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Abstract
Hepatitis B virus (HBV) and its related protein, HBV X (HBx), play an important role in podocyte injury in HBV-associated 
glomerulonephritis (HBV-GN). The microRNA MiR-223 is expressed in several diseases, including HBV-associated disease, 
while the nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome plays a major role in 
pyroptosis. In this study, we investigated the function and mechanism of action of miR-223 in HBx-induced podocyte pyrop-
tosis. A quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) assay showed that miR-223 was 
downregulated in HBx-transfected podocytes. Transfection with an miR-223 mimic abolished the expression of the NLRP3 
inflammasome and the cytokines that are released as a result of NLRP3 overexpression. Moreover, transfection with HBx 
and NLRP3 overexpression plasmids increased the expression of pyroptosis-related proteins, especially in the presence of 
miR-223 inhibitors. Thus, miR-223 downregulation plays an important role in HBx-induced podocyte pyroptosis by targeting 
the NLRP3 inflammasome, suggesting that miR-223 is a potential therapeutic target for alleviating HBV-GN inflammation.
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Introduction

Hepatitis B virus (HBV) has been spreading widely in China 
for a long period of time, and HBV-related glomerulonephri-
tis (HBV-GN) is one of the major secondary kidney diseases 
in the country [1]. Interestingly, the course of HBV-GN inev-
itably results in podocyte injury, which in turn aggravates 
disease progression. Previous studies have shown that the 
expression of HBV proteins, especially the HBV X protein 
(HBx), has crucial effects on the pathogenesis of HBV-
GN [2, 3]. However, the specific mechanism of HBV-GN 

pathogenesis remains unclear, and the cellular events leading 
to podocyte injury need to be investigated.

Pyroptosis exhibits the common characteristics of pro-
grammed cell death, including DNA breakage and cell 
swelling and rupture. Notably, pyroptosis is associated with 
the activation of the nucleotide-binding oligomerization 
domain-like receptor protein 3 (NLRP3) inflammasome 
involving caspase-1, which leads to a strong inflammatory 
response [4]. On the one hand, activated caspase-1 cleaves 
the interleukin (IL)-1β and IL-18 precursors, producing 
mature cytokines. On the other hand, pyroptosis leads to 
cytosis and the release of cytoplasmic contents, exacerbat-
ing the effect of inflammation [5]. Many studies have shown 
that the NLRP3 inflammasome, a complex consisting mainly 
of NLRP3, apoptosis-associated speck-like protein (ASC), 
and pro-caspase-1, is involved not only in the inflammatory 
progression of myocardial ischemia-reperfusion injury and 
sepsis-induced liver impairment, among others, but also in 
renal inflammation in chronic kidney disease (CKD) [6–9]. 
A cohort study of half a million Chinese adults indicated that 
chronic HBV infection increases the risk of CKD, especially 
in men [10]. However, the underlying mechanism by which 
pyroptosis acts during the development of HBV-GN requires 
clarification.

MicroRNAs (miRNAs) are a class of endogenous, non-
coding single-stranded RNA molecules approximately 19-22 
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nucleotides in length that inhibit the translation of target 
mRNAs by binding to their 3ʹ-untranslated region (UTR), 
thereby negatively regulating gene expression [11]. Numer-
ous studies have shown that miRNAs control several physi-
ological and pathological processes, such as body growth, 
viral infection, and cancer metastasis [12–14]. miRNAs, 
which have potential as biomarkers and therapeutic agents, 
are key regulatory factors in injury processes, including 
podocyte apoptosis and inflammation [15]. However, their 
involvement in HBx-induced podocyte pyroptosis remains 
unclear.

In this study, we investigated the function and potential 
mechanism of miR-223 in HBx-induced podocyte pyroptosis 
and confirmed that miR-223 affects HBV-GN pathogenesis 
and podocyte damage by regulating the NLRP3 signaling 
pathway. Thus, miR-223 may be a potential treatment target 
for HBV-GN.

