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Abstract 

Background (Pro)renin receptor (PRR) is highly expressed in renal tubules, which is involved in physiological 
and pathological processes. However, the role of PRR, expressed in renal tubular epithelial cells, in diabetic kidney 
disease (DKD) remain largely unknown.

Methods In this study, kidney biopsies, urine samples, and public RNA-seq data from DKD patients were used 
to assess PRR expression and cell pyroptosis in tubular epithelial cells. The regulation of tubular epithelial cell pyrop-
tosis by PRR was investigated by in situ renal injection of adeno-associated virus9 (AAV9)-shRNA into db/db mice, 
and knockdown or overexpression of PRR in HK-2 cells. To reveal the underlined mechanism, the interaction of PRR 
with potential binding proteins was explored by using BioGrid database. Furthermore, the direct binding of PRR 
to dipeptidyl peptidase 4 (DPP4), a pleiotropic serine peptidase which increases blood glucose by degrading incretins 
under diabetic conditions, was confirmed by co-immunoprecipitation assay and immunostaining.

Results Higher expression of PRR was found in renal tubules and positively correlated with kidney injuries of DKD 
patients, in parallel with tubular epithelial cells pyroptosis. Knockdown of PRR in kidneys significantly blunted db/db 
mice to kidney injury by alleviating renal tubular epithelial cells pyroptosis and the resultant interstitial inflammation. 
Moreover, silencing of PRR blocked high glucose-induced HK-2 pyroptosis, whereas overexpression of PRR enhanced 
pyroptotic cell death of HK-2 cells. Mechanistically, PRR selectively bound to cysteine-enrich region of C-terminal 
of DPP4 and augmented the protein abundance of DPP4, leading to the downstream activation of JNK signaling 
and suppression of SIRT3 signaling and FGFR1 signaling, and then subsequently mediated pyroptotic cell death.

Conclusions This study identified the significant role of PRR in the pathogenesis of DKD; specifically, PRR promoted 
tubular epithelial cell pyroptosis via DPP4 mediated signaling, highlighting that PRR could be a promising therapeutic 
target in DKD.
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Background
Diabetic kidney disease (DKD) is the primary cause of 
end-stage renal disease (ERSD) and is associated with 
high morbidity and mortality rates [1]. Currently, a num-
ber of potential drugs showed beneficial effects in mouse 
model of DKD such as dipeptidyl peptidase 4 (DPP4) 
inhibitor, sodium-glucose cotransporter-2 inhibitors, gly-
colysis inhibitors, mineralocorticoid antagonists, inhibi-
tors of renin-angiotensin system and peptide AcSDKP 
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[2–10]. Furthermore, novel pathways have been proved 
play significant roles in aggravating the progression of 
DKD such as TGFβ signaling, WNT signaling, Notch 
signaling and Hedgehog signaling, or providing protec-
tive effect in halting DKD process such as endothelial 
glucocorticoid receptor, FGFR1 and SIRT3-mediated 
mechanisms in mouse model of DKD [4, 9, 11–13]. The 
pathogenic mechanisms driving DKD is under further 
exploration based on these vital and novel findings [1, 
14]. Due to the histological changes observed at early 
stages of DKD, pathological injury of the glomerulus was 
the focus of previous studies [14, 15]. Notably, recent evi-
dence showed that tubular epithelial cell (TEC) injury 
was occurred at an early stage of DKD, preceding even 
the onset of microalbuminuria [16]. Moreover, accumu-
lating evidence have proved the role of injured TECs in 
DKD, including promoting renal inflammatory response, 
interstitial fibrosis and impairing tubular function [17, 
18]. Therefore, blocking the injuries of TECs is a promis-
ing therapeutic strategy for DKD.

Pyroptosis, a gasdermin-mediated programmed cell 
death, is dependent on the NLRP3 (NOD-, LRR-, and 
pyrin-domain containing protein 3) inflammasome-reg-
ulated autoproteolysis of Caspase 1 and characterized 
by plasma membrane rupture and pro-inflammatory 
cytokine release [19]. Caspase-mediated cleavage of gas-
dermin liberates the pore-forming domain to disrupt the 
cell membrane and triggers pyroptosis [2]. Gasdermin D 
(GSDMD) and Gasdermin E (GSDME) are the well-char-
acterized members of gasdermin family. GSDMD is the 
substrate of pro-inflammatory caspases (Caspase 1, 4, 5, 
and 11), while GSDME could be cleaved by Caspase 3 and 
killer cell-released granzyme B under certain stress. [20, 
21]. Pyroptosis is reported to be implicated in the patho-
genesis of acute kidney injury and chronic kidney disease 
by recent studies [22–24]: deletion of GSDME alleviated 
ureteral obstruction-induced renal tubular injury, inflam-
mation and fibrosis [20]; blocking the pyroptotic death 
of endothelial cell or tubular cell suppressed inflamma-
tory response and halted the process of DKD [22, 25]. 
Although emerging studies have demonstrated the piv-
otal role of pyroptosis in DKD, the precise mechanisms 
remain obscure.

The renin-angiotensin system (RAS) plays a vital role 
in the pathogenesis of DKD and RAS inhibition with 
antagonists is a commonly used therapeutic strategy 
to slow DKD progression [26, 27]. (Pro)renin recep-
tor (PRR) is a novel component of RAS which could 
activate local RAS via the nonproteolytic activation 
of prorenin and regulate intracellular signal transduc-
tion in a RAS-independent manner [28]. In the kidney, 
PRR is enriched in renal tubules and highly involved 
in physiological and pathological processes, including 

mediating fluid balance, electrolyte homeostasis, renal 
inflammation, and fibrotic responses [29–31]. Multiple 
studies, using genetic and pharmacological approaches, 
have demonstrated the regulation of inflammatory 
response by PRR: deletion of PRR reduced ocular 
inflammatory molecules expression and macrophage 
infiltration in diabetic mice, while overexpression of 
PRR markedly increased macrophage infiltration and 
proinflammatory cytokine level in abdominal aortic 
aneurysm [32–34]. Despite the fact that augmentation 
of inflammatory response by PRR was observed, the 
underlying mechanisms remain elusive. Furthermore, 
the role of PRR and underlying molecular mechanisms 
in TECs of DKD patients need further exploration.

Dipeptidyl peptidase 4 (DPP4) is a pleiotropic ser-
ine peptidase and increases blood glucose by degrad-
ing incretins under diabetic conditions [35]. The 
primary structure of DPP4 consists of an intracellular 
tail (amino acids 1 – 6), transmembrane region (amino 
acids 7 – 28), flexible stalk (amino acids 29 – 47), gly-
cosylated region (amino acids 48 – 323), cysteine-
enrich region (amino acids 325 – 551) and catalytic 
region (amino acids 552 – 766) [36]. Crystal structure 
of human DPP4 from Protein Data Bank revealed that 
there are mainly two domains composed of the pro-
tein: highly conserved α/β-hydrolase domain and extra-
enzymatic activities associated β-propeller [37]. The 
β-propeller is open and consist of glycosylation-rich 
and cysteine-rich subdomains [37]. Studies have eluci-
dated adenosine deaminase (ADA) and caveolin-1, bind 
to the glycosylation-rich subdomain whereas other 
molecules including collagen, fibronectin, plasminogen 
and streptokinase bind to the cysteine-rich region [36]. 
As novel type of anti-diabetic agents, DPP4 inhibitors 
have showed beneficial effects in DKD in clinical and 
experimental studies [35, 38]. Meanwhile, the upregula-
tion of renal tubular DPP4 was also observed in human 
and experimental rodents under diabetic conditions 
[35, 39]. Beyond glucose metabolism, the potential 
effect of DPP4 inhibitors as anti-inflammatory agents 
has been suggested by a variety of studies due to the 
significant reduction of plasma inflammation indica-
tors and infiltration of immune cells in different tissues, 
indicating the regulation of DPP4 on inflammatory 
response [39, 40]. Furthermore, studies have proved 
that resident fibroblasts generated by epithelial-mesen-
chymal transition (EMT) and endothelial-mesenchymal 
transition (EndMT) accelerate the pathological process 
of DKD by promoting kidney fibrogenesis [3, 8]. As a 
key regulator of EMT and EndMT, DPP4 may contrib-
ute to DKD by promoting kidney fibrosis via suppress-
ing SIRT3, FGFR1 and glucocorticoid receptor which 
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are widely investigated anti-EMT and Anti-EndMT 
molecules [4, 8, 12, 41–45].

