-
2. However, HK-2 showed a significant NLRP3 inflammasome activation and apoptosis.
Importantly, knockdown of CCN1 not only aggravated NLRP3 inflammasome activation and
apoptosis but also abrogated the protective effect of scutellarin in UA-induced HK-2 injury.
Thus, scutellarin might alleviate HN progression via a mechanism involved in CCN1 regulation
on NLRP3 inflammasome activation.

Keywords: scutellarin, hyperuricemia, hyperuricemic nephropathy, CCN1, NLRP3 inflammasome

INTRODUCTION

Hyperuricemia (HUA), a common metabolic disorder of purine, is characterized by high serum uric acid
(SUA)-precipitated urate crystals in both the kidneys and joints. Elevated SUA may cause the formation
of monosodium urate crystals in connective tissues, eventually leading to gout. Based on the National
Health and Nutrition Examination Survey from 2007 to 2008, 21.1% adult men and 21.6% adult women
suffered from HUA in the United States (Zhu et al, 2012). In China, the prevalence of HUA was
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estimated to be 19.4% in men and 7.9% in women (Liu et al., 2015),
approximately 10% of which developed into gout. Recent studies
showed that HUA may have contributed to various complications
including diabetes, hyperlipidemia, and hypertension (Merriman
and Dalbeth, 2011; Li et al,, 2013; Bonakdaran and Kharaqani, 2014),
as well as an independent risk element for chronic kidney disease
(CKD) (Obermayr et al., 2008).

Numerous studies revealed that elevated uric acid (UA) was

associated with renal tubular injury and subsequent
tubulointerstitial ~ fibrosis, thus causing  hyperuricemic
nephropathy (HN), which can eventually cause CKD.
Nucleotide-binding  oligomerization — domain-like  receptor

protein 3 (NLRP3) inflammasome is a multi-protein complex
composed of NLRP3, and apoptotic speck protein including a
caspase recruitment domain (ASC) and pro-caspase-1 (Huai et al.,
2014). Pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) can be
identified by NLRP3 receptor proteins, which existed in a
variety of components of the body (Martinon et al, 2006).
Current studies revealed that activation of NLRP3
inflammasome can be triggered by soluble UA and UA crystals,
thus causing maturation of pro-inflammatory cytokines like IL-1p
and leading to congenital immune defense against danger signals
such as infection and metabolic disorder (Isaka et al., 2016).

Scutellarin  (4',5,6-trihydroxyflavone-7-O-glucuronide) is a
biologically flavonoid derived from the Chinese
traditional herb Erigeron breviscapus Hand-Mazz, which has
been widely used in the treatment of cardiovascular and
cerebrovascular diseases (Wang Z. et al, 2016; Chledzik et al,
2018). Recent pharmacological studies have reported anti-
inflammatory, antioxidant, neuroprotective, and antitumor
activities (Du et al,, 2015; Baluchnejadmojarad et al., 2018; Sun
et al,, 2018) of scutellarin. Particularly, researchers confirmed the
protective effects of scutellarin against hypoxic-ischemic brain and
cardiomyocyte injury mediated by antioxidant capacity (Guo et al.,
2011; Wang Z. et al,, 2016). Du et al. (2015) demonstrated that
scutellarin protected cerebral vascular endothelial cells through
activating the endothelial cGMP-activated protein kinase G
pathway. Additionally, scutellarin can inhibit NLRP3-related
inflammasome  stimulated by ATP or nigericin in
lipopolysaccharide-primed macrophages. However, so far,
whether scutellarin protects renal function and reduces serum
UA of HN mice remains elusive.

CCN1 as a cysteine-rich secretory protein promotes embryonic
development, adhesion, chemotaxis, cell proliferation, and
neovascularization (Lau, 2016), and 1is increased in
inflammation, apoptosis, and other injury conditions (Lai et al,
2013). Our previous studies found that CCN1 showed anti-
apoptosis effect in ischemic renal tubular epithelial cells (Xu
et al, 2014; Li et al, 2019). In this study, we analyzed the
effect of scutellarin on HN by using C57BL/6 mice and human
renal tubular epithelial cell line HK-2 subjected to adenine/
potassium oxonate and UA to mimic a HN injury. Further, to
study the possible underlying mechanisms, the relationship
between scutellarin and CCNI1, the regulatory effects of CCN1
on NLRP3 inflammasome, and apoptosis in HN were detected.
This study will offer an improved understanding of scutellarin,

active
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NLRP3 inflammasome, and apoptosis and CCN1, and may
promote the development of strategies for HN treatment.

MATERIALS AND METHODS
Scutellarin
Scutellarin was purchased from MCE company (CAS: 27740-01-

8, purity > 98.0%, cat: HY-N0751, MedChemExpress, NJ, United
States). We prepared a DMSO (cat: D8370, Solarbio, Shanghai,
China) stock liquid and then added 0.9% saline to a final
concentration of 8.3g/L (18.03 mmol/L). The molecular
formula of scutellarin is Cy;H;30;,, with molecular weight
462.36. Before being added to the culture medium for the
in vitro assays, the scutellarin solution was first filtered using
0.2 um filtration membranes, and the filtration was done to
sterilize the solution. The final concentration of DMSO was
0.5% in all the solutions added to the cells in this study.

Cell Culture and Transfection
HK-2 cells, which were purchased from the Cell Bank of the

Chinese Academy of Sciences (Shanghai, China), were cultivated
in DMEM (HyClone, Logan, UT) containing 10% fetal calf serum
(Gibco,  Langley, = OK)  supplemented  with 1%
penicillin-streptomycin (Gibco), and cells were maintained in
a humidified atmosphere at 37 °C with 5% CO,. Further, various
concentrations of UA (0, 4, 8, or 16 mg/dl) for 24 h or 8 mg/dl UA
for different time (24, 48, and 72 h) were performed for HK-2 cell
administration. HK-2 cells were seeded at a density of 5 x 10°
cells/well in six-well plates for adherence. A CCN1 expression
vector, which was confirmed by sequencing, was constructed by
sub-cloning the full-length wild-type CCN1 coding sequence into
pcDNA3.1(+) (Sangon Biotech, Shanghai, China). The empty
constructed pcDNA3.1 was transfected as a control. The siRNA
sequences of siRNA-CCN1 were purchased from GeneChem
(Shanghai, China). Lipofectamine 3000 reagent (Invitrogen,
Carlsbad, CA) was used for transfections following the
instructions from the manufacturer. Stable transfectants were
chosen with G418 (Life Technologies, Grand Island, NY).

