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Purpose: Proteinuria is an independent risk factor of chronic kidney disease (CKD). 
Albumin-induced tubulointerstitial inflammation and epithelial-mesenchymal transition 
(EMT) via the activation of NLRP3 inflammasome is a potential therapeutic target for 
CKD. Suyin Detoxification Granule (SDG) improves proteinuria and postpones renal 
failure. However, the underlying mechanism is still unknown.
Methods: Firstly, the rat model of renal failure was established using intragastric 
administration of adenine. Renal function, proteinuria, inflammatory indicators in 
serum, and renal pathology were assessed, and renal immunohistochemical staining of 
NLRP3 inflammasomes was performed after intervention with low and high concentra-
tions of SDG. Secondly, the model of renal tubular epithelial HK-2 cells was established 
using albumin in vitro, and the cell viability, EMT phenotype, and the expression of 
proteins in the NLRP3 inflammasome signaling pathway were measured after the freeze- 
dried powder of Suyin Detoxification Prescription (SDP) and CY-09, which is a selective 
and direct NLRP3 inhibitor, were co-incubated with albumin. ATP, SOD, mitochondrial 
membrane potential, and ROS were further measured in vitro, and changes in the 
mitochondrial function after SDP intervention were observed. The mitochondrial antiviral 
signaling protein (MAVS) was knocked down using siRNA, and the interaction between 
MAVS and NLRP3 was verified using Western blotting, polymerase chain reaction 
(PCR), and immunofluorescence.
Results: SDG improved renal function and proteinuria, alleviated renal fibrosis, and reduced 
serum inflammation and the expression of the components of the NLRP3 inflammasome in 
the kidney. In vitro, SDP and CY-09 enhanced cell viability after injury with albumin and 
inhibited pyroptosis induced by the NLRP3 inflammatory signaling pathway and expression 
of proteins involved in EMT. It was further found that SDP alleviated the mitochondrial 
dysfunction caused by albumin. The knockdown of MAVS reduced the expression of NLRP3 
pathway proteins and their mRNA levels and also weakened the co-localization of NLRP3, 
thus, reducing cell pyroptosis.
Conclusion: SDP protected renal tubular epithelial cells from cell pyroptosis and EMT by 
regulating the albumin-induced mitochondrial dysfunction/ MAVS/ NLRP3-ASC-caspase-1 
inflammasome signaling pathway.
Keywords: Suyin Detoxification Granule, renal tubular epithelial cells, mitochondrial 
dysfunction, MAVS, NLRP3 inflammasome, pyroptosis, EMT
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Introduction
Chronic kidney disease (CKD) is an increasingly serious 
public health problem. The prevalence of CKD is 8%-16% 
worldwide.1 Since renal failure is progressive and irrever-
sible and there is a lack of specific drugs to protect renal 
function, the quality of life of patients with CKD is threa-
tened and it burdens the patients’ families and the society 
economically.2 Alleviating renal tissue injury and renal 
dysfunction is a great challenge faced by clinicians and 
researchers.3

In the process of renal fibrosis, intrinsic renal cells are 
damaged due to the pathogenic factors, leading to 
increased collagen deposition, resulting in gradual sclero-
sis of renal parenchyma, scarring, and a loss of basic 
metabolic function, causing end-stage kidney disease 
(ESKD).4 Renal fibrosis is characterized by persistent 
inflammation, an increase in and aggregation of myofibro-
blasts, and abnormal deposition of extracellular matrix 
(ECM). There is increasing evidence that epithelial- 
mesenchymal transition (EMT) plays an important role in 
renal tubulointerstitial fibrosis.5,6 During EMT, cell mor-
phology changes, cell migration increases, the adhesion 
factor E-cadherin and the tight junction protein ZO-1 
decrease, and the extracellular matrix proteins, such as 
Fibronectin and Collagen type I, increase.7

Inflammasome research is gaining popularity in recent 
years. Among the identified inflammasomes, NLRP3 
inflammasome is widely studied.8,9 NLRP3 inflamma-
some integrates both infectious and non-infectious tissue 
injury signals. The most classical pathway is the activa-
tion of caspase-1, which induces the secretion of pro- 
inflammatory cytokines IL-1β and IL-18 and inflamma-
tory cell death- (pyroptosis), promoting host defense 
against pathogens and tissue repair.10 Available data sug-
gested that in addition to renal mononuclear phagocytes, 
certain intrinsic kidney cells, such as renal tubular epithe-
lial cells, podocytes, glomerular endothelial cells, and 
mesangial cells, also contain large amounts of NLRP3.11 

In several CKD disease models, the release of Il-1β after 
the activation of NLRP3 inflammasome is associated with 
renal inflammation, EMT, and fibrosis.12–14 Therefore, 
NLRP3 inflammasome is a potential therapeutic target 
for CKD.

After more than 2500 years of continuous develop-
ment, traditional Chinese Medicine (TCM) has gradually 
become a well-defined treatment system and has been 
widely used in the treatment of diseases. Suyin 

Detoxification Prescription (SDP) promotes blood circula-
tion, eliminates heat, and detoxifies the kidney. SDP has 
been used in the treatment of chronic renal failure for 
several years. In our previous study, it was found that 
SDP’s monarch drugs Zi Su Ye [Folium Perillae] and 
Yin Chen [Herba Artemisiae Scopariae] have antioxidant 
and anti-apoptotic effects,15 but the mechanism underlying 
SDP’s renal protective function is still unclear. Adenine 
causes renal failure and proteinuria in rodents, which is the 
model for studying CKD.16 We used the adenine rat renal 
failure model to explore the effects of SDP on urinary 
proteins, renal function, and inflammatory indicators. In 
vitro, albumin-induced injury to the human renal tubular 
epithelial HK-2 cells was used to simulate the destruction 
of renal tubules using proteinuria, explore the effect of 
SDP on mitochondrial dysfunction leading to the activa-
tion of NLRP3 by MAVS, and study the induction of 
pyroptosis and EMT in HK-2 cells.

