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Abstract. It has been previously reported that macrophages 
may be involved in diabetic nephropathy (DN) development. 
Furthermore, Bruton's tyrosine kinase (BTK) may participate 
in macrophage activation and lead to the release of inflam‑
matory mediators. The main aim of the present study was 
to analyze the association between renal BTK expression 
and clinical indicators. Moreover, BTK knockout mice were 
used to establish a diabetic model for further research. The 
results demonstrated that BTK was activated in the kidneys 
of patients with DN and was associated with the progression 
of proteinuria, creatinine levels, estimated glomerular filtra‑
tion rate and pathological changes in the kidneys of patients 
with DN. Furthermore, BTK knockout was observed to reduce 
urinary protein excretion, alleviate renal injury and decrease 
renal inflammation in diabetic mice. This protection may be 
attributed to BTK‑induced suppression of the activation of the 
Nod‑like receptor (NLR) family pyrin domain containing 3 
inflammasome. Collectively, it has been demonstrated in 
the present study that BTK may be a potential target for DN 
treatment.

Introduction

Diabetic nephropathy (DN) is a severe microvascular compli‑
cation in diabetic patients and has been the main cause of 

end‑stage renal disease (1). DN is mainly manifested as the 
thickening of the glomerular basement membrane (GBM), 
the proliferation of mesangial cells and extracellular matrix, 
and renal tubulointerstitial fibrosis  (2). Furthermore, its 
pathogenesis is complex, involving hereditary, metabolic and 
hemodynamic changes, as well as inflammation. A recent 
study has reported the correlation between DN and inflamma‑
tion (3). Macrophages are a type of immune cell and are derived 
from monocytes. Macrophages have multiple functions, such 
as phagocytosing cell fragments, releasing chemokines factors 
and secreting inflammatory mediators (4). Furthermore, it 
has been established that macrophages play a key role in the 
occurrence and development of DN (5,6).

Bruton's tyrosine kinase (BTK) is an intracellular 
non‑receptor tyrosine kinase, and is one of the five members of 
the Tec tyrosine kinase family (7). BTK is expressed in myeloid 
cells, such as macrophages and tissue plasma cells. Moreover, 
BTK signaling molecules have been well‑documented and 
it has been considered as an important signal in immuno‑
regulation (8). It has recently demonstrated that BTK is crucial 
for the proliferation, development and differentiation of 
B cells (9). In addition, BTK may be involved in human innate 
immunity, particularly in relation to B cell and macrophage 
involvement (10). It has also been demonstrated that BTK can 
conduct cell signals by regulating Toll‑like receptor (TLR)2 
and TLR4 in macrophages (11). Previous studies have proved 
that BTK‑regulated inflammation is involved in various renal 
diseases, such as IgA nephropathy and Lupus nephritis (12,13). 
The BTK inhibitor PCI‑32765, also known as ibrutinib, has 
been widely used as an antitumor drug for the treatment of 
chronic lymphocytic leukemia (14). It has been reported that 
ibrutinib can reduce MAPK and NF‑κB pathway activation, 
and then decrease the release of inflammatory mediators in 
macrophages (15). Moreover, a recent study demonstrated that 
a BTK inhibitor may serve as an effective therapeutic strategy 
in severe COVID‑19, due to its excellent anti‑inflammatory 
effect (16).

The inflammasome is a multi‑protein complex expressed 
in myeloid cells, and is mainly composed of sensors, 
apoptosis‑associated speck like protein containing a caspase 
recruitment domain (ASC), and the caspase protease. 
Inflammasomes exist in the cytoplasm of multiple cell types 
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and have the ability to induce the innate immune responses 
by sensing damage signals and microbial attacks (17). The 
Nod‑like receptor (NLR) family pyrin domain containing 3 
(NLRP3) inflammasome is the most widely studied inflamma‑
some, and is composed of NLRP3, ASC and pro‑caspase‑1 (18). 
Moreover, the NLRP3 inflammasome can be activated and 
is known to participate in the development of inflamma‑
tion by cleaving the inactive cytokines, IL‑1β precursor and 
IL‑18 precursor, into active IL‑1β and IL‑18 (19,20). Recent 
studies have reported that the activation of the NLRP3 inflam‑
masomes plays an important role in diabetic kidney disease 
(DKD) (21,22). Additionally, inflammasome activation marker 
expression levels, such as caspase‑1, IL‑1β and IL‑18, have 
been shown to be positively associated with the severity of 
albuminuria in patients with DN (23,24).