Cell Viability Assay
Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies,

Kumamoto, Japan) was used for cell viability assessment. Briefly,
HK-2 cells or the transfected HK-2 cells were seeded at a density
of 5 x 10° cells/well in 96-well plates. 20 uL. CCK-8 was added into
each well and incubated for 2 h at 37°C after UA stimulation.
Further, a microplate reader (Bio-Rad, Hercules, CA) was used
for the measurement of absorbance at 450 nm.

Annexin V Apoptosis Assay

Flow cytometry was used to evaluate the number of apoptotic
cells with Annexin V-FITC/PI apoptosis kit (BioVision, Milpitas,
CA) according to the manufacturer’s instructions. Briefly, the
HK-2 cells were seeded into six-well plates at a density of 5 x 10°
cells/well. Then, cells were washed with PBS twice and
resuspended in 200uL binding buffer. After adding 5L
Annexin V conjugate and incubation for 10 min, the samples
were resuspended with 200 uL binding buffer and 5 uL propidium
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iodide (PI). The samples were then incubated at room
temperature for 30 min in the dark, and a flow cytometer (BD
Biosciences, San Jose, CA) was used for distinguishing the
apoptotic cells (Annexin V-FITC positive and PI-negative).

Animals and Groups
Male C57BL/6 mice aged 8-10 weeks weighing 25-27 g were

purchased from Vital River experimental animal technology
company (Beijing, China) and were housed in a temperature-
controlled room (23 + 2°C) under a 12-h light/dark cycle
supplemented with food and water ad libitum. After being fed
for preadaptation to the environment for a week, 36 male mice
were randomly divided into six groups (six per group): control,
HN mice model, scutellarin (Scu) 20 mg, HN + Scu 5 mg, HN +
Scu 10mg, and HN + Scu 20 mg. Oral administration with
adenine (160 mg/kg) and potassium oxonate (240 mg/kg)
mixture daily consistently for 3 weeks to establish HN mice
was followed. Thereafter, scutellarin were given every day by
intraperitoneal injection to evaluate the efficacy of scutellarin in
HN mice. After 3-week feeding, the animals were euthanized, and
the kidneys were collected for histologic examination and protein
analysis. The serum samples were taken for the measurement of
SUA, creatinine, and blood urea nitrogen (BUN).

All animal experiments were reviewed and approved by the
Medical Ethics Committee for experimental research at the
Affiliated Hospital of Qingdao University.

Sample Collection
Mice body weights and SUA levels were noted before and after

OA induction at 2-week intervals. Blood samples, which were
collected from the tail vein, were left to clot for 1h at room
temperature in priced tubes, and then centrifuged at 3,000 g at
4°C for 15 min to get the serum, which was transferred to a clean
tube and immediately stored at —20°C for further detection.
During drug administration, urine samples were collected
using metabolic cages at 2-week intervals and then centrifuged
at 3,000 g for 5 min to remove impurities. All samples were stored
at —20°C for the following assays. Specific commercial kits

Scutellarin Ameliorates Hyperuricemic Nephropathy

purchased from Nanjing Jiancheng Bioengineering Institute
were used for the detection of SUA, Scr, and BUN levels
according to the manufacturer’s instructions (Nanjing, China).
No food was allowed 8 h before the surgery but drinking water at
liberty. Mice were anesthetized using pentobarbital sodium
(30 mg/kg i.p.), and blood samples were collected via inferior
vena cava. The kidney was quickly dissected, and partial cortex
tissues of the left kidney were frozen in liquid nitrogen
immediately. Total protein and RNA were stored at —80°C
until being assayed after extraction from kidney tissues.

Hematoxylin-Eosin Staining
Kidneys from all treated groups were fixed in 10% buffered formalin

overnight at 4°C and embedded in paraffin. Paraffin-embedded
sections (4 um) were deparaffinized with xylene, dexylened in
successive  concentrations of ethanol, and stained with
hematoxylin and eosin. Tissue sections (five sections per kidney)
were blindly labeled, of which 10 fields per section in total were
chosen randomly and were observed by two renal pathologists.
Renal injury was graded according to the percentage of
damaged tubules in the sample as previous described. In brief,
0 refers to no identifiable injury; 1 refers to mitosis and necrosis of
individual cells; 2 represents necrosis of all cells in adjacent
proximal convoluted tubules, with survival of surrounding
tubules; 3 signifies necrosis confined to the distal third of the
proximal convoluted tubules, with a band of necrosis extending
across the inner cortex; and 4 means necrosis affecting all three
segments of the proximal convoluted tubule. A score of 1 or 2
represents mild injury, and a score of 3 or 4 represents moderate or
severe injury, respectively, in which injury included inflammatory
cell infiltration, dilation of renal tubules, and interstitial edema.

Quantitative Real-Time Polymerase Chain
Reaction

RNAiso Plus reagent was used for Total RNA of the kidney tissue
isolation. 500ng RNA from each sample was reversely
transcribed to cDNA using a PrimeScript™ RT reagent kit

TABLE 1 | Primers used in the article.