Materials and Methods
Reagents
Adenine (A8626) was purchased from Sigma-Aldrich (MO, 
USA). Albumin from bovine serum (BSA), Cohn Fraction 
V (4240GR100) was purchased from BioFROXX 
(Germany). CY-09 (HY-103666) was purchased from 
MedChemExpress (NJ, USA). SDG was purchased from 
the Jiangsu Provincial Hospital of Traditional Chinese 
Medicine (2005001, Jiangsu, CN). It is currently an in- 
hospital preparation at the Jiangsu Provincial Hospital of 
Traditional Chinese Medicine and is marketed by the hospi-
tal. Antibodies against Collagen Type I (67288-1-lg), 
Fibronectin (66042-1-lg), and MAVS (14341-1-AP) were 
purchased from Proteintech (Chicago, USA). The primary 
antibody against Cleaved IL-1β (AF4008) was purchased 
from Affinity Biosciences (OH, USA). The primary anti-
body against pro Caspase-1 + p10 + p12 (ab179515) was 
purchased from Abcam (Cambridge, UK). The primary anti-
body against Gasdermin D (N terminal; ER1901-37) was 
purchased from HUABIO (Zhejiang, China). The primary 
antibody against NLRP3 (NBP2-12446) was purchased 
from Novus (CO, USA). Mito-Tracker Red CMXRos 
(C1035) was purchased from Beyotime (Shanghai, CN). 
HRP-conjugated Goat Anti-Rabbit IgG (H + L) and HRP- 
conjugated Goat Anti-Mouse IgG (H + L) were purchased 
from Servicebio (Hubei, CN). CoraLite488-conjugated 
Affinipure Goat Anti-Rabbit IgG (H + L) and CoraLite594- 
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conjugated Affinipure Goat Anti-Rabbit IgG (H + L) were 
purchased from Biosharp (Shanghai, CN).

LC-MS/MS Analysis of SDP
SDP was prepared using Zi Su Ye [Folium Perillae], Yin 
Chen [Herba Artemisiae Scopariae], Liu Yue Xue [Serissa 
japonica Thunb.], Tu Fu Lin [Smilax glabra Roxb.], Hong 
Hua [Carthamus tinctorius L.], Wu Ling Zhi [Faeces 
Trogopterori], Pu Huang [Typha angustifolia L.], Da Huang 
[Rheum Officinale], Mu Li [Concha Ostreae], Fu Ling 
[Poria], Huang Qi [Radix Astragali], and Shan Zhu Yu 
[Cornus officinalis Sieb]. All the medical herbs were sourced 
from the Jiangsu Provincial Hospital of TCM. Then, the 
Suyin Detoxification Lyophilized Powder was prepared at 
the Institute of the pharmacology at the Nanjing University 
of Chinese Medicine. Apigenin (B20981), Rhein (B20245), 
Aloe-emodin (B20772), Formononetin (B20836), and 
Ferulic acid (B20007) were purchased from Yuanye Bio- 
Technology (Shanghai, China). 4ʹ-hydroxyacetophenone 
(BCBV5820) was purchased from Sigma-Aldrich 
(St. Louis, USA). Chlorogenic acid (HY-N0055), Quercetin 
(HY-18085), and Scoparone (HY-N0228) were purchased 
from MedChemExpress (NJ, USA). We used liquid chroma-
tography tandem-mass spectrometry (LC-MS/MS) to ana-
lyze SDP. After separation on an Xbridge C18 column 
(2.1 × 100 mm; 3.5 µm; Waters, USA) using an acetonitrile- 
water gradient system, the peaks were analyzed using mass 
spectrometry (MS) using ESI ionization in MRM mode. Data 
were collected and processed using the LC-MS/MS- 
associated software (Table 1 and Figure S1).

Animals
Male SD rats (n = 24; 12 weeks of age; weight, 200–230 
g) were purchased from the Shandong Jinan Yueshi 
Animal Breeding Center (Shandong, China). After one 

week of adaptive feeding, adenine was administered to 
the rats intragastrically. They were randomly divided into 
four groups (n = 6 per group): control, adenine (Ade), 
SDG low-dose (SDG-L), and SDG high-dose (SDG-H) 
groups. In the Ade group, adenine (2.5%, 200 mg/kg/d) 
was administered intragastrically every day for 4 weeks 
and then on alternate days for another 4 weeks to maintain 
the progression of the disease. The high-dose SDG group 
was administered with 10 g/kg/d SDG and the low-dose 
group was administered 5 g/kg/d SDG, and no more than 
2 mL of the compound solution a day was administered 
from the second week until the end of the experiment.

Ethics Approval
All animal experiments conformed to the Guidelines for 
the Care and Use of Laboratory Animals and were 
approved by the Animal Ethics Committee of the 
Affiliated Hospital of Nanjing University of Chinese 
Medicine (permit number: 2020DW-27-02).

Urinary and Serum Sample Analysis
Blood urea nitrogen, serum creatinine, serum uric acid, 
serum cystatin, and albumin were measured using an auto-
matic biochemical analyzer (Dimension EXL200, Siemens 
healthineers, USA). Urinary ACR was detected using 
a urine analyzer (Uritest-500B, URIT, CN). Serum IL-1, 
IL-1β, IL-18, and MCP-1 were measured using ELISA kits 
(Meimian, CN). All procedures were performed according 
to the respective manufacturers’ instructions.

Renal Pathology
After the renal tissues were fixed with 10% formalin, 
samples were taken, and step-up alcohol dehydration, 
transparency, immersion, embedding, sectioning, routine 
H&E staining, and Masson and Pas staining were 

Table 1 Chinese Medicine Simplex Components of SDP Were Measured by LC-MS/MS

Standard -/+ m/z DP (Volts) CE(Volts) Concentration(μg/g)

Formononetin + 269→253.7 120 28 51.18

Scoparone + 207.2→151.2 82 28 0.06
Chlorogenic acid - 353.1→190.4 −50 −30 11495.85

Apigenin - 268.8→116.6 −100 −50 150.16

Rhein - 282.8→182.7 −60 −40 6739.17
Aloe-emodin - 268.7→239.7 −100 −30 13.86

Ferulic acid - 192.7→133.9 −60 −19 1550.10

Quercetin - 300.9→150.6 −100 −28 64.03
4ʹ-hydroxyacetophenone - 134.7→92.8 −60 −23 86.83

Journal of Inflammation Research 2021:14                                                                                          https://doi.org/10.2147/JIR.S341598                                                                                                                                                                                                                       

DovePress                                                                                                                       
6603

Dovepress                                                                                                                                                              Zhu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=341598.docx
https://www.dovepress.com
https://www.dovepress.com


performed. Histopathological changes were observed 
using a light microscope (Eclipse Ni-U, Nikon, Japan). 
ImageJ was used to measure the Masson-stained area.