In this study, we confirmed the upregulation of PRR 
and occurrence of tubular cell pyroptosis by using renal 
biopsy specimens and urine samples of DKD patients. 
We further demonstrated that PRR promoted tubular 
epithelial cell pyroptosis to aggravate DKD via DPP4/JNK 
signaling. In summary, the present study provided new 
insights into the role of PRR in DKD, which may be help-
ful in halting the progression of DKD.

Methods
Human kidney biopsies and urine samples
All human samples (kidney biopsies or urine) were col-
lected from patients at The Fifth Affiliated Hospital Sun 
Yat-Sen University following provision of written con-
sent. The inclusion and exclusion criteria of the DKD 
patients were listed as follows: Male or female patients 
aged ≥ 18  years old with type 2 diabetes defined by the 
American Diabetes Association in the 2010 Standards of 
Medical Care in Diabetes [46], and biopsy-proven dia-
betes kidney disease with the new pathologic classifica-
tion provided by the Renal Pathology Society [47] was 
included in this research. Key exclusion criteria included 
patients with significant non-diabetic kidney disease, 
renal arteries stenosis, uncontrolled hypertension 
(SBP ≥ 170  mmHg or DBP ≥ 110  mmHg), chronic heart 
failure with persistent symptoms (New York Heart Asso-
ciation class II – IV), using DPP4 inhibitor. The 5 renal 
samples were obtained from the patients who underwent 
tumor nephrectomies without diabetes or kidney disease 
were used as normal control. The 16 kidney biopsies sam-
ples were obtained from type 2 diabetes patients with 
biopsy-proven diabetic kidney disease (DKD), accom-
panied by clinical syndrome characterized by persistent 
albuminuria (> 300  mg/24  h) [1]. The demographic and 
clinical data of DKD patients are presented in Additional 
file 2: Table S1. For urine samples, per 50 ml of the clean 
morning urine samples were collected from 28 type 2 dia-
betes patients with biopsy-proven DKD and 23 healthy 
subjects during routine physical examination. The demo-
graphic and clinical data of DKD patients and health 
subjects are presented in Additional file 2: Table S2. All 
the human sample investigations were approved by the 
Research Ethics Committee of The Fifth Affiliated Hospi-
tal, Sun Yat-Sen University (No.: 2022#K180-1).

Bioinformatics analysis
We used the published dataset (the GEO series number 
was GSE30529) [48], which detected the gene level of 
dissected tubules of kidney biopsies from DKD patients, 
from the NCBI Gene Expression Omnibus. We down-
loaded the gene expression matrix from supplementary 

file on the website and included the genes expressed in all 
samples for analysis. GSEA was used to analysis gene dif-
ferential expression between different groups.

The interaction of PRR and DPP4 was predicated by 
BioGRID databases (https:// thebi ogrid. org/).

Animal models
Male diabetic db/db mice (C57BLKS/J-LepRdb/db) and 
their age-matched nondiabetic wild-type littermates 
(C56BLKS/J background) were purchased from Gem-
Pharmatech (Nanjing, China). We used db/db mice with 
C57BLKS/J background as type II diabetes nephropathy 
model because C57BLKS/J is not only permissive with 
hyperglycemia but also associated with more prominent 
kidney injury than other substrain. All the animal experi-
ments were approved by the Institutional Animal Care 
and Use Committee of the Sun Yat-Sen University School 
of Medicine (No. 00292).

In situ injection of adeno‑associated virus to kidneys
AAV9 carrying PRR interference sequences (AAV9-
shPRR, 1 ×  1012 copies/ml) or the negative control were 
established by Genechem company (Shanghai, China). 
The surgery procedure was performed following the 
instruction of previous study [49]. To deliver the vec-
tor, 33G, 50  μl Hamilton syringes (7803-05, 7655-01, 
Hamilton Company) were used for multi-point injec-
tion around the renal cortex region. Briefly, the wildtype 
(WT) mice and db/db mice were anesthetized and main-
tained by isoflurane. The mice laid prone on a heating 
pad to keep the body temperature during the procedure. 
An incision (approximately 1 cm) was made in the right 
posterior to expose the right kidney. Injections were per-
formed by carefully piercing into the kidney cortex, then 
slowly injecting with 10  μl of vector at one site. After 
injection and needle withdrawal, a dry cotton swab was 
used for 1  min for hemostasis and fluid leakage oppres-
sion. According to the manufacturer’s instruction, either 
AAV9-shPRR or AAV9-shNC was administered at 50  μl 
volumes of vector per mouse. The five selected sites were 
shown in Additional file 1: Fig. S1. Briefly, the five injec-
tion sites were located on the middle position of both 
sides of kidney, the upper pole of kidney, the middle posi-
tion of the outer edge of kidney, and the lower pole of kid-
ney. Mice were infected at 8 weeks, and blood and tissue 
samples were collected 3 months after AAV treatment.

Examination of renal function
Urinary albumin was measured using an ELISA kit 
(Exocell, Cat#1011) and the values were normalized 
with urinary creatinine levels. The urinary creatinine 
was detected by a urinary creatinine assay kit (Exo-
cell, Cat#1012) followed the manufacturer’s instruction. 

https://thebiogrid.org/


Page 4 of 19Xie et al. Journal of Translational Medicine           (2024) 22:26 

The urine albumin excretion rate was calculated as the 
urine albumin/creatinine ratio (UACR). Serum urea 
nitrogen or serum creatinine was measured using a 
Urea Nitrogen Colorimetric Detection Kit (Applygen, 
Cat#E2020) or creatinine detection Kit (Bioassay Sys-
tems, Cat#DICT-500) according to the manufacturer’s 
instructions.

PAS staining
The staining was conducted following the manufacturer’s 
protocol (Leagene Biotech, Cat#DG0005). The tissue 
sections were deparaffinized and rehydrated by running 
the slices from xylenes to ethanol and water. The slices 
were oxidized in 0.5% periodic acid solution for 8  min 
and rinsed in tap water for 5  min. Then the slices were 
immersed in the Schiff reagent for 15 min until the sec-
tions became light pink color. Hematoxylin was applied 
to the slices for counterstain. Dehydrate and cleaning 

Fig. 1 PRR expression and cell pyroptosis were increased in renal tubules of DKD patients. A and B Representative fluorescent images 
of coimmunostaining PRR (red) with GSDMD (green) in kidney biopsies from DKD patients (n = 16), and the control subjects were 
from paracancerous tissue (n = 5) (A), and quantitative data showed the upregulation of PRR in renal tubule. Bar = 20 μm. (B). C–F Analysis 
of the association between relative tubular PRR expression and eGFR(C), BUN (D), urinary albumin-to-creatinine ratio (UACR) (E) and Hemoglobin 
A1c (HbA1c) (F) of patients with DKD. (G–I) GSEA analysis of pyroptosis (G), NOD-like receptor signaling pathway (H) and Interleukin-1 production 
(I) in renal tubules of DKD patients (n = 10) and healthy controls (n = 12) by using public GSE dataset (GSE30529). J Representative microscopy 
images of tubular cell morphology in renal sections from DKD patients and health controls. Bar = 1 μm. (K and L) Elisa detection of urinary IL-1β (K) 
and IL-18 (L) from DKD patients (n = 28) and health controls (n = 23). M Elisa detection of urinary IL-6 from DKD patients (n = 28) and health controls 
(n = 18). Data are presented as mean ± SEM of biologically independent samples. ∗P < 0.05, ∗∗P < 0.01. P values were determined by Student’s t-test 
for comparison between two groups
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were conducted in sequence before coverslip. Assess-
ment of the mesangial and glomerular cross-sectional 
areas was performed by pixel counts in a blinded fash-
ion. Tubular injury was scored in the cortical region on 
a scale from 0 to 4, based on tubular dilatation, loss of 
brush border and tubular structure and tubular atrophy: 
0 (normal); 1 (less than 25%); 2 (25–50%); 3 (50–75%); 
and 4 (more than 75%).