Gene Forward Reverse

h-NLRP3 GATCTTCGCTGCGATCAACAG CGTGCATTATCTGAACCCCAC
m-NLRP3 ATTACCCGCCCGAGAAAGG CATGAGTGTGGCTAGATCCAAG
h-ASC GCCGAGGAGCTCAAGAACT AGCTTGTCGGTGAGGTCCAA
m-ASC AGACCACCAGCCAAGACAAG CTCCAGGTCCATCACCAAGT
h-pro-IL-1p GCTTGGTGATGTCTGGTCCA TCAACACGCAGGACAGGTAC
m-pro-IL-1f GCTTGGTGATGTCTGGTCCA TCAACACGCAGGACAGGTAC
h-CCN1 TCGGCAGCCTGAAAAAGGGCA TCGCAGCGGAAGCGCATCTT
m-CCN1 ACCCGGATTTGTGAGGTGC GCAGGAACCGCAGTACTTGG
h-BAX CCCGAGAGGTCTTTTTCCGAG CCAGCCCATGATGGTTCTGAT
m-BAX AGACAGGGGCCTTTTTGCTAC AATTCGCCGGAGACACTCG

h-Bcl-2 ATCGCCCTGTGGATGACTGAG CAGCCAGGAGAAATCAAACAGAGG
m-Bcl-2 GGGGCTACGAGTGGGATGC GCGGTAGCGGCGGGAGAAGT
h-caspase-3 TGCATACTCCACAGCACCTGGTTA CATGGCACAAAGCGACTGGATGAA
m-caspase-3 CGATTATGCAGCAGCCTCAA AGGAGATGCCACCTCTCCTT
h-caspase-9 GGTCACGGCTTTGATGGAGAT CCACCTCAAAGCCATGGTCTT
m-caspase-9 GCTCTTCCTTTGTTCATCTCC CATCTGGCTCGGGGTTACTGC
h-GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
m-GAPDH TGACCTCAACTACATGGTCTACA CTTCCCATTCTCGGCCTTG
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(Takara, Otsu, Japan), and real-time PCR was performed via the
SYBR Green (Takara, Otsu, Japan) method with the following
conditions: at 95 °C for 1 min followed by 40 cycles at 95 °C for
15 sec, 60 °C for 15 sec, and 72 °C for 45 sec, and the specificity of
the PCR products was confirmed by melting curve analysis and
sequencing. Primers used in this experiment are shown in
Table 1. GAPDH was referred as the reference gene to
normalize the mRNA quantity, and 27**“" method was used
to calculate the relative expression of mRNA.

Western Blotting
Serum, urine, and kidney tissues were kept at sacrificed for
protein extraction, and RIPA buffer was used for the sample

Scutellarin Ameliorates Hyperuricemic Nephropathy

suspension. The homogenate was centrifuged at 10,000 g for
30min at 4°C. 50 ug protein in mixture solution were
separated with 10% SDS-PAGE and then transferred onto
PVDF membranes of 0.45um (Millipore, Germany)
incubated with 5% skimmed milk in phosphate-buffered
saline at room temperature for 1 h (Li et al., 2019). After
incubation with primary antibodies against and p-actin (Cell
Signaling Technology, MA, United States) overnight at 4 °C,
the membrane was incubated with secondary antibodies
after washing with PBS and Tween 20. The target bands
were detected with chemiluminescence. The antibodies
against CCN1, NLRP3, ASC, pro-caspase-1, IL-1p, Kim-1,
IL-18, NGAL, cystatin C, Bax, Bcl-2, and caspase-3 and
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caspase-9 were purchased from Abcam (Cambridge, MA,
United States). All other chemicals were of analytical
reagent grade.

Statistical Analysis
All data were expressed as means + SEM using SPSS from three

repeated experiments. One-way analysis of variance was used
among diverse groups, and independent samples were analyzed
by Student’s t-test when appropriate. A value of p < 0.05 was
regarded as statistically significant.

Scutellarin Ameliorates Hyperuricemic Nephropathy

RESULTS

Scutellarin Reduced Serum Uric Acid and
Protected Renal Function of Hyperuricemic
Nephropathy Mice

Mice were fed with adenine/potassium oxonate mixture for
3 weeks according to former studies to establish the HN mice
model, and the SUA level of HN mice was 220.12 + 14.29 ymol/L
in the end (Figure 1F), which was significantly increased
compared with that of the control group (16591 =+
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12.31 ymol/L; p < 0.05), indicating that HN mice model was
successfully induced. Hematoxylin-eosin (HE) staining results
revealed a severe renal tubular damage in HN mice, which was
mitigated after scutellarin administration with a significant
decline in kidney tubular injury score (p < 0.05, Figures
1A,B). Further, to study the effects of scutellarin on the HN
mice, we pretreated HN mice with a different dose of scutellarin
(5, 10, and 20 mg/kg/day); as a result, renal function of HN mice
significantly decreased with the increased Scr and BUN, while
scutellarin can alleviate the renal injury of the HN model in a
dose-dependent manner (p < 0.05, Figures 1D,E), and a dose of
20 mg/kg/day remarkably reduced Scr (26.10 £ 3.23 ymol/ml vs.
4839 + 7.51 ymol/ml, p < 0.05) and BUN levels (151.12 +
30.24 mmol/L vs. 210.43 + 45.67 mmol/L, p < 0.05) compared
with the HN group. Moreover, expressions of biomarkers of renal
injury including NGAL, Kim-1, cystatin C, and IL-18 were
increased while both mRNA and protein expression levels
were significantly decreased after scutellarin treatment in HN
mice (Figures 1C,G-K, p < 0.05). Importantly, scutellarin has no
negative effects on renal function in normal mice when
administrated with the maximum dosage that was 20 mg/kg/
day (Figures 1A-K). Taken together, scutellarin could improve
renal function and alleviate glomerular and tubular damage in
mice with HN.

Protective Effect of Scutellarin Is

Associated with NLRP3 and CCN1

Multiple studies have shown that the activation of NLRP3
inflammasome was involved in HN, which was confirmed in
our study as well. The mRNA and protein expression levels of the
components of the NLRP3 inflammasome including NLRP3,
ASC, and pro-caspase-1 were upregulated in HN kidneys
issues compared with that of the control group (Figures
2A-G). Pro-IL-1p and mature IL-1p protein contents in the
kidneys were also increased in HN (Figures 2H,I). Moreover,
expressions of apoptosis-related proteins, that is, Bax, cleaved
caspase-3, and cleaved caspase-9, were upregulated, while Bcl-2
was downregulated in the HN kidney tissues (Figures 2K-N).
Scutellarin of pretreatment HN mice showed significant dose-

Scutellarin Ameliorates Hyperuricemic Nephropathy

dependent inhibition of NLRP3 inflammasome and apoptosis,
suggesting that its protective effect was associated with the
NLRP3 and apoptosis. More importantly, we found that the
expression of CCN1 protein, an early biomarker of apoptosis
in acute kidney disease, was upregulated and downregulated
when administrated with scutellarin, indicating that CCN1 was
also involved in scutellarin protection of apoptosis of HN
(Figure 2J).