Renal Immunohistochemical Analysis
After the paraffin sections were dehydrated, they were 
placed in the box filled with EDTA antigen repair buffer 
(pH 9.0) for antigen repair in the microwave oven (med-
ium fire for 8 min to boil, cease fire for 8 min and then 
medium- low fire for 7 min). After natural cooling, they 
were washed with PBS. The sample slides were placed in 
3% hydrogen peroxide solution and incubated for 25 min 
at room temperature in dark. After blocking with 3% 
bovine serum albumin at room temperature for 30 min, 
the samples were incubated with a primary antibody 
(diluted with PBS) overnight at 4 °C. Slides were then 
washed with PBS and incubated with a secondary antibody 
HRP-conjugated Goat Anti-Rabbit/Mouse IgG (H + L) at 
room temperature for 1 h. After drying, a freshly prepared 
3,3ʹ-diaminobenzidine chromogenic reagent (DAB stain-
ing fluid, Servicebio, CN) was added to the marked tissue. 
Slides were observed using a light microscope (Eclipse Ni- 
U, Nikon, Japan) until the nuclei turned yellow-brown, 
and then counterstained with hematoxylin staining solu-
tion. Finally, the samples were dehydrated, cleared in 
xylene for 5 min, and mounted with resin mounting med-
ium. The tissues were observed using a light microscope.

Cell Culture
The normal human renal tubular epithelial HK-2 cell line was 
purchased from Cellcook Biotechnology Co, LTD 
(Guangzhou, China) and the STR gene identification certifi-
cate was obtained. The cells were grown in Dulbecco’s 
Modified Eagle’s medium/F-12 (DMEM/F12) containing 
10% FBS (GIBCO, USA) in an incubator containing 5% 
CO2 at 37 °C.

Assessment of Cell Viability Using the 
Cell Counting Kit-8
Cell viability was measured using the CCK-8 kit (Dojindo, 
China). Cells were incubated in 96-well plates (10,000 
cells per well) with 100 μL culture medium containing 
5% FBS in each well. After stimulation with the drug, the 
culture medium was removed, and 100 μL culture medium 
containing 10% CCK-8 detection solution was added to 
each well. After incubation for 1 h, the absorbance was 

measured using a spectrometer at 450 nm. Cell viability 
was expressed as a percentage of the control.

Cell Wound Scratch Assay
Vertical lines were marked on the outer surface of each 
well of the 6-well plate. The cells were planted in the 
6-well plate with a density of 200,000 cells per well. 
After the cells were fused to about 90%, the culture 
medium was removed. A thin “wound” perpendicular to 
the marker lines was introduced by scratching the cells 
with a pipette tip. The cells were lightly washed twice with 
PBS, and each drug was diluted in a serum-free medium 
and then added to the 6-well plates. After detection, 
images were captured using a light microscope. ImageJ 
was used to measure the scratch area.

Western Blotting Analysis
Sample preparation: After the treatment, the cells were 
lysed with a solution containing protease and phosphatase 
inhibitors (Beyotime, CN). After the lysis, the lysate was 
collected and subjected to ultrasonication and centrifuga-
tion. The supernatant was collected, SDS loading buffer 
was added to it, and the solution was boiled at 100 °C for 
10 min. The samples were then subjected to SDS-PAGE 
electrophoresis (Bio-RAD, China) on a 10% or 12.5% gel 
and transferred to polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked with 5% non-fat 
dried milk in PBST (PBS with 1‰ Tween-20) at room 
temperature for 1 h, incubated with primary antibody at 
4 °C overnight, lightly washed by PBST, incubated with 
secondary antibody for 1 h, and washed again. The bands 
were visualized using an imaging system and analyzed 
using Image Lab software.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde for 20 min at 
room temperature and permeabilized with 0.1% Triton 
X-100 in PBS. After blocking with 3% bovine serum albu-
min in PBS, the samples were incubated with a primary 
antibody (diluted 1:200) overnight at 4 °C. Then, the sam-
ples were incubated with a CoraLite488-conjugated 
Affinipure Goat Anti-Rabbit IgG (H + L) (diluted 1:200) 
for 1 h at room temperature. After the samples were slightly 
shaken dry, CY3-TSA (Tyramide signal amplification) was 
dropped into the circle and incubated for 10 min at room 
temperature in dark. Another primary antibody (diluted 
1:200) was added and samples were incubated at 4 °C 
overnight. After washing with PBS, samples were incubated 
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with CoraLite594-conjugated Goat Anti-Rabbit IgG (H + L) 
(diluted 1:200) for 1 h at room temperature. After washing 
with PBS, samples were incubated with TSA for 10 min at 
room temperature and stained with DAPI staining solution 
for 15 min. An anti-fluorescence quenching agent was 
added. A fluorescence microscope was used to observe the 
cells using different channels. ImageJ was used to measure 
the relative fluorescence intensities.

RT-PCR Analysis
RNA was extracted using the one-step RNA extraction 
method (Vazyme, CN), and cDNA was synthesized using 
Direct RT Mix according to the manufacturer’s instruc-
tions. cDNA was detected and amplified using Direct 
qPCR MIX-SYBR. The primers used are listed below 
(Table 2). 7500Fast system was used to detect the 
mRNA expression and the results were calculated using 
the ΔΔCT method. The mRNA levels are expressed as 
a fraction of those of the control group.