Materials and methods

Lentivirus infection and siRNA transfection

HBx-overexpressing lentiviruses, negative control lentivi-
ruses, and NLRP3 siRNA (si-NLRP3) were synthesized by 
Shanghai Genechem Co., Ltd. Prior to transfection, podo-
cytes at a density of 120,000 cells per well were seeded in 
6-well plates and allowed to grow overnight. Then, the origi-
nal medium was replaced with fresh medium (2 ml) contain-
ing polybrene (40 μl), and a suspension of the HBx-overex-
pressing lentivirus (7 μl) was added to the plates. After 24 h 
at 37 °C, the medium containing the lentivirus was removed 
and fresh medium was added. At 72 h post-transfection, the 
podocytes were examined by immunofluorescence assay (see 
below) to determine the efficiency of lentiviral infection of 
the target cells. In addition, the podocytes were transfected 
with negative control lentiviruses or si-NLRP3 as described 
above.

Podocytes were plated in 6-well culture plates in Opti-
MEM (#YC-3039; Shanghai Yuchun Biotechnology Co., 
Ltd.). After reaching 50% confluence, podocytes were trans-
fected with synthetic mature miR-223 (miR-223 mimic), 
antagomir antisense to mature miR-223 (miR-223 inhibitor), 
or a scrambled control transcript that served as a negative 
control (miR-NC). For overexpression of miR-223 in podo-
cytes, the miR-223 mimic was dissolved in a transfection 
medium mixture of Opti-MEM and Lipofectamine 2000 
(#11668-019; Invitrogen) at a working concentration of 
50 nM according to the manufacturer's protocol. The trans-
fection mixture (500 μl per well) was added to the cells, 
which were then incubated at 37 °C with 5%  CO2 for 48 h 
and the medium was replaced with fresh medium 6 h after 
transfection. After 1 day, the expression levels of miR-223 

were measured by qRT-PCR. Successfully transfected podo-
cytes were used for the further experiments. The miR-223 
inhibitor and miR-NC were prepared using the same method.

Plasmid construction and transfection

GV146 vectors were purchased from Shanghai Genechem 
Co., Ltd. and used to construct the NLRP3 overexpres-
sion plasmids. Reactions were carried out according to the 
instructions of the manufacturer of PrimeSTAR HS DNA 
polymerase (#R010B; Takara Biomedical Technology, 
Beijing, China), and the target gene fragment was ampli-
fied by PCR. cDNAs encoding NLRP3 were cloned into 
the vector GV146 between the XhoI and EcoRI sites. The 
following primers were used: NLRP3 forward primer, (5’-
TAC CGG ACT CAG ATC TCG AGC GCC ACC ATG AAG ATG 
GCA AGC ACC CGC TGC AAG -3’); NLRP3 reverse primer 
(5’-TAC CGT CGA CTG CAG AAT TCC TAC CAA GAA GGC 
TCA AAG ACG ACG-3’). The resulting plasmid was used 
to transform cells and was verified by DNA sequencing. 
The transformants were transferred into LB liquid medium 
(10 ml) containing the corresponding antibiotics and cul-
tured overnight at 37 °C. An EndoFree Midi Plasmid Kit 
(#DP118-2; Tiangen Biotech, Beijing, China) was used to 
carry out plasmid extraction according to the manufacturer's 
instructions, and the resulting preparations were used for 
cell transfection experiments. Empty plasmids were used 
controls. NLRP3 overexpression plasmids were prepared in 
a similar manner.

Podocyte cell culture and transfection

Conditionally immortalized human podocytes were pur-
chased from Beina Bio (#BNCC340460; Beijing, China) 
and cultured in McCoy’s 5A medium containing 10% fetal 
bovine serum (FBS) and 1% double antibody. Podocytes 
were cultured at 37 °C in a saturated humidified atmos-
phere of 5%  CO2, with culture medium replacement every 
2 days using the transfection methods described above, the 
experimental groups were as follows: (1) control, (2) empty 
plasmid, (3) HBx, (4) HBx + miR-mimic, (5) HBx + miR-
inhibitor, (6) HBx + miR-mimic + NLRP3, (7) HBx + miR-
mimic + si-NLRP3, (8) HBx + miR-inhibitor + NLRP3, (9) 
HBx + miR-inhibitor+ si-NLRP3.