Although the therapeutic potential of NLRP3 is undisputed, 
currently no clinically approved therapies exist that target the 
NLRP3 inflammasome directly, at least to the best of our 
knowledge (25). Recently, BTK has attracted increased atten‑
tion as a regulator of NLRP3. It has been demonstrated that 
the inhibition of BTK can reduce the inflammatory response 
by decreasing the activation of the NLRP3 inflammasome in 
numerous diseases, such as ischemic brain injury, diet‑induced 
metabolic inflammation and polymicrobial sepsis  (26‑28). 
However, the role of BTK in DN remains to be elucidated. On 
this basis, the present study aimed to investigate the effect of 
BTK on DN and its association with the NLRP3 inflamma‑
some in the kidneys.

Materials and methods

Recruitment. A total of 49 patients with type 2 DN and 18 
healthy individuals were recruited from the Department of 
Nephrology in The First Affiliated Hospital of Anhui Medical 
University between January 1, 2017 and January 1, 2020. All 
patients exhibited no fever symptoms or infectious diseases, 
and were diagnosed via renal biopsy. Renal tissue sections from 
patients with DN were provided by the Kidney Pathology Center 
at The First Affiliated Hospital of Anhui Medical University. 
The para‑carcinoma tissues from patients with renal carcinoma 
was used as the control group (29). The clinical characteristics 
of all the study subjects are presented in Tables SI and SII. 
Serum samples from patients and healthy individuals were 
provided by the Clinical Laboratory of The First Affiliated 
Hospital of Anhui Medical University. All the patients and 
healthy individuals had signed informed consent forms and all 
experiments were approved by the Ethics Committee of Anhui 
Medical University (approval number: 5101309).

Animals and experimental groups. A total of 28  male 
C57BL/6J mice (age, 6‑8  weeks; weight, 18‑22  g) were 
purchased from the Experimental Animal Center of Nanjing 
Medical University. The animal experiment was performed in 
accordance with guidelines, ‘Principles of Laboratory Animal 
Care and Use in Research’ (Ministry of Health, Beijing, 
China). The experiments were approved by the Anhui Medical 
University Ethics Committee (approval number: 2020064). A 
total of 30 BTK‑floxed (Macrophage‑specific knockout) mouse 
frozen embryos were purchased from The European Mouse 
Mutant Archive and resuscitated at the Experimental Animal 

Center of Nanjing Medical University. The embryos were 
removed from liquid nitrogen and were resuscitated in a water 
bath for 2 min at 35˚C, then immediately placed in a Petri dish 
with thawing solution (0.1 M sucrose PBS with 6% glycerin) 
for 1 min, followed by diluent solution (0.1 M sucrose PBS with 
3% glycerin) for 3 min. The embryos were then transferred to 
the washing solution (0.1 M sucrose PBS with 0% glycerin) for 
3 min twice. The embryos were then cultured in HTF medium 
(cat. no. MR‑070‑D; EMD Millipore) in an incubator at 37˚C 
with 5% CO2. Following 24 h of culture at 37˚C, the normal 
embryos were selected and transplanted into the uterus of 
15 female C57BL/6J mice (age, 6‑8 weeks; weight, 18‑22 g, 
obtained from the Experimental Animal Center of Nanjing 
Medical University) (30,31). The offspring from the female 
mice (the BTK‑floxed mice) were then crossed with 6 male and 
9 female CMV‑cre transgenic mice (age, 6‑8 weeks; weight, 
18‑22 g; C57BL/6J genetic background, obtained from the 
Experimental Animal Center of Nanjing Medical University), 
and the offspring were self‑crossed to obtain BTK knockout 
mice (BTK‑/‑ mice).

Streptozotocin (STZ) was purchased from Sigma‑Aldrich 
(Merck KGaA). The mice were administered STZ daily, 
at a dose of 50 mg/kg of body weight for 5 days. In total, 
28 mice were randomly divided into 4 groups as follows: 
i) Wild‑type (WT) group (WT littermate C57BL/6J mice; 
n=6); ii) STZ group (WT littermate C57BL/6J mice + STZ; 
n=8); iii) BTK‑/‑ group (n=6); and iv) BTK‑/‑ + STZ group 
(BTK‑/‑ + STZ; n=8). All mice were maintained under standard 
feeding conditions (temperature, 20±2˚C; humidity, 45‑55%; 
12‑h light/dark cycle) and were granted free access to food 
and water. After 12 weeks of rearing, all mice were anesthe‑
tized with an intraperitoneal injection of sodium pentobarbital 
(50 mg/kg body weight) and euthanized via exsanguination by 
drawing 1.2 ml blood. All mice were observed for 20 min to 
verify death, according to the criterion of breathing cessation 
and cardiac arrest. The experimental humane endpoints that 
were established in the present study, included loss of appetite, 
rapid weight loss (>20% of body weight within a week), severe 
infections, weakness and organ failure.