Flow Cytometry Analysis
Mitochondrial membrane potential was detected using 
the JC-1 kit (Multi Sciences, Hangzhou, China). After 
stimulation with drugs, samples were washed with PBS 
slightly, then trypsin without EDTA was added and 
samples were incubated at room temperature for 10 
min. Then the cells were collected and centrifuged. 
The supernatant was discarded and the cells were re- 
suspended in a Buffer containing 2 μM JC-1. The sam-
ples were incubated in a 5% CO2 incubator at 37 ° C for 
20 min. Flow cytometry was performed using an excita-
tion wavelength of 488 nm and the samples were ana-
lyzed using FITC and R-PE channels. Annexin V-FITC/ 
PI apoptosis kit (Multi Sciences, China) was used to 
measure cell pyroptosis. After collection, cells in each 
sample were incubated with 5 μL FITC and 2 μL PI. 
Annexin V-FITC and PI detection channels were used to 
measure cell pyroptosis.

Transient Transfection of Cells with 
siRNA
HK-2 cells were transiently transfected with siRNA spe-
cifically targeting MAVS. siMAVS and sicontrol (negative 
reference) were provided by Nanjing KeyGen biological 
co., LTD and were diluted in Opti medium to a final 
concentration of 80 nM. The transfection reagent used 
was Lipo 3000 (Thermo Fisher, USA). siRNA and the 
transfection reagent were mixed, incubated for 15 min, 
and then added to the cells. After incubation for 8 h, the 
medium was removed. Transfected cells were then 
exposed to different stimuli.

Mitochondrial Function Analysis: ATP
After lysing the cells, 20 μL of the supernatant was col-
lected in an opaque 96-well plate. Then, the ATP detection 
reagent was added to it immediately. A fluorescence 
microplate reader was used to measure the fluorescence, 
and the ATP and protein concentrations were calculated. 
The ATP concentration was converted to nmol/mg. SOD: 
The supernatant of the cell lysate was used to measure the 
level of SOD. After the experiment was performed accord-
ing to the manufacturer’s instructions, the OD value was 
detected using a spectrometer at a wavelength of 450 nm. 
The SOD activity and protein concentration were calcu-
lated according to the instructions (S0101M, beyotime, 
Shanghai, CN), and the SOD activity was converted to 
U/mg. ROS detection: After drug administration, 500 μL 
DCFH-DA fluorescein, at a final concentration of 10 μM, 
was added to each well according to the instructions 
(S0033M, Beyotime, CN), and incubated at 37 °C for 30 
min. After sealing the samples with the anti-fluorescence 
quenching solution, the samples were directly observed 
using a forward fluorescence microscope, and images 
were captured. The relative optical density was measured 
using ImageJ.

Statistical Analysis
Values are expressed as means ± standard deviation. 
Before performing further statistical analyses, the 
Shapiro–Wilk test was used to check whether the data 
were normally distributed. Comparisons between two 
populations were made using the Student’s t-test. For 
comparisons across multiple samples, a one-way analysis 
of variance followed by Dunnett’s test was performed. All 
analyses were performed using SPSS Statistics 23.0 

Table 2 Primer Sequences

Human-MAVS-S  
Human-MAVS-A

GCCCATCAACTCAACCCGT

AACGGGCTGTCTACCTGGGAT

Human-NLRP3-S 
Human-NLRP3-A

ATTCGGAGATTGTGGTTGGG

GAGTCTGGTCAGGGAATGGCT

Human-β-actin-S 
Human-β-actin-A

CTCCTTAATGTCACGCACGAT

CTCCTTAATGTCACGCACGAT
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software. A P-value of less than 0.05 was considered to 
indicate a statistically significant difference.

Results
SDG Improved Renal Tissue Fibrosis in 
Rats with Adenine Nephropathy
Adenine nephropathy rat model did not only cause renal 
failure but also high proteinuria, which is a rat model of 

chronic renal failure. Gross examination showed that 
compared to the control group, the adenine group 
showed a decrease in body weight, an increase in the 
renal weight, and a marked swelling, white color, and 
a granular surface of the kidney, and these effects were 
attenuated in both the low- and high-dose SDG groups 
(Figure 1A and B). Renal immunohistochemistry results 
(Figure 1C) showed that fibrotic markers Collagen I and 

Figure 1 SDG Improved Renal Tissue Fibrosis in Rats With Adenine Nephropathy. Experimental schedule: The adenine, SDG-L, and SDG-H groups underwent intragastric 
administration of adenine (2.5%, 200 mg/kg/d) every day for 4 weeks and then on alternate days for another 4 weeks. SDG-L and SDG-H groups were administered 5 g/kg/d 
or 10 g/kg/d SDG by gavage once a day. The rats were sacrificed in week 9. At this point, (A) morphology of the kidneys was observed, (B) the body weight and kidney 
weight was measured, (C) and representative images of the sections of the kidney were assessed using immunohistology using Collagen I (Col I) and Fibronectin (FN) 
antibodies. Scale bar = 50 µm. (D) Hematoxylin and Eosin staining: In the adenine group, a large area of renal interstitial inflammation was observed (brown arrow). The 
number of renal tubules decreased (black arrow), and kidney atrophy was observed along with a change in their structure (blue arrow). More lymphocyte infiltration was 
observed in the interstitium (yellow arrow), and the lumen of some renal tubules around the lesion was enlarged; also, the epithelial cells were swollen (red arrow). Masson 
staining: In the adenine group, there was extensive damage to the cortex, and more collagen fibers were observed at the damaged site and the dark-blue colored regions 
surrounding the renal tubular interstitium (black arrow). Periodic Acid-Schiff staining: There was no obvious increase in the mesangial matrix and thickening of basement 
membrane in the glomeruli in the adenine group. However, a small number of renal tubules in the medulla were PAS-positive (black arrow). Scale bar = 50 µm. Data are 
presented as means ± SD; n = 6. ##P < 0.01 vs control. *P < 0.05; **P < 0.01 vs the adenine group.
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Fibronectin significantly increased in the Adenine group, 
and their levels reduced in SDG low- and high-dose 
groups. H&E staining of the renal cortex showed that 
compared to the control group, inflammation was 
observed in a large part of the renal interstitium in the 
Adenine group, with a reduced number of renal tubules, 
atrophy and disappearance of the structure of the kidney, 
more lymphocyte infiltration in the interstitium, an 
enlarged lumen of some renal tubules around the lesion, 
and edema of the epithelial cells. Masson-stained tissue 
showed high cortical damage, and there was more col-
lagen fiber hyperplasia in the damaged site and the 
surrounding renal tubule-interstitium, showing a dark 
blue color. There was no obvious increase in the mesan-
gial matrix and thickening of the basement membrane in 
glomeruli, observed with PAS staining. However, 
a small number of renal tubules in the medulla were 
uniformly positive for PAS, and these lesions were 
ameliorated in the low- and high-dose SDG groups 
(Figure 1D). These results suggested that SDG alle-
viated adenine-induced renal damage.