Immunofluorescence staining

Podocytes in 6-well plates were fixed with 4% paraform-
aldehyde (PFA) at room temperature for 30 min, and the 
slides were washed three times with PBS for 3 min. The 
cells were incubated in PBS containing 0.4% Triton X-100 
for 10 min and blocked with 2% bovine serum albumin at 
37 °C for 60 min. The cells were then incubated with the 
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primary antibodies anti-desmin (1:100; Boster Biological 
Technology, Wuhan, China) and anti-nephrin (1:100; Boster 
Biological Technology) at 4 °C overnight. Then, the cells 
were washed with PBS and incubated with anti-mouse IgG 
Alexa Fluor 488 or anti-rabbit IgG Alexa Fluor 594 (1:1000; 
Life Technologies, Paisley, UK) for 1 h at room temperature. 
Cells on glass cover slips were stained with 4ʹ,6-diamidino-
2-phenylindole dye (DAPI, Vector Labs, Peterborough, UK) 
and prepared for imaging using a fluorescence microscope 
(Olympus, Tokyo, Japan) (magnification, x200). In the 
microscopic images, desmin-positive samples were red and 
DAPI-positive samples were blue.

Terminal transferase dUTP nick end labeling 
(TUNEL) staining

A TUNEL assay (#G1501; Servicebio, Wuhan, China) 
was used to detect pyroptosis according to the manufac-
turer's instructions. Briefly, cells were fixed with 4% PFA 
for 30 min and then treated with 0.1% Triton X-100 for 
10 min at room temperature. After washing with PBS, the 
cells were incubated with 50 µl TUNEL reaction mixture 
at 37 °C for 2 h. The nuclei were then stained with DAPI 
(0.3 mM) (#G1012; Servicebio) at room temperature for 
10 min. After mounting with an anti-fluorescence quench-
ing mounting medium (#G1401; Servicebio), images of cells 
were obtained using a Nikon Eclipse CI fluorescence micro-
scope (Nikon, Tokyo, Japan) at a magnification of 100×. 
In the microscopic images, TUNEL-positive samples were 
green and DAPI-positive samples were blue. The percentage 
of positive cells was calculated as (number of cells positive/
total number of cells) × 100.

Bioinformatics analysis

TargetScan 8.0 (http:// www. targe tscan. org/) was used to pre-
dict the target gene of miR-223.

Dual luciferase reporter assay

The promoter sequence of NLRP3 was cloned into the psi-
CHECK2 vector (Promega, Madison, WI, USA) upstream 
of the luciferase sequence. Podocytes at a density of 20,000 
cells per well were seeded in 96-well plates. The podocytes 
were cotransfected with miR-223 mimic or miR-NC along 
with luciferase reporters containing the wild-type (WT) or 
mutant (MUT) 3’-untranslated region (3’-UTR) sequence 
of NLRP3. Lipofectamine 2000 was used as the transfec-
tion reagent. After 48 h of incubation, the podocytes were 
harvested. Luciferase activity was analyzed using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI, 
USA) according to the manufacturer's instructions.

Hoechst 33342 staining

The numerical and morphological changes of nuclei were 
observed by staining the nucleus with Hoechst 33342 
(#C0030; Solarbio, Beijing, China). The podocytes trans-
fected with different vectors were stained with Hoechst 
33342 and cultured in an incubator for 20-30 min, after 
which the medium was discarded and the cells were washed 
2-3 times with medium. The cells were then imaged under 
a fluorescence microscope (Olympus, Tokyo, Japan), using 
five random fields (magnification, 400×), and immediately 
processed in Adobe Photoshop CS5 (Adobe Systems, USA).

qRT‑PCR analysis

Total RNA was extracted from cells using TRIzol Rea-
gent (Tiangen Biotech, Beijing, China) and was reverse 
transcribed into cDNA using a SuperScript Reverse Tran-
scription Kit (Tiangen Biotech). Subsequently, PCR was 
performed using the resulting cDNAs and SYBR Green 
Master Mix (Tiangen Biotech) according to the manufac-
turer's instructions. Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and β-actin served as internal controls. 
The qRT-PCR was repeated three times. The relative mRNA 
expression levels were determined using the  2−ΔΔCt method. 
The primers used are shown in Table 1.