Genotype identification. After euthanizing the mice, 3 mm 
mouse tail was obtained and used for DNA extraction 
(cat. no. 10185ES50, Shanghai Yeasen Biotechnology Co., 
Ltd.). Following amplification in a QuantStudio™ 6 Flex 
Real‑Time PCR System (Thermo Fisher Scientific, Inc.), gene 
expression was detected by 1.5% agarose gel electrophoresis. 
The PCR conditions were as follows: 95˚C for 5 min, followed 
by 40 cycles of 95˚C for 30 sec, 58˚C for 30 sec and 72˚C for 
30 sec. The primers (Shanghai Sangon Biotech Co., Ltd.) were 
as follows: BTK‑FRT‑tF1, CTG​CAT​AAG​GCA​GGT​GCC​ACT​
AA, and BTK‑FRT‑tR1, CAT​CAG​AAG​CAG​GCC​ACC​CA; 
BTK‑loxP‑tF1, TTG​CAT​AAA​GGC​AGC​A AT​ACA​ACA​G, 
and BTK‑loxP‑tR1, TAG​CTC​CAG​AAC​TCA​ATG​ACA​AAG​
A; lacZ3F4, CCG​GTC​GCT​ACC​ATT​ACC​AGT; IMP 
C‑loxptR, ATG​GCG​AGC​TCA​GAC​CAT​AAC; Cre KT 119, 
TGC​CAC​GAC​CAA​GTG​ACA​GCA​ATG, and Cre KT 120, 
ACC​AGA​GAC​GGA​AAT​CCA​TCG​CTC.

Immunohistochemical staining. The paraffin‑embedded 
kidney tissues from mice were cut into 3‑µm‑thick sections. 
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All sections were deparaffinized, rehydrated and subjected 
to antigen retrieval in 0.01  M citrate buffer (pH  6.0) 
by microwaving. After blocking with 10%  goat serum 
(cat.  no.  SL038; Beijing Solarbio Science & Technology 
Co., Ltd.) at room temperature, the sections were incubated 
with anti‑CD68 (cat. no. ab213363; 1:300; Abcam), anti‑BTK 
(1:200; cat.  no.  8547; Cell Signaling Technology, Inc.), 
anti‑F4/80 (1:200; cat. no. ab111101; Abcam), anti‑collagen 
(Col)‑IV (1:200; cat. no. ab236640; Abcam), anti‑fibronectin 
(FN; 1:200; cat. no. ab2413; Abcam), anti‑Wilms Tumor 1 
(WT1) transcription factor (WT1; 1:200; cat. no. ab267377; 
Abcam) and anti‑Nephrin (1:200; cat. no. ab216341; Abcam) 
antibodies overnight at 4˚C. Secondary biotin‑labeled goat 
anti‑mouse/rabbit IgG antibodies (1:200; cat. no. PV‑6000; 
OriGene Technologies, Inc.) were then added for 2 h at room 
temperature. Finally, 3,3‑diaminobenzidine (cat. no. ZLI‑9017; 
Sigma‑Aldrich; Merck  KGaA) and hematoxylin at room 
temperature were used for staining. All images were captured 
with a Zeiss microscope (Zeiss  AG) and analyzed using 
ImageJ 1.0 software (National Institutes of Health). Six fields 
were selected for statistical analysis in each sample. The mean 
value was calculated and used as the final sample of the immu‑
nohistochemistry data. The mean values of all samples were 
used for final statistical analysis.

ELISA. The levels of TNF‑α, IL‑1β and monocyte chemoat‑
tractant protein‑1 (MCP‑1) in serum were detected with the 
use of human and mouse ELISA kits (cat. no. P06804, P10749, 
P10148; RayBiotech, Inc.). The urinary albumin excretion 
rate (UAER) was detected using a mouse albumin ELISA 
kit (cat. no. ab108792, Abcam). The detection methods were 
executed according to the manufacturer's instructions.

Detection of HbA1c and blood glucose. HbA1c was 
detected using the Glycosylated hemoglobin A1c Assay kit 
(cat. no. H464‑1, Nanjing Jiancheng Bioengineering Institute). 
The blood glucose levels were detected using the glucose meter 
(Contour TS, Bayer). The detection methods were executed 
according to the manufacturer's instructions.