SDG Alleviated Adenine-Induced Renal 
Dysfunction and Inflammation in Rats
As shown in Figure 2A and B, after the treatment with 
adenine, rat blood urea nitrogen, serum creatinine, serum 
cystatin, and blood uric acid increased, and the urinary 
albumin excretion rate and serum albumin decreased. 
Low- and high-dose SDG groups showed an improvement 
in the indices of renal function and hypoalbuminemia and 
a reduction in urinary protein excretion. Serum inflamma-
tory markers IL-1, IL-1β, IL-18, and MCP-1 significantly 
increased in the Adenine group compared to the control 
group, and the inflammatory response improved in the 
low- and high-dose SDG groups (Figure 2C). The 
NLRP3/ caspase-1 /IL-1β signaling pathway, which regu-
lates inflammation through the cleavage and maturation of 
pro-inflammatory cytokines, has been demonstrated to 
play a role in regulating inflammation in the kidneys. As 
shown in Figure 2D, adenine increased NLRP3, caspase-1, 
GSDMD, and IL-1β in the kidney tissue, and low and high 
SDG doses decreased their levels. These data suggested 
that SDG ameliorated adenine-induced renal dysfunction, 
proteinuria, hypoproteinemia, and inflammatory response, 
and inhibited the expression of NLRP3, caspase-1, 
GSDMD, and IL-1β in the kidney.

Albumin Induced Renal Tubular Epithelial 
Cell Injury in vitro
A growing number of studies suggested that proteinuria is an 
independent risk factor of renal failure. To study the effect of 
excessive albumin on the kidney, especially the function of 
the renal tubule, we used serum albumin to treat the renal 
tubular epithelial cells and establish the injury model. As 
shown in Figure 3A, with the increase in the concentration 
of BSA and the the intervention time, cell viability was 
affected. Compared to the control group, the low-dose 
group of 5 g/L SDP showed no difference at 12 and 48 
h but showed an increase at 24 h, while the medium- and 
high-dose groups of 10 g/L and 20 g/L SDP, respectively, 
showed a loss of cell activity at 24 and 48 h. Scratch assay 
results showed that BSA, at 5 g/L, 10 g/L, and 20 g/L, 
improved cell migration at 12 and 24 h. Using light micro-
scopy, it was observed that 24 h after the intervention, the 
cell morphology in the BSA group changed from elliptical to 
a spindle shape, and the volume of the cells increased. 
A concentration of 10 g/L BSA showed the most significant 
changes (Figure 3B and C). The Western blotting results 
(Figure 3D) showed that the Vimentin, Collagen I and 
Fibronectin protein levels increased and the E-cadherin pro-
tein level decreased in BSA 10 g/L group. To verify whether 
albumin causes pyroptosis of the renal tubular epithelial 
cells, the protein levels of NLRP3, ASC, activated cas-
pase-1, GSDMD-N, and activated IL-1β were measured 
and they were found to be increased after the treatment 
with BSA at different concentrations (Figure 3E). The 
most significant increase was found in the group adminis-
tered with 10 g/L BSA. The Western blotting assay showed 
that along with the increase in the levels of activated cas-
pase-1 and IL-1β, the levels of unactivated precursors of 
caspase-1 and IL-1β also increased. These results suggested 
that albumin can be used to establish renal tubular damage 
models with decreased functionality, enhanced migration 
ability, and increased expression of fibrotic marker proteins 
and NLRP3 series of pyroptosis-related proteins.

SDP May Ameliorate BSA-Induced Cell 
Injury by Inhibiting the NLRP3/ASC/ 
Caspase-1 Signaling Pathway
Based on the aforementioned results, we identified 10 g/L 
BSA and a 24-h intervention time as the optimum condi-
tions to establish the cell damage model. To investigate the 
relationship between NLRP3 inflammasome and EMT, an 
NLRP3 inhibitor CY-09 was used. CY-09 is a selective and 
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direct NLRP3 inhibitor. It directly binds to the ATP- 
binding motif of the NLRP3 NACHT domain and inhibits 
NLRP3 ATPase activity, resulting in the suppression of 
NLRP3 inflammasome assembly and activation. To inves-
tigate the protective effect of SDP, using the BSA-induced 
renal damage model, CY-09 (5 μM) was co-incubated with 

BSA and SDP (0.25, 0.5, and 1 g/L). The results showed 
that SDP (1 g/L) and CY-09 improved cell viability. CY-09 
and SDP (0.5 and 1 g/L) improved the cell morphology 
and abnormal cell migration caused by BSA. The effect of 
1 g/L SDP was more pronounced (Figure 4A–C). 
A concentration of 1 g /L SDP was identified as the 