Western blot (WB) analysis

Proteins were extracted from podocytes using radioimmu-
noprecipitation assay (RIPA) lysis buffer (Boster Biologi-
cal Technology, Wuhan, China), and their concentration 
was determined using a BCA assay (Boster Biological 
Technology). After denaturation, the proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE; Servicebio) and transferred to a 
polyvinylidene difluoride (PVDF) membrane (Millipore, 
Billerica, MA, USA). The membranes were blocked in 
5% skimmed milk at room temperature for 1 h and then 
incubated overnight at 4 °C with the primary antibodies 
specific for NLRP3 (1:1000; Proteintech, Chicago, USA), 
caspase-1, ASC, IL-1β, IL-18 (1:1000; ABclonal Biotech-
nology, Wuhan, China), and GAPDH (1:5000; Proteintech, 
Chicago, USA). The membranes were washed three times 
with TBST and incubated with HRP-labelled goat anti-
rabbit or anti-mouse IgG (1:5000; ZSGB Biotech, Beijing, 
China) for 1 h. After incubation at room temperature for 
1 h, the membranes were washed three times with TBST. 
Finally, the resulting bands were detected using enhanced 
chemiluminescence (ECL) reagents (Servicebio, Wuhan, 
China), and signal intensity was quantified using greyscale 
analysis software (ImageJ 3.00).

http://www.targetscan.org/
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Flow cytometry assay

Cell pyroptosis was further analyzed by flow cytometry 
using an In Situ Cell Death Detection Kit (Immunochem-
istry, Bloomington, USA) according to the manufacturer's 
instructions. Podocytes were cultured in 6-well plates 
and divided into nine groups as described above. After 
transfection, the podocytes were digested and collected 
in tubes. The supernatant was discarded after centrifu-
gation, and the cells were washed three times and then 
double-stained with annexin V-fluorescein isothiocyanate 
and propidium iodide at room temperature for 15 min in 
the dark. The results were analyzed using flow cytometry, 
and the pyroptosis rate was calculated as the percentage 
of early and late pyroptosis cells.

Measurement of caspase‑1 activity

To determine the activity of caspase-1 in different groups, 
the cells were analyzed using a Caspase-1 Activity Assay 
Kit (#MA0327; Meilun Biotechnology Co., Ltd., Dalian, 
China) according to the manufacturer's instructions. This 
kit is based on the fact that caspase-1 can catalyze the pro-
duction of yellow p-nitroaniline (pNA) from the substrate 
acetyl-pyrVal-Ala-Asp p-nitroanilide (Ac-YVAD-pNA). 
Therefore, the activity of caspase-1 can be detected by 
measuring the absorbance of pNA using a standard pNA 
curve. Podocytes were collected, and the Bradford method 
was used to determine the protein concentration. Fifty 
μL of each sample was incubated overnight at 37 °C in 
a 96-well microtiter plate with 10 μL of Ac-YVAD-pNA 
(2 mM). The absorbance of pNA was measured at 405 nm 
using a microplate reader. Finally, the detection of pNA 
production in the samples indicated the level of caspase-1 
activation.

Statistical analysis

Measurement data are expressed as the mean ± standard 
deviation and were further analyzed using GraphPad Prism 
8.0. For normally distributed data, an unpaired t-test was 
used to compare two groups. All experiments were per-
formed at least three times. Statistical significance was set 
at a p-value < 0.05.

Results

miR‑223 is downregulated in podocytes exposed 
to HBx

As a first step, HBx-overexpressing lentiviruses were intro-
duced into podocytes by transfection (Fig. 1A). Previous 
studies have shown that miR-223 is downregulated in cases 
of hepatitis B [16]. To evaluate its role in HBx-transfected 
podocytes, qRT-PCR was performed to measure the expres-
sion of miR-223. As shown in Figure 1B, miR-223 was 
downregulated in HBx-transfected podocytes, indicating 
that it may play a role in HBx-induced podocyte injury 
(p < 0.05).