Effects of Uric Acid and Scutellarin in HK-2
Cells

HK-2 cells were subjected to different concentrations of UA (0, 4,
8, or 16 mg/dl) for 24 h and then subjected to a CCK8 assay to
detect the effects of UA on cell viability. As indicated in
Figure 3A, UA inhibited HK-2 cell viability in a dose-
dependent manner, particularly 8 mg/dl treated for 24h
significantly decreased cell viability (p < 0.05). Meanwhile,
cells pretreated with 8 mg/dl UA for various times (0, 24, 48,
and 72 h) showed a significant decrease of cell viability after 24 h
of UA stimulation (p < 0.05, Figure 3B), suggesting that UA
damaged HK-2 cells in a dose- and time-dependent manner.
Furthermore, we studied the effects of scutellarin on cell viability.
The results showed HK-2 cell viability decreased in the presence
of 40 ymol/L scutellarin for 24 h (Figure 3C; p < 0.05); therefore,
8 mg/dl UA for 24 h and 40 ymol/L scutellarin for 24 h were
selected for subsequent experiments.

Overexpressed CCN1 Improved Uric
Acid-Induced HK-2 Injury via Negative
Regulation of NLRP3

To further investigate the mechanism of CCN1 in UA-induced
HK-2 cells, we conducted a series of in vitro experiments. As a
result, HK-2 cells treated with UA showed significant NLRP3
inflammasome activation and apoptosis as well as upregulation of
CCN1, which was consistent with animal experiments
(Figure 4A). Besides, overexpressed CCN1 could not induce
NLRP3 inflammasome activation in that the mRNA and
protein expression levels of NLRP3, ASC, and pro-caspase-1
showed no remarkable change compared with the control
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group (Figures 4B-I). Similarly, overexpression of CCN1 could
not induce cell apoptosis for, and the apoptosis-related protein
expressions were not altered compared with the control group
(Figures 4K-N). However, knockdown of CCN1 with short-
hairpin RNA (shRNA) increased activation of the NLRP3
inflammasome(Figures 4A,B), and expression of proteins
related to apoptosis increased as well (Figures 4J-N),
suggesting that CCN1 played an important role in maintaining
the homeostasis of cells. More importantly, CCN1 overexpression
diminished UA-induced overproduction of inflammasome
proteins and cytokines (p < 0.05, Figures 4A-N), while CCN1

Scutellarin Ameliorates Hyperuricemic Nephropathy

silencing showed a completely opposite impact on UA-induced
cell injury (p < 0.05, Figures 4A-N). Next, flow cytometric
analysis was performed to confirm the regulation of CCN1 on
cell apoptosis in HK-2, and the results were consisted with those
of the above (Figure 5).

Scutellarin Alleviated Uric Acid-Induced
HK-2 Injury via CCN1 Regulating NLRP3

Next, we focused on whether scutellarin could alleviate UA-
induced HK-2 injury. As a result, scutellarin as a protective
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FIGURE 4 | Over-expressed CCN1 improved UA-induced HK-2 injury. Western blot showed the overexpressed CCN1 significant inhibited NLRP3 inflammasome
components (A-G) and apoptosis-related protein (H-N). However, HK-2 shows a significant NLRP3 inflammasome activation and apoptosis, when knockdown of
CCN1 with shRNA. *p < 0.05 vs. the control group; %p < 0.05 vs. HN group.
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drug could alleviate UA-induced HK-2 injury via reducing cell
apoptosis  (Figures 6), 7J-N) and inhibiting NLRP3
inflammasome activation (Figures 7A-I). These data were in
accordance with our in vivo results, thus providing further
evidence that scutellarin could protect the kidney tubular cells
from UA injury. Since both scutellarin and CCN1 played a
positive role in restraining cell apoptosis and NLRP3
inflammasome activation, we further studied whether
scutellarin alleviated UA-induced HK-2 injury via CCNI1-
regulating NLRP3. Intriguingly, knockdown of CCNI not only
aggravated NLRP3 inflammasome activation and apoptosis but
also abrogated the protective effect of scutellarin in UA-induced
HK-2 injury (Figures 6, 7). Thus, we suggested that scutellarin
might inhibit HN progression by a mechanism involved in CCN1
regulating on NLRP3 inflammasome and apoptosis.

DISCUSSION

Scutellarin possesses strong anti-inflammatory activities in many
disease (Wang W. et al., 2016; Zhao et al., 2016; Liu et al., 2017)
but remains elusive whether this agent had any potential effects
on HN, which, however, had been involved in various
inflammatory conditions ranging from NLRP3 inflammasome
activation to apoptosis. Our study confirmed that scutellarin
significantly inhibited NLRP3 inflammasome activation and
apoptosis in mice and HK-2 cells induced by UA, thus

unraveling a previously unappreciated action mechanism for
scutellarin in preventing NLRP3 inflammasome activation and
apoptosis in UA-induced kidney tissues and renal tubular
epithelial cell injury.

Hyperuricemia has been considered as an independent risk
factor for CKD, which promotes the development and progression
of CKD (Garofalo et al., 2018). Many studies suggest that a high
level of serum UA is closely related to inflammatory response and
renal dysfunction (Hu et al,, 2009; Yang et al., 2015; Wang M.-X.
et al, 2016). Gouty nephropathy caused by long-term increased
UA in serum leads to the deposition of urate crystals in the kidney.
UA leads to the obstruction caused by monosodium urate as well
as the inflammatory response initiated by monosodium urate
crystals. In fact, UA increases the levels of IL-1p, IL-6, and
TNF-a in the kidney of HN mice, which leads to renal
dysfunction. Moreover, MCP-1 production increases in UA-
exposed HK-2 cells, which is a positive correlation with kidney
injury (Wang M.-X. et al, 2016). In our study, the HN mice
showed a significant decrease in renal function with the increased
Scr, BUN, and kidney injury biomarkers (NGAL, cystatin C Kim-
1, and IL-18). Moreover, we discovered that NLRP3
inflammasome activation in HN injury, and upregulation of
Bax, cleaved caspase-3 and caspase-9, while downregulation of
Bcl-2 were observed in the HN kidney tissues, which was
consistent with previous studies (Wu et al., 2017; Wang et al,
2018; Tan et al, 2019; Zhang et al, 2019). Therefore, using a
properly scientific approach to test whether a therapeutic drug
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could inhibit NLRP3 inflammasome activation and apoptosis in
HN provided evidence-based guidance for clinical practice.