Sirius red staining
The staining was conducted following the manufacturer’s 
protocol (Leagene Biotech, Cat#DC0041). Briefly, depar-
affinized sections were incubated with picrosirius red 
solution for 1  h at room temperature. The slides were 
washed with distilled water. Then the slides were sub-
jected to Mayer hematoxylin stain solution for 8  min. 
After wash with distilled water, dehydrate and clean-
ing were conducted in sequence before coverslip to the 
slides. Sirius red staining was imaged and analyzed 
using the Image J software, and the fibrotic areas were 
quantified.

Masson staining
The staining was conducted following the manufacturer’s 
protocol (Leagene Biotech, Cat#DC0033). The tissue sec-
tions were deparaffinized and rehydrated by running the 
slices from xylenes to ethanol and water. The slices were 
stained in Weigert’s iron hematoxylin working solution 
for 5 min, and then rinsed the slices with tap water. Then 
stained the slices in Biebrich scarlet-acid fuchsin solu-
tion for 10  min, followed by differentiation with phos-
phomolybdic–phosphotungstic acid solution for another 
10 min. Aniline blue solution was subjected to the slices 
directly after differentiation followed by acid alcohol for 
10 s. Dehydrate and cleaning were conducted in sequence 
before coverslip. The histological fibrosis was measured 
according to the following scoring system: 0 = no positive 
area; 1 = 1 – 10% positive area; 2 = 11 – 25% positive area; 
3 = 26 – 50% positive area; 4 ≥ 51% area.

Immunohistochemistry
Immunohistochemistry was carried out as previous 
described [50, 51]. Briefly, fresh tissues were fixed by for-
malin and then fully dehydrated and paraffin embedded. 
The paraffin blots were cut into 5 – 10 μm sections. Anti-
gen retrieval was performed using citrate buffer (10 mM, 
Solarbio Life Sciences, Cat# C1032) by autoclaving at 
120 ℃ for 10 min. Endogenous peroxidase was quenched 
by 1%  H2O2 for 10 min. After blotting with 10% donkey 
serum, primary antibodies were applied to the slices at 
4 ℃ overnight, follow with biotinylated secondary anti-
bodies incubation for 1 h at room temperature, and then 
StreptAvidin—BiotinComplex for another 1  h (Boster, 

Cat#BA1088). Primary antibodies dilutions list as follow, 
F4/80 1:10,000 (Cell Signaling Technology, Cat#70076;); 
Kim-1:10,000 (Invitrogen, cat# MA5-28211), WT-1 
(Cell Signaling Technology, Cat#83535), CD31 (Abcam, 
Cat#ab76533). DAB was applied to visualize the anti-
bodies labelling and hematoxylin was applied to the 
slices for counterstain. Immunohistochemistry of KIM-1 
was quantified using Image J software. Briefly, the color 
threshold of the images was adjusted in RGB mode. Then 
we drag the bars (0–255 grey scale) under each color to 
modify the selection. In our case, brown staining was 
selected. Once the binary image was done, clicked the 
Analyze Particles to get the value for analyzation.

Immunofluorescence
The fixation, dehydration, paraffin embedding and anti-
gen retrieval were performed as previously described 
[50]. After blotting with donkey serum, the slices were 
applied to primary antibodies at 4 ℃ overnight. Then the 
specific secondary antibodies were applied 1  h at room 
temperature. Primary antibodies dilutions list as follow, 
PRR 1:200 (Sigma-Aldrich, Cat#SAB2702080); GSDMD 
1:200 (Abcam, Cat#ab209845); DPP4 1:200 (Santa Cruz, 
Cat#sc-52642); Ly6G 1:500 (Abcam, Cat#238132). The 
nuclei were counter-stained with DAPI for imaging. We 
used Image J software to quantify the immunofluores-
cence staining. Briefly, we separated different channels 
of images by clicking Image-color-Split channels, then 
we captured the considered signal by color thresholding. 
During this procedure, we scrolled through the options 
in the menu to make sure the green/red pixels were above 
the threshold and were counted. Then we clicked the area 
integrated intensity and mean grey value boxes to get the 
fluorescence intensity value. The same parameters were 
used to analyze the images.

Transmission electron microscope and scanning electron 
microscopy
Samples were imaged respectively by a transmission elec-
tron microscope (TEM) (JEM-1400PLUS, Japan) and 
scanning electron microscopy (SEM) (Thermo Fisher Sci-
entific, Phenom Pure, USA). For TEM analyses, the fresh 
renal tissues were rapidly fixed in 2.5% glutaraldehyde. 
After washing in 0.1  M phosphate buffer, the renal tis-
sues were fixed for 1 h in 1% osmic acid. The osmicated 
samples were then dehydrated through a series of graded 
series of ethyl alcohol concentrations. After that, the sam-
ples and then embedded and sliced, followed by staining 
uranyl acetate (3%) and lead citrate. Subsequently, the 
sections were recorded by TEM. Thickness of the glo-
merular basement membrane (GBM) was analyzed using 
ImageJ software. For SEM analyses, the cells were fixed 
with 2.5% glutaraldehyde, rinsed in 0.1 M PBS for 45 min 
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and postfixed in the dark for 2 h using 1%OsO4 at room 
temperature. After being dehydrated and dried, the spec-
imens were mounted on stubes and sputter-coated with 
gold–palladium. The images were monitored by SEM.

Cell culture and transfection
HK-2 cells, originally obtained from American Type 
Culture Collection (ATCC, Cat#CRL-2190), were main-
tained in DMEM/F12 supplemented with 10% FBS, 
100 U/ml penicillin, and 100 mg/ml streptomycin at 37 ℃ 
in a humidified atmosphere of 5% CO2 [52]. HK-2 cells 
were stimulated with normal glucose (NG) at 5.6 mmol/L 
glucose plus 24.4 mM mannitol, and high glucose (HG) 
at 30  mmol/L glucose for 72  h. PRR and DPP4 siRNA 
and control siRNA were obtained from Genepharma, 
overexpression vector of PRR was generously provided 
by Professor Zhou Lili. The sequences were listed as 
follow: PRR-siRNA: 5ʹ-AGA AUA UUA AGU GGA AGU 
GGG UGA A-3ʹ; DPP4-siRNA: 5ʹ-GCA GUA CCC AAA 
GAC UGU ATT- 3ʹ. N-terminal Flag-DPP4 (amino acids 
1–323), C-terminal Flag-DPP4 (amino acids 325–766) 
and cysteine-enrich region of C-terminal Flag -DPP4 
(amino acids 325–551) were cloned into the pcDNA3.0 
vector (Tianyi Biological Technology Co., Ltd, Guang-
zhou, China). The HK-2 cells were transfected with 
siRNA or vector using Lipofectamine 3000 (Thermo 
Fisher Scientific, Cat#L3000015) according to the man-
ufacturer’s protocol, and the cells were cultured for an 
additional 48  h before harvested. Losartan was used at 
the concentration of 10 μM (MCE, Cat#HY-17512).