HBx induces podocyte pyroptosis 
through the NLRP3 inflammasome

In our previous study, we demonstrated that NLRP3 plays 
a crucial role in the process of HBx-induced pyropto-
sis [17]. To further investigate the mechanism of HBx-
induced podocyte injury, TUNEL and immunofluores-
cence staining were used to observe pyroptosis-related 
cell death. In the TUNEL assay, we observed elevated 
TUNEL-positive podocytes (green) in the HBx group 
compared to the control group, which was successfully 
suppressed by the introduction of si-NLRP3 (p < 0.05; 
Fig. 2A-B). Immunofluorescence staining revealed that 
HBx increased the expression of desmin, a marker of cell 
necrosis, and this was notably alleviated by introduction of 

Table 1  Primers used in qRT-
PCR

Gene Forward primer Reverse primer

HBx GAA AAC ACA CTC ACT GTT CAGAG GTA AGC CGC TTT CTC TTA TGCAG 
miR-223 GCT TGT ACA TGG TAG GCT T CAG TGC GTG TCG TGG AGT 
NLRP3 GCG CCT CAG TTA GAG GAT GT ACC AGC TAC AAA AAG CAT GGA 
ASC GAT CCA GGC CCC TCC TCA AAG AGC TTC CGC ATC TTG CT
Caspase-1 GCC TGT TCC TGT GAT GTG GA CTT CAC TTC CTG CCC ACA GA
IL-1β AGC TCG CCA GTG AAA TGA TGG TAG TGG TGG TCG GAG ATT CG
IL-18 CGC TTC CTC TCG CAA CAA AC ATT CCA GGT TTT CAT CAT CTT CAG C
β-actin ACA ACC TTC TTG CAG CTC CTC AAT GCC GTG TTC AAT GGG GT
GAPDH AGA AGG CTG GGG CTC ATT TG AGG GGC CAT CCA CAG TCT TC
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si-NLRP3 (Fig. 2C). As expected, the opposite effect was 
observed with nephrin (Fig. 2D). Taken together, these 
findings indicate the involvement of the NLRP3 inflam-
masome in the pathogenesis of HBx-induced pyroptosis.

NLRP3 is a direct target of miR‑223

It has been reported that NLRP3 inflammasomes in kid-
ney diseases are mainly activated through the canonical 
pathway involving caspase-1, which results in podocyte 
pyroptosis [18]. To better elucidate the effect of miR-223 
downregulation on podocyte pyroptosis, target prediction 
programs were used to predict targets of miR-223, and 
NLRP3 was found to be a potential target (Fig. 3A). We 
then tested whether NLRP3 was a direct target of miR-
223 in HBV-GN using a dual-luciferase assay. The results 
showed that the miR-223 agomir significantly inhibited 
the luciferase activity of NLPR3 (wild-type [WT]) report-
ers, whereas miR-223 overexpression had little effect on 
luciferase activity when the binding sites of miR-223 and 
NLRP3 were mutated (Fig. 3B). These data demonstrated 
that miR-223 binds directly to the NLRP3 3’-UTR to 
inhibit its expression.

NLPR3 overexpression impairs the protective 
activity of miR‑223 in podocyte injury

To examine the effect of miR-223 on the NLRP3 inflamma-
some (NLRP3, caspase-1, and ASC) and its released inflam-
matory factors (IL-1β and IL-18) in podocyte pyroptosis, we 
performed rescue experiments with miR-223 and NLRP3 
inflammasomes. WB was performed to analyze the expres-
sion of NLRP3, caspase-1, ASC, IL-1β, and IL-18 in each 
group (Fig. 4A). As shown in Figure 4B, compared with the 
control group, the level of NLRP3 decreased significantly 
after treatment with an miR-223 mimic (p < 0.05), whereas 
the effect was aggravated when NLRP3 was overexpressed 
(p < 0.05). Similar results were obtained for caspase-1, ASC, 
and IL-1β (p < 0.05; Fig. 4C, D, and E). There was no sig-
nificant change In IL-18 protein expression after overexpres-
sion of NLRP3 (p > 0.05; Fig. 4F). Therefore, increasing 
the level of NLRP3 inflammasomes limited the decrease in 
pyroptosis-related proteins by miR-223. Taken together, our 
data suggest that NLPR3 overexpression lessens the effect 
of miR-223 on podocyte pyroptosis.