In the present study, scutellarin can protect renal function and
mitigate tubular damage in mice with HN. Scutellarin as a natural
flavone has been confirmed to have therapeutic effects against
oxidative damage in many diseases. Wang Z. et al. (2016)
pointed out that scutellarin protected cardiomyocytes from
ischemia-reperfusion injury by reducing oxidative stress and
apoptosis. Besides, scutellarin alleviates diosbulbin B-induced
liver injury by inhibiting NF-«xB-mediated hepatic oxidative stress
and inflammation (Niu et al., 2015). In clinical practice, scutellarin
has showed therapeutic effects in cerebral injury, which is related to
the increase of cellular antioxidant defense capacity (Guo et al,
2011). Importantly, scutellarin was minimally toxic or nontoxic,
with the maximal tolerated dose greater than 10 g/kg in mice; thus,
the acute lethal dose (LD50) cannot be determined in experiment
(Lietal., 2011); however, the protection effects of scutellarin in renal
function of HN mice remain elusive. In the current study, we found
scutellarin dose dependently alleviated the renal injury of HN model
and decreased the protein expression of NGAL, Kim-1, cystatin C,
and IL-18 in HN mice. Histological analysis also confirmed that
scutellarin alleviated tubular damage of HN mice with a significant
decline quantitative tubular injury score. Importantly, pretreatment

with scutellarin inhibited NLRP3 inflammasome activation and
apoptosis in HN, suggesting that its protective effect was associated
with the NLRP3 and apoptosis signaling pathways.

Researchers have demonstrated that the NLRP3
inflammasome activation, which can be activated by UA
crystals, is the central part in various pathological
inflammatory conditions (Zhou et al., 2011; Heneka et al,
2013; Zhao et al, 2013). Innate immune function was
regulated by the NLRP3 inflammasome via modulating the
secretion and of maturation pro-inflammatory cytokines.
Studies confirmed that UA improves IL-1p production in a
NLRP3-dependent manner and is correlated with the HN
injury (Braga et al, 2017). Zhang et al. (2019) found that in
the gouty nephropathy, levels of IL-1g and IL-18 in the plasma
and expression of the NLRP3 inflammasome in peripheral blood
mononuclear cells were significantly increased, suggesting that
the NLRP3 inflammasome played an essential role in gouty
nephropathy. In this study, we found the mRNA and protein
expression levels of NLRP3, ASC, and pro-caspase-1 were
unregulated in the HN kidneys issues. Both pro- and mature
IL-1p proteins in the kidneys were increased in HN. Pretreatment
with scutellarin significantly decreased the activation of NLRP3
inflammasome and apoptosis, indicating that its protective effect
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was associated with NLRP3 and apoptosis. Wang Z. et al. (2016)
found that the formation of ASC and oligomerization upon
NLRP3 activation by ATP or nigericin can be significantly
suppressed by scutellarin, implying their interference of
NLRP3’s ability in recruiting ASC to inflammasome formation

(Liu et al., 2017). Besides, scutellarin inhibited activation and
pyroptosis of caspase-1 as well as blocking secretion of mature IL-
1p into culture supernatants.

More importantly, we found an increase in CCN1 protein
expression in HN kidney tissues and a decreased expression of
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CCN1 in HN mice administrated with scutellarin. Thus, we
suggested that scutellarin alleviated HN-induced kidney injury
via CCNI1 regulation on NLRP3. Considerable studies revealed
that CCN1 is an immediate early gene product pertaining to the
CCN family (CCNI1/Ctgf/Nov family) and also a vascular
regulatory factor of extracellular matrix cross-linking (Kleer,
2016; Wu et al, 2016; Yeger and Perbal, 2016). Intriguingly,
CCN1 is a key protein in the transition from acute kidney
injury (AKI) to CKD, and blockade of CCN1 can mitigate renal
inflammation and fibrosis after ischemic reperfusion induced AKI
(Laietal, 2014; Li et al., 2019). Our previous study (Li et al., 2018)
showed that as a hub gene, CCN1 overexpressed in CKD based on
373 CKD patient samples. Second, the expression of CCN1 was
positively correlated with renal fibrosis after AKI indicating that
CCN1 was highly related to kidney fibrosis in a long period of time
injury (Liu et al,, 2017). We found that overexpressed CCN1 could
not induce the activation of NLRP3 inflammasome in HK-2 cells,
but HK-2 cells showed a significant NLRP3 inflammasome
activation and apoptosis with CCN1 knockdown. CCN1
overexpression inhibited UA-induced overproduction of
inflammasome proteins and cytokines. Knockdown of CCN1
not only aggravated NLRP3 inflammasome activation and
apoptosis but also abrogated the protective effect of scutellarin
in UA-induced HK-2 injury. Thus, we suggested that scutellarin
might mitigate HN progression through a mechanism involved in
CCNI regulating NLRP3 inflammasome and apoptosis.

In conclusion, this study demonstrated that 1) scutellarin
protected renal function and decreased SUA of HN mice, 2)
protective effect of scutellarin was associated with NLRP3 and
CCN1, 3) over-expressed CCN1 improved HK-2 injury induced
by UA via negative regulation of NLRP3, and 4) scutellarin
alleviated HK-2 injury induced by UA via CCNI1 regulating
NLRP3. Therefore, there is a strong rationale for the
therapeutic usage of scutellarin in the treatment of HN.
Furthermore, whether the anti-apoptosis and anti-NLRP3
inflammasome efficacy of scutellarin makes a difference in
clinical practice requires more research to confirm for wider
application.