Western blot (WB) analysis. Renal tissues were lysed in 
RIPA lysis buffer (cat.  no. P0013B, Beyotime Institute of 
Biotechnology). The mixture was centrifuged at 15,294 x g 
at 4˚C for 30 min and then the pellet was removed. Protein 
samples were separated via 10 or 15% SDS‑PAGE, and trans‑
ferred to the nitrocellulose membrane (cat. no. HATF00010, 
Merck KGaA). The band distribution was observed via 
Ponceau staining. The membrane was then blocked with 
5% skim milk powder (containing TBS‑Tween‑20) at room 
temperature for 2 h, followed by incubation with the following 
primary antibodies at 4˚C for 12 h: Anti‑β‑actin (1:35,000, 
cat. no. 66009‑1‑Ig; ProteinTech Group, Inc.), anti‑TNF‑α 
(1:1,000; cat. no. ARG10158; arigo Biolaboratories Corp.), 
anti‑IL‑1β (1:1,000; cat. no. 12242; Cell Signaling Technology, 
Inc.), anti‑MCP‑1 (1:1,000; cat.  no.  ARG57649; arigo 
Biolaboratories Corp.), anti‑BTK (1:1,000; cat. no. ab25971; 
Abcam), anti‑phosphorylated (p)‑BTK (1:1,000; cat. no. 87457; 
Cell Signaling Technology, Inc.), anti‑inducible nitric 
oxide synthase (iNOS; 1:1,000; cat. no. ab178945; Abcam), 
anti‑p‑NF‑κB p65 (1:1,000; cat.  no.  8242; Cell Signaling 

Technology, Inc.), anti‑NF‑κB p65 (1:1,000; cat. no. 8242; 
Cell Signaling Technology, Inc.), anti‑nicotinamide adenine 
dinucleotide phosphate oxidase 1 (NOX1) (cat. no. ab131088; 
1:1,000; Abcam), anti‑nicotinamide adenine dinucleotide 
phosphate oxidase  4 (NOX4) (1:1,000; cat.  no.  bs‑1091R; 
Beijing Boaosen Biotechnology, Co., Ltd.), anti‑NLRP3 
(1:1,000; cat.  no.  ab214185; Abcam), anti‑caspase‑1 
(1:1,000; cat. no. ab138483; Abcam) and anti‑ASC (1:200; 
cat. no.  sc‑376916; Santa Cruz Biotechnology, Inc.). After 
washing, the membrane was incubated with HRP‑labeled 
secondary antibodies (cat. nos. SA00001‑1 and SA00001‑2; 
1:2,000; ProteinTech Group, Inc.) at room temperature for 1 h. 
The signals were detected with the use of a chemiluminescent 
gel imaging system and the relative ratio was semi‑quantified 
using ImageJ 1.0 software (National Institutes of Health).

Reverse transcription‑quantitative (RT‑qPCR). TRIzol® 
reagent (Thermo Fisher Scientific, Inc.) was used to extract the 
total RNA in renal tissues. cDNA was synthesized from total 
RNA using a Reverse Transcription kit (Vazyme Biotech Co., 
Ltd.). cDNA was amplified and detected in a QuantStudio™ 6 
Flex Real‑Time PCR System (Thermo Fisher Scientific, Inc.) 
using the miScript SYBR‑Green PCR kit (Qiagen GmbH) 
to determine the quantity of mRNA. The conditions were as 
follows: 95˚C for 10 min, followed by 40 cycles of 95˚C for 
10 sec, and 60˚C for 20 sec. The expression levels of all genes 
were standardized with the reference gene GAPDH using the 
2‑ΔΔCq method (32). The primer sequences used were selected 
according to the previous studies (15,33).

Histological staining. The kidney tissue was fixed in 
4% paraformaldehyde for 16 h at room temperature and then 
dehydrated through an ethanol gradient. Subsequently, the 
kidney tissue was paraffin‑embedded and cut into 3‑µm‑thick 
sections. The sections were dewaxed and stained with periodic 
acid‑Schiff (PAS) staining kit (cat. no. G1281; Beijing Solarbio 
Science & Technology Co., Ltd.) and the Masson's staining kit 
(cat. no. G1340; Beijing Solarbio Science & Technology Co., 
Ltd.). The staining methods were executed according to the 
manufacturer's instructions. All images were acquired using a 
light microscope (BX51, Olympus Corporation). The glomer‑
ular mesangial expansion, tubulointerstitial injury index and 
fibrosis area were evaluated and graded using ImageJ 1.0 
software (National Institutes of Health).

Transmission electron microscopy (TEM). Kidney tissue was 
quickly placed in 2% glutaraldehyde for 24 h. The tissue was 
then fixed with 1% acetic acid at room temperature for 2 h, 
followed by acetone (50, 70, 80, 90 and 100%; twice for 15 min 
each time) for dehydration; sections were embedded in epoxy 
resin. The resin block was cut into ultra‑thin sections of 70 nm, 
stained with lead citrate at 37˚C and then observed under a 
transmission electron microscope (H‑7700; Hitachi, Ltd.). 
GBM thickness and foot process fusion were analyzed using 
ImageJ 1.0 software (National Institutes of Health).