HBx mediates podocyte pyroptosis through miR‑223 
and the NLRP3 inflammasome

We have already demonstrated decreased expression of 
miR-223 in HBx-transfected podocytes and the negative 
regulatory relationship between miR-223 and NLRP3 
inflammasomes, but it remains unclear whether HBx medi-
ates podocyte pyroptosis through the miR-223/NLRP3 
axis. To better understand the molecular mechanism 
involved, miR-223 mimics and inhibitors were used to 
interfere with miR-223 expression. In addition, the effect 
of NLRP3 plasmids or si-NLRP3 on the level of NLRP3 
was analyzed using qRT-PCR and WB (Fig. 5). The qRT-
PCR results showed that the level of NLRP3 mRNA was 
higher in the HBx group than in the control and empty 
plasmid groups. However, the expression of NLRP3 
decreased in the HBx + miR-mimic and HBx + miR-
mimic + si-NLRP3 groups. In addition, miR-223 inhibi-
tors upregulated NLRP3 significantly in HBx-induced 
podocytes compared with the HBx group (p < 0.05; 
Fig. 5A). Similar results were observed for caspase-1, 
ASC, IL-1β, and IL-18 (Fig. 5B-E). These results were 
confirmed by WB experiments (Fig. 5F), which showed 
that the expression of the NLRP3 inflammasome and its 
inflammatory cytokines were increased in the HBx group, 
while treatment with the miR-223 mimic and si-NLRP3 
reduced the level of inflammatory cytokines significantly. 
In addition, the level of IL-18 was higher in the HBx + 
miRNA inhibitor + NLRP3 group than in the HBx group 
(p < 0.05; Fig. 5J-K). However, there was no statistical 
difference in the quantitative analysis results for ASC 

Fig. 1  miR-223 is downregulated in podocytes exposed to HBx 
(n = 3). (A) HBx and (B) miR-223 expression were measured by RT-
PCR. The data are presented as the mean ± SD. **, p < 0.01; ***, 
p < 0.001 versus the control
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Fig. 2  HBx induces podocyte 
pyroptosis through NLRP3 
inflammasomes (n = 3). (A) 
Representative photomicro-
graphs of TUNEL staining 
(scale bar, 100 μm) (×100). 
(B) Quantitative analysis of 
TUNEL-positive cells in each 
group. Desmin (C) and nephrin 
(D) expression were detected 
by immunofluorescence (×200). 
NC, negative control; si, small 
interfering RNA. The data are 
presented as the mean ± SD. 
**, p < 0.01 versus control, #, 
p < 0.05 versus the HBx group
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(p > 0.05; Fig. 5I). The gene expression of ASC in some 
diseases has been reported to be slightly different from 
that of caspase-1, indicating that it may be independent of 
the expression of the NLRP3 inflammasome [19], which 
may be one of the factors that affected our experimental 
results. Subsequently, we assessed the enzyme activity of 
caspase-1 and found that it was significantly higher in the 
HBx + miRNA inhibitor + NLRP3 transfection group than 
in the HBx group (p < 0.05; Fig. 5L).

In order to further explore the relationship between 
the miR-223/NLRP3 axis and podocyte pyroptosis, flow-
cytometry-based pyroptosis detection and Hoechst 33342 
staining were performed. Compared with the control group 
and the empty plasmid group, the level of cell pyropto-
sis was significantly higher in the HBx groups. However, 
cell pyroptosis significantly decreased in the HBx + miR-
mimic + si-NLRP3 group, indicating that the miR-223/
NLRP3 axis plays a critical role in HBx-induced pyrop-
tosis (p < 0.05; Fig. 5M). Hoechst 33342 staining showed 
that the nuclei of podocytes were densely stained and that 
the chromatin was more condensed in the HBx group than 
in the control group and the empty plasmid group, and this 
was reversed by treatment with miR-223 and si-NLRP3 
(Fig. 5N). These results suggest that HBx-induced pyrop-
tosis is associated with downregulation of miR-223 via the 
NLRP3 pathway.