REFERENCES

Baluchnejadmojarad, T., Zeinali, H., and Roghani, M. (2018). Scutellarin alleviates
lipopolysaccharide-induced cognitive deficits in the rat: insights into
underlying mechanisms. Int. Immunopharmacol. 54, 311-319. doi:10.1016/j.
intimp.2017.11.033

Bonakdaran, S., and Kharaqgani, B. (2014). Association of serum uric acid and
metabolic syndrome in type 2 diabetes. Curr. Diabetes Rev. 10 (2), 113-117.
doi:10.2174/1573399810666140228160938

Braga, T. T., Forni, M. F., Correa-Costa, M., Ramos, R. N., Barbuto, J. A., Branco,
P., et al. (2017). Soluble uric acid activates the NLRP3 inflammasome. Sci. Rep.
7, 39884. doi:10.1038/srep39884

Chledzik, S., Strawa, J., Matuszek, K., and Nazaruk, J. (2018). Pharmacological
effects of scutellarin, an active component of genus Scutellaria and Erigeron: a
systematic review. Am. J. Chin. Med. 46 (2), 319-337. doi:10.1142/
50192415X18500167

Du, X, Chen, C., Zhang, M., Cai, D., Sun, J., Yang, J., et al. (2015). Scutellarin
reduces endothelium dysfunction through the PKG-I pathway. Evid. Based
Complement. Alternat. Med. 2015, 430271. doi:10.1155/2015/430271

Scutellarin Ameliorates Hyperuricemic Nephropathy

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee for experimental research of the Affiliated Hospital
of Qingdao University (Qingdao, China).

AUTHOR CONTRIBUTIONS

GL, CG, and LX are principal coinvestigators who contributed
equally to study design, implementation, data analysis, and
interpretation and drafting of the manuscript. LW, CY, and
LZ are coinvestigators who performed the animal and cell
experiments. BZ, CL, HL, and W] are independent members
who reviewed the data and took part in discussions around the
observed outcomes, manuscript development, and modification.
CY Li took major partinrevision, manuscript development, and
language modification. YX is a coinvestigator, the senior author of
this manuscript, and contributed to study design,
implementation, data analysis, interpretation, manuscript
development, and modification. All authors contributed to
manuscript revision, reading, and approved the submitted
version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81470973, 81770679, 81970582) and
Qingdao Municipal Science and Technology Bureau (20-3-4-36-
nsh). No funding bodies had any role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Garofalo, C., De Stefano, T., Vita, C., Vinci, G., Balia, F., Nettuno, F., et al. (2018).
Hyperuricaemia and chronic kidney disease. G. Ital. Nefrol. 35 (1), 2018-voll.
doi:10.1016/j.biopha.2018.02.052

Guo, H,, Hu, L. M,, Wang, S. X, Wang, Y. L., Shi, F,, Li, H,, et al. (2011).
Neuroprotective effects of scutellarin against hypoxic-ischemic-induced
cerebral injury via augmentation of antioxidant defense capacity. Chin.
J. Physiol. 54 (6), 399-405. doi:10.4077/CJP.2011.AMMO059

Heneka, M. T., Kummer, M. P, Stutz, A, Delekate, A., Schwartz, S., Vieira-Saecker,
A, et al. (2013). NLRP3 is activated in Alzheimer’s disease and contributes to
pathology in APP/PS1 mice. Nature 493 (7434), 674-678. doi:10.1038/
naturel1729

Hu, Q.-H., Wang, C,, Li, ].-M., Zhang, D.-M., and Kong, L.-D. (2009). Allopurinol,
rutin, and quercetin attenuate hyperuricemia and renal dysfunction in rats
induced by fructose intake: renal organic ion transporter involvement. Am.
J. Physiol. Renal. Physiol. 297 (4), F1080-F1091. doi:10.1152/ajprenal.90767.
2008

Huai, W.,, Zhao, R,, Song, H., Zhao, J., Zhang, L., Zhang, L., et al. (2014). Aryl
hydrocarbon receptor negatively regulates NLRP3 inflammasome activity by
inhibiting NLRP3 transcription. Nat. Commun. 5, 4738. doi:10.1038/
ncomms5738

Frontiers in Pharmacology | www.frontiersin.org

October 2020 | Volume 11 | Article 584942


https://doi.org/10.1016/j.intimp.2017.11.033
https://doi.org/10.1016/j.intimp.2017.11.033
https://doi.org/10.2174/1573399810666140228160938
https://doi.org/10.1038/srep39884
https://doi.org/10.1142/S0192415X18500167
https://doi.org/10.1142/S0192415X18500167
https://doi.org/10.1155/2015/430271
https://doi.org/10.1016/j.biopha.2018.02.052
https://doi.org/10.4077/CJP.2011.AMM059
https://doi.org/10.1038/nature11729
https://doi.org/10.1038/nature11729
https://doi.org/10.1152/ajprenal.90767.2008
https://doi.org/10.1152/ajprenal.90767.2008
https://doi.org/10.1038/ncomms5738
https://doi.org/10.1038/ncomms5738
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Lietal

Isaka, Y., Takabatake, Y., Takahashi, A., Saitoh, T., and Yoshimori, T. (2016).
Hyperuricemia-induced inflammasome and kidney diseases. Nephrol. Dial.
Transplant. 31 (6), 890-896. doi:10.1093/ndt/gfv024

Kleer, C. G. (2016). Dual roles of CCN proteins in breast cancer progression. J. Cell
Commun. Signal. 10 (3), 217-222. doi:10.1007/s12079-016-0345-7

Lai, C.-F., Chen, Y.-M., Chiang, W.-C,, Lin, S.-L., Kuo, M.-L,, and Tsai, T.-J. (2013).
Cysteine-rich protein 61 plays a proinflammatory role in obstructive kidney
fibrosis. PLoS One 8 (2), €56481. doi:10.1371/journal.pone.0056481

Lai, C.-F,, Lin, S.-L., Chiang, W.-C., Chen, Y.-M., Wy, V.-C,, Young, G.-H,, et al.
(2014). Blockade of cysteine-rich protein 61 attenuates renal inflammation and
fibrosis after ischemic kidney injury. Am. J. Physiol. Renal Physiol. 307 (5),
F581-F592. doi:10.1152/ajprenal.00670.2013