Immunoblotting and immunoprecipitation
Immunoblotting was performed as pervious described 
[53]. Firstly, we prepared lysis buffer by adding protease 
and phosphatase inhibitors (Biosharp Technology Co., 
Ltd, China). Then the tissues were homogenized in lysis 
buffer on ice. For the HK-2 cells, we added the lysis buffer 
to the plates and collected the lysate for centrifuge. The 
protein amounts were measured by ABC Kit (Beyotime 
Biotech. Inc. China). Equal amounts of protein were elec-
trophoresed by sodium dodecyl sulfate–polyacrylamide 
(SDS-PAGE) gel and transferred to PVDF membranes 
(Millipore-Sigma, USA). The membranes were blotting 
with 5% nonfat milk for 1 h at room temperature followed 
by primary antibodies incubation at 4℃ overnight with 
their respective dilutions as follow, DPP4 1:1000 (Abcam, 
Cat#ab129060; Santa Cruz, Cat#sc-52642); cleaved-Cas-
pase1 (CST, Cat#4199S, Santa Cruz, Cat# sc-398715), 
GSDMD-N 1:1000 (Abcam, Cat#ab215203; Abcam 
Cat#ab219800,), IL-18 1:1000 (Abcam, Cat#ab243091; 
Abcam, Cat#ab191860), IL-1β 1:1000 (Abcam, Cat# 
ab9722), NLRP3 1:1000 (Abcam, Cat# ab263899), p-JNK 
((Abcam Cat#ab124956), JNK (Abcam Cat#ab179461), 

Flag (Sigma-Aldrich Cat#SAB4301135), PRR 1:1000 
(Sigma-Aldrich, Cat#HPA003156), SIRT3 (Abcam, 
Cat#ab217319, Cat#Ab246522), FGFR1 (Proteintech, 
Cat#60325-1), E-cadherin (CST, Cat#3195S), CD31 
(Abcam, Cat#ab76533), Vimentin (CST, Cat#5741  T), 
α-SMA (CST, Ca#48938S), Fibronectin (Abcam, 
Cat#ab2413), β-actin 1:10,000 (CST, Cat# 4970S). The 
HRP-conjugated goat anti-rabbit (Abcam, Cat#ab205718) 
or goat anti-mouse (Abcam, Cat#ab205719) secondary 
antibodies were applied to the membranes after several 
washed with TBST. Signal was captured using the Super-
Signal West Femto Maximum Sensitivity Substrate kit 
(ThermoFisher Scientific, Cat#34095).

For coimmunoprecipitation and immunoprecipita-
tion, HK-2 cells were lysed with chilled NP-40 lysis buffer 
containing protease and phosphatase inhibitors. Protein 
concentration of the supernatant was measured as pre-
viously described. The Protein A/G beads (ThermoFisher 
Scientific, Cat#88802) was washed for 3 times and then 
incubated with primary antibody (PRR, 1:100) or IgG 
at room temperature for 1  h. After the incubation, the 
beads were washed for 3 times and incubated with the 
same amount of cell lysates at 4 ℃ overnight. On the next 
day, the beads were washed with IP buffer and the elution 
buffer was subjected to the beads to elute the lysates for 
immunoblotting.

IL‑1β, IL‑18 and IL‑6 ELISA
Concentrations of urinary IL-1β or IL-18 of DKD 
patients were measured using a human IL-1β ELISA kit 
(ThermoFisher Scientific, Cat#88-7261-22), human IL-18 
ELISA kit (Abcam, Cat#ab215539) or human IL-6 ELISA 
kit (ThermoFisher Scientific, Cat#88-7066-22) according 
to the manufacturer’s protocols, the concentrations of 
urinary IL-1β, IL-18 or IL-6 were calculated by urinary 
creatinine. The concentrations of urinary IL-1β or IL-18 
of mice were determined by using an IL-1β mouse ELISA 
kit (ThermoFisher Scientific, Cat#88-7013-22) or IL-18 
mouse ELISA kit (RayBio, Cat#elm-IL18-1) according to 
the manufacturer’s protocols, the concentrations of uri-
nary IL-1β or IL-18 were normalized by urinary creati-
nine concentration. The concentration of IL-1β, IL-18 or 
IL-6 in the culture medium of HK-2 cells was detected 
by using human IL-1β ELISA kits (Cloud-Clone Corp, 
Cat#SEA563Hu), human IL-18 ELISA kits (Cloud-Clone 
Corp, Cat#SEA064Hu) or human IL-6 ELISA kits (Ther-
moFisher Scientific, Cat#88-7066-22) followed the manu-
facturer’s protocols, the concentrations of medium IL-1β 
or IL-18 were normalized by total proteins of cell lysates.
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Caspase 1 activity measurement
Caspase 1 activity was measured by Caspase 1 activ-
ity assay kit according to the manufacturer’s instruc-
tions (Beyotime Biotechnology, Cat#C1102). Briefly, the 
cell lysates were mixed with reaction buffer contain-
ing Ac-YVAD-ρNA and incubated at 37 ℃ for 2  h. The 
absorbance was detected at 405  nm with a microplate 
reader and the caspase 1 activity was normalized with 
total proteins of cell lysates.

Flow cytometry analysis
Pyroptosis was measured by FAM-FLICA Caspase-1 
Detection Kit (Immunochemistry Technologies, Cat#98). 
Briefly, the treated cells were harvested and stained with 
the FLICA and PI, then washed the cells with wash-
ing buffer and collected the cells for analysis using LSR 
Fortessa flow cytometers (BD Biosciences, USA).

Statistical analyses
All quantitative data were presented as means ± standard 
errors (SEs). Student’s t-test was applied to two-group 
comparisons. One-way ANOVA was used for compari-
sons including more than two groups and Tukey’s post 
hoc test was used to estimate the significance between 
two groups once significant differences were found. Dif-
ferences were considered statistically significant when 
P < 0.05. Correlation analysis was performed using Spear-
man (nonparametric) analysis, P < 0.05 was considered 
statistically significant. All statistical analysis were per-
formed in GraphPad Prism software V8.

Results
PRR expression and cell pyroptosis were increased in renal 
tubules of DKD patients
To evaluate the role of (pro)renin receptor (PRR) in dia-
betic kidney disease (DKD), we first examined its expres-
sion in DKD patients. Compared with healthy controls, 
tubular PRR expression was highly induced in DKD 
patients, accompanied by the co-localization of increased 
gasdermin D (GSDMD) in tubules (Fig. 1A, B). Addition-
ally, PRR expression was correlated with clinical indexes 
of patients, including: estimated glomerular filtration rate 
(eGFR) (Fig.  1C), blood urea nitrogen (BUN) (Fig.  1D), 
urine albuminuria creatinine ratio (UACR) (Fig.  1E) 
and Hemoglobin A1c (HbA1c) (Fig.  1F) suggesting the 
potential involvement of PRR in DKD. As GSDMD was 
significantly increased in tubules, we speculated that 
tubule epithelial cell pyroptosis occurred during DKD. 
This hypothesis was supported by the analysis of pub-
lished GSE dataset (GSE30529), which detected the 
gene level of dissected tubules of kidney biopsies from 
DKD patients. The subsequent GSEA analysis revealed 
that pyroptosis (Fig.  1G), NOD-like receptor signaling 

(Fig.  1H), and interleukin (IL)-1 production (Fig.  1I) 
were activated in renal tubules of DKD patients. We also 
observed the morphological changes of tubular cells 
using transmission electronic microscope (TEM). Tubu-
lar cells of healthy control displayed a normal, healthy 
morphology, and the cytoplasm contained abundant 
mitochondria and endoplasmic reticulum. In compari-
son, the morphology of tubular cells from DKD patients 
showed severe ultrastructural disruptions, including 
organelle swelling and damage, chromatin condensation 
and cytoplasmic vacuolization (Fig. 1J). In the kidney of 
DKD patients, the pathological changes of glomerulus 
were also observed. Compared to controls, thicker glo-
merular basement membrane (GBM), less podocytes and 
decreased endothelial cell density were observed in DKD 
patients (Additional file 1: Fig. S2A–F). We also detected 
higher levels of urinary IL-1β (Fig.  1K), IL-18 (Fig.  1L) 
and IL-6 (Fig.  1M) in patients with DKD compared to 
the controls. These data indicated that pyroptosis was 
increased in renal tubules of patients with DKD and that 
PRR might be related to pyroptosis.