Discussion

In the present study, we found that the expression of miR-
223 was downregulated in podocytes exposed to HBx. 
Moreover, our results confirmed that expression of the HBx 
protein in podocytes induced pyroptosis. HBx-induced 
podocyte models were established in order to investigate 
the role of miR-223 in HBx-induced pyroptosis and to test 
whether activation of the NLRP3 inflammasome is involved 
in the underlying mechanism.

HBV-GN is one of the most common extrahepatic mani-
festations in patients with chronic HBV infection [20]. A 
large number of studies on the HBx gene, one of the four 
genes of HBV, have been performed since the establishment 
of HBx transgenic mice [21]. However, there are various 
mechanisms of HBx-induced podocyte injury in human 
kidney diseases, such as inflammatory response and oxida-
tive stress, and the former may be of great importance. The 
NLRP3 inflammasome, composed of NLRP3, ASC, and 
pro-caspase-1, is closely associated with the innate immune 
system. Activated caspase-1 cleaves full-length gasdermin 
D (GSDMD) to form a gasdermin pore, which allows the 
release of proinflammatory cytokines pro-IL-1β and pro-
IL-18, leading to cell swelling and dissolution [22]. It is 
the characteristic cascade inflammatory response of pyrop-
tosis that sets it apart from apoptosis and necrosis. Stimuli 

Fig. 3  NLRP3 is a direct target of miR-223. (A) Binding sites 
between miR-223 and the 3′-untranslated region of NLRP3 were ana-
lyzed using bioinformatics methods. (B) Effect of miR-223 upregu-
lation on luciferase activity of NLRP3 (WT) or NLRP3 (MUT) 

reporter, measured using the luciferase reporter assay system (n = 3). 
WT, wild-type; MUT, mutant; NC, negative control. The data are 
presented as the mean ± SD. **, p < 0.01 versus miR-NC
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such as CD36 and nicotine induce reactive oxygen species 
production and then activate the NLRP3 inflammasome 
to induce the inflammatory response and cell damage [23, 
24]. Mutations in NLRP3-inflammasome receptors trigger 
autoimmune diseases, and imbalanced activity is associated 
with the pathological process of many diseases [25]. NLRP3 
inflammasome-mediated pyroptosis induced by a variety of 
stimulus occurs in Alzheimer's disease, atherosclerosis, 
diabetes mellitus, glomerular inflammatory diseases, renal 
ischemia reperfusion injury, and podocyte injury [26–31]. A 
study has shown that pyroptosis can be used against cancer 
by induction in tumor cells [32]. Therefore, we speculate that 
pyroptosis may play a pivotal role in HBx-induced podocyte 
injury and that the NLRP3 inflammasome may be a new 
therapeutic target for HBV-GN.

miRNAs are normally extended by adding stem-loop 
primers or 3′ adenylation for traditional PCR detection 
[33]. Although the detection of miRNAs is very challeng-
ing, it has become an important focus of our research on 
disease mechanisms. For example, miRNAs participate 
in cancer initiation and metastasis [34], and upregulation 
of miR-125b is associated with severe liver fibrosis of 
patients with chronic hepatitis C [35]. miRNAs also play 
an important role in kidney disease. In acute kidney injury, 
some miRNAs influence renal function through cell apop-
tosis [36]. miR-155 influences the release of proinflamma-
tory factors in early renal disease [37]. Previous studies 
confirmed that miR-223 may act as a negative regulator 
in the inflammatory process of viral hepatitis [38]. There-
fore, we hypothesized that miR-223 has a similar regula-
tory effect on podocyte damage in HBV-GN. miR-223 was 
first discovered in the hematopoietic system [39] and has 
also been shown to limit liver fibrosis and reduce urate-
induced gouty inflammation and cardiovascular damage 
[8, 40, 41]. Interestingly, the inflammatory response in 
diseases caused by miR-223 downregulation always seems 
to be accomplished by targeting the NLRP3 inflammasome 