Lau, L. F. (2016). Cell surface receptors for CCN proteins. J. Cell Commun. Signal.
10 (2), 121-127. doi:10.1007/512079-016-0324-z

Li, C., Hsieh, M.-C,, and Chang, S.-J. (2013). Metabolic syndrome, diabetes, and
hyperuricemia. Curr. Opin. Rheumatol. 25 (2), 210-216. doi:10.1097/BOR.
0b013e32835d951e

Li, C, Liu, X, Liu, H, and Xu, Y (2018). Weighted gene co-expression network
analysis of Cyr61 in chronic kidney disease. J. Precis. Med. 1 (1), 28-33. doi:10.
13362/j.jpmed.201801011

Li, C,, Zhao, L., Wang, Y., Che, L., Luan, H., Luo, C,, et al. (2019). Cysteine-rich
protein 61, a specific ultra-early biomarker in kidney ischemia/reperfusion
injury. Nephrology 24 (8), 798-805. doi:10.1111/nep.13513

Li, X., Wang, L., Li, Y., Bai, L., and Xue, M. (2011). Acute and subacute toxicological
evaluation of scutellarin in rodents. Regul. Toxicol. Pharmacol. 60 (1), 106-111.
doi:10.1016/j.yrtph.2011.02.013

Liu, H.,, Zhang, J., Liu, X, Li, C., Ma, R, and Xu, Y. (2017). Effect and mechanism of
cysteine-rich protein 61 on transforming growth factor-Bl-activated renal
fibroblasts. Chin. J. Nephrol. 9, 704-710. doi:CNKI:SUN:ZYNE.0.2017-04-070

Liu, R, Han, C, Wu, D., Xia, X., Gu, J., Guan, H,, et al. (2015). Prevalence of
hyperuricemia and gout in Mainland China from 2000 to 2014: a systematic
review and meta-analysis. Biomed Res. Int. 2015, 76280. doi:10.1155/2015/762820

Liu, Y., Jing, Y.-Y., Zeng, C.-Y., Li, C.-G., Xu, L.-H,, Yan, L, et al. (2017). Scutellarin
suppresses NLRP3 inflammasome activation in macrophages and protects mice
against bacterial sepsis. Front. Pharmacol. 8, 975. doi:10.3389/fphar.2017.00975

Martinon, F., Pétrilli, V., Mayor, A., Tardivel, A., and Tschopp, J. (2006). Gout-
associated uric acid crystals activate the NALP3 inflammasome. Nature 440
(7081), 237-241. doi:10.1038/nature04516

Merriman, T. R., and Dalbeth, N. (2011). The genetic basis of hyperuricaemia and
gout. Joint Bone Spine 78 (1), 35-40. doi:10.1016/j.jbspin.2010.02.027

Niu, C,, Sheng, Y., Yang, R,, Lu, B., Bai, Q,, Ji, L., et al. (2015). Scutellarin protects
against the liver injury induced by diosbulbin B in mice and its mechanism.
J. Ethnopharmacol. 164, 301-308. doi:10.1016/j.jep.2015.02.031

Obermayr, R. P., Temml, C., Gutjahr, G., Knechtelsdorfer, M., Oberbauer, R., and
Klauser-Braun, R. (2008). Elevated uric acid increases the risk for kidney
disease. J. Am. Soc. Nephrol. 19 (12), 2407-2413. doi:10.1681/ASN.2008010080

Sun, C, Li, C, Li, X,, Zhu, Y., Su, Z., Wang, X,, et al. (2018). Scutellarin induces
apoptosis and autophagy in NSCLC cells through ERK1/2 and AKT Signaling
Pathways in vitro and in vivo. J. Cancer 9 (18), 3247-3256. doi:10.7150/jca.25921

Tan, J., Wan, L., Chen, X,, Li, X,, Hao, X, Li, X,, et al. (2019). Conjugated linoleic
acid ameliorates high fructose-induced hyperuricemia and renal inflammation
in rats via NLRP3 inflammasome and TLR4 signaling pathway. Mol. Nutr. Food
Res. 63 (12), 1801402. doi:10.1002/mnfr.201801402

Wang, K., Hu, L, and Chen, J.-K. (2018). RIP3-deficience attenuates potassium
oxonate-induced hyperuricemia and kidney injury. Biomed. Pharmacother.
101, 617-626. doi:10.1016/j.biopha.2018.02.010

Wang, M.-X,, Zhao, X.-J., Chen, T.-Y,, Liu, Y.-L,, Jiao, R-Q., Zhang, J.-H., et al.
(2016). Nuciferine alleviates renal injury by inhibiting inflammatory responses

Scutellarin Ameliorates Hyperuricemic Nephropathy

in fructose-fed rats. J. Agric. Food Chem. 64 (42), 7899-7910. doi:10.1021/acs.
jafc.6b03031

Wang, W.,, Ma, X, Han, ], Zhou, M. Ren, H, Pan, Q, et al. (2016).
Neuroprotective effect of scutellarin on ischemic cerebral injury by down-
regulating the expression of angiotensin-converting enzyme and AT1 receptor.
PLoS One 11 (1), e0146197. doi:10.1371/journal.pone.0146197

Wang, Z.,, Yu, J., Wu, ], Qi, F, Wang, H., Wang, Z,, et al. (2016). Scutellarin
protects cardiomyocyte ischemia-reperfusion injury by reducing apoptosis and
oxidative stress. Life Sci. 157, 200-207. doi:10.1016/j.1fs.2016.01.018

Wu, Q,, Jorgensen, M., Song, J., Zhou, J., Liu, C., and Pi, L. (2016). Members of the
Cyr61/CTGF/NOV protein family: emerging players in hepatic progenitor cell
activation and intrahepatic cholangiocarcinoma. Gastroenterol. Res. Pract.
2016, 2313850. doi:10.1155/2016/2313850

Wu, Y., He, F,, Li, Y., Wang, H., Shi, L., Wan, Q,, et al. (2017). Effects of shizhifang
on NLRP3 inflammasome activation and renal tubular injury in hyperuricemic
rats. Evid. Based Complement. Alternat. Med. 2017, 7674240. doi:10.1155/2017/
7674240