Figure 2 SDG alleviated adenine-induced decrease in the renal function and inflammation in rats. (A) Blood urea nitrogen (BUN), Serum creatinine (Scr), Serum cystatin, 
Serum uric acid, (B) Serum albumin, Urinary albumin-to-creatinine ratio (ACR), and (C) Serum IL-1, IL-1β, IL-18, and MCP-1 levels were measured. (D) Representative 
immunohistology images of the sections highlighting NLRP3, Caspase-1, Gasdermin D (GSDMD), and IL-1β using their respective antibodies. Scale bar = 50 µm. Data are 
presented as means ± SD; n = 6. ##P < 0.01 vs control. *P < 0.05; **P < 0.01 vs the adenine group.
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Figure 3 Albumin induced renal tubular epithelial cell injury in vitro. (A) The effect of BSA on cell viability. HK-2 cells in 96-well plates were exposed to the different 
concentrations (0, 5, 10, and 20 g/L) of BSA for 12, 24, and 48 h. Cell viability was evaluated using CCK-8 assay. (B, C) The effect of BSA on the cell migration capacity and 
associated morphological changes. Cell morphology and scratch assays were performed using phase-contrast microscopy (magnification, 100X). (D) The effect of BSA on 
Vimentin, E-cadherin (E-cad), Fibronectin (FN) and Collagen type I (Col I) protein expression. After incubation for 24 h, cell lysates were subjected to Western blotting to 
measure Vimentin, E-cadherin, Fibronectin and Collagen type I levels. (E) The effect of BSA on NLRP3 inflammasome proteins. After incubation for 24 h, cell lysates were 
subjected to Western blotting to measure NLRP3, ASC, Pro Caspase-1 with cleaved caspase −1 levels, N-terminal of Gasdermin D (GSDMD-N), and Pro IL-1β with cleaved 
IL-1β. Data are expressed as means ± SD; n = 3. #P < 0.05; ##P < 0.01 vs control.
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Figure 4 SDP may ameliorate BSA-induced cell injury by inhibiting NLRP3/ASC/ caspase-1 signaling pathway. (A) The effects of SDP and CY-09 on BSA-induced cell viability. 
HK-2 cells in 96-well plates were co-incubated with SDP (0.25, 0.5, and 1.0 g/L) or CY-09 (5 μmol/L) and BSA (10 g/L) for 24 h. Cell viability was evaluated using the CCK-8 
assay. (B, C) The effects of SDP and CY-09 on the cell migration capacity and morphological changes induced by BSA. Cell morphology and scratch assay were analyzed using 
phase-contrast microscopy (magnification, 100X). (D) The effects of SDP and CY-09 on E-cadherin, Vimentin, Fibronectin and Collagen type I protein expression. HK-2 cells 
were divided into 6 groups: Control, BSA (10 g/L), SDP (1 g/L), BSA (10 g/L) + SDP (1 g/L), CY-09 (5 μmol/L), and BSA (10 g/L) + CY-09 (5 μmol/L). After incubation for 24 h, 
cell lysates were subjected to Western blotting to measure E-cadherin, Vimentin, Fibronectin and Collagen type I protein levels. Data are presented as means ± SD; n = 3. 
#P < 0.05; ##P < 0.01 vs control. *P < 0.05; **P < 0.01 vs BSA group.
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optimum concentration. Western blotting results showed 
that SDP and CY-09 reduced the protein levels of 
Vimentin, Collagen I and Fibronectin, and increased the 
protein level of E-cadherin (Figure 4D). As shown in 
Figure 5A–C, SDP and CY-09 reduced the expression of 
NLRP3, thereby inhibiting the activation of the NLRP3- 
ASC-Caspase-1 pyroptosis signaling pathway and redu-
cing the activation of Gasdermin D and the release of 
IL-1β (Figure 5). However, compared with SDP or CY- 
09, SDP combined with CY-09 seemed to show no differ-
ence in this BSA-induced EMT and pyroptosis cell model 

(Figure S2). These data suggested that SDP may amelio-
rate renal tubular EMT by inhibiting NLRP3-mediated 
pyroptosis.

SDP Ameliorated BSA-Induced 
Mitochondrial Dysfunction
Mitochondria not only produce the energy required by the 
cells but also participate in cellular regulatory processes. 
Recently, it was shown that they also play a role in 
regulating immunity. Previous studies have confirmed 
that mitochondrial dysfunction is one of the processes 

Figure 5 SDP may ameliorate BSA-induced cell injury by inhibiting NLRP3/ASC/ caspase-1 signaling pathway. (A–C) The effects of SDP and CY-09 on NLRP3 inflammasome 
protein expression. After incubation for 24 h, cell lysates were subjected to Western blotting to measure NLRP3, ASC, Pro Caspase-1 with cleaved caspase −1, N-terminal 
of Gasdermin D(GSDMD-N), and Pro IL-1β with cleaved IL-1β Data are presented as means ± SD; n = 3. ##P < 0.01 vs control. **P < 0.01 vs BSA group.
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that lead to the activation of NLRP3. As shown in 
Figure 6A–E, compared to the BSA group, the SDP 
group showed a reduction in the release of ATP and the 
generation of ROS and an increase in the mitochondrial 
membrane potential and the release of SOD. These results 
may suggest that SDP could reduce NLRP3 inflammasome 
activation by alleviating mitochondrial dysfunction.

SDP Inhibited the Localization and 
Activation of NLRP3 in Mitochondria by 
Regulating MAVS Protein
MAVS, localized to the outer membrane of mitochondria, 
promotes the localization of NLRP3 to the mitochondria 
and induces their activation. As shown in Figure 7A, the 
expression of NLRP3 also decreased after the MAVS gene 