[8, 40]. In this study, we found that miR-223 downregula-
tion in HBx-induced podocytes is associated with pyrop-
tosis. Therefore, we tested HBx-induced pyroptosis after 
transfection with miR-223 mimics and found that miR-223 
upregulation decreased the expression of NLRP3. Moreo-
ver, transfection with miR-223 mimics downregulated the 
expression of ASC, caspase-1, IL-1β, and IL-18. These 
results indicate that downregulation of miR-223 increases 
the expression of the NLRP3 inflammasome, which is con-
sistent with the results of Bauernfeind et al. [42].

Studies on the mechanisms of miRNAs provide new 
insights for the diagnosis and treatment of many clinical 
diseases. To better understand the mechanism of HBV-GN, 
we examined the expression of pyroptosis-related proteins 
exposed to HBx and NLRP3 or si-NLRP3 in the presence 
of miR-223 mimics or inhibitors. Compared with the HBx 
group, the HBx + miRNA inhibitor + NLRP3 transfection 
group exhibited more-severe features of pyroptosis. It has 
been suggested that the detection of characteristic miR-
NAs in serum could be used to predict tumor recurrence 
and survival rates of patients with triple-negative breast 
cancer [43]. In treatment, miRNAs are chemically modi-
fied or delivered as vectors to reduce RNase interference 
[44]. miRNAs are also packaged into multivesicular bodies 
with hormone-like effects and function as anticancer drug 
targets [45]. Based on these studies, miR-223 may be a 
novel diagnosis and treatment target for HBV-GN.

Our research first demonstrated that miR-223 plays a 
role in HBx-protein-mediated podocyte pyroptosis by tar-
geting the NLRP3 inflammasome. However, the present 
study has limitations. First, we only performed relevant 
cellular experiments without validation in mouse models 
and clinical cases. Second, the regulation of HBx, miR-
223, and NLRP3 inflammasome is particularly complex, 
and we did not analyze whether other genes are involved. 
Further studies on the mechanism of HBV-GN should 
therefore be performed.

In conclusion, we report that the HBx protein can induce 
pyroptosis of human kidney podocytes in HBV-GN and that 
miR-223 plays a protective role in the pathogenesis of the 
disease. miR-223 negatively regulates the expression of the 
NLRP3 inflammasome, which is involved in the pathogene-
sis of HBV-GN. More importantly, the findings of this study 
may provide novel insights into the potential use of miRNAs 
in the diagnosis and treatment of kidney disease.

Fig. 4  NLPR3 overexpression decreases the protective effect of miR-
223 in podocyte injury (n = 3). (A) Western blot analysis showing the 
protein levels of the pyroptosis-associated markers NLRP3, ASC, 
caspase-1, IL-1β, and IL-18. (B-F) Western blot showing the relative 
expression of NLRP3, caspase-1, ASC, IL-1β, and IL-18. NC, nega-
tive control; miR-mimic, miR-223 mimic; miR-inhibitor, miR-223 
inhibitor. The data are presented as the mean ± SD. *, p < 0.05 versus 
control; #, p < 0.05 versus the miR-223 mimic NC+NLRP3 group

◂
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Fig. 5  HBx mediates podocyte 
pyroptosis through miR-223 
and the NLRP3 inflammasome 
(n = 3). (A-E) RT-PCR assay 
showing the relative levels of 
NLRP3, caspase-1, ASC, IL-1β, 
and IL-18. (F-K) Western blot 
analysis showing the protein 
levels of NLRP3, caspase-1, 
ASC, IL-1β, and IL-18. (L) 
Caspase-1 enzyme activity 
measured by ELISA. (M) Flow 
cytometry analysis of pyroptosis 
in each group. (N) Fluorescence 
microscopy (×400) results 
of each group. miR-mimic, 
miR-223 mimic; miR-inhibitor, 
miR-223 inhibitor; si, small 
interfering RNA. The data are 
presented as the mean ± SD. 
*, p < 0.05 versus the control 
and empty plasmid groups; #, 
p < 0.05 versus the HBx group
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