Statistical analysis. Data were statistically analyzed using 
SPSS  23.0 (IBM Corp.). Normally distributed data are 
presented as the mean ± SD, and non‑normally distributed 
data were expressed as the median (p25, p75). Pearson's test 
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was used to analyze the correlation between normal distribu‑
tion data. Spearman's test was used to analyze the correlation 
between non‑normal distribution data. The homogeneity of 
variance was tested using the Levene method. Differences 
between two  groups were assessed using an independent 
samples t‑test. For multiple group comparisons, the significant 
differences were analyzed by one‑way ANOVA, followed 
by Bonferroni's post hoc analysis. P<0.05 was considered to 
indicate a statistically significant difference.

Results

BTK is markedly activated in renal macrophages in the 
kidneys of patients with DN. In the present study, the clinical 
indicators of 49 patients with type 2 DN and 18 healthy indi‑
viduals were collected from the Department of Nephropathy 
and Clinical Laboratory at the First Affiliated Hospital of 
Anhui Medical University. The results demonstrated that 
the DN group had significantly higher levels of haemoglobin 
A1c, systolic blood pressure (BP), diastolic BP, mean arterial 
pressure, proteinuria, serum creatinine, blood urea nitrogen, 
estimated glomerular filtration rate (eGFR) and serum uric 
acid (Table SI). The role of macrophage‑mediated inflamma‑
tion was evaluated by ELISA and immunohistochemistry in 
patients with DN. The data revealed that the TNF‑α, IL‑1β and 
MCP‑1 serum levels were significantly increased in the DN 
group (Fig. S1A). Additionally, the TNF‑α and CD68 expres‑
sion levels were significantly increased in the renal tissue from 
the DN group (Fig. S1B and C). This indicated that patients 
with DN exhibit more severe inflammation and macrophage 
infiltration in the kidneys. Moreover, the results also revealed 
that the DN group exhibited an increased BTK activation in 
comparison with the control group (Fig. 1A).

To further observe the activation of BTK in renal macro‑
phages, CD68 was used to label macrophages followed by 
co‑staining with BTK and p‑BTK. The data indicated that 
the CD68 expression levels were increased in the DN group 
in comparison with the control group. Moreover, the BTK 
and p‑BTK expression levels were increased in DN group 
(Fig. 1B). Furthermore, iNOS and NLRP3 were also notably 
activated in renal macrophages in the kidneys of patients with 
DN (Fig. S2). This suggested that macrophages exhibited an 
increased BTK activation in the kidneys of patients with DN; 
thus, the activation of the NLRP3 inflammasome may be 
involved in this process.

BTK expression is correlated with clinical indicators and 
pathological changes in the kidneys of patients with DN. 
Correlation analysis was conducted to determine the correlation 
between BTK expression and clinical indicators in patients with 
DN. The data demonstrated that the expression level of BTK 
positively correlated with proteinuria and serum creatinine 
levels, and negatively correlated with eGFR levels (Fig. 2A‑F). 
The pathological scores of all renal patient tissues were also 
assessed (Table SII). The results depicted that the expression 
level of BTK in the glomerulus correlated with the Tervaert 
classification. In addition, renal BTK expression in the tubuloin‑
terstitium also correlated with interstitial fibrosis, the tubular 
atrophy score and the interstitial inflammation score (Fig. 2G‑I). 
This indicated that BTK expression was significantly associated 
with disease progression in patients with DN.

BTK knockout alleviates renal injury in mice with 
STZ‑induced diabetes. To further investigate the effects of 
BTK on DN, BTK knockout mice were used to establish a 
diabetic model. Mouse genotyping was initially performed 
(Fig.  S3). After 12  weeks of rearing, the general indica‑
tors and metabolic parameters were measured in all mice. 
HbA1c was detected using an assay kit. The blood glucose 
levels were detected using a Bayer glucose meter. UAER was 
detected using a mouse albumin ELISA kit. The results iden‑
tified that in comparison with the WT group, blood glucose, 
HbA1c, kidney/body weight and urinary protein excretion in 
the STZ group were significantly increased, while the mouse 
body weight was significantly decreased. The level of blood 
glucose, HbA1c, body weight and the kidney/body ratio 
exhibited no changes in the BTK‑/‑ + STZ group compared 
with the STZ group. However, the UAER was significantly 
reduced when BTK was knocked out (Table I). These findings 
suggest that BTK knockout may protect mice from diabetic 
kidney injury.

Subsequently, the changes in mouse renal injury were 
detected. PAS staining was used to observe the pathologic 
changes in mouse kidneys and Masson's trichrome staining 
was used to evaluate the fibrosis area. The results demon‑
strated that the STZ group exhibited more severe mesangial 
expansion and proliferation than the WT  group; this was 
significantly reversed in the BTK‑/‑+STZ group (Fig. 3A). 
However, no marked differences amongst groups was observed 
as regards the fibrosis area (Fig. S4). ColIV and FN were used 
to observe the proliferation of the mesangial matrix, while 

Table I. Clinical indicators of mice (n=28).