Figure 6 SDP ameliorated BSA-induced mitochondrial dysfunction. (A) The effect of SDP on BSA-induced cell adenosine-triphosphate (ATP) release. After incubation for 
24 h, cell lysates were subjected to ATP assay using the kit. A fluorescence microplate reader was used to measure the ATP in the samples. (B) The effect of SDP on BSA- 
induced changes in mitochondrial membrane potential (MMP). JC-1 assay kit was used to measure the MMP. FITC channel was used to calculate cells with mitochondrial 
damage. (C) The effect of SDP on BSA-induced superoxide dismutase (SOD) release. A SOD assay kit was used to measure the released SOD. (D, E) The effect of SDP on 
BSA-induced production of reactive oxygen species (ROS). The corresponding kit was used to measure ROS. The cells were observed using fluorescence microscopy 
(magnification, 100X). Data are expressed as means ± SD; n = 3. ##, P < 0.01 vs control. **P < 0.01 vs BSA group.
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Figure 7 SDP inhibited the localization and activation of NLRP3 in mitochondria by regulating MAVS protein. (A, B) The effects of MAVS siRNA and SDP on BSA-induced 
cell injury. HK-2 cells were transfected with either NLRP3 siRNA or control siRNA for 8 h. The transfected cells were incubated with BSA for 24 h. HK-2 cells were divided 
into 6 groups - Control, BSA (10 g/L), SDP (1 g/L), BSA (10 g/L) + SDP (1 g/L), siMAVS (80 nmol/L), and BSA (10 g/L) + MAVS (80 nmol/L). Cell lysates were subjected to 
Western blotting to measure MAVS and NLRP3 levels. (C) mRNA levels of NLRP3 and MAVS were measured using RT-PCR. (D) The co-localization of MAVS and NLRP3 was 
observed using immunofluorescence staining. (E) Annexin V -FITC and PI channels were used to observe cell pyroptosis. Data are expressed as means ± SD; n = 3. #P < 0.05; 
##P < 0.01 vs control. *P < 0.05; **P < 0.01 vs the BSA group.
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was knocked out. Compared to the BSA group, the 
siMAVS and SDP groups showed a reduced expression 
of MAVS, inhibition of NLRP3, and a decrease in the 
mRNA contents of MAVS and NLRP3 (Figure 7A–C). 
Immunofluorescence results suggested that MAVS co- 
located with mitochondria, and BSA enhanced NLRP3 co- 
localization with MAVS and increased the fluorescence. 

SDP and siMAVS decreased their co-localization and 
fluorescence (Figure 7D). Interestingly, the CY-09 group 
showed decreased NLRP3 and MAVS fluorescence 
expression, suggesting that NLRP3 may regulate MAVS 
via positive feedback. Flow cytometry was performed to 
detect the positive rate of Annexin V and PI double-stained 
cells using channels PE and 488. Compared to the BSA 

Figure 8 A schematic representation of the signaling pathways involved in the SDP-mediated inhibition of BSA in human renal tubular epithelial cells (HK-2 cells).
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group, SDP, CY-09, and siMAVS groups showed 
decreased pyroptosis as measured using flow cytometry 
(Figure 7E). These data suggested that SDP inhibits the 
activation of the NLRP3 inflammasome by regulating 
MAVS expression, thereby alleviating cell pyroptosis.

Discussion
Traditional Chinese medicine has been used in China for 
more than 2500 years. With developments in science and 
technology, several Chinese herbs and even their active 
constituents have been proved to be effective in the treat-
ment of CKD.17–19 However, following the principle of 
compatibility of Traditional Chinese Medicine (TCM), the 
treatment effect of a combination is more obvious than that 
of individual drugs, and the clinical use of TCM is still 
dominated by the Chinese herbal compound 
prescription.20,21 SDP has been used in the clinic for 
several years and has shown a satisfactory curative effect. 
It has been converted into granules (SDG) for conveni-
ence. The current study was the first to investigate the 
renal protective effect of SDP on adenine-induced renal 
failure rats. It was found that SDP not only improved renal 
function and fibrosis but also reduced proteinuria and 
inflammation. In vitro, the model of renal tubular epithelial 
cells established using albumin suggested that SDP might 
reduce pyroptosis by alleviating mitochondrial dysfunc-
tion, inhibiting the MAVS/NLRP3 inflammasome path-
way, and further inhibiting the EMT of renal tubular 
epithelial cells (Figure 8).

Numerous clinical trials have shown that proteinuria is 
an independent predictor of CKD progression. The risk of 
ESKD and cardiovascular mortality were positively corre-
lated with proteinuria.22 The protein in the initial urine is 
filtered through the glomerulus and reabsorbed from the 
renal tubules into the blood circulation system. Proteinuria 
may be caused due to immunologic and/or non- 
immunologic factors that impair the glomerular filtration 
or damage the renal tubules.23 Proteinuria is a driving 
factor of renal tubulointerstitial inflammation and 
fibrosis.24 However, the exact mechanism underlying pro-
teinuria is not clear. The animal model of renal injury was 
established by intragastric administration of adenine, and 
adenine was deposited into the renal tubules by the action 
of xanthine oxidase.16 Compared to other rodent models of 
renal failure established using intravenous or surgical 
methods, intragastric administration of adenine helps not 
only strictly control drug dose and reduce mortality but 
also avoids inflammatory interference caused by external 

injury. Our data showed that after continuous administra-
tion of 2.5% adenine for 1 month and subsequent daily 
administration of 200 mg/kg/d for 1 month, serum urea 
nitrogen, serum creatinine, serum uric acid, and serum 
cystatin C increased, and proteinuria was observed, con-
sistent with clinical manifestations of CKD. Pathological 
staining and immunohistochemistry also confirmed the 
damage to renal tubules including atrophy, showing loss 
of structure, inflammation, and fibrosis of the renal inter-
stitium. No serious glomerular injury was observed using 
pathological staining, and no obvious mesangial hyperpla-
sia was observed in the glomerulus due to PAS staining, 
which led us to focus our attention on the renal tubules. 
Both SDG with a low dose (5 g/kg/day) and a high dose 
(10 g/kg/day) alleviated the injury, and the effect was more 
significant in the high-dose group.