Knockdown of PRR effectively blocked high glucose 
(HG)‑augmented HK‑2 cell pyroptosis
Because increased PRR and pyroptotic cell death were 
detected in renal tubules (Fig.  1A, B), we thus investi-
gated whether PRR exerted any effect on renal tubular 
cell pyroptosis via an in vitro study. Knockdown of PRR 
by siRNA effectively blocked HG-induced PRR expres-
sion (Fig. 2A, B), accompanied by decreased percentage 
of active Caspase 1 positive and propidium iodide (PI) 
positive HK-2 cells stimulated by HG (Fig. 2C, D), indi-
cating that PRR promoted HG-induced HK-2 cell pyrop-
tosis. As Caspase 1 plays a pivotal role in pyroptotic cell 
death by cleaving full length GSDMD to release its N-ter-
minal domain (GSDMD-N), we subsequently performed 
experiments for detection of intracellular Caspase 1 
activity. Accordingly, knockdown of PRR attenuated HG-
induced Caspase 1 activation in HK-2 cells (Fig. 2E). As 
activation of the NOD-like receptor protein 3 (NLRP3) 
inflammasome, formation of cell membrane pore by 
GSDMD-N, and release of IL-1β and IL-18 are character-
istics of pyroptosis, we examined the abundance of these 
proteins by immunoblotting. As expected, deleting PRR 
blocked HG-stimulated protein level of NLPR3, cleaved-
Caspase1, GSDMD-N, IL-1β, and IL-18 (Fig.  2F–G). 
Similar trends were observed for the release of IL-1β, 
IL-18 and IL-6 by HG-treated HK-2 cells (Fig.  2H–J). 
Furthermore, PRR knockdown also alleviated the typical 
morphological changes of pyroptosis in HG-stimulated 
HK-2 cells (Additional file 1: Fig. S3). The above data sug-
gested the promotion by PRR of HG-induced HK-2 cell 
pyroptosis.
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Overexpression of PRR promotes HK‑2 cell pyroptosis 
independent of Angiotensin II
To confirm the effect of PRR on pyroptotic cell death, 
PRR was overexpressed in HK-2 cells. As shown, PRR 
abundance (Fig. 3A, B), as well as the percentage of active 
Caspase 1 and propidium iodide (PI) labeled pyroptotic 
cells were highly induced by transfection of the expres-
sion vectors encoding PRR (Fig. 3C, D). Propidium iodide 
(PI) is a small fluorescent molecule that binds to DNA but 
cannot passively traverse into cells that possess an intact 
plasma membrane. As Caspase 1 activation resulted in 
the N-terminal of gasdermin oligomerization and pore 
formation in the plasma membrane, which subsequently 
leaded to the rupture of the plasma membrane and then 
pyroptotic cells are permeable to PI [54]. Hence, PI and 
Caspase 1 were used to label the pyroptotic cells. The 

upregulation of intracellular Caspase 1 activity was also 
observed in PRR-overexpressed HK-2 cells (Fig. 3E). Fur-
thermore, overexpression of PRR augmented the abun-
dance of NLRP3, cleaved Caspase1, GSDMD-N, IL-1β, 
and IL-18 in HK-2 cells (Fig.  3F–G) and increased the 
release of IL-1β, IL-18 and IL-6 (Fig. 3H–J). As PRR is an 
important component of local renin-angiotensin system 
(RAS), we detected the involvement of Angiotensin II in 
PRR regulated pyroptotic cell death in HK-2 cells. The 
results revealed that blocking Angiotensin II receptor 
with losartan showed no significant effect on PRR over-
expression induced NLRP3, cleaved-Caspase1, GSDMD-
N, IL-1β and IL-18 expression in HK-2 cells (Additional 
file  1: Fig.  S4), indicating that PRR could regulate HK-2 
cells pyroptosis independent of Angiotensin II.

Fig. 2 Knockdown of PRR effectively blocked high glucose (HG)-augmented HK-2 cell pyroptosis. A and B Western blot analyses (A) 
and quantitative data (B) showed that knocking down by siRNA diminished HG-induced PRR expression. (n = 3). C and D Flow cytometry analysis 
showed that HG induced active  Caspase1+PI+ HK-2 cells were decreased by PRR siRNA (C) and quantitative data (D). (n = 3). E PRR was silenced 
in HG stimulated HK-2 cells, and the Caspase1 activity in cell lysis was determined by kits (n = 5). F and G Western blot analyses (F) and quantitative 
data (G) showed that PRR siRNA blocked HG-induced NLRP3, cleaved-Caspase1, GSDMD-N, IL-1β and IL-18 expression in HK-2 cells (n = 3). 
H and I PRR was ablated in HG treated HK-2 cells, and the IL-1β (H), IL-18 (I) or IL-6 (J) concentration in the culture medium was determined 
by ELISA, and then normalized by protein concentration in cell lysates (n = 3). Data are presented as mean ± SEM of biologically independent 
samples. ∗ P < 0.05, ∗∗ P < 0.01. One-way ANOVA was used to analyze the data among multiple groups, followed by Tukey’s post hoc test
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PRR interacted with DPP4 to activate JNK signaling 
and inhibit SIRT3 signaling and FGFR1 signaling in vitro
BioGrid database [55] was used to analyze the protein 
which interacts with PRR. We found that dipeptidyl 
peptidase 4 (DPP4) was a potential binding partner of 
PRR (Fig. 4A). Co-immunoprecipitation (Co-IP) was per-
formed to verify this interaction, and the analysis showed 
that endogenous PRR could bind DPP4 in HK-2 cells 
(Fig. 4B). Moreover, the upregulation and co-localization 
of PRR and DPP4 in renal tubules of DKD patients were 
detected by immunofluorescence staining (Fig. 4C), con-
firming the interaction of PRR and DPP4. Next, to analyze 

which domain of DPP4 interacted with PRR, we trans-
fected the constructed DPP4-N-terminal (amino acids 
1–324), DPP4-C-terminal (amino acids 325–766) and 
DPP4-C-terminal (cysteine-enrich domain, amino acids 
325–551) plasmids into HK-2 cells (Fig. 4D). IP analyses 
showed the C-terminus of DPP4 binding with PRR, sug-
gesting that PRR interacted with DPP4 through binding 
to the C-terminal of DPP4 (Fig. 4E). In order to figure out 
the specific domain interact with PRR, we constructed 
another plasmid expressing the recombinant cysteine-
enrich region of C-terminal (amino acids 325–551). PRR 
antigen was detected in the flag-tagged-precipitation of 