Clinical indicator	 WT	 STZ	 BTK‑/‑	 BTK‑/‑ + STZ

Body weight	 28.88±0.57	 22.56±1.93a	 27.16±1.02	 23.66±1.35
Kidney/body ratio (%)	 0.62±0.04	 1.00±0.11a	 0.70±0.06	 0.97±0.06
BG (mmol/l)	 6.51±0.68	 22.17±1.69a	 7.22±0.60	 22.76±2.85
HbA1c (%)	 4.42±0.65	 6.98±0.72a	 4.77±0.89	 7.14±1.10
UAER (µg/24 h)	 28.41±14.48	 449.87±101.43a	 26.31±18.22	 304.39±173.74b

All the data are expressed as the mean ± SD. Significant differences were analyzed by one‑way ANOVA with Bonferroni's post hoc analysis. 
aP<0.05 vs. WT group; bP<0.05 vs. STZ group. BG, blood glucose; HbA1c, haemoglobin A1C; UAER, urinary albumin excretion rate.
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WT1 and Nephrin were used to evaluate podocyte injury in the 
mouse kidney. It was found that the ColIV and FN expression 
levels were increased in the STZ group (Fig. 3A). Moreover, 
the numbers of WT1‑positive cells and Nephrin‑positive 
cells were significantly reduced (Fig. 3B). However, in the 
BTK‑/‑ + STZ group, the number of macrophages and the mesan‑
gial matrix were both decreased, and the number of podocytes 
was significantly increased. A reduced F4/80 expression was 
also observed in the BTK‑/‑ + STZ group, as compared with 
the STZ group (Fig. 3B). These results suggested that BTK 
knockout decreased macrophage infiltration and alleviated the 

accumulation of extracellular matrix and podocyte injury in 
diabetic mice.

Finally, TEM was used to observe the ultrastructural 
changes in the mouse kidneys. It was identified that, when 
compared with the WT  group, the STZ  group exhibited 
further extracellular matrix proliferation, thickened base‑
ment membrane and severe podocyte fusion. The number 
of podocytes was also decreased, and organelle loss was 
increased. However, these phenomena were all alleviated in 
the BTK‑/‑ + STZ group (Fig. 3C). Thus, these results indicated 
that BTK knockout alleviated renal injury in diabetic mice.

Figure 1. BTK is notably activated in renal macrophages in the kidneys of patients with DN. (A) Immunohistochemistry of BTK expression in the glomerulus 
and tubulointerstitium (scale bar, 50 µm; *P<0.05 vs. control group). (B) CD68 was co‑stained with phosphorylated‑BTK and BTK in the kidney (scale bar, 
20 µm). BTK, Bruton's tyrosine kinase; DN, diabetic nephropathy.
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BTK knockout alleviates renal inflammation in diabetic mice. 
The change in the inflammatory response was also evalu‑
ated in the mice. The results of ELISA demonstrated that the 
TNF‑α, IL‑1β and MCP‑1 levels were increased in serum 
from the STZ group. However, this change was significantly 
reduced in the BTK‑/‑ + STZ group (Fig. 4A). Subsequently, 
changes in inflammatory mediators were detected in the 
mouse kidneys. The data indicated that the mRNA and 
protein expression levels of TNF‑α, IL‑1β and MCP‑1 were 
increased in the STZ group (Fig.  4B‑D). Moreover, these 
changes were significantly reduced when BTK was knocked 
out. The immunohistochemistry results also revealed that the 

expression levels of TNF‑α, IL‑1β and MCP‑1 were signifi‑
cantly decreased in the BTK‑/‑ + STZ group compared with 
the STZ group (Fig. 4C). On the whole, the results indicated 
that diabetic mice exhibited additional severe inflammation 
and macrophage infiltration in serum and kidney, while BTK 
knockout alleviated this phenomenon.

BTK knockout suppresses the activation of the NLRP3 
inflammasome in the kidneys of diabetic mice. To further 
observe the mechanisms of BTK in renal inflammation, WB 
analysis was conducted to observe the activation of the NLRP3 
inflammasome in the mouse kidneys. The WB analysis data 