Xu, Y., Shen, X. F,, Ma, R. X,, Jiang, W., and Zhang, W. (2014). Protection of renal
tubular epithelial cells from apoptosis by Cyr61 expression under hypoxia. Cell
Biol. Int. Rep. 21 (2), 47-52. d0i:10.1002/cbi3.10016

Yang, Y., Zhang, D.-M,, Liu, J.-H.,, Hu, L.-S., Xue, Q.-C., Ding, X.-Q,, et al. (2015).
Wuling San protects kidney dysfunction by inhibiting renal TLR4/MyD88
signaling and NLRP3 inflammasome activation in high fructose-induced
hyperuricemic mice. J. Ethnopharmacol. 169, 49-59. doi:10.1016/j.jep.2015.
04.011

Yeger, H., and Perbal, B. (2016). CCN family of proteins: critical modulators of the
tumor cell microenvironment. J. Cell Commun. Signal. 10 (3), 229-240. doi:10.
1007/s12079-016-0346-6

Zhang, Y. Z., Sui, X. L, Xu, Y. P,, Gu, F. J,, Zhang, A. S., and Chen, J. H. (2019).
NLRP3 inflammasome and lipid metabolism analysis based on UPLC-Q-TOF-
MS in gouty nephropathy. Int. J. Mol. Med. 44 (1), 172-184. doi:10.3892/ijmm.
2019.4176

Zhao, J., Wang, H., Dai, C., Wang, H., Zhang, H., Huang, Y., et al. (2013). P2X7
blockade attenuates murine lupus nephritis by inhibiting activation of the
NLRP3/ASC/caspase 1 pathway. Arthritis Rheum. 65 (12), 3176-3185. doi:10.
1002/art.38174

Zhao, S., Sun, Y., Li, X,, Wang, J., Yan, L., Zhang, Z., et al. (2016). Scutellarin
inhibits RANKL-mediated osteoclastogenesis and titanium particle-induced
osteolysis via suppression of NF-kB and MAPK signaling pathway. Int.
Immunopharm. 40, 458-465. doi:10.1016/j.intimp.2016.09.031

Zhou, R, Yazdi, A. S., Menu, P., and Tschopp, J. (2011). A role for mitochondria in
NLRP3 inflammasome activation. Nature 469 (7329), 221-225. doi:10.1038/
nature09663

Zhu, Y., Pandya, B. ], and Choi, H. K. (2012). Comorbidities of gout and
hyperuricemia in the US general population: NHANES 2007-2008. Am.
J. Med. 125 (7), 679-687.el. doi:10.1016/j.amjmed.2011.09.033

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Li, Guan, Xu, Wang, Yang, Zhao, Zhou, Luo, Luan, Jiang and Xu.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

October 2020 | Volume 11 | Article 584942


https://doi.org/10.1093/ndt/gfv024
https://doi.org/10.1007/s12079-016-0345-7
https://doi.org/10.1371/journal.pone.0056481
https://doi.org/10.1152/ajprenal.00670.2013
https://doi.org/10.1007/s12079-016-0324-z
https://doi.org/10.1097/BOR.0b013e32835d951e
https://doi.org/10.1097/BOR.0b013e32835d951e
https://doi.org/10.13362/j.jpmed.201801011
https://doi.org/10.13362/j.jpmed.201801011
https://doi.org/10.1111/nep.13513
https://doi.org/10.1016/j.yrtph.2011.02.013
https://doi.org/CNKI:SUN:ZYNE.0.2017-04-070
https://doi.org/10.1155/2015/762820
https://doi.org/10.3389/fphar.2017.00975
https://doi.org/10.1038/nature04516
https://doi.org/10.1016/j.jbspin.2010.02.027
https://doi.org/10.1016/j.jep.2015.02.031
https://doi.org/10.1681/ASN.2008010080
https://doi.org/10.7150/jca.25921
https://doi.org/10.1002/mnfr.201801402
https://doi.org/10.1016/j.biopha.2018.02.010
https://doi.org/10.1021/acs.jafc.6b03031
https://doi.org/10.1021/acs.jafc.6b03031
https://doi.org/10.1371/journal.pone.0146197
https://doi.org/10.1016/j.lfs.2016.01.018
https://doi.org/10.1155/2016/2313850
https://doi.org/10.1155/2017/7674240
https://doi.org/10.1155/2017/7674240
https://doi.org/10.1002/cbi3.10016
https://doi.org/10.1016/j.jep.2015.04.011
https://doi.org/10.1016/j.jep.2015.04.011
https://doi.org/10.1007/s12079-016-0346-6
https://doi.org/10.1007/s12079-016-0346-6
https://doi.org/10.3892/ijmm.2019.4176
https://doi.org/10.3892/ijmm.2019.4176
https://doi.org/10.1002/art.38174
https://doi.org/10.1002/art.38174
https://doi.org/10.1016/j.intimp.2016.09.031
https://doi.org/10.1038/nature09663
https://doi.org/10.1038/nature09663
https://doi.org/10.1016/j.amjmed.2011.09.033
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Scutellarin Ameliorates Renal Injury via Increasing CCN1 Expression and Suppressing NLRP3 Inflammasome Activation in Hyperu ...
	Introduction
	Materials and Methods
	Scutellarin
	Cell Culture and Transfection
	Cell Viability Assay
	Annexin V Apoptosis Assay
	Animals and Groups
	Sample Collection
	Hematoxylin–Eosin Staining
	Quantitative Real-Time Polymerase Chain Reaction
	Western Blotting
	Statistical Analysis

	Results
	Scutellarin Reduced Serum Uric Acid and Protected Renal Function of Hyperuricemic Nephropathy Mice
	Protective Effect of Scutellarin Is Associated with NLRP3 and CCN1
	Effects of Uric Acid and Scutellarin in HK-2 Cells
	Overexpressed CCN1 Improved Uric Acid–Induced HK-2 Injury via Negative Regulation of NLRP3
	Scutellarin Alleviated Uric Acid–Induced HK-2 Injury via CCN1 Regulating NLRP3

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