Fig. 3 Overexpression of PRR promotes HK-2 cell pyroptosis. (A and B) Western blot analyses. A and quantitative data (B) showed the increased 
protein abundance of PRR in PRR overexpression plasmid transfected HK-2 cells. (n = 3). (C and D) Flow cytometry analysis showed that active 
 Caspase1+PI+ HK-2 cells were increased by PRR overexpression (C) and quantitative data (D) (n = 3). E PRR was overexpressed in HK-2 cells, 
and the Caspase1 activity in cell lysis was determined by kits (n = 5). (F and G) Western blot analyses (F) and quantitative data (G) showed that PRR 
overexpression increased NLRP3, cleaved-Caspase1, GSDMD-N, IL-1β and IL-18 expression in HK-2 cells. (n = 3). H and I PRR was overexpressed 
in HK-2 cells, and the IL-1β (H), IL-18 (I) or IL-6 (J) concentration in the culture medium was determined by ELISA, and then normalized by protein 
concentration in cell lysis. (n = 3). Data are presented as mean ± SEM of biologically independent samples. ∗ P < 0.05, ∗∗ P < 0.01. P values were 
determined by Student’s t-test
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cell lysis transfected with cysteine-enrich plasmid. The 
results showed that PRR bound to cysteine-enrich region 
of DPP4-C-terminal (Fig. 4F). We further investigated the 
effect of PRR on DPP4 expression in HK-2 cells. Intrigu-
ingly, PRR knockdown attenuated the HG-augmented 

protein level of DPP4 in HK-2 cells (Fig.  4G, H), while 
overexpression of PRR increased DPP4 protein level 
(Fig.  4I, J). Furthermore, a similar trend in DPP4 was 
observed for c-Jun N-terminal kinase (JNK), SIRT3 
and FGFR1, reflected as reverse of HG-induced JNK 

Fig. 4 PRR interacted with DPP4 to activate JNK signaling and inhibit SIRT3 signaling and FGFR1 signaling in vitro. A BioGRID database was used 
to analyze the potential interaction between PRR and DPP4. B Co-immunoprecipitation (Co-IP) to detect the interaction between PRR and DPP4. 
The protein lysates isolated from HK-2 cells were immunoprecipitated with anti-PRR antibody and were immunoblotted with indicated antibodies. 
C Representative fluorescent images of coimmunostaining PRR (red) with DPP4 (green) in renal sections from DKD patients and the healthy 
control was from paracancerous tissue. Bar = 20 μm. D Schematic representation of the DPP4 domain. E Co-IP was used to detect the interaction 
between PRR and Flag-DPP4. HK-2 cells were transfected with Flag-tagged truncation of DPP4 C-terminal 325–766 amino acids (Flag-DPP4 C), 
or 1–324 amino acids (Flag-DPP4 N). Protein lysates were immunoprecipitated with anti-Flag antibody and immunoblotted with the indicated 
antibodies. F Co-IP was used to detect the interaction between PRR and Flag-DPP4. HK-2 cells were transfected with Flag-tagged truncation 
of DPP4 C-terminal 325–766 amino acids (Flag-DPP4 C), or 325–551 amino acids (Flag-DPP4 CYS). Protein lysates were immunoprecipitated 
with anti-Flag antibody and immunoblotted with the indicated antibodies. G and H Western blot analyses (G) and quantitative data (H) showed 
that PRR siRNA blocked HG-induced DPP4 abundance and phosphorylation of JNK, and restored HG-suppressed SIRT3 and FGFR1 expression 
in HK-2 cells (n = 3). I and J Representative Western blot (I) and quantitative data (J) showed increased DPP4, upregulated phosphorylation of JNK, 
suppressed SIRT3 and reduced FGFR1 in PRR overexpressed HK-2 cells (n = 3). Data are presented as mean ± SEM of biologically independent 
samples. ∗ P < 0.05, ∗∗ P < 0.01. One-way ANOVA was used to analyze the data among multiple groups, followed by Tukey’s post hoc test
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phosphorylation and HG-suppressed SIRT3 and FGFR1 
expression by PRR knockdown (Fig. 4G, H), and induced 
JNK activation and reduced SIRT3 and FGFR1 expres-
sion by PRR overexpression in HK-2 cells (Fig. 4I, J).

DPP4 facilitated HG‑induced HK‑2 cell pyroptosis 
by activating JNK and suppressing SIRT3 and FGFR1
We next investigated whether DPP4 was involved in 
pyroptosis of HK-2 cells induced by HG. Silencing of 
DPP4 attenuated the HG-stimulated DPP4 expression 
and JNK phosphorylation and restored HG-suppressed 
SIRT3 and FGFR1 expression in HK-2 cells, indicating 
DPP4 upregulated JNK activation and suppressed SIRT3 
and FGFR1 activity under HG conditions (Fig.  5A, B). 
The effect of DPP4 on HG-stimulated HK-2 cell pyropto-
sis was demonstrated by the reduced percentage of active 
Caspase 1 and PI labeled cells, as well as the attenuated 
intracellular Caspase 1 activity (Fig.  5C–E). Further-
more, knockdown of DPP4 decreased HG-augmented 
protein levels of NLRP3, cleaved-Caspase1, GSDMD-N, 
IL-1β, and IL-18 in HK-2 cells (Fig.  5F–G), accompa-
nied by the blockage on HG-promoted release of IL-1β, 
IL-18 and IL-6 in HK-2 cells (Fig.  5H–J). Furthermore, 
DPP4 knockdown also alleviated the typical morphologi-
cal changes of pyroptosis in HG-stimulated HK-2 cells 
(Additional file 1: Fig. S3). The above data suggested that 
DPP4 may facilitate HG-induced HK-2 cell pyroptosis by 
activating JNK.

PRR exerted pyroptotic effects through DPP4‑mediated 
signaling
Next, we performed experiments to confirm whether 
PRR functioned through DPP4-regulated JNK activation, 
SIRT3 inhibition and FGFR1 suppression. Immunoblot-
ting analyses showed that the promotional effects of PRR 
overexpression on JNK were blocked by DPP4 knock-
down, indicating the influence of DPP4 on PRR-regulated 
JNK activation (Fig. 6A, B). Accordingly, PRR overexpres-
sion-induced HK-2 cell pyroptosis was also blunted by 
DPP4 silencing. DPP4 ablation reversed PRR overexpres-
sion-augmented increased percentage of active Caspase 
1 and PI positive cells (Fig. 6C, D) and intracellular Cas-
pase 1 activity (Fig.  6E). PRR overexpression promoted 
upregulation of NLRP3, cleaved-Caspase1, GSDMD-N, 
IL-1β, and IL-18 that was blunted by DPP4 knockdown 
(Fig. 6F, G). Moreover, decreased release of IL-1β, IL-18 
and IL-6 in PRR-overexpressed HK-2 cells were also 
observed on DPP4 knockdown (Fig.  6H–J). The above 
data demonstrated that PRR exerted pyroptotic effects 
through DPP4-mediated JNK activation.

Silencing of PRR ameliorated kidney injury 
and inflammation in db/db mice
To further investigate the role of PRR in DKD, we infected 
the mice with adeno-associated virus (AAV) contain-
ing the interference sequence of PRR (AAV9-shPRR) by 
in  situ injection into kidney. Then, the AAV-shPRR or 
control virus was injected to WT and db/db mice at the 
age of 8 weeks and the efficiency of PRR silencing in the 
kidneys was verified 3 months later (Fig. 7A). As shown, 
AAV-shPRR injection significantly decreased the renal 
PRR abundance (Fig.  7B, C). Furthermore, our results 
revealed that silencing of PRR significantly blunted the 
diabetic kidney injury in the db/db mice, compared with 
the untreated mice, as suggested by the reduced renal 
function loss from urinary albumin-to-creatinine ratio 
(UACR) assay (Fig. 7D) and the reduction of histological 
injury as assessed by Masson, Sirius Red, PAS and KIM-1 
staining (Fig.  7E–J). Moreover, immunostaining showed 
that PRR knockdown blocked renal inflammation in the 
AAV9-shPRR treated db/db mice, as reflected by marked 
reduction of F4/80+ macrophage infiltration and  Ly6G+ 
neutrophil infiltration (Fig.  7K–L). Collectively, these 
data indicated that ablation of PRR relieved tubule dam-
age, renal inflammation, and kidney injury in diabetic 
mice.