The mechanism underlying proteinuria leading to renal 
tubulointerstitial damage is a field of active research. 
Currently known injury mechanisms include direct toxic 
effects of proteins, oxidative stress, chemical additives, 
inflammasome, apoptosis, cellular senescence, and 
autophagy.25 In our previous study, NLRP3 inflammasome 
was activated in response to proteinuria induced by dox-
orubicin-induced nephropathy.26 The assembly of NLRP3 
inflammasome includes sensor-NLRP3, adapter-ACS, and 
progenase-procaspase-1. When stimulated by pathogen- 
associated molecular pattern (PAMP) and damage- 
associated molecular pattern (DAMP), the inflammasome 
acts as a polymeric protein complex to cause self-cleavage 
of caspase-1, resulting in the cleavage of IL-1β and IL-18 
into mature IL-1β and IL-18, respectively, which are 
released by the cell and trigger inflammatory responses. 
Meanwhile, mature caspase-1 promotes Gasdermin D to 
form pores in the cell membrane and further enhances the 
release of mature IL-1β and IL-18. This process, called 
pyroptosis, can be induced by non-classical caspase-4, 
caspase-5, and caspase-11 in addition to classical 
caspase-1.27,28 As a kind of programmed inflammatory 
necrotic cell death, moderate pyroptosis can maintain the 
balance of the internal environment but excessive pyrop-
tosis leads to the release of a large number of pro- 
inflammatory factors and an inflammatory response. 
Currently, pyroptosis is known to be involved in the 
occurrence and development of infection, autoimmune 
diseases, neurodegenerative diseases, metabolic disorders, 
and other diseases.29 In the current study, the expression of 
NLRP3, Caspase-1, Gasdermin D, and IL-1β in the renal 
tissues and macrophage chemokines MCP-1, IL-1, IL-1β, 
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and IL-18 in the blood were measured. It was confirmed 
that adenine-induced renal injury was associated with 
a series of reactions induced by the NLRP3 inflamma-
some. Experimental evidence suggested that low and 
high doses of SDG attenuated these inflammatory 
responses but the underlying mechanism is not clear.

In addition to providing energy for cellular activities, mito-
chondria are also involved in regulating cellular functions, 
including the stabilization of calcium concentration in the 
internal environment, apoptosis, cell signal transduction, and 
senescence.30 Mitochondrial involvement in the regulation of 
immunity is an important discovery made in recent years.31 

Evidence suggests that mitochondria activate the NLRP3 
inflammasome by three pathways32 – ① Mitochondria acti-
vate NLRP3 inflammasome by releasing ROS: When mito-
chondria become dysfunctional, they produce excess ROS, 
beyond their clearance limit, and excess ROS activate related 
signal transduction pathways, causing cell damage. Previous 
experiments have shown that a mitochondrial dysfunction is an 
early event in the podocyte and tubular epithelial cell injuries, 
and blocking mitochondrial ROS can reduce cell injury, sug-
gesting that mitochondrial dysfunction plays an important role 
in the initial stages of cell injury.33,34 ② Mitochondrial DNA 
activates NLRP3 inflammasome: mtDNA is the genetic mate-
rial in mitochondria. When mitochondrial dysfunction occurs, 
mtDNA is released into the cytoplasm, becoming DAMP and 
binding to NLRP3.35 To further study the effect of mtDNA on 
the activation of the NLRP3 inflammasome, Nakahira et al36 

overexpressed mtDNA in bone marrow-derived macrophages 
(BMDMs) cells and found that the overexpressed mtDNA 
induced the activation of NLRP3 inflammasome and the 
expression of IL-1β in a dose-dependent manner. This sug-
gested that mtDNA released in the cytoplasm directly binds 
and activates NLRP3 inflammasome causing mitochondrial 
dysfunction. ③ Mitochondrial co-localization with NLRP3 
is crucial for NLRP3 inflammasome activation: Toll-like 
receptors (TLRs) associated with cytoplasmic membranes 
and introns, as well as RIG-1, are recruited by mitochondrial 
outer membrane protein MAVS to initiate the type I interferon 
responses during viral infection. Initially, it was thought that 
the assembly of the activated NLRP3 inflammasome in the 
cytoplasm might not be recruited at the mitochondria. 
However, Subramanian et al37 demonstrated that NLRP3, in 
the resting state, is mainly located in the endoplasmic reticu-
lum, and whereas NLRP3 and ASC are redistributed to the 
endoplasmic reticulum and mitochondria located in clusters 
around the nucleus by the NLRP3 inflammasome activator. 
Studies have further shown that MAVS protein is necessary for 

the optimal activity of the NLRP3 inflammasome. MAVS 
interacts with the N-terminus of NLRP3 during inflammasome 
activation. Therefore, MAVS not only mediates the virus- 
resistant type I interferon response but also serves as a bridge 
for mitochondrial regulation of the NLRP3 inflammasome.38 

In addition to MAVS, apoptosis inhibitor protein (c-FLIP),39 

acetylated α-tubulin,40 and cardiolipin41 on mitochondria also 
regulate NLRP3 mitochondrial localization.

In the current study, by measuring the mitochondrial 
function, it was observed that albumin affected the release 
of ATP, the level of mitochondrial membrane potential, the 
content of SOD, and the release of ROS, indicating that 
albumin can cause mitochondrial function in HK-2 cells, 
and SDP can alleviate the dysfunction. In the past, MAVS 
protein was considered to activate the immune-related 
signaling pathway and induce the expression of interferons 
to participate in the antiviral immune response.37 It has 
also been reported that MAVS regulated NLRP3 by repo-
sitioning NLRP3 in early hypoxia. Evidence suggested 
that MAVS protein expressed on the mitochondria is sti-
mulated by albumin to increase its expression. Meanwhile, 
the co-localization of NLRP3 and MAVS is enhanced 
along with an increase in their expression. When siRNA 
was used to knock down MAVS, the co-localization and 
expression of MAVS and NLRP3 weakened, and similar 
results are found in the SDP group. It is worth noting that 
CY-09, an inhibitor of NLRP3, also inhibited the MAVS 
protein. Rather than a direct causal relationship, a complex 
interaction between NLRP3 and CY-09 is speculated.

Conclusion
In conclusion, the study showed that SDP improved protei-
nuria and renal fibrosis, reduced inflammation, and protected 
renal function in an adenine-induced renal injury rat model. In 
addition, we explored the regulation of NLRP3 by MAVS 
induced by mitochondrial dysfunction, which is involved in 
inflammation-induced cell pyroptosis and renal tubular epithe-
lial EMT, and may be a novel target for the treatment of CKD. 
Our results indicated that SDP could protect renal tubular 
epithelial cells from cell pyroptosis and EMT by regulating 
the albumin-induced mitochondrial dysfunction/ MAVS/ 
NLRP3-ASC-caspase-1 inflammasome signaling pathway.
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