Figure 2. BTK expression is correlated with clinical indicators and pathological changes in the kidneys of patients with DN. (A) Correlation analysis of renal 
BTK expression in glomerulus with proteinuria in patients with type 2 DN. (B) Correlation analysis of renal BTK expression in glomerulus with serum creati‑
nine in patients with type 2 DN. (C) Correlation analysis of renal BTK expression in glomerulus with eGFR in patients with type 2 DN. (D) Correlation analysis 
of renal BTK expression in tubulointerstitium with proteinuria, in patients with type 2 DN. (E) Correlation analysis between renal BTK expression in tubu‑
lointerstitium and serum creatinine in patients with type 2 DN. (F) Correlation analysis of renal BTK expression in tubulointerstitium with eGFR in patients 
with type 2 DN. (G) Correlation analysis between renal BTK expression in glomerulus and Tervaert classification in patients with type 2 DN. (H) Correlation 
analysis between renal BTK expression in tubulointerstitium and IFTA in patients with type 2 DN. (I) Correlation analysis of renal BTK expression between 
tubulointerstitium and interstitial inflammation in patients with type 2 DN. Pearson's test was used in (C and F) for correlation analysis. Spearman's test was 
used in (A, B, D, E, G H and I) for correlation analysis. BTK, Bruton's tyrosine kinase; DN, diabetic nephropathy; eGFR, estimated glomerular filtration rate; 
IFTA, interstitial fibrosis and tubular atrophy.
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Figure 3. BTK knockout alleviates the pathological changes in mice with STZ‑induced diabetes. (A) Glomerular mesangial expansion and tubular injury were 
detected using PAS staining. Immunohistochemistry of ColIV and FN expression was performed in mouse kidneys (scale bar, 50 µm). (B) Immunohistochemistry 
of F4/80, WT1 and FN expression levels in mouse kidneys (scale bar, 50 µm). (C) The thickness of GBM, mesangial expansion and podocyte injury were 
detected via transmission electron microscopy (*P<0.05 vs. WT group; #P<0.05 vs. STZ group). WT, wild‑type; BTK, Bruton's tyrosine kinase; FN, fibronectin; 
STZ, Streptozotocin; WT1, WT1 transcription factor; ColIV, collagen IV; PAS, periodic acid‑Schiff; GBM, glomerular basement membrane.
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Figure 4. BTK knockout alleviates kidney inflammation in diabetic mice. (A) TNF‑α, IL‑1β and MCP‑1 levels of in mouse serum were detected using ELISA 
kits. (B) TNF‑α, IL‑1β, MCP‑1 and IL‑6 mRNA expression levels in mouse kidneys were detected by RT‑qPCR. (C) TNF‑α, IL‑1β and MCP‑1 immunohisto‑
chemistry analysis of protein expression was conducted in mouse kidneys (scale bar, 50 µm). (D) Protein expression levels of TNF‑α, IL‑1β and MCP‑1 were 
detected by western blot analysis (*P<0.05 vs. WT group; #P<0.05 vs. STZ group). WT, wild‑type; BTK, Bruton's tyrosine kinase; STZ, Streptozotocin; MCP‑1, 
monocyte chemoattractant protein‑1; RT‑qPCR, reverse transcription‑quantitative PCR.
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demonstrated that the expression levels of p‑BTK/BTK, iNOS 
and p‑p65 were all increased in the STZ group. However, 
when BTK was knocked out, the expression levels of iNOS 
and p‑p65 were significantly decreased (Fig. 5A and B). This 

suggested that BTK knockout reduced macrophage activation 
in the kidneys of diabetic mice. The change in oxidative stress 
in the mouse kidneys was also evaluated. According to these 
results, NOX1 and NOX4 expression levels were increased in 

Figure 5. BTK knockout suppresses the oxidative stress and the activation of the NLRP3 inflammasome in the kidneys of diabetic mice. (A) p‑BTK/BTK 
expression levels in mouse kidneys were detected via WB analysis. (B) iNOS, p‑p65 and p65 expression levels in mouse kidneys were detected via WB analysis. 
(C) NOX1 and NOX4 expression levels in mouse kidneys were detected via WB analysis. (D) NLRP3, caspase‑1 and ASC expression levels in mouse kidneys 
were detected via WB analysis (*P<0.05 vs. WT group; #P<0.05 vs. STZ group). WT, wild‑type; BTK, Bruton's tyrosine kinase; STZ, Streptozotocin; p‑, phos‑
phorylated; NLRP3, NLR family pyrin domain containing 3; iNOS, inducible nitric oxide synthase; ASC, apoptosis‑associated speck‑like protein containing 
a caspase recruitment domain; WB, western blot; p‑p65, phosphorylated‑NF‑κB p65; NOX1, nicotinamide adenine dinucleotide phosphate oxidase 1; NOX4, 
nicotinamide adenine dinucleotide phosphate oxidase 4.
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the STZ group compared with the WT group. However, BTK 
deletion significantly alleviated this effect (Fig. 5C). Moreover, 
it was found that the expression levels of NLRP3, caspase‑1 and 
ASC were significantly decreased in the BTK‑/‑ + STZ group 
compared with the STZ group (Fig. 5D). These results thus 
suggested that BTK knockout decreased oxidative stress and 
the activation of the NLRP3 inflammasome in the kidneys of 
diabetic mice.