PRR knockdown blunted pyroptotic cell death and fibrotic 
response in db/db mice via DPP4‑mediated signaling
We next examined whether PRR ablation affected 
tubular cell pyroptosis and its effect on DPP4 medi-
ated signaling. Western blot analyses showed that 
PRR knockdown reduced the protein level of NLRP3, 
cleaved-Caspase1, GSDMD-N, IL-1β, and IL18 in kid-
neys (Fig. 8A–F). Similar trends and the co-localization 
of PRR and GSDMD in renal tubules were observed by 
immunostaining (Fig.  8G). Furthermore, the urinary 
excretion of IL-1β and IL-18 was also inhibited in AAV-
shPRR infected db/db mice (Fig. 8H, I), suggesting that 
tubular cell pyroptosis was attenuated in diabetic mice. 
Besides, the abundance of DPP4, phosphorylated JNK, 
SIRT3 and FGFR1 were significantly reversed (Fig. 8J–
K), along with the reduced expression and co-localiza-
tion of PRR and DPP4 in renal tubules of AAV9-shPRR 
infected db/db mice (Fig.  8L). These results suggested 
that PRR promoted the progression of DKD by regu-
lating tubular epithelial cell pyroptosis via interaction 
with DPP4 to mediate the activity of JNK signaling, 
SIRT3 signaling and FGFR1 signaling. Furthermore, as 
DPP4 is an important inducer of EMT and EndMT, we 
examined the regulation of PRR on the markers of epi-
thelial-to-mesenchymal transition (EMT) and endothe-
lial-to-mesenchymal transition (EndMT) in kidneys. 
Western blot analyses showed that AAV9-shPRR 
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reduced the upregulation of α-SMA and Vimentin and 
restored the downregulation of E-cadherin and CD31 
in the kidney of db/db mice. Accompanied with the 
suppressed expression of DPP4 in AAV9-shPRR treated 
db/db mice, the markers of EMT and EndMT were 
reduced, indicating the alleviation of renal EMT and 
EndMT (Additional file 1: Fig. S5A, B).

Discussion
Diabetic kidney disease is a serious complication of dia-
betes and a major cause of ESRD. However, effective 
therapies are limited due to the complexity of the patho-
genic mechanism [1, 14]. It is well documented that renal 
inflammatory response is activated in both patients with 
DKD and experimental models [56–61]. Increasingly, 
studies have reported that PRR promotes inflammatory 

Fig. 5 DPP4 facilitated HG-induced HK-2 cell pyroptosis by activating JNK and suppressing SIRT3 and FGFR1. A and B Western blot analyses. A 
and quantitative data (B) showed that knocking down by siRNA diminished HG-induced DPP4 expression and phosphorylated JNK, and restored 
HG-reduced SIRT3 and FGFR1 abundance. (n = 3). C and D Flow cytometry analysis showed that knocking down DPP4 reduced HG increased 
active  Caspase1+PI+ HK-2 cells (C) and quantitative data (D) (n = 3). E DPP4 was ablated in HG stimulated HK-2 cells, and the Caspase1 activity 
in cell lysis was determined by kits. F and G Western blot analyses (F) and quantitative data (G) showed that DPP4 siRNA attenuated HG-induced 
NLRP3, cleaved-Caspase1, GSDMD-N, IL-1β and IL-18 expression in HK-2 cells (n = 3). ( Hand I) DPP4 was knocked down in HG treated HK-2 cells, 
and the IL-1β (H), IL-18 (I) or IL-6 (J) concentration in the culture medium was determined by ELISA, and then normalized by protein concentration 
in cell lysates (n = 3). Data are presented as mean ± SEM of biologically independent samples. ∗ P < 0.05, ∗∗ P < 0.01. One-way ANOVA was used 
to analyze the data among multiple groups, followed by Tukey’s post hoc test



Page 13 of 19Xie et al. Journal of Translational Medicine           (2024) 22:26  

response that underlies the pathophysiological processes 
in a variety of tissues and organs, including kidney, liver, 
and heart [32, 62, 63]. However, the underlying mecha-
nism remains unclear. In this study, we evaluated the 
expression of PRR in renal lesions of both diabetic mice 
and DKD patients and analyzed the effect of PRR on 
tubular epithelial cell (TEC) pyroptosis, which aggravates 

the progression of DKD. We found that tubular PRR and 
pyroptotic cell death of TECs were significantly elevated 
in the kidney biopsies of DKD patients. Knocking down 
PRR blocked renal damage in diabetic mice, as well as the 
pyroptotic cell death of TECs. Furthermore, we demon-
strated that PRR interacted with DPP4 by binding with 
the cysteine-enrich region of C-terminal of DPP4 and 

Fig. 6 PRR exerted pyroptotic effects through DPP4-mediated signaling. A and B Representative western blot analyses (A) and quantitative data 
(B) showed that knocking down DPP4 by siRNA in HK-2 cells diminished PRR overexpression induced phosphorylation of JNK, and restored PRR 
overexpression reduced SIRT3 and FGFR1 expression (n = 3). C and D Flow cytometry analysis showed that knocking down DPP4 reduced PRR 
overexpression induced frequency of active  Caspase1+PI+ HK-2 cells (C) and quantitative data (D) (n = 3). E PRR was silenced in HG stimulated 
HK-2 cells, and the Caspase1 activity in cell lysis was determined by kits. f and g Western blot analyses (F) and quantitative data (G) showed 
that DPP4 siRNA blocked HG-induced NLRP3, cleaved-Caspase1, GSDMD-N, IL-1β and IL-18 expression in HK-2 cells (n = 3). H and I DPP4 
was knocked down in PRR overexpressed HK-2 cells, and the IL-1β (H), IL-18 (I) or IL-6 (J) concentration in the culture medium was determined 
by ELISA, and then normalized by protein concentration in cell lysates (n = 3). Data are presented as mean ± SEM of biologically independent 
samples. ∗ P < 0.05, ∗∗ P < 0.01. One-way ANOVA was used to analyze the data among multiple groups, followed by Tukey’s post hoc test
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stabilizing its protein abundance to activate JNK signal-
ing and suppressing SIRT3 signaling and FGFR1 signal-
ing, and then mediating the TEC pyroptosis.