Discussion

DN is a severe complication of diabetes mellitus, and its treat‑
ment remains challenging (1). Previous studies have reported 
that the development of DN is closely associated with inflam‑
mation, and that macrophages are the main immune cell type 
involved in this process (5,6). In the early stages of DN, patients 
present an increase in serum inflammatory mediator levels. 
Subsequently, macrophages can be recruited into the kidneys 
by these mediators, such as C‑C motif chemokine ligand 2 and 
MCP‑1 (34,35). This process was verified in the present study 
and culminated in an increased macrophage infiltration in 
kidneys. The results of the present demonstrated that either in 
the serum of patients with DN or in the serum of diabetic mice, 
inflammatory mediator expression levels were significantly 
increased. Moreover, macrophage infiltration and activation 
were increased in the kidneys of patients with DN and diabetic 
mice. It was also identified that the levels of inflammatory 
cytokines released by macrophages in kidneys were increased. 
These findings indicated that macrophages can be recruited 
into the kidneys and activated by hyperglycemia, leading to 
the aggravation of inflammation.

BTK is an important factor in innate immunity and has 
been closely associated with inflammation (8,11). It has been 
previously revealed that high glucose levels may promote the 
phosphorylation of BTK, leading to the release of inflammatory 
mediators via the NF‑κB signaling pathway (15). It was also 
demonstrated in the present study that BTK was activated in 
renal macrophages in patients with DN. Moreover, BTK was 
associated with clinical indicators and pathological changes, 
which indicated that BTK played a crucial role in the disease 
progression of DN. In in vivo experiments, it was identified that 
BTK knockout reduced UAER, the accumulation of extracel‑
lular matrix and macrophage infiltration in diabetic mice. 
The fibrotic lesions were also observed by Masson's staining, 
although no significant changes were observed in any of the 
groups analyzed. This may be attributed to an early diabetic 
pathology change in mouse kidneys observed at 12 weeks of 
feeding, which manifested through mesangial matrix prolif‑
eration and tubulointerstitial damage. Podocytes are important 
intrinsic cells in the kidney and are known as the most vulnerable 
cells in the kidney (36). Podocyte loss and fusion of foot process 
can occur in early stage DN, and it is also the main cause of 
proteinuria (37,38). Therefore, it was considered that podocyte 
injury could be a favorable choice to evaluate early renal injury, 
thus WT1 and Nephrin were used the present study as podocyte 
markers (39). The results of the present study demonstrated 
that BTK knockout protected the diabetic mice from podocyte 
injury, further confirmed through TEM. It was also noted that 
the thickened basement membrane, proliferated extracellular 
matrix and podocyte injury were alleviated in BTK knockout 

diabetic mice. Collectively, these results suggested that BTK 
knockout alleviated kidney injury in diabetic mice.

The NLRP3 inflammasome is a multiprotein complex 
that regulates innate immune responses to infection and cell 
stress (18). In recent studies, it was reported that the activa‑
tion of NLRP3 may be associated with disease progression 
in patients with DKD (21,22), Currently, there are no existing 
clinically approved therapies that target the NLRP3 inflamma‑
some directly (24). BTK has been proven to serve as a critical 
regulator of NLRP3 inflammasome activation (25). It has been 
observed that the regulatory effects of BTK inhibition on the 
NLRP3 inflammasome vary in different mouse models. BTK 
deficiency has been shown to promote NLRP3 inflammasome 
activation and induce IL‑1β‑mediated colitis, but it also allevi‑
ates other diseases, such as ischemic brain injury, diet‑induced 
metabolic inflammation and polymicrobial sepsis  (26‑28). 
On this basis, the association between BTK and the NLRP3 
inflammasome in DN was examined in the present study. It 
was revealed that no significant side‑effects were noted in BTK 
knockout mice. Moreover, it was noted that BTK knockout 
markedly reduced the NLRP3, caspase‑1 and ASC expression 
levels in the kidneys of diabetic mice. Those results suggested 
that the protective effect of BTK knockout was mainly attrib‑
uted to the reduced activation of the NLRP3 inflammasome.

In conclusion, the present study demonstrated that there was 
a notable association between BTK and the clinical indicators 
and pathological changes of patients with DN. Moreover, BTK 
knockout reduced inflammation in diabetic mice, and this 
protection was a result of the suppression of NLRP3 inflam‑
masome activation. However, the lack of analysis of IL‑6 
protein and NF‑κB mRNA expression also present a limitation 
of the present study. To date, to the best of our knowledge, 
there is no effective treatment available for DN. BTK inhibitor 
had been widely used in clinical practice. The present study 
demonstrated that BTK deletion effectively reduced the acti‑
vation of the NLRP3 inflammasome; thus, this may prove to 
be a potential method for the treatment of DN. The findings 
presented herein may have important clinical significance; 
BTK inhibitor may be an effective therapeutic strategy against 
DN. The authors aim to perform further studies in the future 
in order to provide further suggestions which may aid in the 
development of novel treatment strategies for DN.
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