PRR is a novel component of local RAS and promotes 
pathogenesis of various diseases in RAS-dependent or 
-independent manner, through regulation of renal control 
of electrolyte balance and blood pressure via activating 
local RAS, kidney fibrosis via interacting with β-catenin 
signaling, and hepatosteatosis by integrating hepatic lipid 
and glucose metabolism [29–31, 64]. Increasing evidence 
suggests the promotion by PRR of inflammatory response 
in different diseases, as reflected by induction of cytokine 
expression and immune cell infiltration in tissues by 
PRR inhibition; however, the underlying mechanisms of 
this effect remain unknown [32, 62, 63]. In this study, we 

found that the induced renal tubular expression of PRR in 
DKD patients was positively correlated with the clinical 
indexes, accompanied by the co-localization of increased 
GSDMD in tubules and the upregulation of urinary 
cytokine, indicating the pathogenic role of PRR in DKD 
and regulation of TECs pyroptosis. This hypothesis was 
further supported by the following experimental find-
ings: knocking-down of PRR ameliorated kidney injury, 
renal inflammation, and TECs pyroptosis in db/db mice, 
as well as the HG-induced HK-2 cells pyroptosis. Mean-
while, in cultured HK-2 cells, overexpression of PRR pro-
moted cell pyroptosis. These results revealed that PRR 
regulated the progression of DKD by promoting TECs 
pyroptosis. Previously, PRR was reported to be engaged 
in streptozotocin-induced type 1 diabetic kidney injury 

Fig. 7 Silencing of PRR ameliorated kidney injury and inflammation in db/db mice. A Schematic diagram of the AAV injection surgery. B and C 
The protein level of PRR was assessed by Western blot. Representative Western blot (B) and quantitative data (C) are showed (n = 6). D Measured 
of urinary albumin concentration by using albumin detection kit, the quantitative data was normalized with urinary creatinine. E–L Representative 
images of Masson, Sirius Red, PAS, KIM-1, F4/80 and Ly6G staining of renal section of WT mice and db/db mice with or without PRR silence (E) 
and quantitative analysis (F–L) (n = 6). Bar = 20 μm. Data are presented as mean ± SEM of biologically independent samples. ∗ P < 0.05, ∗∗ P < 0.01. 
One-way ANOVA was used to analyze the data among multiple groups, followed by Tukey’s post hoc test
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through its blocker handle region decoy peptide (HRP) 
[65–69]. However, the HRP used in previous studies was 
demonstrated as failing to prevent PRR signaling [70]. In 
the present study, we used adeno-associated virus vectors 
for silencing PRR in kidney to intuitively evaluate the role 

of PRR in type 2 DKD in db/db mice. More importantly, 
to our knowledge, this is the first study that demonstrated 
the role of PRR in pyroptotic cell death, which explained 
the regulatory role of PRR on inflammatory response in a 
variety of diseases.

Fig. 8 PRR knockdown blunted pyroptotic cell death and fibrotic response in db/db mice via DPP4-mediated signaling. A–F The protein levels 
of NLRP3, cleaved-Caspase1, GSDMD-N, IL-1β, IL-18 were assessed by Western blot. Representative Western blot (A) and quantitative data 
(B–F) are showed (n = 6). C Representative immunofluorescence microscopy images of coimmunostaining PRR (red) with GSDMD (green) 
in renal sections from WT and db/db mice with or without PRR ablation. Bar = 20 μm. H and I Elisa detection of urinary IL-1β (H) and IL-18 (I) 
concentration, the quantitative data were normalized with urinary creatine (n = 6). J–K western blot analyses (J) and quantitative data (K) showed 
the abundance of DPP4, phosphorylation level of JNK, SIRT3 and FGFR1 (n = 6). L Representative fluorescent images of renal sections from mice 
with or without PRR silence and stained with PRR (red), DPP4 (green). Bar = 20 μm. Data are presented as mean ± SEM of biologically independent 
samples. ∗ P < 0.05, ∗∗ P < 0.01. One-way ANOVA was used to analyze the data among multiple groups, followed by Tukey’s post hoc test



Page 16 of 19Xie et al. Journal of Translational Medicine           (2024) 22:26 

In this study, we observed that high glucose level not 
only induced the expression of PRR, but also unexpect-
edly enhanced the physical binding of PRR with DPP4. 
To explore the mechanisms mediating PRR-promoted 
TEC pyroptosis, we analyzed the BioGrid database and 
found that DPP4 was a potential binding partner of PRR. 
The predicted interaction of PRR and DPP4 was veri-
fied by Co-IP analysis, which showed that endogenous 
PRR could bind DPP4 in HK-2 cells. Meanwhile, the co-
localization of PRR and DPP4 was also observed in renal 
tubules of DKD patients and diabetic mice. To determine 
which domain of DPP4 interacted with PRR, DPP4-N-
terminal (amino acids 1–324), DPP4-C-terminal (amino 
acids 325–766) and DPP4-C-terminal (cysteine-enrich 
domain, amino acids 325–551) plasmids were con-
structed and transfected into HK-2 cells. IP analyses 
showed the C-terminus of DPP4 binding with PRR, indi-
cating that PRR interacted with DPP4 by binding to the 
cysteine-enrich region in C-terminal of DPP4. Further-
more, the protein level of DPP4 was also regulated by 
PRR both in  vitro and in  vivo. Meanwhile, the effect of 
DPP4 on HG or PRR overexpression-induced HK-2 cell 
pyroptosis was demonstrated by silencing DPP4. Mito-
gen-activated protein kinases (JNK, ERK, and p38) serve 
as central stress and immune integration hubs during 
inflammatory responses and mediate the signal transduc-
tion of PRR [71–73]. A recent study demonstrated that 
JNK facilitated pyroptotic signaling that was required 
for dextran sulfate sodium-induced colitis in mice [74]. 
Meanwhile, SIRT3 and FGFR1 are important molecules 
in regulating pytopyotic cell death and kidney fibrosis. 
Hence, we detected the involvement of JNK signaling, 
SIRT3 signaling and FGFR1 signaling in PRR-promoted 
pyroptotic cell death, and found that ablation of PRR or 
DPP4 blocked HG or PRR overexpression-regulated JNK 
activation, SIRT3 suppression and FGFR1 inhibition. 
Taken together, we demonstrated that PRR promoted 
TEC pyroptosis via interaction with DPP4 to activate 
JNK signaling, and to block SIRT3 signaling and FGFR1 
signaling.

Our study, however, had some limitations. For exam-
ple, to investigate the role of PRR in DKD, transgenic or 
knockout mice could provide more convincing evidence, 
although AAV9 showed high efficiency in mediating gene 
transfer. Because we observed significant increase of PRR 
in renal tubules, which co-localized with upregulated 
GSDMD, tubular-specific deletion or overexpression of 
PRR would be a better strategy to evaluate the involve-
ment of PRR in DKD. Nonetheless, to our knowledge, our 
study demonstrated for the first time that PRR induced 
tubular epithelial cell pyroptosis to aggravate DKD. 
Besides, a small number of human kidney biopsy speci-
mens was used in the current study, and multivariate 

analysis was not conducted for this reason. The positive 
association between tubular PRR abundance and kidney 
injury index of DKD patients should be confirmed by 
larger studies with numerous human kidney biopsy sam-
ples from different regions. Furthermore, the role of local 
renin-angiotensin system (RAS) in PRR regulated pyrop-
totic cell death in DKD needs further exploration. Our 
results showed that PRR could promote HK-2 pyroptosis 
independent of angiotensin II (Ang II) in  vitro, but not 
fully exclude the role of Ang II signaling in the mediation 
of PRR regulated pyroptosis in DKD in vivo. The animal 
experiment of losartan treatment on renal PRR overex-
pressed db/db mice should be conducted in the followed 
study to detect the engagement of local RAS in PRR reg-
ulated pytoptotic cell death in DKD. Moreover, the exact 
molecular mechanisms by which PRR modulates DPP4 
protein expression remain unclear. In this study, we dem-
onstrated that ablation or overexpression of PRR in HK-2 
cells regulated DPP4 protein abundance, but the under-
lying mechanism needs further investigation. A previous 
study provided evidence showing that DPP4 interacts 
with USP26 and protected from ubiquitin-mediated 
degradation in human aortic valve interstitial cells [75]. 
However, whether PRR-mediated DPP4 stabilization is 
also deubiquitination-dependent needs to be elucidated.

Conclusions
The present study intuitively identified the pathogenic 
role of PRR in DKD. PRR via binding with the cysteine-
enrich region in C-terminal of DPP4 to regulate the 
activity of JNK, SIRT3 and FGFR1 to promote pyroptotic 
cell death of TECs, and then aggravated the progression 
of DKD. Overall, these results helped define PRR as a 
potential therapeutic target in DKD.
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